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Abstract

Natural Killer (NK) cells act as early defenders against influenza infection by directly recognizing and
responding to the presence of viral hemagglutinin, but are also capable of modulating the subsequent anti-
viral CD8 T cell response. In these studies, we utilized an NK cell depletion model to investigate the
contribution of NK cells to the generation and development of anti-influenza specific memory CD8 T cells.
We found that the absence of NK cells during primary influenza infection resulted in increased numbers of
influenza-specific memory CD8 T cells present in the lung and lung draining lymph node. Furthermore,
this enlarged anti-influenza memory CD8 T cell pool was capable of mediating heterosubtypic protection
against lethal viral challenge with fewer reactivated CD8 T cells infiltrating the respiratory tract, likely
through increased early production of the anti-viral cytokines IFN-y and TNFa. Additionally, we utilized
in vitro influenza infection and protein expression models to examine how hemagglutinin intrinsic features,
such as receptor binding specificity and glycosylation levels, impact NK cell activation. We confirmed that
influenza hemagglutinin can functionally activate NK cells in an NKp46 dependent manner. We
demonstrated that human NKp46 preferentially binds to avian origin hemagglutinins when compared to
those of human origin suggesting hemagglutinin sialic acid binding preference may contribute to NK cell
activation. However, we also found evidence of previously undescribed sialic acid independent interactions
mediating binding of NKp46 to influenza hemagglutinin. Lastly, we found that increasing the glycosylation

level of influenza hemagglutinin led to decreased NKp46 binding suggesting that the natural accumulation



of glycosylation sites by circulating influenza strains may act as a viral mechanism to evade NK cell
activation. Together these data suggest that modulation of NK cell activation represents a novel method to
improve anti-influenza memory CD8 T cell generation during vaccination and that mechanisms of NK cell

activation should be considered in rational vaccine design.
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CHAPTER 1
Introduction and literature review

Introduction

Influenza infections are the cause of significant morbidity and mortality which result in an
estimated 3-5 million cases of severe respiratory infection and 250,000-500,000 deaths annually (1). The
causative agent, generally Influenza A in humans, is an enveloped member of the Orthomyxoviridae family
of RNA viruses and can be categorized by the expression of the hemagglutinin (HA) and neuraminidase
(NA) proteins expressed on the viral surface (2). These two surface proteins are also the major antigenic
targets of the humoral immune response to influenza A, and as such they represent the major targets for
current anti-influenza vaccines (3). To date vaccines against influenza A have shown mixed results, owing
primarily to the high rate of mutation within the HA and NA segments of the genome as well as the ability
of this virus to undergo genetic reassortment resulting in poor protection against disparate viral strains (3).
In an effort to develop a better, broadly protective, and consistently effective vaccine, the generation of
anti-influenza CD8 T cells has become a major focus of recent design strategies.

CD8 T cells, like the humoral response, are part of the adaptive immune system. However unlike
B cells which primarily target the externally expressed HA and NA proteins, CD8 T cells target highly
conserved epitopes contained within internal viral proteins which show little propensity for mutation and
similarity across viral strains (3). Additionally, CD8 T cells are known to be important for proper viral
clearance following infection and protection against subsequent viral infections (4, 5). Thus the generation
of anti-influenza memory CD8 T (Twmem) cells represent an ideal supplement to and possible alternative for
current vaccine strategies. Unfortunately, the generation of Tvem is @ complex and multifaceted process
which has only been partially elucidated.

The generation of Twvem first requires activation of the T cell through recognition of cognate antigen
presented by a professional antigen presenting cells (APC), usually a dendritic cell (DC). This process of

1



activation requires peptide antigen be presented to the CD8 T cell by a DC in the context of a MHC-I
molecule and in the presence of proper costimulatory molecules and cytokines which allow the T cell to
undergo clonal expansion (6). Cytokines also play an important role in determining the eventual fate of
individual T cells and whether or not they will survive to become memory cells (7). For example, pro-
inflammatory cytokines such as type I interferons as well as IL-12 promote the activation and expansion of
effector CD8 T cells (8). In addition to DCs and intracellular cytokine signaling, which are crucial for T
cell development, other often neglected accessory cells can also play an important role in shaping the T cell
response. One such accessory cell type, Natural Killer (NK) cells, have been shown to modulate the CD8
T cell response in a variety of ways including direct and indirect inhibition of T cell proliferation and
expansion (9). Importantly in the context of influenza infection, NK cells are abundant in the lung and lung
airways (the site of influenza infection), and are able to both recognize and be directly activated by influenza
infected cells (10, 11). Thus, NK cells present a promising and novel mechanism which may be utilized to
modulate the CD8 T cell response and promote the generation of long-lived, protective memory CD8 T
cells.
Natural Killer Cells

Natural Killer (NK) cells were first described in 1975 based on their characteristic ability to
recognize and lyse aberrant tumor cells without the need for prior stimulation or the presence of professional
APCs (12, 13). Since their discovery, much more has been elucidated about their development, maturation,
and functions. NK cells develop from common lymphoid progenitor (CLP) stem cells which also give rise
to T cells, B cells and the recently described innate lymphoid cells (ILC) (14, 15). While T and B cells
utilize RAG enzymes for recombination of highly specialized antigen-specific immune receptors, NK cells
do not require RAGs and instead utilize a plethora of non-specific, non-rearranged immune receptors to
survey and protect their host suggesting that NK cell development diverges early from that of T and B cells
(14, 16-18). Interestingly the newly characterized ILCs and NK cells share similar developmental pathways,
and it has been suggested that NK cells could be re-categorized as ILC type 1 cells (19). Early NK cell
development and lineage commitment appears to take place primarily in the bone marrow as targeted bone
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marrow irradiation depletes mice of NK cell activity, and this development has been well characterized in
murine models (20). Alternatively, NK cells can arise from hematopoietic stem cells (HSC) and early NK
cell precursors (NKP) found in circulation, lymphoid tissues and non-lymphoid tissues (21). It is possible
that these HSCs and NKPs in peripheral tissues allow for the development of tissue specific NK cells in a
number of organs including the lungs, however more thorough investigations are needed to confirm this
hypothesis (22).

NK cells require the expression of CD122 (IL-2Rp) as signaling through IL-2 and 1L-15 are crucial
for development and survival in vivo, although a combination of IL-7, SCF, and FIt3-L are able to
compensate for lack of IL-15 in vitro (15, 23). IL-15 signaling is known to promote expression of survival
factor Bcl-2 in NK cells as well as the transcription factor Nilf3 (24, 25). Nilf3 in turn promotes expression
of the transcription factor 1d2, a key transcription factor in development of ILCs and NK cells which
prevents development into myeloid cells or B cells by blocking binding of Tcf3 (26). A number of other
transcription factors including Ets-1, GATA-3, and Blimp-1 also have distinct roles in delineating the stages
of NK cell development (27-29). The T-box transcription factor T-bet, has recently been found to stabilize
NK cells in an early, immature developmental stage. Another T-box transcription factor, EOMES is
necessary to push past this stage to fully mature NK cells characterized by expression of the full range of
NK cell receptors (30). Additionally, the loss of EOMES expression causes NK cells to regress back to an
immature phenotype (30). This suggests a step-wise induction of transcription factors is responsible for
complete functional maturation of NK cells and expression of a complete repertoire of surface receptors.

Mature natural killer cells are capable of expressing a large array of germ-line encoded receptors
on their surface to aid in identification of threats from both host tissue and foreign pathogens. Broadly
speaking, these receptors can be classified into two categories: inhibitory and activating or co-activating
receptors. In mice the Ly49 family of receptors acts mainly as inhibitory receptors while in humans the
killer immunoglobulin-like receptor (KIR) family takes on this role (31). There are some exceptions,
however, as both families contain a number of activating receptors as well (32). Activating receptors do not
fall into a single broad family of receptors, but all share common signaling pathways by associating with
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immunoreceptor tyrosine-based activation motif (ITAM) bearing transmembrane proteins (18). These
accessory proteins include DAP-10, DAP-12, FceRI, and CD3-{ which upon stimulation leads to the
phosphorylation by Src family and ZAP-70 kinases beginning a signaling cascade culminating in
cytoskeletal reorganization and degranulation as well as transcriptional activation of various cytokines and
chemokines (18, 32). On the other hand, the inhibitory receptors all possess cytosolic immunoreceptor
tyrosine-based inhibitory motifs (ITIMs) which upon stimulation recruit lipid and tyrosine phosphatases to
the cell surface, essentially blocking ITAM signaling via dephosphorylation (18). It is thought that proper
NK cell function and regulation requires a balancing act between activating and inhibiting signals and relies
on an early “education” of NK cells.

As our understanding of NK cell biology has increased there has been a shift from an early
“missing-self” hypothesis, in which NK cells recognize and kill target cells on the basis of missing or
downregulated MHC-1 expression, to a more encompassing hypothesis on NK cell education. One of the
main reasons for this thought shift is the discovery that nearly 15% of murine splenic NK cells do not
express an inhibitory receptor that recognizes MHC-1 or non-classical MHC-I like molecules and that these
cells are still able to fully mature, despite functional hyporesponsiveness to MHC-1 deficient and tumor cell
lines (33). Additionally, it has been found that NK cells from C57BL/6 mice can express anywhere from 0-
3 MHC-I recognizing inhibitory receptors and that the number of these receptors expressed correlates with
the level of NK cell responsiveness (34). Current literature points to a “tuning model” of NK cell education
in which individual NK cells receive varying amounts of activating and inhibiting signals based on their
environment and which receptors are expressed (35). In this theory, all signals are taken into account and
the NK cell responds proportionally to the net amount of activating signal received. During the education
stage of development, NK cells receiving higher levels of inhibitory signaling will have a high responsive
state to stimulation while NK cells not receiving these inhibitory signals (through MHC-I binding receptors)
will become hyporesponsive (35). Due to the high levels of heterogeneity in NK cell receptor expression

within any given animal a wide range of responsiveness from individual NK cells provides a gradient



consisting mostly of an intermediate and protective level of responsiveness from the population as opposed
to deleterious hyper or hypo-responsive extremes.

As previously stated, once mature NK cells reach their activation threshold they are capable of
lysing target cells (12, 13). In addition to their cytolytic capabilities, activated NK cells are potent producers
of pro-inflammatory cytokines and chemokines, and can act as both an early warning system and first line
of defense against invading pathogens (36, 37). For example, active NK cells can produce CCL3, CCLA4,
and RANTES which act to recruit leukocytes to the site of infection (38, 39). Additonally, NK cells are
known to be potent producers of the pro-inflammatory cytokines IFN-y and TNFa (38). IFN-y is a
pleotropic cytokine which stimulates the production of a large number of interferon stimulated genes
(I1SGs), and generally promotes inflammation, the induction of a host anti-viral state, and the recruitment
of immune cells (40, 41). TNFa similarly acts to promote inflammation and the anti-viral state via signaling
through a number of pathways including NFxB and MAPK/ERK (42, 43). Activation of NK cells, and thus
their downstream effects, is governed by a delicate balance of both activating and inhibitory receptors
expressed on the NK cell surface (44). Importantly, as these receptors primarily recognize MHC-I and
MHC-I like receptors they are not specific to a single antigen, but have the potential to become activated
by multiple different pathogens (36).

NK cells, though morphologically and functionally similar, compose an extremely heterogenic
population when characterized by expression of surface receptors. Almost all human NK cells express
CD56 and CD16, and human NK cells have been defined as CD3"CD56" lymphocytes (26). More recently,
the natural cytotoxicity receptor NKp46 (NCR1 in mice), which is conserved across many mammalian
species, has been shown to be present on almost all human and murine NK cells (45) and has since been
used as an NK cell specific identification marker. Although NK cells do share these common receptors their
differences are abundant. Recent studies have predicted that there could be as many as 30,000 different NK
cell phenotypes within a single human based on NK cell activator and inhibitory receptor expression and
that no phenotype constituted more than 7% of the total NK cell population (46). Additionally, using adult
twins and unrelated donors it was found that NK cell inhibitory receptors are controlled more strictly by
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genetics, while expression of activating receptors are dependent on the environment (46) suggesting a role
for pathogens in shaping NK cell repertoires.

NK cells contribute to, but are not sufficient for protection against a number of human pathogens
including systemic infections such as malaria and Ebola virus as well as respiratory infections like
tuberculosis and influenza (47). This is due to the fact that after development in the bone marrow, NK cells
continually migrate through peripheral and lymphatic tissues, utilizing the circulatory and lymphatics
systems, in order to mediate immune surveillance for aberrant cells and infectious pathogens (48). NK cells
are generally short lived and constitute only a small fraction of lymphocytes in lymphoid and peripheral
tissues and constitute only 5%-15% of lymphocytes in the human peripheral blood (26). Similarly, in mice
NK cells constitute only around 2% of peripheral blood lymphocytes (36). However, natural killer cells are
especially important in the respiratory tract, as they constitute a large proportion of lymphocytes in the lung
tissue during the steady state, are functionally mature, and quickly accumulate following respiratory
infection (10, 48). Once activated, an NK cell’s primary function is elimination of aberrant host cells
expressing ligands for NK cell activating receptors, however they also have secondary functions which can
affect the downstream adaptive immune response (9, 47, 48).

The ability of NK cells to modulate the adaptive immune response is not a new concept, as NK
cells have long been appreciated for their ability to secrete pro-inflammatory cytokines and contribute to
DC maturation via NK-DC cross talk (36, 49). More recently, however, it has become apparent that NK
cells often act to limit the magnitude of the adaptive immune response through a number of mechanisms
(9). For instance, NK derived I1L-10 and TGF-p can act as negative regulators of T cell activation (50, 51).
Similarly, NK cells can indirectly impact T cell activation by limiting antigen availability via lysis of target
cells and lysis of DCs (9). Finally, NK cells are also able to directly lyse activated T cells which upregulates
expression of NK activing receptor ligands and downregulates ligands for NK inhibitory receptors (52, 53).
Together, these NK cell functions can act as an immunological rheostat which acts to stimulate T cells early

after infection and dampen the response over time.



CD8 T cells

CD8 T cells are members of the adaptive immune response which share a number of commonalities
with NK cells. Like NK cells, CD8 T cells are known to be potent producers of pro-inflammatory cytokines
such as IFN-y and TNFa and their primary function is the lysis of aberrant and infected target cells (43, 54,
55). However, while NK cells express a multitude of activating receptors which recognize a broad span of
antigens, each CD8 T cell expresses only a single T cell receptor (TCR) which is highly specific for a single
peptide epitope (6). Similarly, while NK cells undergo an “education” process to limit unwanted activation
by healthy host tissues, CD8 T cells undergo a “selection” process in the thymus to protect the host against
autoimmunity (44, 56). In contrast to NK cells however, once this selection process is over naive T cells
preferentially migrate to secondary lymphoid tissues rather than peripheral tissues (6). From here, naive
CD8 T cells survey the lymphoid tissues until they come into contact with an activated DC which is
expressing the T cell’s cognate antigen in the context of MHC-I (6).

The activation and differentiation of CD8 T cells is a complex and multifactorial process. The initial
priming of CD8 T cells requires three signals. First the T cell receives stimulation through its TCR when it
complexes with its cognate antigen presented on an MHC-I molecule by an APC, generally a DC.
Additionally, the DC must be expressing costimulatory molecules (such as CD80 and CD86). Finally, CD8
T cell activation requires the presence of pro-inflammatory cytokines in the priming microenvironment (6).
Once all three have been received the T cells undergo clonal expansion and differentiation with some
destined to become short lived effector cells (SLECs) while other memory precursor cells (MPECs) survive
as long-term memory cells protecting against future infection due in part to their expression of the IL-7Ra
subunit (CD127) (57). The factors determining T cell differentiation and fate determination are still unclear,
however some factors have been elucidated. For example, the strength and length of TCR signaling have
both been implicated in memory development, with strong TCR signaling associated with terminal
differentiation while weaker and shorter signaling is associated with memory formation (58). Similarly,
antigen availability can alter CD8 T cell differentiation with memory formation showing an inverse
correlation with antigen availability (58). Additionally, the priming environment can greatly impact CD8
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T cell fate determination with the pro-inflammatory cytokine IL-12 driving terminal effector differentiation
by stimulating the production of the transcription factor T-bet, while the anti-inflammatory IL-10 promotes
memory formation via as yet undetermined mechanisms (59, 60). The interplay of these and likely other
factors on individual T cells culminates in programming them as either SLECs, which express high levels
of the marker Killer Cell Lectin Like Receptor G1 (KLRG1) and low levels of CD127, or MPECs, which
express high levels of CD127 and do not express KLRG1 (57).

Throughout the contraction phase of the response MPECs are protected from apoptosis via IL-7
signaling through CD127 and many survive as long term memory cells (61, 62). These surviving memory
cells can be broadly categorized into central (Tcwm) and effector (Tem) memory subsets based on surface
expression of unique markers which mediate their localization to distinct tissues — secondary lymphoid
tissues and peripheral tissues respectively (63). Futhermore, within the Tem population a distinct subset of
tissue resident memory cells (Trm) has recently been characterized by their localization to specific
peripheral tissues and limited mobility thereafter (63). Trwm cells recovered from many tissues also tend to
express a combination of the activation marker CD69 as well as the integrin CD103, however expression
is variable based on the tissue microenvironment as exemplified by low expression of both CD69 and
CD103 on Trm recovered from respiratory tissues (63). This particular subset of CD8 T cell memory, Trwm,
is especially important from mediating long-term protection against respiratory influenza infection as these
cells have been shown to mediate heterosubtypic immunity and loss of Trm CD8 T cells correlates with

loss of protection against the virus (5, 64, 65).

Recognition of Influenza A by CD8 T cells and NK cells

Influenza A viruses are members of the Orthomyoviridae family which possess a single stranded,
segmented RNA genome which encodes a number of internal and external viral proteins (2). In humans,
influenza infection occurs primarily in the respiratory tract which possesses a unique immune environment
(2, 63). As previously mentioned, CD8 T cells require priming by DCs to become activated and execute
their functions. Respiratory DCs (RDC) can be divided into two major subsets based on external expression
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of expression of the markers CD103 and CD11b as well as localization of these subsets to the respiratory
epithelium and lung parenchymal tissues respectively (66, 67). Once activated, CD103* DCs migrate to the
draining lymph node and are responsible for priming the CD8 T cell response (68, 69). The majority of this
DC migration from the infected lung to the draining lymph node occurs within the first 24-48 hours
following infection, with different strains of influenza virus exhibiting differential kinetics of DC migration
(70, 71). While these CD103* DCs have been shown to be crucial for the development of the CD8 T cell
response to influenza, lymph node resident CD8" DCs have also been shown to be capable of presenting
antigen suggesting that multiple DC subsets may likely contribute to CD8 T cell priming (72-74).
Additionally, TNF/iNOS producing DCs (tip-DCs) are thought to be important for migration of activated
CD8 T cells to the lung and or maintenance of the CD8 T cell response within the lung tissue as loss of
these cells results in decreased numbers of antigen-specific CD8 T cells in the lung (75). CD8 T cells
primarily recognize epitopes derived from the internal nucleoprotein (NP) and components of the viral
RNA polymerase (PA and PB1) which are highly conserved across a broad range of divergent viral strains
(3, 76). This feature allows CD8 T cells to both contribute to the clearance of a primary influenza infection
as well as mediate heterosubtypic immunity against disparate influenza A viruses via early activation of
CD8 Trm cells (3, 64). Once activated, the influenza-specific CD8 T cells must undergo clonal expansion
to acquire cytolytic functions, as these functions appear to be tied to cellular division, with increased
function correlated to increased number of divisions (77). The accumulation of effector CD8 T cells in the
lung and lung airways as well as the acquisition of their effector functions peaks around 10 days post
infection in mice, corresponding to viral clearance (77, 78). The timing of the CD8 T cell response and viral
clearance in mice as well as studies utilizing CD8 T cell depletion have demonstrated the importance of
effector CD8 T cells to the control and clearance of influenza A infection (78). Furthermore, human studies
have shown that the presence of influenza-reactive CD8 T cells prior to infection correlates with decreased
disease severity (79). Similarly, murine studies have demonstrated that memory CD8 T cells are long lived
and capable of mediating heterosubtypic immunity (3, 5). Importantly, these memory cells are poised for
quick anti-viral response upon secondary challenge with their cognate antigen, allowing them to limit early
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viral replication (80, 81). Together, these studies demonstrate the importance of CD8 T cells in clearance
of primary influenza infections as well as the control of and protection against secondary infections with
disparate influenza viral strains.

While CD8 T cells recognize highly conserved internal viral proteins, NK cells recognize the
ectopically expressed viral hemagglutinin (HA) protein and mediate early viral control during primary
influenza infection (11, 82). The viral HA protein is expressed in a trimeric form on the surface of infected
cells and virions (2). The expression of this protein on the surface requires co-translation of the monomers
at the host cell’s ER for proper folding and translocation to occur (83). The resulting trimeric HA protein
is then glycosylated, shipped through secretory pathway, and arrives on the cell surface in an inactive (HAQ)
form (84). Once on the cell surface, the inactive HAO form of the protein is cleaved by host proteases at a
conserved basic amino acid or in some cases at a polybasic cleavage site to produce the active form of the
viral HA consisting of linked HA1 and HA2 subunits (85). Thus, the resulting active trimeric HA protein
consists of 3 HA monomers, each composed of two linked subunits (HA1 and HA2) which form globular
head (HA1) and stem (mostly HA2) regions of the protein respectively (85). At the distal end of the globular
head is a highly conserved pocket which mediates binding to sialic acid (86). The tertiary structure of the
HA binding pocket confers a preference for HA binding to either 02,3 (mainly recognized by avian origin
viruses) or a 2,6 (mainly recognized by human origin viruses) linked sialic acids (87-89). Although the
receptor binding pocket itself is highly conserved, the overall hemagglutinin protein is prone to mutation
(86, 90). Furthermore, these mutations can be guided by immune selection pressures such as the presence
of host neutralizing antibodies (90, 91). Although these mutations can alter and/or mask antigenic sites in
order to evade humoral immunity, they cannot greatly alter the ability of the HA to bind to sialic acids
without incurring a significant reproductive cost (91). Thus, immune recognition mechanisms which are
mediated through the highly conserved sialic acid binding function of the influenza HA would be less
susceptible to immune evasion via HA mutation.

Recognition of viral HA by NK cells is mediated primarily through interactions with the NK cell
activating receptor NKp46 in mice and humans and to a lesser extent the activating receptor NKp44 in
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humans — which is not expressed by mice (11, 92). NKp46 is a transmembrane member of the
Immunoglobulin superfamily which has been noted for its activation of NK cell cytolytic activities against
a broad range of target cells and has been shown to directly bind to a number of hemagglutinin proteins
expressed by influenza A viruses (11, 93, 94). This binding interaction is mediated by the viral HA, which
binds to specific sialic acid residues expressed on the NKp46 receptor (95). Point mutations of the NKp46
receptor have revealed that the sialic acid residues which mediate the HA-NKp46 interaction are attached
to the T225 (recognized by H1 and H5 hemagglutinins) and N216 (recognized by H5 hemagglutinins)
amino acids of human NKp46 via O-linked glycosylation (93). In vitro this HA-NKp46 interaction has been
shown to be sufficient for activation of both cytokine production as well as cytolysis (11, 96). Furthermore,
studies utilizing in vitro infection of target cells with human origin (preferring 2,6 sialic acid linkages)
and avian origin viruses (preferring 02,3 sialic acid linkage) found that cells infected with avian origin
influenza viruses demonstrated an increased ability to activate NK cells as demonstrated by increased
cytotoxicity (93). Additionally, co-culture of human NK cells with virus like particles derived from
disparate influenza viruses found that HAs from different viral strains differentially activated the NK cells
as demonstrated by increased cytokine production and relative levels of the NK cell activation marker CD69
(97). It is unclear however why disparate influenza HAs differentially activated NK cells as neither of these
studies looked for a mechanism of action. A combination of murine and porcine models as well as human
studies have further demonstrated that this interaction of NKp46 and HA proteins is essential for optimal
NK cell activity against influenza viruses (98-100). Early experiments found that in vitro recognition and
cytolysis of influenza infected cells by human NK cell lines was mediated in large part by NKp46 (11), and
these experiments were expanded upon using a number of disparate strains of influenza (92, 93, 101, 102)
finding that NKp46 can recognize and Kill cells expressing H1, H3, and H5 subtypes of influenza HA. A
study by Gazit et al. additionally found that transgenic mice in which the gene for NKp46 has been replaced
by a GFP cassette were more susceptible to influenza but not vaccinia infection and that increased

susceptibility was not due to deficiency in NK cell trafficking to the site of infection (103).
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A recent study using swine found that porcine NKp46 is able to directly bind to influenza H1,
similar to its murine and human homologues. Furthermore, this study found that NKp46* but not NKp46-
NK cells were recruited from the blood into the lung tissue of influenza infected animals over the first 3
days of infection and that these cells localized to areas of the lung where influenza NP was found (98). This
specific recruitment of NKp46™ NK cells from the blood suggests that this subset of NK cells is selectively
activated and recruited. Indeed, a phenomena in which NKp46*NKp44* subsets of NK cells are
significantly increased in the peripheral blood has also been described in human patients with moderate and
severe cases of influenza A infection (99). Interestingly, patients with severe influenza infection had
significantly fewer NKp46+NKp44- NK cells as well as increased expression of the inhibitory receptors
KIR3DL1 and KIR2DL1/DS1 when compared to healthy and moderately infected individuals, suggesting
that more severe infections may lead to or be the result of increased inhibition of NK cells. It has also been
reported that NKp46 expression is transiently decreased in human PBMCs for 24-48 hours following
intramuscular vaccination (99, 100). This could correspond to specific recruitment of this subset of NK
cells to the site of vaccination, similar to the recruitment seen in swine following infection. Taken together
this data suggests that NK cells are recruited to the site of influenza infection or vaccination, activated by
the direct interactions between viral HA and NKp46, and carry out cytolysis and cytokine production.
However, it remains unclear if NK cells act as modulators of the CD8 T cell response following influenza
infection, as previously described in other infection models, and how differential activation of NK cells by

disparate influenza HAs can impact NK cell function.
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CHAPTER 2

Enhanced generation of influenza-specific tissue resident memory CD8 T cells in NK-depleted mice!

'David L. Rose, S. Mark Tompkins and Kimberly D. Klonowski. To be submitted to Frontiers in
Immunology.

13



Abstract

Natural Killer (NK) cells are among the first effectors to directly contact influenza and influenza
infected cells and their activation affects not only their intrinsic functions, but also subsequent CD8 T cell
responses. In this study we utilized a NK cell depletion model to interrogate the contribution of NK cells
to the development of anti-influenza CD8 T cell memory. We found that ablation of NK cells during
infection leads to increased numbers of influenza-specific memory CD8 T cells in the respiratory tract and
lung draining lymph node, possibly through loss of early IFN-y expression and dysregulation of CD127 on
respondent T cells. Interestingly, animals depleted of NK cells during primary influenza infection were
protected as well as their NK intact counterparts despite having significantly fewer reactivated CD8 T cells
infiltrating the respiratory tract after a lethal, heterosubtypic challenge. Instead, protection in NK deficient
animals was conferred by an enlarged pool of lung tissue-resident (Trm) memory cells reactivated in situ to
produce the anti-viral cytokines IFN-y and TNFa. the first two days post challenge. Therefore, reduction of
NK cell activation after vaccination with live, non-lethal influenza virus increases compartmentalized,
broadly protective memory CD8 T cell generation and decreases the risk of CD8 T cell-mediated pathology

following subsequent influenza infections.

Introduction

Seasonal influenza A viruses cause significant morbidity worldwide resulting in high rates of
influenza-associated hospitalization (104, 105). Additionally, influenza A infected hosts are more
susceptible to secondary bacterial infection in part due to immunopathology within the lung (106). Current
influenza vaccines target humoral responses to strain-specific hemagglutinin (HA) but weakly elicit cross-
protective immunity against divergent and mutated viruses (3). In contrast, anti-influenza CD8 T cells
recognize conserved, internal viral proteins, and clear virus infection. Therefore, targeting the generation
of anti-viral memory CD8 T cells may provide a better alternative to combat evolving influenza strains

(107).
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The generation of CD8 T cell memory is a multifactorial and not fully understood process.
Nonetheless, some factors influencing the generation of CD8 T cell memory have been elucidated. For
example, the strength of TCR signaling, duration of T cell-APC interactions and in some cases CD4 help
have all been linked to CD8 T cell fate determination (57). Moreover, the integration of TCR and co-
stimulatory signaling as well as local cytokines in the priming environment can tune the PI3K and mTOR
signaling pathways towards either an effector or memory cell differentiation program (57). Adding to the
complexity of this developmental process, the circumstances surrounding the activation of an individual T
cell can be unique, with different clones of a single specificity and progeny of a single naive T cell capable
of generating diverse lineages (108). The transcription factors T-bet, Eomesodermin, and STAT3 direct
specific CD8 T cell fates (59, 109) via transcriptional programs that are linked to expression of cell surface
markers which can identify specific fate lineages early after priming. For example, cells destined to become
memory CD8 T cells preferentially express the IL-7 receptor alpha subunit (CD127) and signaling via this
receptor promotes the survival of memory cells through the contraction phase of the immune response (61,
62). In contrast, Killer Cell Lectin-Like Receptor Subfamily G Member 1 (KLRG-1) expression is
correlated with terminal differentiation and cell death in the absence of CD127 expression (57). All of the
factors driving this differentiation process are contextual, with the pathogen and specific priming
microenvironment dictating memory CD8 T cell potential. Importantly, and relevant to this work, strong
inflammation promotes terminal differentiation at the expense of memory formation in part via the
cytokines I1L-12 and IFN-y (59, 60, 110). The knowledge of how individual immune cells supporting the
inflammatory response contribute to the CD8 T cell priming environment, either positively or negatively,
and affect resultant memory cell development and function could be used to improve influenza vaccine
design.

Natural Killer (NK) cells precede CD8 T cells in the respiratory tract after influenza infection,
suggesting these cells and their anti-viral cytokines could influence regional adaptive immunity. Indeed,
NK cells can directly suppress recently activated CD8 T cell proliferation (111, 112) and affect the
magnitude of CD8 T cell priming through direct elimination of virus (113). Moreover, NK cells can
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recognize and lyse activated CD4* helper T cells, subsequently limiting the CD8 T cell response to viral
infection (114). It is therefore likely that NK cells are either directly or indirectly influencing the formation
and long-term establishment of memory CD8 T cells thus making them an important variable to consider
for elicitation of cross-protective CD8 T cell immunity.

Here, we demonstrate that NK cells are an early source of IFN-y after influenza infection; and loss
of IFN-y is inversely correlated with higher CD127 expression on memory CD8 T cells. In addition,
systemic depletion of NK cells throughout a primary influenza A infection reduces IFNg mRNA detected
in the lung and lung-draining lymph node and results in a numerically larger pool of influenza-specific
memory CD8 T cells in these sites. Furthermore, the CD8 memory T cells generated after acute depletion
of NK cells are enriched for tissue-resident memory cells (RM) which are positioned within the lung
parenchyma and outside of the associated vasculature. Under the NK cell depletion conditions, animals are
as protected as their NK intact counterparts from a heterosubtypic viral challenge, however significantly
fewer peripheral, reactivated memory CD8 T cells are recruited to the lungs. Instead, viral titers are kept
under control by numerically enriched Trwm pre-positioned in the lungs of NK depleted animals which
produce significantly more anti-viral cytokines early after challenge. Together, these studies demonstrate
that ablation of NK cells increases the generation of anti-influenza CD8 T cell memory and allows for
protection from subsequent infections with substantially less cellular infiltrate by positioning a greater
number of Tgrwm in the respiratory tract. Further, these studies suggest that modulation of NK cell activation

and function may present a novel method to elicit optimal CD8 Trm during vaccination.
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Materials and Methods
Mice, viruses, infections and NK cell depletion

Age and sex matched C57BL/6 mice (Charles River (Wilmington, MA)) were anesthetized using
Avertin (2, 2, 2-Tribromoethanol) and infected intranasally (i.n.) with 10° pfu A/Hong Kong/1/68 x
A/Puerto Rico/8/34 2:6 reassortant (x31, H3N2), 500 pfu A/Puerto Rico/8/34 (PR8, H1IN1) or 10° pfu PR8
in 50ul PBS. Where noted, NK cells were depleted by injecting mice intravenously (i.v.) with 200ug of the
anti-NK1.1 antibody (clone PK136) (BioXcell, West Lebanon, NH) in 200uL sterile PBS every other day
for 5 days starting 1 day prior to infection. All animal studies were conducted under guidelines approved
by the Animal Care and Use Committee of the University of Georgia.
Quantitative RT-PCR

Whole lung tissues were collected and RNA purified from the samples using the RNeasy Plus Mini
Kit (Qiagen, Valencia, CA). Reverse transcriptions were performed using the High Capacity cDNA Reverse
Transcription Kit from Applied Biosystems (Foster City, CA). Quantitative PCR assays were prepared
using the ABI TagMan Gene Expression Master Mix from ABI 7500 Real Time PCR System (Applied
Biosystems, Grand Island, NY). Quantitative real-time RT-PCR was performed using TagMan technology
using Ifng-FAM (Mm01168134 _m1), IDO1-FAM (Mm00492586_m1) and 18s-VIC (#4319413E) assays
from Life Technologies (Grand Island, NY) in single-plex reactions and assessed on a 7500 Real Time PCR
System (Applied Biosystems, Grand Island, NY). Thermal cycling conditions were 2 min at 50°C, 10 min
at 95°C, and 45 cycles of denaturation (95°C for 15 s) and annealing (60°C for 60 s).
Plaque Assays

Plaque assays were performed as previously described (115). Briefly, whole lungs isolated from
infected mice were isolated and homogenized using a Tissue Lyser (Qiagen, Hilden, Germany). Serial
dilutions of 10% homogenate were made in dilution media and incubated for 1 hr atop confluent monolayers
of Madin-Darby kidney cells grown in 12 well plates for 1 hr at 37°C. Following infection, cell layers were

washed and overlaid with MEM containing 1.2% Avicel microcrystalline cellulose (FMC BioPolymer,
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Philadelphia, PA). After 72 hrs at 37°C, the overlay was removed and the cells were washed, fixed with
cold methanol/acetone (60:40%) and stained with crystal violet. Plaques were counted and plaque-forming
units per mL of lung homogenate determined.

Tissue Preparation and Flow Cytometry

Single cell suspensions from tissues were obtained as previously described (116). Cells from the
lung airways were obtained by means of brocheoaveolar lavage (BAL) in which the trachea was intubated
and 1 ml of PBS introduced and recovered from the lung airway 3x. Following BAL, perfused lungs were
excised, minced and incubated with 1.25 mM EDTA at 37°C for 30 min followed by a 1 hr incubation with
150 units/mL collagenase (Life Technologies, Grand Island, NY). After passage through cell strainers,
lymphocytes were resuspended in 44% Percoll underlaid with 67% Percoll, centrifuged and the cellular
interface collected. Lymph nodes and spleen were mechanically disrupted then passed through a cell
strainer. Erythrocytes were depleted from the spleens using Tris-buffered ammonium chloride and cells
enumerated using a Z2 Coulter Particle Counter (Beckman Coulter, Indianapolis, IN). Intravascular staining
was performed by injecting mice with 3ug FITC-conjugated anti-CD45.2 i.v. three minutes prior to
euthanasia.

The influenza nucleoprotein (NP) MHC class | [H-2D(b)/ASNENMETM] tetramers were
generated at the National Institute of Allergy and Infectious Diseases Tetramer Facility (Emory University,
Atlanta, GA). Staining was carried out at RT for 1 hr with a combination of other mAbs: PerCP-Cy5.5-
conjugated anti-CD8a,, anti-NKp46, anti-CD69, FITC-conjugated anti-CD44, anti-NKp46, PE-conjugated
anti-CD127, anti-NKp46, anti-NK1.1, anti-CD103, APC/Cy7-conjugated anti-CD62L, anti-CD8a., anti-
CD127, PE/Cy7-conjugated anti-KLRG1, anti-CD8a APC-conjugated anti-CD3 or for 20 min at 4°C
without tetramer. All antibodies were purchased from eBioscience or Tonbo Biosciences (both San Diego,
CA). Data was acquired using an LSR 1l with FacsDiva software (BD Biosciences, San Jose, CA) and
analyzed using FlowJo software (Tree Star INC, Ashland, OR).

CD8 T cell restimulation assay
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Following isolation, lymphocytes were incubated at 37°C for 5 hrs in the presence of influenza
NP366.374 (ASNENMETM) or the irrelevant ovalbumin (OVA)2s7.264 (SIINFEKL) peptide in the presence of
GolgiStop (BD Pharmigen, San Diego, CA). Subsequently cells were stained with anti-CD8[ | and anti-
CD44 Abs for 20 min at 4°C and fixed in 2% paraformaldehyde overnight. The next day, samples were
permeabilized with Perm/Wash (BD Biosciences, San Diego, CA), stained with FITC-conjugated anti-IFNy
(BD Pharmingen, San Diego, CA) and PerCP5.5-conjugated anti-TNFa (eBioscience, San Diego, CA) for
30 min at 4°C and analyzed by flow cytometry.

Statistics

Statistical analysis was carried out using Prism 5 software (GraphPad Software, La Jolla, CA).

Significance was determined using Student’s two sided t-test (and Holm-Sidak multiple comparisons

correction when appropriate) where the p-value was p<0.05.
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Results
Systemic depletion of NK cells results in numerically increased memory CD8 T cells

Innate immune cells act as first responders, decreasing Ag load and producing cytokines at the
infection site, and, as such, can modulate the subsequent adaptive immune response (10, 113). Indeed, in
some situations NK cells have been shown to impact the magnitude and longevity of subsequent anti-viral
T cell responses (113, 114, 117, 118). However, it is unclear how NK cells modulate anti-influenza CD8 T
cell responses over the complete course of activation and differentiation into memory subsets and how this
modulation impacts recall responses in vivo. To examine how the activation of NK cells during influenza
infection affects the development of CD8 T cell immunity, we administered the monoclonal antibody
PK136 (anti-NK1.1) to deplete NK cells starting 1 day prior to and ending 3 days post sub-lethal infection
with a low pathogenicity influenza virus x31. This protocol results in greater than 90% NK cell depletion
through 5 days post infection (dpi), the time period over which NK cells accumulate and become activated
within the lung (Supplemental Figure 2.1A, B). While the anti-NK1.1 mAb can deplete NK1.1* NKT cells,
we found that NKT cells neither expanded nor significantly up-regulated CD69 after influenza infection
suggesting that they do not contribute to the anti-influenza response to the same extent as NK cells in our
model (Supplemental Figure 1). Therefore, our depletion protocol preferentially affected NK cells
responding to influenza infection, allowing us to examine their specific contribution to the CD8 T cell
response.

To determine whether depletion of NK cells affects the magnitude of the anti-influenza CD8 T cells
response, we monitored the numerical accumulation of the immunodominant anti-influenza nucleoprotein
(NP) specific CD8 T cells recovered from the lung, lung airways (via bronchial alveolar lavage (BAL)),
and lung-draining mediastinal lymph node (MdLN) after infection with influenza in the presence or absence
of NK cells. We found that depletion of NK cells increased the numbers of influenza NP-specific CD8 T
cells recovered from all respiratory associated tissues at 10 dpi, the peak of the proliferative CD8 T cell
response (Fig 2.1A). Interestingly, this disparity increased over time in the lung where more than double
the number of NP-specific CD8 T cells were isolated from the respiratory tract of NK depleted vs. sufficient
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mice 45 dpi. In the MdLN we observed a similar trend, albeit slightly delayed, with nearly double the
number of anti-NP CD8 T cells recovered from NK depleted vs. sufficient mice 90 dpi (Fig 2.1A). While
the number of Ag-specific CD8 T cells isolated from the BAL of NK depleted mice was elevated over NK
sufficient mice at all time points examined, the difference between the two groups did not reach statistical
significance, perhaps due to the increased variability inherent with BAL isolation. Nonetheless, these data
demonstrate that depletion of NK cells numerically increased the pool of anti-influenza memory CD8 T
cells in both the lung parenchyma and lung draining MdLN after influenza infection. As demonstrated
previously (113), this suggests that NK cells limit the numerical accumulation of memory CD8 T cells;
however, it remains unclear whether ablation of NK cells affects the development (and/or survival) and
quality of the resultant memory cells.

NK cell depletion increases the pool of CD127 expressing memory cells following influenza infection

The cell surface markers KLRG-1 and CD127 (IL-7Ra) have been established in other models
systems to track the formation of effector and memory CD8 T cells following infection (57). KLRG-
1MCD127" cells represent terminally differentiated short lived effector cells (SLECs) and KLRG-
1'°CD127" are considered memory precursor cells (MPECs). Indeed, it has been reported that CD127" CD8
T cells contract at a slower rate than CD127% cells (119). Cells that are KLRG-1'°CD127" represent a
multipotent precursor population of early effector cells (EECs) which could in a brief interim convert to
SLECs or MPECs (59). Interestingly, in respiratory infections the EEC population persists longer and at a
higher proportion compared to other infections, possibly owing to the unique environment of the respiratory
tract (63).

To determine whether NK cells affect the memory potential of antigen-specific CD8 T cells we
tracked the kinetics of CD127 and KLRGL1 expression on influenza-specific CD8 T cells. In the lung
parenchyma of NK depleted mice, the proportion of EECs (KLRG1"CD127') was slightly elevated at the
expense of MPECs (KLRG1"°CD127") 10 dpi, however by 45 dpi this discrepancy was resolved resulting
in a net increase in the proportion of MPECs between 10 and 45 dpi (Fig 2.1B). Alternatively, we observed
no significant difference between the frequency of EECs and MPECs 10 dpi in the MdLN. However, by 45

21



dpi NP-specific CD8 T cells from the MdLN of NK depleted animals also showed a clear bias toward cells
expressing CD127 (Fig 2.1B). These data demonstrate that between 10 and 45 dpi the proportion of CD127
expressing CD8 T cells is significantly increased in NK depleted vs. intact mice. Thus, the absence of NK
cells appears to promote the expression of CD127 following influenza infection. Since CD127* expressing
CD8T cells have been reported to undergo contraction at a slower rate than their CD127- counterparts, NP-
tetramer® CD8 T cells isolated from NK depleted mice would have a greater chance of surviving as a
memory population (119). Indeed, similar to previous reports CD127" cells contracted at a slower rate than
CD127% cells in both the lung and the MdLN over the contraction period (data not shown). Together these
data show that CD8 T cells activated in the absence of NK cells are more likely to generate CD127" memory
CD8 T cells with a greater survival potential.

IFN-y antagonizes CD127 expression on CD8 memory T cells

Having established that NK cell depletion increases the number of NP-specific memory CD8 T
cells and increases the proportion of memory cells expressing CD127, we sought to determine possible
mechanisms by which NK cells could influence anti-viral CD8 T cell memory development. Previous
studies demonstrated that NK cells can influence T cells directly by lysing activated T cells, inhibiting CD8
T cell proliferation and controlling viral load (111, 113, 114). However, NK cells can also be potent
producers of IFN-y which can contribute to CD8 T cell activation or alternatively lead to contraction of
CD8 T cell responses by increasing pro-apoptotic factors (120-123). Additionally, IFN-y has been shown
to block the development of CD127 expressing memory precursor CD8 T cells if induced during or shortly
after T cell priming in a DC immunization model (110). Thus, loss of NK derived IFN-y could explain both
the numeric and phenotypic differences of the anti-viral CD8 T cells observed in NK depleted versus
sufficient mice.

To first determine the extent of IFN-y produced in our influenza model, we measured IFN-y
transcripts in the lungs and MdLN of NK depleted and sufficient mice. As expected, NK depleted mice
expressed IFN-y transcript at lower levels, approximately one half and one quarter of that observed in the
lung of NK sufficient mice at 24 and 72 hrs post infection, respectively (Fig 2.2A). Similarly, NK depleted
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mice expressed approximately one half and one tenth IFN-y transcript levels of NK sufficient mice in the
MdLN at 24 and 72 hrs post infection, respectively (Fig 2.2A). To explore whether IFN-y contributes to
regulating the number of CD127" antigen-specific CD8 T cells after influenza infection, we compared the
NP-specific CD8 T cell response between wild type and IFN-y”- mice at 10 and 45 dpi. We did not observe
significant differences between the proportion of CD127"° EECs and CD127" MPECs recovered from either
the lung parenchyma or MdLN of NK depleted or sufficient animals 10 dpi (Fig 2.2B). However, by 45 dpi
there was a significant increase in the percentage of CD127" influenza-specific CD8 T cells recovered from
both tissues in animals acutely depleted of NK cells during priming. Additionally, the overall CD127
expression on an individual cell was significantly higher on the NP-specific CD8 T cells isolated from both
the lung (~1.5x higher) and MdLN (~2x higher) 45 dpi (Fig 2.2C). We did not observe differences in the
proportion of SLECs at 10 dpi, and this population does not survive through 45 dpi (data not shown).
Interestingly, we did not observe significant differences in the number of Ag-specific CD8 T cells between
wild type and IFN-y”- mice at 10 or 45 dpi (data not shown). Together, these data suggest that IFN-y
participates in suppressing CD127 expression on influenza-specific CD8 T cells but does not influence the
number of NP-specific CD8 T cells in the memory pool. Thus NK-derived IFN-y may be one of multiple
mechanisms by which NK cells regulate memory CD8 T cell development.
NK cell ablation during primary influenza infection leads to numerically smaller but equally protective
CD8 T cell recall response

To determine whether the increased number of memory CD8 T cells harbored in the lung of NK
depleted mice generated a more robust recall response, we generated x31 immune animals in the presence
or absence of NK cells and challenged the mice at memory (between 45-50 dpi) with a heterosubtypic strain
of influenza virus, PR8. The PR8 strain of influenza shares the CD8-specific NP epitope with x31 but
expresses distinct external epitopes and antibody targets. Prior to challenge we were able to recover nearly
double the number of NP-specific CD8 T cells from the lung tissue of NK depleted compared to sufficient

mice (Fig 2.3A). We hypothesized that having more Ag-specific memory cells positioned in the lung prior
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to challenge would result in a larger recall response in the animals depleted of NK cells in the primary
response, resulting in enhanced protection and reduced viral titers after challenge.

First, we monitored the accumulation of the NP-specific memory CD8 T cells in the BAL and lung
at 8 and 15 days post-challenge (dpc). Interestingly, we recovered fewer NP-specific CD8 T cells from the
BAL and lung of NK depleted vs. sufficient mice (nearly 1/3 and 1/2 respectively) at the proliferative peak
of the recall response at 8 dpc (Fig 2.4A). Despite a numerically reduced recall response, NK depleted mice
were sufficiently and equally protected after challenge as they demonstrated similar weight loss (Fig 2.3B)
and survival (no mice succumbed to infection) to NK sufficient animals (data not shown). Viral titers were
decreased in NK depleted animals at 2, 4 and 6 dpc, however these data were not statistically significant
(Fig 2.4C). Moreover, there was no observed difference between the groups regarding time to viral
clearance. Therefore, our data suggest that memory T cells generated in the absence of NK cells may be
functionally superior upon recall when compared to their counterparts generated in the presence of NK
cells.

To compare the functionality of memory T cells developed in the absence of NK cells, we generated
x31 immune mice in the presence or absence of NK cells and challenged with PR8 as previously described.
T cells were subsequently recovered from the lung a 2, 4, 6 and 8 dpc, restimulated ex vivo with influenza
NP3s6.374 peptide, and analyzed for their ability to produce the effector molecules IFN-y and TNFa, which
are known to be important for recall responses to influenza infection (43, 54). Memory CD8 T cells
recovered from the lung of NK depleted and sufficient mice had equivalent proportions of IFN-y and TNFa
expressing CD8 T cells following restimulation on all days assayed (Fig 2.4A). Additionally, there were no
significant differences in the expression levels of IFN-y or TNFa in the total activated (CD44™) CD8 T cell
population on a per cell basis (data not shown). We also monitored the accumulation of IFN-y* CD8 T cells
in the lung following challenge. We observed that NK depleted animals had altered CD8 T cell kinetics
with a less overall accumulation and earlier peak (6 vs. 8 dpc) resulting in fewer (~1/2) IFN-y* CD8 T cells
accumulating in the lung at 8 dpc compared to NK sufficient animals (Fig 2.4B). Interestingly however, at
2 dpc we recovered nearly 2x more IFN-y* CD8 T cells from the lung of NK depleted vs. sufficient animals.
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Studies by Wu et al. demonstrated that infiltration of reactivated peripheral memory CD8 T cells does not
occur before 3 dpc (64), suggesting that these IFN-y* CD8 T cells were likely tissue resident memory T
cells (Trm) reactived rapidly in situ. Together, these data demonstrate that ablation of NK cells during
primary immune response to influenza allows for an equally functional, protective recall response with
fewer antigen-specific CD8 T cells entering the lung and lung airways after challenge. Furthermore, this
data suggests that ablation of NK cells during primary influenza infection leads to increased numbers of
functional lung CD8 Trwm Which are quickly activated and converted to secondary effector cells.
NK Cell depletion increases the number of Ag-specific CD8™ tissue resident (Trw) cells

Memory cells can be broadly categorized as central (Tcwm) or effector (Tem) memory based on
expression of distinct cell surface markers that dictate their localization (63). Whereas Tewm patrol peripheral
tissues, Trm, a subset of Tem, have limited migratory potential. It has long been appreciated that anti-
influenza CD8 T cells positioned at the site of infection are crucial for heterosubtypic immunity and the
waning of heterosubtypic immunity correlates with loss of respiratory CD8 T cells over time (5, 65). Recent
studies have attributed protective immunity against secondary viral challenge to the presence of Trm
whereas infiltrating memory CD8 T cells are associated with immunopathology (64). In this study, we have
demonstrated that there are numerically more memory CD8 T cells generated in the absence of NK cells
compared to NK intact animals. Furthermore, we have observed increased numbers of memory CD8 T cells
responding early after heterosubtypic challenge in NK depleted vs. intact animals. This would suggest that
NK depleted animals harbor a greater frequency of Trm poised for reactivation in their respiratory tract.

To examine the contribution of NK cells to the generation of Trm cells, we differentiated circulating
from resident memory CD8 T cells in NK depleted and sufficient mice 50 dpi using an established
intravenous staining protocol (124). Briefly, 3 minutes prior to sacrifice, animals are injected i.v. with an
anti-CD45 mAb. NP-specific Trm Will not stain with the i.v. injected mAb within this brief window whereas
memory CD8 T cells localized within the vasculature and accessible to the mAb will stain (124). We did
not observe any difference in the frequency of circulating Tem versus Trem CD8 T cells between the NK
depleted and sufficient groups (Fig 2.5A). However, since overall CD8 T cell numbers in the lungs of NK
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depleted animals were increased, the total number of Trm Was coordinately increased by 2 fold (Fig 2.5B).
Trm cells in the skin, gut and brain can also be identified by the markers CD103 and CD69, whereas the
majority of lung Trm are CD103°CD69" (63). Loss of NK cell signals during CD8 T cell priming, however,
did not enrich for any additional subset of Trm (Fig 2.5C). In summary, these data demonstrate that
depletion of NK cells increases the number of lung Trwm cells (Fig 2.5) by nearly two-fold, which could
enhance heterosubtypic immunity and improve virus control and clearance.

Discussion

CD8 T cells are instrumental in the control and clearance of a number of highly mutagenic,
intracellular human pathogens such as HIV, malaria, and influenza A (3, 125). However, eliciting effective
CD8 T cell memory through vaccination has proven difficult due to our incomplete understanding of the
conditions necessary to elicit long-lived, functional memory populations. Many studies have prioritized the
examination of how inherent T cell-specific factors, the DC-T cell interaction and immunization with
different adjuvants and antigens affect the generation of memory CD8 T cells, but the role of accessory or
supporting cells in this process is often overlooked.

Natural Killer cells account for a large proportion of the lymphocytes recovered from the lung in
the steady state and significant numbers are recruited to the lung after respiratory infection (10), as early as
3 dpi with influenza virus (Supplemental Figure 1). While NK cells are primarily known for cytolysis of
aberrant host cells and production of the inflammatory cytokine IFN-y, they can impact the broader immune
response as well. Through the elimination of infected cells, NK cells can limit viral replication and alter
antigen availability (113). Activated NK cells also engage in cross-talk with DCs through both contact
dependent and independent mechanisms leading to increased DC activation and culling of immature DCs
(126, 127). Additionally, NK cells can directly interact with T cells and lyse activated CD4 helper T cells
or suppress proliferation of recently activated CD8 T cells (111, 114). Recently, NK cells were found to
suppress the development CD8 T cell memory following systemic viral infection (114). This observation
is particularly noteworthy when one considers that after influenza infection there is a local concentration of
NK cells in the lung (Supplemental 1C?) and lung-draining lymph node (data not shown); and the
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development of long-term CD8 T cell memory to respiratory infection is poor (10, 63). Therefore, we
hypothesized that regional NK cell activation after influenza infection may affect the anti-influenza CD8 T
cell response by limiting memory CD8 T cell development.

In this study we depleted NK cells in order to examine the net contribution of these anti-viral
effectors to the subsequent generation of CD8 T cell memory after influenza A infection. We found that the
depletion of NK cells during influenza A infection results in numerically increased memory CD8 T cells
(Fig 2.1A) akin to what has been reported after systemic LCMV infection in the absence of NK cells (114).
In the later study it was determined NK cell mediated culling of activated CD4 helper T cells limited effector
CD8 T cell proliferation, resulting in a reduced clonal burst and numerically reduced memory (114).
However, we did not observe significantly more CD8 T cells in NK depleted vs. sufficient mice at the
proliferative peak following influenza A infection (Fig 2.1A), suggesting an alternate NK cell mediated
mechanism is responsible for the increased number of memory CD8 T cells after respiratory infection. In
addition, NK-DC crosstalk (126, 127) is not likely affected in our respiratory model as the number of DCs
and the level of their surface expression of MHC-I, MHC-II and CD80 at 1-5 dpi was equivalent in NK
depleted and sufficient mice (data not shown). Thus, the increased number of memory CD8 T cells we
observed in NK depleted mice cannot be ascribed to bystander regulation of other cell types known to
impact CD8 T cell memory and suggests that NK cells directly regulate memory CD8 T cell development.

The cytokine IL-7 participates in memory CD8 T cell formation and its receptors are dynamically
regulated to confer responsiveness to this growth/ survival factor (128). Moreover, whereas specific
inflammatory cytokines have been associated with supporting or inhibiting CD8 memory T cell formation,
how these inflammatory signals regulate this developmental pathway and/or specifically IL-7
responsiveness is not well understood. Activated NK cells are potent producers of IFN-y, a cytokine
antagonistic to memory CD8 T cell development when present during or shortly after priming (110, 128).
Not surprisingly we observed that depletion of NK cells resulted in significantly decreased IFN-y transcripts
detected in the lung tissue 24 and 72 hrs p.i. (~0.5x and ~0.75x decrease, respectively; Fig 2A) and MdLN
(~0.5x and ~0.9x decrease, respectively; Fig2A). IFN-y is a pleotropic cytokine and could influence the
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generation of CD8 T cell memory in a number of ways. For example, the phosphorylation of the
transcription factor STAT3 promotes CD8 T cell memory and expression of the IL-7Ra subunit (CD127)
via signaling through the mTOR pathway in an IL-10 dependent manner (109). IFN-y is a known suppressor
of IL-10 and can act directly on T cells to dephosphorylate STAT3 (129). Indeed, we observed a higher
frequency of CD127" NP-specific CD8 T cells in IFN-y KO mice and NK depleted mice 45 dpi compared
to wild type and PBS controls, respectively (Fig 2.1B; Fig 2.2B). Interestingly, NK depleted and IFN-y KO
mice did not harbor significantly different frequencies of CD127" NP-specific CD8 T cells at 10 dpi
suggesting that that the effects of IFN-y do not manifest until after the proliferative peak. Since CD127"
NP-specific CD8 T cells undergo contraction at a slower rate than their CD127' counterparts, it is possible
that the reduction of IFN-y increased CD127 expression on a per cell basis, reducing their rate of
contraction. However, we did not observe any difference in the MFI of CD127 on NP-specific CD8 T cells
isolated from either NK depleted or IFN-y KO mice 10 dpi nor did we observe a slower rate of contraction
for NK depleted vs. sufficient mice (data not shown). While IL-10 transcript levels were not significantly
increased in the lungs of NK depleted mice 10 dpi (data not shown), loss of early NK cell derived IFN-y
could increase STAT3 phosphorylation within respondent CD8 T cells, promoting CD127 expression.
Alternatively, loss of early IFN-y signaling could promote memory CD8 T cell formation via alteration of
mTOR activity (130). Finally, it is possible that other interferon stimulated genes (ISGs) or combinations
of ISGs play a role in CD8 T cell fate determination. Overall, our data demonstrate that early IFN-y
signaling alters CD8 T cell programing during the effector phase of the response to promote memory
formation and survival after the proliferative peak resulting in increased numbers of antigen-specific CD8
memory T cells.

Although we observed that NK depleted mice harbor a greater number of Ag-specific memory CD8
T cells compared to NK intact mice, it was unclear whether these cells were either functionally distinct or
simply numerically sufficient to confer superior protection after challenge. Interestingly, the memory CD8
T cell reservoir in the respiratory tract of animals depleted of NK cells in the primary (and not secondary)
infection were equally protective against heterosubtypic challenge compared to control animals, albeit with
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reduced CD8 T cell infiltration into the respiratory tract (Fig 2.3). Furthermore, equivalent proportions of
reactivated memory CD8 T cells recovered from the lung of NK depleted or sufficient animals produced
IFN-y and TNFa on days 2, 4, 6 and 8 post challenge(Fig 2.4), demonstrating that the recall response was
functionally unaltered in NK depleted animals. Given the contribution of CD8 Trm cells in protection
against heterosubtypic influenza infection (64), it is possible that positioning more CD8 Trw cells at the
site of infection can control viral titers without the need for additional proliferation. Indeed, previous studies
have shown that increasing the initial number of memory CD8 T cells present at the time of challenge leads
to decreased proliferation of both naive and memory CD 8 T cell responses as well as decreased pathogen
burden (131, 132). Therefore, it is unsurprising that NK depleted animals, which harbored nearly 2 fold
more Ag-specific Trm CD8 T cells than NK intact animals at the time of challenge (Fig 2.5A), generated a
significantly smaller CD8 T cell recall response (Fig 2.3A) and tended to have lower viral titers at all time
points analyzed (2, 4, and 6 dpc) post challenge when compared to NK intact animals (Fig 2.3C). Thus, our
data show that depletion of NK cells during a primary influenza infection alters early CD8 T cell
programing, possibly via differential inflammatory milieu during T cell priming, leading to increased Trm
generation. The resulting increased number of Trm and the early antiviral cytokines they produce allow for
equal protection against heterosubtypic challenge with a smaller contribution from, and accumulation of,
peripheral memory CD8 T cells.

CD8 T cells are thought to be major contributors to tissue damage during clearance of influenza
infection which contributes to secondary bacterial infection and increased mortality. Therefore, limiting T
cell proliferation after reactivation could ameliorate these undesirable consequences. Our data would
suggest that curtailing NK activation during the initial infection or vaccination could generate sufficient,
cross-protective memory CD8 T cells with limited need for proliferation after reinfection. While ablation
of NK cells during vaccination is impractical, Influenza A viruses can directly stimulate NK cells via
interaction between the viral hemagglutinin and the NK cell activating receptor NKp46 (11). As such, it

may be possible to limit or differentially modulate NKp46 receptor ligation and resultant NK cell activation
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during vaccination with live attenuated viruses in order to elicit a greater number of protective CD8 Trwu
while simultaneously decreasing the risks of secondary bacterial infection.
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Figure 2.1 Anti-influenza CD8 T cells are numerically increased following NK cell depletion. (A) C57BL/6
mice were infected with 10° PFU x31 and administered anti-NK depleting antibody at -1, 1, 3 dpi. The
kinetics of the CD8 T cell response based on the total number +SEM of activated (CD44"), NP-specific
CD8 T cells recovered from the BAL, lung, and MdLN of animals that were treated with PBS (black) or
depleting antibody (grey) is depicted. (B) The proportion +SEM of activated (CD44"), NP-specific CD8 T
cells expressing the indicated phenotype recovered from the lung (left) or MdLN (right) of NK sufficient
(black) or NK depleted (grey) mice at the indicated dpi. Graphs represent pooled data from 3 or more
independent experiments using n > 3 mice/group/time point. *p<0.05, **p<0.01; unpaired Student’s t-test

with Holm-Sidak multiple comparisons correction.
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Figure 2.2. Loss of IFN-y leads to increased expression of CD127 on memory CD8 T cells. C57BL/6 mice
were infected with 10° PFU x31 and administered anti-NK depleting antibody on -1, 1, 3 dpi. (A) The
relative expression of IFN-y transcript recovered from bulk lung tissue and MdLN of NK sufficient (black)
and depleted (grey) mice 24 and 72 hrs post infection was determined. (B) The proportion of CD44" NP-
specific CD8 T cells expressing CD127 +SEM recovered from the lung (top) and MdLN (bottom) of wild
type (black) and IFN-y " (grey) mice at the indicated dpi was determined. (C) Median fluorescent intensity
+SEM of CD127 expression on NP-specific CD8 T cells recovered from the lung (left) and MdLN (right)
of wild type (black) and IFNy” (grey) mice 45 dpi was determined. Graphs are representative of 3

independent experiments using n > 3 mice/group/time point. *p<0.05; unpaired Student’s t-test.
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Figure 2.3. NK depleted animals are equally protected from heterosubtypic challenge by a numerically
smaller CD8 recall response compared to NK sufficient animals. C57BL/6 mice were infected with 103
PFU x31 and administered anti-NK depleting antibody on -1, 1, 3 dpi to develop x31 immune mice. (A)
The x31 immune mice were subsequently challenged with 10° PFU PR8 on 50 dpi. The total number of
antigen experienced (CD44"), NP-specific CD8 T cells +SEM recovered from the BAL (left) and lung
(right) of NK sufficient (black) and NK depleted (grey) mice was determined at 0 (45 dpi), 8, and 15 dpc.
(B) The percent of body weight lost +SEM by x31 immune mice generated in the presence (solid black) or
absence (dashed, dark grey) of NK cells or by naive mice (dash-dot, light grey) after a 500 PFU PR8
challenge was determined. (C) The viral titer of lung homogenate recovered from NK sufficient (black) or
depleted (grey) immune animals was measured 2, 4, 6 and 8 dpc (N.D. = not detectable). Graphs represent
pooled data from 2 independent experiments using n=5 mice/group/time point. *p<0.05; unpaired Student’s

t-test with Holm-Sidak multiple comparisons correction.
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Figure 2.4. Memory CD8 T cells generated in the presence and absence of NK cells produce equivalent
amounts of IFN-y and TNFa. x31 immune mice generated in NK sufficient or deficient conditions were
challenged with PR8 and lymphocytes were recovered from the lung at the indicated dpc. (A) Following
restimulation with the indicated peptide, TNFa and IFN-y was detected by intracellular staining. (B)
Absolute number of IFN-y* CD8 T cells recovered from lung of NK deficient (grey) or sufficient (black)
mice on indicated dpc. Graphs represent pooled data from 2 independent experiments using n=5
mice/group/time point. *p<0.05; unpaired Student’s t-test with Holm-Sidak multiple comparisons

correction.
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Figure 2.5. Removal of NK cell during CD8 T cell priming enhances the development of lung Trwm.
C57BL/6 mice were infected with 10° PFU x31, administered anti-NK depleting antibody at -1, 1, 3 dpi,
and rested for 45 days. Trm Were identified by lack of staining with an anti-CD45 administered 3 minutes
prior to euthanasia. (A) The frequency, (B) number and (C) phenotype of NP-tet+ Trm CD8 T cells +SEM
recovered from the lung of NK depleted (grey) and sufficient (black) mice are depicted. All graphs represent
pooled data from 2 independent experiments with n=5 mice/group/time point. *p<0.05; unpaired Student’s

t-test with Holm-Sidak multiple comparisons correction.
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Supplemental Figure 2.1. Activation and expansion of NK cells following influenza infection. C57BL/6
mice were infected with 10° PFU x31 and administered anti-NK depleting antibody on -1, 1 and 3 dpi. (A)
To assess depletion efficiency, the frequency of NK cells was determined in the lung of NK sufficient (left)
and NK depleted (right) mice 5 dpi. (B) NK cells recovered from lung tissue of naive (solid histogram) and
x31 infected (open histogram) mice on days 3, 5, and 12 post infection were analyzed for expression of the
activation marker CD69. (C) To examine the kinetics of the NK and NKT cell expansion and activation,
NK and NKT cells were recovered from the lung of x31 infected mice at 0, 3, 5, and 12 dpi and their total
number (black) and the number of those cells expressing CD69 (grey) £SEM were determined. Data are

representative of 3 independent experiments using n = 3 mice/group.
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Chapter 3
Differential binding of human NKp46 receptor by disparate influenza hemagglutinin proteins
Introduction

Natural Killer cells are innate lymphoid cells which are uniquely poised to serve both as a first line
of defense against a host of respiratory pathogens as well as a bridge between the innate and adaptive
immune response. NK cells account for a large proportion of the lymphocyte compartment within the
respiratory tract and lung parenchyma during steady state and quickly become activated within and
recruited to these tissues following respiratory infection (10). Once activated, NK cells carry out effector
functions by eliminating infected host cells, but also shape the local environment and subsequent adaptive
immune response via secretion of cytokines, NK-DC cross talk, and direct elimination of activated T and
B cells (9, 48, 112). We have previously shown (Chapter 2) that depletion of NK cells prior to influenza A
infection results in increased numbers of influenza-specific respiratory CD8 Trwm cells. Furthermore, we
have demonstrated that mice depleted of NK cells before primary infection are equally able to protect
against heterosubtypic viral challenge with less CD8 T cell infiltrate into the lung, likely owing to the
increased influenza-specific CD8 Trwm prior to challenge. These findings point toward the modulation of the
NK cell response as possible mechanism to improve current influenza A vaccines through the generation
of long lived, broadly cross-reactive memory CD8 T cells, however direct depletion of NK cells would be
impractical and potentially dangerous. Therefore, in an effort to identify alternative methods to dampen NK
cell activation following influenza infection wanted to examine the mechanisms through which influenza
A viruses activate NK cells.

NK cells are known to contribute to the early anti-influenza immune response through the
production of pro-inflammatory cytokines and as early cytotoxic cells with the potential to limit viral
replication (120, 133, 134). Additionally, NK cells have been reported as producers of the cytokine IL-22
after viral clearance suggesting a role for NK cells promoting tissue repair and a return to steady state
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following influenza infection (135, 136). However, despite their apparent importance to anti-influenza
immunity the mechanism through which NK cells recognize and become activated by influenza infected
cells has been largely neglected. Studies by Mandelboim et al. demonstrated that the NK cell activating
receptors NKp46 (in humans and mice) and NKp44 (in humans) are able to directly interact with the
influenza hemagglutinin protein which is expressed on the viral envelope and on the surface of infected
cells (11, 92, 137). They have further identified that this interaction is mediated by the influenza HA protein
recognizing and binding to 02,3 (recognized primarily by avian derived strains) and a2,6 (recognized
primarily by human derived strains) sialic acid residues present on the extracellular domain of the NKp46
and NKp44 receptors (87, 88, 101, 137). Further studies have also established NKG2D as a likely co-
receptor which works synergistically with NKp46 toward NK cell activation during influenza infection, but
does not mediate activation on its own (96). Interestingly, although NKp46 has been shown to associate
with influenza HA proteins in a variety of ways little has been done to examine how HA intrinsic differences
may affect NKp46 binding and NK cell activation.

Two HA intrinsic differences which have previously been shown to have immunological
importance are receptor binding specificity and the accumulation of additional glycosylation sites over time
as an immune evasion mechanism (91, 138). Hemagglutinin receptor specificity is conferred by the
presence of specific, conserved amino acids organized in a particular tertiary structure at and around the
receptor binding site (86, 139, 140). Similarly, glycans are added enzymatically in the ER and golgi to
specified amino acids which are part of an enzyme-specific recognition sequence with the overall
glycosylation pattern dependent the protein sequence and the biochemical machinery of the host cell (141).
Studies by Du et al. utilized non-infectious virus like particles (VLPs) derived from disparate influenza
viruses to show that HAs from different viral strains differentially activate NK cells (97). The authors
suggested that more “virulent” strains of influenza induced greater NK cell activation, however they did
not speculate on what virulence factors may be involved (97). Similarly, Achdout et al. showed that both
avian and human derived influenza A viruses induced NK cell activation and cytolysis of infected cells.
Furthermore, they found that the disparate HAs interacted with different areas of the NKp46 receptor, with
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A/Puerto Rico/8/34 (HLN1) derived HA interacting primarily through O-linked glycans attached to the
T225 residue while A/Vietnam/1203/04 (H5N1) derived HA interacted through both the T225 and N216
residues (93). Together these studies suggest that influenza strain virulence as well as sialic acid binding
preference correlate with NK cell activation, however neither study interrogated the effects of NKp46-HA
binding on NK activation.

Based on the studies described above we hypothesized that avian derived HAs, which possess an
a2,3 sialic acid binding preference, would have a higher binding affinity for NKp46 and greater NK
activating potential. We additionally hypothesized that the natural accumulation of glycosylation sites on
influenza HAs would result in decreased binding to NKp46 due to steric hindrance at the HA receptor
binding site, which we would expect to decrease NK activating potential. In order to investigate ability of
various disparate influenza HAs of avian and human origin to bind to human NKp46, we expressed and
purified recombinant human NKp46-Ig fusion protein (rNKp46) in the human HEK293T cell line. Utilizing
this rNKp46 we interrogated the relative binding affinity of various viral HAs via ELISA. We also used
this rNKp46 protein to analyze its ability to bind cells infected with disparate influenza viruses or HEK293T
cells stably expressing influenza derived HA via flow cytometry. Finally, we investigated the ability of
HEK?293T cells infected with various influenza viruses to stimulate NK cells in vitro. NK cell activation is
often measured by % cytotoxicity when co-cultured with a known number of target cells, intracellular
expression of IFNy, surface expression of the marker CD69, and/or the internalization of labeled anti-
CD107a (LAMP-1) antibody (11, 96, 97, 142, 143). CDG69 is an activation marker that is not expressed on
naive NK cells, but is quickly upregulated following activation (142). Similarly, CD107a is not normally
expressed on the cell surface, but becomes exposed when activated NK cells degranulate allowing it to
serve as a surrogate for cytotoxicity (143). We find that in support of our hypothesis, avian derived HAs
have a higher relative binding affinity compared to human derived HAs. Additionally, we found that more
highly glycosylated HAs had decreased binding to rNKp46. Interestingly, and contrary to previous studies,
we found that rNKp46 was able to bind to influenza HA in a sialic acid binding independent manner.
Together these data show that the number of glycosylation sites on the viral HA as well as HA sialic acid
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binding preferences can alter NKp46-HA interactions and therefore NK cell activation. They also suggest
an alternative, and as of yet uncharacterized, interaction between human NKp46 and influenza HA which

can mediate binding.

Materials and Methods
Transfection of HEK293T cells

HEK?293T cells were grown in growth media to 80-90% confluency in 6 well plates. Once
confluency was achieved, cells were transfected using Lipofectamine 2000 reagent per manufacturer’s
instructions. Briefly, 2.5ug of plasmid DNA (pcDNA3.1) containing the gene of interest and a G418
resistance gene was diluted into 300uL Opti-MEM media containing 9uL Lipofectamine 2000 Reagent,
mixed and allowed to incubate at RT for 5 minutes. Growth media was removed from wells and replaced
with Opti-MEM containing Lipofectamine and plasmid DNA and cells were incubated for 48 hrs at 37°C
at which point fresh selection media (growth media containing 500ug/mL G418 (genetecin) (Takara,
Mountain View, CA)) was added to the wells. Cells were grown under selection for 1.5 weeks and surviving

cells were assayed for HA expression via flow cytometry.

Determination of NKp46 binding affinity via ELISA

0.1ug of recombinant HA derived from A/Vietnam/1203/2004 (H5), A/Indonesia/5/2005 (H5),
A/Anhui/1/2005 (H5), A/Solomon Islands/3/2006 (H1), A/California/04/2009 (H1), A/Perth/16/2009 (H3),
or A/Brisbane/10/2007 (Influenza Reagent Resource, Manassas, VA) were bound to Corning costar 96-
well flat bottom EIA plates (Corning, Corning, NY) overnight in bicarbonate buffer at 4°C. The following
morning, wells were washed 3x with PBS, incubated with various concentrations of rNKp46-Fc overnight
at 4°C. The next morning, wells were washed 3x with PBS, incubated with HRP-conjugated anti-human Fc
antibody (Company, Location) for 1hr at 4°C, washed 3x with PBS, and analyzed 30 minutes after addition
of 3,3',5,5'-Tetramethylbenzidine (TMB) using a BioTek Synergy 2 plate reader (Winooski, VT). Wells
not coated with HA or not incubated with rNKp46-Fc served as background controls.
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Enrichment of human NK cells from PBMCs

Human blood was collected from healthy donors and PBMCs were isolated using a histopaque
1077 (Sigma-Aldrich, St. Louis, MO) density gradient according to manufacturer’s instructions and
provided by the laboratory of Dr. Balazs Rada (University of Georgia). Following receipt of PMBCs, we
enriched for NK cells using Miltenyi NK Cell Isolation Kit and Miltenyi LS columns (Miltenyi Biotec, San
Diego, CA) following manufacturer’s instructions. Enrichments were tested for purity via flow cytometry

and showed >90% purity for CD3"CD56"CD16"NKp46™ lymphocytes.

Infection of HEK293T cells and NK cell stimulation assays

HEK?293T cells were infected or mock infected for 8 hours in growth media (DMEM + 10% FBS)
with 1 MOI of A/ Puerto Rico/8/34 (HIN1), A/Hong Kong/1/68 x A/Puerto Rico/8/34 2:6 reassortant (x31,
H3N2), A/Vietnam/1203/05 (HS5N1) or A/Anhui/1/05 (H5N1). Expression of HA on the surface of infected
cells was confirmed by flow cytometry. For NK cell stimulation assays, infected cells were co-cultured at
a 1:4 (E:T) ratio for 8 hrs in growth media in the presence of APC-conjugated anti-human CD107a and
GolgiStop (BD Biosciences, San Jose, CA) with human NK cells column purified using Miltenyi NK Cell
Isolation Kit and Miltenyi LS columns (Miltenyi Biotec, San Diego, CA) following manufacturer’s

instructions. Analysis of NK cell stimulation was determined via flow cytometry as described below.

Flow Cytometry

To visualize HA expression on infected HEK293T cells, single cell suspensions of infected
HEK293T cells were incubated with murine anti-HA immune serum (diluted 1:100 in FACS buffer)
generated against the various influenza strains for 20 min at 4°C, followed by incubation with FITC-
conjugated anti-mouse 1gG (Thermo Fisher Scientific, Waltham, MA) for 20 min at 4°C. Alternatively,
cells were incubated with purified recombinant human-NKp46 (200ug/mL) for 1hr at 4°C. To assess NK
cell activation, single cell suspensions of NK and HEK293T cells were obtained from previously described
co-cultures, centrifuged at 16,000 RCF for 5 min and stained for 20 minutes at 4°C with a combination of
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FITC-conjugated anti-CD56, PerCP-Cy5.5-conjugated anti-NKp46, PE-conjugated anti-CD69, APC/Cy7-
conjugated anti-CD3. All antibodies were purchased from Tonbo Biosciences (San Diego, CA) or BD
Biosciences (San Jose, CA). Data was acquired using an LSR 11 with FacsDiva software (BD Biosciences,

San Jose, CA) and analyzed using FlowJo software (Tree Star INC, Ashland, OR).

Results
Influenza A infection increases NK cell activation and effector function in an NKp46 dependent manner
Previous studies have shown that NK cells are able to kill target cells following incubation with
influenza infected cells and that NK cells can become functionally activated by influenza infected DCs via
NKp46 stimulation (11, 96). We wanted to confirm that NK cells are directly activated by infected target
cells which are not professional APCs, and that this activation is mediated by NKp46 ligation. To this end,
we infected HEK293T cells with a human origin H3N2 influenza A virus and co-incubated the infected
cells with freshly purified donor human NK cells. Human NK cells can be categorized by CD56 expression
level, with CD56%™ cells representing cytotoxic cells while CD56" cells primarily produce IFNy (144).
In our study we assessed expression of the activation marker CD69 and uptake of CD107a, a marker of
cytotoxicity and degranulation, as well as expression of IFNy on both CD56 bright and dim populations.
Human NK cells co-incubated with uninfected HEK293T cells showed significantly upregulated CD69,
demonstrated internalization of CD107a, and produced significantly more IFNy compared to NK cells
incubated in media alone (Fig 3.1). This is likely due to the fact that HEK293T cells are a human tumor
cell line and likely display aberrant expression of MHC-1 molecules as well as stress ligands recognized by
NK cell activating receptors. Co-incubation of human NK cells with influenza infected HEK293T cells
significantly upregulated CD69 and significantly increased intracellular IFNy production compared to
uninfected controls and also demonstrated internalization of CD107a (Fig 3.1). This indicates that while
co-culture of uninfected HEK293T cells with NK cells leads to NK cell activation, the expression of
influenza proteins by HEK293T target cells significantly increases their activation potential. Next, we pre-
incubated influenza infected cells with rNKp46 protein followed by co-culture with donor NK cells and
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found that while pre-incubation with rNKp46 did not significantly decrease the proportion NK cells
expressing CD69, there was a clear decrease in CD107a uptake among cytotoxic NK cells and a
significantly decreased ability of CD56"9" NK cells to produce IFNy compared to NK cells co-cultured
with infected HEK293T cells that had not been pre-incubated with rNKp46 (Fig 3.2). Additionally, we
found that infected HEK293T cells pre-incubated with rNKp46 still showed increased ability to activate
NK cells (increased expression of CD69 and IFNy as well as increased internalization of CD107a)
compared to NK cells incubated in media alone (Fig 2.3). This is likely due in part to the inherent ability
of HEK?293T cells to activate human NK cells (as demonstrated in Fig 3.1), and the levels of CD69 and
IFNy expression as well as CD107a internalization on NK cells pre-incubated with rNKp46 may represent
the basal level of the donor’s NK cells when co-incubated with HEK293T cells. However, further
experiments will need to be done in order to determine if infected HEK293T cells pre-incubated with
rNKp46 demonstrate increased ability to activate NK cells when compared to uninfected HEK293T cells
as this experiment did not directly compare the two groups. Together these data indicate that influenza
infected HEK293T cells have a significantly greater potential to activate NK cells and this potential is
mediated, at least in part, by interaction with NKp46. It must be noted, however, that these data are
representative of two independent experiments for figure 3.1 and of a single experiment for figure 3.2 (all
experiments done with biological duplicates). Given the potential for significant variation of NK cell
activation and effector function within the human population, these experiments will need to be repeated in
the future to increase the sample size.
Recombinant NKp46 preferentially binds to avian derived HAs

Human NKp46 has previously been shown to bind to both human and avian origin influenza HA
proteins through specific sialic acid moieties on the NKp46 ectodomain and mediate NK cell activation and
cytolysis (11, 93). Additionally, it was also determined that human origin HAs recognized glycans attached
to a single amino acid (T225) whereas avian origin HAs recognized sialic acid residues attached to two
distinct amino acids (T225 and N216) and that avian origin influenza viruses may have a greater potential
to activate human NK cells (93, 97). To test if NKp46 preferentially binds to avian derived influenza HAs

49



over human origin HAs, we utilized an ELISA by coating a 96-well plate with recombinant influenza HAs
(rHA), incubating these wells with rNKp46 protein, and then detecting the amount of rNKp46 bound to the
plate. We found that avian origin HAs do display a larger amount of rNKp46 compared to human origin
HAs (Fig 3.3). Interestingly, there appeared to be a hierarchy of binding ability with A/Vietham/1203/04
(H5) (VN/04) exhibiting the highest level of binding followed by other avian origin (H5) HAs, human
origin H1 HAs exhibiting intermediate levels of binding, and human origin H3 HAs exhibiting the lowest
level of binding. Additionally, we infected the human derived HEK293T cells with avian and human origin
influenza viruses to test the ability of NKp46 to bind infected cells. We found that while the majority of
HEK?293T cells were infected, as demonstrated by surface expression of viral HA, cells infected with avian
origin viruses (H5) had increased NKp46 binding compared to human origin viruses (H1 and H3) (Fig 3.4).
Similar to our previous findings, cells infected with VN/04 (H5N1) had the highest levels of NKp46 binding
while A/Aichi/2/68 (H3N2) displayed little binding. Interestingly, the ability of VN/04 (H5) to bind to
NKp46 was markedly greater than that of A/Anhui/1/2005 (H5) (AN/05) (~3x) according to our binding
ELISA (Fig 3.3), however the difference was greatly diminished when testing NKp46 binding to infected
cells (Fig 3.4). This suggests that differences in binding ability observed using recombinant HAs may not
be representative of the HAs binding ability when expressed on the surface of human cells. Although the
HEK?293T cells were infected with the same MOI of the different viruses at the same time, it is also possible
that the HA protein is synthesized and/or expressed on the surface of infected cells at a different rate for
these viruses, allowing for AN/O5 to have more HA protein expressed on the cell surface. Further studies
will need to be done utilizing a monoclonal antibody that is capable of recognizing both viral HAs to control
for possible discrepancies in HA expression levels. While this data demonstrates that avian origin HAs do
indeed possess a greater ability to bind NKp46 protein compared to human origin HAs, there may be
differences even among related HAs within the same clade. This suggests that while 02,3 or 02,6 sialic acid
binding preference likely influences NKp46 binding potential, it is not the sole determining factor.

Increased glycosylation of influenza HA, but not receptor binding specificity impacts NKp46 binding

50



Another factor which could impact the ability of NKp46 to interact with influenza HA is the level
of glycosylation on the HA head. Influenza A viruses naturally accumulate additional glycosylation sites
over time on the head of the HA protein via antigenic drift as a mechanism to evade humoral immunity (91,
145). While the accumulation of glycosylation sites on the influenza HA head is thought primarily to shield
the virus against sterilizing immunity via neutralizing antibodies, these modifications can also decrease HA
binding affinity and avidity (91). Since NKp46 binding is thought to be dependent on HA binding to sialic
acids, we hypothesized that addition of glycosylation sites would result in decreased NKp46 binding.

To interrogate the impact of HA glycosylation on NKp46 receptor binding, we utilized an influenza
HA from a human origin virus (A/Aichi/2/68 (HK68)) as a parental strain to which we added point
mutations that have previously been shown to confer additional glycosylation sites to human H3 viruses
naturally circulating through the human population (145). Using a plasmid contacting a parent HA
sequence, we generated a mutant plasmid to express a HA with four additional, naturally occurring
glycosylation sites (HK68+4) through site directed mutagenesis. Additionally, we generated a mutant HA
plasmid which had the same number of glycosylation sites as the parent, but contained a Y98F mutation
(HK68-Y98F) which has previously been described to eliminate the HAs ability to bind to sialic acid (146,
147). We anticipated that the Y98F mutant would serve as a negative control as previous studies indicated
that the NKp46-HA interaction was mediated solely by HA recognition of sialic acid residues. Once our
plasmids were generated, we transfected them into a human cell line HEK293T, selected for cells
expressing our various HAs, and confirmed surface expression of HA via flow cytometry (Fig 3.5A, C).
Once we confirmed that the majority of our selected cells were stably expressing influenza HA (HK68,
HK68+4, or HK68-Y98F respectively) (Fig 3.5A, C), we assessed their ability to bind to rNKp46 protein
via flow cytometry. We found that, in support of our hypothesis the cells expressing the HK68+4 mutant
HA had decreased binding of rNKp46 (~1/2 reduction) compared to cells expressing the parental HK68
HA (Fig 3.5A, B). Interestingly, although the HK68-Y98F mutant exhibited decreased NKp46 binding
(~60% over background) compared to the parent HA, it was able to bind rNKp46 protein above background
levels (Fig 3.5C). Since this mutation has previously been demonstrated to ablate the ability of the HA to
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bind sialic acids, this points to a novel mechanism mediating NKp46-HA interactions. These data
demonstrate that natural accumulation of glycosylation sites on influenza HA proteins decreases their
ability to be recognized by human NK cells via the NKp46 receptor and suggest an uncharacterized
interaction between NKp46 and viral HA which could mediate NK cell activation.

Discussion

Although historically neglected, the contribution of NK cells to the anti-influenza immune response
has recently begun to be elucidated. Early studies showed that depletion of NK cells in animal models
resulted in increased morbidity and decreased survival following influenza A infection (134, 148). Later
studies identified the NK cell activating receptor NKp46 as a possible mediator of NK cell protection as
mice genetically modified to delete this gene also showed decreased survival following infection (103). A
plethora of animal and human studies also indirectly support the importance of NKp46 expressing NK cells
following influenza A infection (98-100). Additionally, studies by Mandelboim et al. and Draghi et al.
showed that influenza HA directly interacts with the NKp46 receptor and that this interaction mediates NK
cell immune functions (11, 96). However, the molecular determinants of the NKp46-HA interaction or their
contributions to NK cell activation are as yet incompletely understood.

Here we examined the contribution of HA sialic acid binding preferences as well as HA
glycosylation to NKp46 binding. Previous studies have suggested that avian origin influenza virus HA
proteins may have a higher propensity for NKp46 binding when compared to human origin viruses and that
this could result in increased NK cell activation follow infection with avian origin viruses (93, 97). Utilizing
recombinant NKp46 and influenza HA proteins we found that avian origin viruses do indeed have a greater
potential for binding human NKp46 (Fig 3.3). Although we did not directly compare the ability of human
and avian origin HAs to activate NK cells, we do demonstrate the importance of NKp46 ligation for NK
cell activation following influenza infection (Fig 3.2). Given the importance NKp46 ligation plays in NK
cell activation following influenza infection and that avian origin HAs had a higher binding affinity for
NKp46, it is likely that avian origin HAs possess a greater potential for activation of NK cells compared to
human origin HAs (96, 97). However, further studies utilizing equivalent amounts of human and avian
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origin influenza HAs to activate NK cells will need to be conducted in order to test this hypothesis.
Differences in sialic acid binding preference of disparate influenza HASs represent one possible explanation
for differential recognition of NKp46. However, our studies utilizing a mutant HA which is incapable of
sialic acid binding found that the NKp46-HA interaction can be mediated independent of sialic acid binding
albeit at a lower affinity (Fig 3.5). Previous studies have utilized point mutations in the NKp46 receptor to
demonstrate the importance of specific amino acids as potential sites mediating NKp46-HA interactions
via expression of host sialic acid residues, however, to our knowledge this is the first example of sialic acid
independent binding of NKp46 and influenza HA (Fig 3.5) (149, 150). It is unclear why mutations at these
sites appear to ablate both sialic acid mediated and independent interactions with influenza HA, however it
is possible that the inserted mutations altered the structure of the NKp46 protein in an unpredicted way
which alters the receptors ability for binding or signaling.

In addition to sialic acid binding preferences, the number of glycosylation sites present on the
influenza HA could alter NKp46 binding potential. Previous studies have shown that the natural
accumulation of glycosylation sites on the HA of circulating influenza strains decrease viral fitness and
inhibit the ability of the HA to bind sialic acids (91, 145). To this end, we compared the ability of a mutant
HA containing four additional, naturally occurring glycosylation sites to bind rNKp46 with the parent HA
binding rNKp46. We found that addition of glycosylation sites did indeed decreased the ability of the
mutant HA to bind rNKp46, supporting our hypothesis that natural accumulation of glycosylation on
influenza HA proteins decreases NKp46 recognition and likely leads to decreased NK cell activation (Fig
3.5). While it is unclear how influenza HA glycosylation affects NK cell activation in vivo, this data in
conjunction with our previous data suggest that viruses which have higher levels more glycosylation will
activate NK cells less efficiently. This in turn could lead to milder symptoms during the infection as well
as increased generation of CD8 Trm (Chapter 2) (134). Additionally, the accumulation of glycosylation on
influenza HAs is thought to promote generation of a broadly protective anti-influenza antibody responses

specific to the HA stalk (91). Therefore, use of more heavily glycosylated HAs in influenza vaccines
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represents a promising method to induce broadly protective, long lived T and B cell mediated
immunological memory.

Altogether these studies demonstrate that inherent differences in influenza HA — either sialic acid
binding or glycosylation level — can alter interactions with the NK cell activating receptor NKp46 and thus
NK cell activation. Given that NK cells have been implicated in suppressing the development of anti-viral
immunological memory, these studies present potential mechanisms which could be exploited to generate
better, more broadly protective influenza vaccines (112, 151). However, further studies are needed to
determine the impact of these HA differences in vivo as well as further characterize the NKp46-HA
interaction and the molecular mechanisms that contribute to NKp46 ligation.

Acknowledgements

We would like to thank Dr. Balazs Rada of the University of Georgia for supplying us with human donor
PBMCs. We would also like to thank Ivelisse Resto-Garray for her contributions to this work in purifying
the rNKp46 fusion protein and performing NKp46 binding assays. Additionally, we would like to thank
Dr. David Steinhauer of Emory University for providing A/Aichi/2/1968 HA containing plasmid we used
to generate our HA mutants. Recombinant H5 HA with Histidine Tag, from Influenza
A/Vietnam/1203/2004 (H5N1), FR-39, H5 HA with Histidine Tag, from Influenza A/Indonesia/5/2005
(H5N1), FR-59, H5 HA with Histidine Tag, from Influenza A/Anhui/1/2005 (H5N1), FR-86, H1 HA with
Histidine Tag, from Influenza A/Solomon Islands/3/2006 (H1N1), FR-67, H1 HA with Histidine Tag, from
Influenza A/California/04/2009 (H1N1), FR-180, H3 HA with Histidine Tag, from Influenza
A/Perth/16/2009 (H3N2), FR-472, and H3 HA with Histidine Tag, from Influenza A/Brisbane/10/2007
(H3N2), FR-61, were obtained through the Influenza Reagent Resource, Influenza Division, WHO
Collaborating Center for Surveillance, Epidemiology and Control of Influenza, Centers for Disease Control

and Prevention, Atlanta, GA, USA

54



Figures

A All NK cells All NK cells CD56 bright NK cells

= ]

S |

0

0 -

CcD69 P P

B *

100 100 - *
2 80 2 80,
[}] Q
(6] O *
e |
= 60 § 60
+ +
Q 40 > 40
a =z
o L
2 20 < 20

0 0!
NK NK NK NK NK NK
+ + + +
Uninfected Infected Uninfected Infected

55



Figure 3.1. Influenza infection increases activation and effector function of NK cells. Human NK cells
were incubated with infected and uninfected HEK293T cells in the presence of monensin and anti-
CD107a antibody. (A) NK cells (grey) and NK cells incubated with HEK293T cells infected (blue) or
uninfected (red) with HKx31 influenza virus were analyzed for expression of activation marker CD69 and
internalization of degranulation marker CD107a by all NK cells (left; middle) and CD107a internalization
by the CD56°"9" subset (right). (B) CD56 bright NK cells were analyzed for expression of activation
marker CD69 (left) and IFNy (Right). Graphs are representative of 2 independent experiments done with

biological duplicates. * = p < 0.05.
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Figure 3.2. Pre-incubation of infected HEK293T cells with rNKp46 decreases NK cell activation. (A)
Infected HEK?293T cells were incubated in the presence (red) or absence (blue) of rNKp46 prior to co-
incubation with human NK cells and analyzed for expression of CD69 and internalization of CD107a for
all NK cells (left; middle) and CD107a internalization by the CD56°"9" subset (right). (B) CD56 bright NK
cells were analyzed for expression of CD69 and IFNy. Graphs are representative of 1 experiment done with

biological duplicates. * = p <0.05; NS = not significant.
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Figure 3.3. Binding of rNKp46 to recombinant HAs. A 96 well plate was coated with the indicated
recombinant HAs and then incubated with indicated concentrations of recombinant NKp46 overnight at
4°C. A HRP-conjugated o-human Fc mAb and 3,3’,5,5’-Tetramethylbenzidine (TMB) were used as
secondary antibody and as substrate, respectively. Graphs are representative of 3 independent experiments

done in triplicate.
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Figure 3.4. Recombinant NKp46 binds to virally infected HEK293T cells. HEK239T cells were infected or
mock infected overnight with 1 MOI of indicated virus. Cells were then incubated with anti-HA antiserum
(Top) or with 20ug recombinant NKp46-huFC (Bottom) and binding was detected using anti-Fc antibodies
via flow cytometry. Uninfected cells (Top) and infected cells incubated with Oug NKp46 (Bottom) were
used as controls (grey). All viruses (A/HK/1/68, A/VN/1203/04, A/Anhui/1/05) are on a BSL2 A/PR/8/34

backbone. Graphs are representative of 2 independent experiments done with biological duplicates.
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Figure 3.5. Hemagglutinin glycosylation level but not ability to bind sialic acid impacts NKp46 binding.
HEK293T cells were transfected with viral hemagglutinin from A/Hong Kong/1/68 (HK68), a HK68
glycosylation mutant that adds 4 additional glycosylation sites, or a Y98F mutant (HK68-Y98F) that lacks
the ability to bind to sialic acid residues® and selected for stable transfection. (A) Expression of viral HA
on the surface of transfected (green) HEK293T cells compared to non-transfected (grey) controls (top) and
binding of rNKp46 protein to transfected HEK239T cells (green) or non-transfected (grey) controls
(bottom). (B) Median fluorescent intensity of viral HA expressed on the surface of transfected HEK293T
cells (top) and rNKp46 protein (bottom) bound to transfected HEK239T cells. (C) Expression of viral HA
on the surface of transfected (green) cells or non-transfected (grey) controls (top) and binding of rNKp46
protein (bottom) to transfected cells (green) or non-transfected (grey) controls. Graphs are representative

of 2 independent experiments done with biological duplicates.
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CHAPTER 4
Discussion and future directions

The immune response to influenza virus infection is a complex and multifaceted process which
involves a multitude of interactions between various distinct immune cells. To date most anti-influenza
research has focused on the development of humoral and cellular immune responses and factors which
directly impact immunological memory development while other accessory cells have been largely ignored.
Natural Killer cells represent one such neglected cell type which can directly impact primary influenza
infections as well as influence the adaptive immune response (148, 151). NK cells compose a large
proportion of lymphocytes present in the lung and respiratory airways during steady-state, putting them in
a position to be first responders against respiratory infections such as influenza (10). In fact, NK cells have
been implicated in control of early influenza viral replication and production of important pro-inflammatory
cytokines following infection (120, 134). After viral clearance NK cells have also been shown to be
important for tissue repair and returning the lung to a state of tolerance through the production of 1L-22 and
IL-10 (50, 135). Additionally, NK cells have been implicated in suppressing both B and T cell responses to
systemic viral infections such as LCMV and MCMV directly via lysis of activated cells and indirectly
through NK-DC crosstalk (9, 151). Thus, NK cells are uniquely positioned to modulate the adaptive
immune response to influenza infection through direct contact with adaptive immune cells, interactions
between NK cells and DCs, as well as production of pro-inflammatory and anti-inflammatory cytokines.

Here we interrogated the contribution of NK cells to the generation of the anti-influenza CD8 T
cell response and subsequent memory formation. We found that depletion of NK cells prior to influenza
infection resulted in increased numbers of influenza-specific CD8 T cell in the lung draining lymph node
as well as resident memory CD8 T cells in the lung (Fig 2.4). Previous studies indicate that these Trm cells
are essential mediators of heterosubtypic protection against subsequent influenza infections, while
infiltrating memory CD8 T cells can mediate deleterious lung immunopathology (64). Importantly, we
found that the increased number of CD8 Trm in NK depleted mice was able to mediate heterosubtypic
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protection against a secondary influenza challenge with fewer infiltrating memory CD8 T cells
accumulating within the lung compared to NK sufficient controls (Figure 2.2). While memory CD8 T cells
are crucial for protection against disparate influenza viruses, they have also been implicated as a major
cause of lung immunopathology and thereby contributors to secondary bacterial infection (5, 64, 65, 105,
152). Thus, NK cells present a potential mechanism to modulate the anti-viral CD8 T cell response during
influenza vaccination and produce a larger pool of cross-reactive Trm cells which protect against a broad
range of subsequent viral infections with a decreased risk of secondary bacterial infection.

While our studies in chapter 2 utilized an NK cell depletion model to investigate the contribution
of NK cells to the generation of CD8 T cell memory, NK cell depletion is neither practical nor safe in the
context of human vaccination. Therefore, in order to modulate NK cell activation to improve the adaptive
immune response to influenza infection we must first gain a better understanding of how NK cells interact
with and become activated by the influenza virus. It is possible that with a greater understanding of the
factors that contribute to NK cell activation by influenza viruses, novel treatments or inhibitors could be
developed to interfere with NK cell activation during vaccination or shortly after infection and thus increase
the generation of broadly protective CD8 Trwm cells in the lung and lung airways. Similarly, elucidating the
factors of NK cell activation may help to explain discrepancies in disease severity and outcome between
different influenza strains and subtypes as more severe disease has been correlated with a dampening of the
NK cell response (99, 153). The NK cell activating receptor, NKp46, has been shown to directly interact
with the influenza hemagglutinin protein and this interaction can mediate NK cell activation resulting in
inflammatory cytokine production and cytolysis (Fig 3.1; Fig 3.2) (11). This NKp46-HA interaction is
thought to be the result of the influenza HA binding to sialic acid residues attached to specific amino acids
on the NKp46 receptor (137, 150). However, contrary to previous studies we found that influenza HA is
able to interact with the NKp46 receptor independently of sialic acid binding (Fig 3.5). Since other studies
have utilized point mutations in a recombinant NKp46 receptor to establish the importance of specific
amino acids in the recognition of influenza HA, it is possible that in addition to removing potential
glycosylation sites on NKp46 the structure of the receptor was altered. Alterations to the structure of NKp46
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through mutation could block other sites of NKp46-HA interaction and interfere with NKp46 ligation.
Alternatively, the mutated amino acids could be essential to NKp46-HA binding in a sialic acid independent
manner. Further research will be required fully elucidate the molecular nature of the NKp46-HA interaction,
possibly requiring x-ray crystallography of HA bound to NKp46.

Although the NKp46-HA binding can occur independent of HA sialic acid recognition, it does
appear that sialic acid recognition increases the potential for these two proteins to interact as evidenced by
decreased, but not completely ablated, binding of rNKp46 to Y98F mutant HA compared to wild type HA.
It is therefore possible that different sialic acid binding preferences of disparate influenza HAs mediate
differential binding to the NKp46 receptor. Avian influenza viruses show a preference for binding a2,3
sialic acids while human origin viruses show a a2,6 binding preference (87, 88). The NKp46 receptor has
been shown to express both 02,3 and 02,6 sialic acids with avian origin viral HA recognizing two distinct
binding sites of the NKp46 receptor and human origin HA recognizing one (93). It is therefore possible that
avian origin viruses possess an increased ability to activate human NK cells compared to human origin
viruses (97). In chapter 3 we showed that avian origin influenza HAs bind recombinant human NKp46
more readily than human origin HAs (Fig 3.4; Fig 3.5). This may be due to the fact that avian origin HAs
are able to recognize more binding sites on the NKp46 protein, that avian HAs have a higher affinity for
the NKp46 protein, or some combination of the two. Since we see binding discrepancies both between
different HA subtypes (H5 vs. H1 vs. H3) and within the subtypes themselves (H5 VN vs. H5 AN), it is
likely that disparate HAs have different binding affinities for NKp46 and that the difference in binding
affinity contributes to difference observed in our binding assays. For instance, the avian HA derived from
A/Vietnam/1203/2004 differs from the A/Anhui/1/2005 derived HA a number of amino acid residues that
could affect sialic acid binding affinity. Differences at the amino acid residues 190, 197, 216, 228 and 243
could contribute to differential binding between these two HAs as they occur near amino acid residues
known to impact sialic acid recognition and binding owing to their proximity to the sialic acid binding
pocket (147). Importantly, these discrepancies in relative binding affinity cannot be ascribed solely to
differences in HA subtype and binding affinity suggesting that other factors are also involved in mediating
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the NKp46-HA interaction. However, our assays only probed relative binding affinity of various avian and
human origin HAs for NKp46. Therefore, further studies are necessary to determine exact binding affinities
and avidities for the disparate influenza HAs interacting with NKp46.

In addition to sialic acid binding preferences, the overall level of glycosylation on the HA head of
disparate influenza viruses can vary significantly (91). Increased glycosylation is capable of interfering
with the ability of the HA to recognize and bind sialic acids (145). While it is thought that natural
accumulation of glycosylation sites on influenza HA primarily functions to evade antibody mediated
neutralization, it is possible that these additional glycosylation sties also interfere with the ability of NKp46
to recognize the viral HA (91). In chapter 3 we demonstrated that additional glycosylation of the influenza
HA can reduce NKp46 binding (Fig 3.5). Similarly, we found that the A/Vietham/1203/2004 derived HA
bound to recombinant NKp46 protein to a greater extent than A/Anhui/1/2005 derived HA (Fig 3.3; Fig
3.4). One possible explanation for this binding discrepancy is that A/Vietnam/1203/2004 derived HA has
fewer predicted glycosylation sites when compared to A/Anhui/1/2005 derived HA. This increased
glycosylation could negatively impact the ability to A/Anhui/1/2005 derived HA to bind NKp46 as we have
shown additional glycosylation decrease NKp46 recognition and binding (Fig 3.5). Due to the importance
of NKp46 binding to NK cell activation by influenza infected cells, it is likely that HA glycosylation level
also impacts the ability to the HA to stimulate NK cell activation and effector functions (11, 96). This in
turn could impact the generation of CD8 T cell memory as evidenced in chapter 2.

In humoral immunity, HA glycosylation level is thought to contribute to the concept of original
antigenic sin — where the first infection has an outsized impact on subsequent antibody responses and can
results in overproduction of non-neutralizing antibodies by memory B cells — as influenza HAs with higher
levels of glycosylation tend to result in more neutralizing antibodies targeting more highly conserved HA
stalk epitopes rather than epitopes on the HA head (91, 154). Based on this hypothesis, children who are
first exposed to a heavily glycosylated HA should develop a larger repertoire of broadly protective stalk
antibodies than those exposed to a less glycosylated variant of the same influenza strain. Similarly, as we
have shown in chapter 3 that HA binding to NKp46 is decreased as HA glycosylation increases and that
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NKp46 ligation is critical for NK cell activation it is likely that the HA glycosylation level can also impact
the CD8 T cell response and memory formation. In chapter 2 we demonstrated that NK cells actively
suppress CD8 T cell memory generation and that the presence of NK cells diminishes the Trm subset of
CD8 T cell memory which is important for viral protection. It is therefore possible that primary exposure
to a heavily glycosylated influenza strain will lead to decreased NK cell activation (via hindrance of the
NKp46-HA interaction) and thus increased generation of broadly CD8 T cell memory in addition to the
aforementioned predisposition toward protective stalk antibodies.

Although NK cells are normally thought of as innate lymphoid cells, recent studies suggest that
NK cells are capable of taking on a memory like phenotype following infection with a number of different
viruses including influenza A (155). Murine models have indicated that influenza is able to stimulate the
generation of CCR2 expressing NK cells which home to the bone marrow following the resolution of
influenza infection, but traffic to the lung and exert increased cytotoxic and cytokine producing capabilities
upon secondary viral challenge (156). Interestingly, immunization with influenza virus like particles
containing influenza HA was sufficient to generate partial protection from viral challenge in RAG™ mice
three months post-vaccination, suggesting a protective role for these cells in the absence of an adaptive
immune response (157). Similarly, a recent human study found that influenza-specific memory like NK
cells were generated and survived for up to 6 months following influenza vaccination, and that these NK
cells were likely targeting the viral HA via NKp46 (158). While the NK cell contribution to the primary
influenza immune response has been minimally investigated, these studies suggest that memory NK cells
may have a role in control of and protection from subsequent viral infections. To this end our data would
suggest that avian origin influenza viruses likely develop more memory NK cells as they have higher
relative binding affinity for NKp46 (Fig 3.2) and appear to more readily stimulate NK cells (97).
Furthermore, our studies suggest that more heavily glycosylated influenza HAs would produce fewer
memory NK cells due to decreased ligation of NKp46. Although the importance of memory NK cells in
protection of immunocompetent persons against future viral infections is likely small given the speed and
efficiency of memory B and T cell responses (especially Trm CD8 T cells) they may help protect people
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with primary B and T cell deficiencies due to genetic disease or infection with HIV (159, 160). Additionally,
it is unclear if the immunomodulatory functions of NK cells continue to shape the adaptive immune
response beyond the primary infection. CD8 Trm cells become functionally reactivated and produce pro-
inflammatory cytokines within 2 days post challenge making them de facto first responders (Fig 2.3; Fig
2.4). Memory T cell derived IFN-y has also been shown to be important for activation of human NK cells
with influenza A virus in vitro (161). It is therefore unlikely that NK cells play a large role in shaping the
adaptive immune response to influenza A infection after primary exposure, however further studies are
needed to confirm this hypothesis.

It is clear that NK cells play important roles in the anti-influenza immune response. On the one
hand they can limit early viral replication and contribute to tissue repair (134, 135, 162). On the other hand,
NK cells also limit the generation of CD8 T cell memory and protective CD8 Trm cells (Chapter 2).
Therefore, in the context of vaccination NK cells are not only dispensable but also deleterious, and the
inhibition of the anti-influenza NK cell response should boost long term, protective CD8 T cell immunity
with very little risk. The NKp46 receptor represents an obvious target for limiting the anti-influenza CD8
T cell response given that it directly interacts with influenza HA proteins and appears to be the major
activating receptor through which influenza viruses activate NK cells (Chapter 3) (11, 96). While there are
currently no known small molecule inhibitors which block the NKp46-HA interaction that could be added
as components of influenza vaccines, alterations of HA receptor binding specificity and/or HA
glycosylation levels could serve as mechanisms to decrease NK cell activation and boost immunological
memory. In chapter 3 of this dissertation we demonstrated that avian origin influenza viruses with an a2,3
binding preference have greater potential to bind rNKp46 compared to human origin viruses and that
increased glycosylation of the influenza HA decreases rNKp46 binding ability. Utilizing this knowledge
and in conjunction with studies characterizing the molecular determinants of influenza HA receptor binding
preference as well as studies mapping natural accumulation of glycosylation on influenza HA proteins it
may be possible to design live-attenuated or subunit vaccines which do not induce strong NK cell response,
but do produce long lived, broadly protective cellular and humoral immune responses. We believe that the
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work presented in this dissertation will serve an important role highlighting the importance of NK cells to

rational vaccine design and contribute toward the development of a broadly neutralizing influenza vaccine.
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