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Abstract

Human natural killer (NK) cells have been shown to respond to numerous pathogenic
stimuli, producing IFN-y as well as cytolytic effector molecules such as perforin and
granzymes. Previous work on NK cell responses to Plasmodium falciparum-infected
erythrocytes (Pf-RBC) has shown that these responses are dependent on contact
with accessory cells, such as macrophages and myeloid-lineage dendritic cells
(mDCs), as well as on soluble mediators such as IL-2, IL-12, IL-15, IL-18 and IFN-o.
It has also been observed that these responses are heterogeneous between donors;
part of this heterogeneity seems to be genetically encoded, depending for example
on killer immunoglobulin-like receptor (KIR) genotype, but heterogeneity in accessory
cell stimuli has also been observed. The work described in this thesis further dissects
the NK cell response to P-RBC in malaria naive donors, with a focus on describing
the role of T cells in NK cell responses to pathogens. My data demonstrate that while
NK cells are dependent upon accessory cell signals, they are also highly dependent
upon signals emanating from antigen-specific CD4+ T cells; T cell help for NK cell
responses is MHC class Il-dependent, IL-2-dependent and contact-independent. |
have observed significant production of IL-2 from CD4+ T cells in the very early

hours of co-incubation of peripheral blood mononuclear cells (PBMC) and Pf-RBC,

preceding NK cell-derived IFN-y.

Having documented T cell-dependent NK cell activation by Pf-RBC in malaria naive
donors, | next explored whether similar T cell-dependent NK cell responses were
observed in African children undergoing vaccination with the candidate pre-

erythrocytic malaria vaccine, RTS,S. | characterized expression of CD69 and
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production of IFN-yin NK cells and T cells and expression of CD25 in T cells. My
data demonstrate that robust recall NK cell and T cell responses are mounted during
in vitro re-stimulation with the RTS,S vaccine antigen, Hepatitis B surface antigen
(HBs) peptides and while circumsporozoite (CS)-induced IFN-y responses were not
as strong, expression of CD25 in T cells and CD69 in NK cells and in T cells were
significantly higher in RTS,S vaccinated children than in rabies vaccinated controls.

Nearly half of the IFN-y was derived from NK cells. | also measured secreted levels

of IFN-y, IL-2 and IL-10 in culture supernatants. | observed high levels of IFN-yin
culture supernatants of RTS,S vaccinated PBMC only in response to HBs peptides,
however, there was strong vaccine antigen-specific IL-2 production to both HBs and
CS peptides, which was significantly more robust in RTS,S vaccinees than in the
rabies vaccinated controls. Finally, my data demonstrate that the IL-2 secretion in
response to HBs and CS peptides was highly correlated with the early activation of

NK cells (expression of CD69).

Finally, to formally test the hypothesis that antigen-specific CD4+ T cells can
enhance NK cell responses to pathogens, | carried out a study of the T cell and NK
cell response to heat-killed rabies virus in individuals undergoing rabies vaccination.
The results of this study demonstrate that vaccine antigen-specific CD4+ T cells
induced by vaccination can recruit NK cells to secrete IFN-y, to degranulate, to
release perforin and to proliferate. The post-vaccination NK cell response is detected
within 6-12 hours after re-exposure to rabies virus and, somewhat unexpectedly, is
sustained for at least 7 days, well after the T cell response is underway. Importantly,
in the first 24 hrs after re-exposure to virus, NK cells represent more than 70% of the
IFN-y secreting effector cells, indicating a potentially very important role for NK cells

in the early phase of the post-vaccination effector response.



Ever since the immune system was dichotomized into innate and adaptive arms,
vaccine-induced immunity has been explained solely in terms of priming of effector
and memory B and T lymphocytes. The potential for innate immune cells to
contribute to enhanced cytotoxicity or cytokine production post-vaccination has been
almost completely overlooked. My data suggest that IL-2 secreting CD4+ T cells and
NK cell activation markers, such as IFN-y production, expression of CD69 and CD25,
upregulation of the lysosome-associated membrane protein (LAMP)-1 and release of
perforin, may prove to be more reliable indicators of vaccine efficacy than simply
counting the numbers of IFN-y-secreting PBMCs and that these parameters need to
be considered for inclusion of future protocols for evaluating vaccine immunogenicity

and efficacy in clinical trials.
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1. Introduction

1.1 Innate and adaptive immune responses

The innate immune system, comprising large populations of cells expressing non-
rearranging receptors for non-self molecules, is designed to provide rapid but generic
responses to foreign organisms. Conversely, the adaptive immune system comprises
very many small populations of cells expressing highly diverse, clonally rearranged
receptors for foreign antigens; adaptive responses are thus slow (since clonal
expansion is required to generate sufficiently large populations of effector and
memory cells) but highly specific. Immune memory is an intrinsic feature of adaptive
responses and underpins the concept of vaccination but has been assumed to be

lacking in the innate response.

Bi-directional interactions between the innate and adaptive immune systems are
essential for effective immunity to infection as well as for successful vaccination.
Innate effector cells amplify and direct the subsequent adaptive response, a function,
which is deliberately imitated by vaccine adjuvants (Schijns 2000; Pashine, Valiante
et al. 2005; Kanzler, Barrat et al. 2007). Conversely, a key mechanism by which
antigen-specific T cells mediate anti-microbial immunity is by releasing cytokines
(such as IFN-y) that activate innate cells to kill pathogens or pathogen-infected cells.
The cells that are commonly described in orchestrating the innate immune response
include monocytes (which differentiate into macrophages), dendritic cells (DCs), yo+
T cells, Natural Killer (NK) T cells and NK cells. Through contact-dependent as well
as contact-independent (secretion of cytokines and chemokines) mechanisms, the
innate immune response is largely responsible for directing/polarizing the
downstream adaptive immune response, which is primarily credited to B and T

lymphocytes.



1.2 Innate immune response to infection

While the innate immune response is viewed as having very little pathogen
specificity, there are groups of pattern recognition receptors (PRRs), such as the toll-
like receptors (TLRs),that are triggered by receptor engagement of pathogen
associated molecular patterns (PAMPs) during phagocytosis of infected or non-self
cells. These receptor-ligand interactions occur both at the surface of, as well as
inside, the phagocytes. These phagocytes - most notably monocytes/macrophages,
neutrophils and DCs - produce a wide array of cytokines (IL-12, [L-15, IL-18, IFN-a/B,
IL-10 and TGF-B) following exposure to and recognition of pathogens, and the
spectrum of the cytokine array will vary greatly depending on the specific PRRs
engaged and will in turn influence the nature of the developing T cells. This cytokine
cascade manifests in the form of inflammation, triggering microbicidal activity and
priming the downstream B and T cell responses. Infection-induced immunopathology

is commonly due to the poor regulation of these inflammatory cytokines.

1.3 NK cell responses

NK cells are classified as large, granular lymphocytes that are derived from bone
marrow. NK cells are innate immune effectors that, by cytokine production or
cytotoxicity, help to contain an infection until an effective adaptive T and B cell
response is mounted. NK cells become activated either in the absence of potent
inhibitory signalling via their cell surface receptors for self-MHC molecules (the
“missing-self” phenomenon; direct/classical activation) and/or in the presence of
activating signals provided by virally infected cells or by myeloid accessory cells
responding to microbial ligation of pattern recognition receptors (indirect activation)
(Newman and Riley 2007). To date, no antigen-specific receptors have been
identified on human NK cells, although the some activating receptors have been
shown to directly recognize pathogen-derived ligands, e.g. haemagglutinins on

influenza-infected cells (Mandelboim, Lieberman et al. 2001).
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1.4 Classical or direct activation of NK cells

NK cells were first defined by their spontaneous ability to kil transformed cells
(Kiessling, Klein et al. 1975). In 1986, Karre demonstrated in vivo that NK cells were
able to target and kill tumour cells that had down-regulated expression of MHC class
| molecules (Karre, Ljunggren et al. 1986; Ljunggren and Karre 1990). Later in 1990,
Ljunggren and Kérre coined the term, “missing-self hypothesis” to describe the
general phenomenon whereby cells that did not express markers of “self” would be
killed by NK cells. More recently, it has become clear that the “classical” or “direct”
pathways of activating NK cells are actually a balance between numerous activating
and inhibitory receptors. A schematic representation of this balance of activating and

inhibitory receptors is shown in Figure 1.1.

Table 1 summarizes our current understanding of NK activating and inhibitory
receptors, with their respective ligands. To date, there are 3 known families of
inhibitory receptors: Killer Ig-like receptors (KIRs) in humans or the equivalent Ly49
homodimers in mice, Immunoglobulin like transcripts (ILTs) and CD94/NKG2
heterodimers. All these families of inhibitory receptors recognize and bind to various
regions of MHC class | molécules (classical HLA-A, -B, -C or HLA-E). Inhibition of NK
cells is regulated via an immunoreceptor tyrosine-based inhibition motif (ITIM), which
contains a conserved sequence of amino acids (S/I/V/LxYxxI/V/L) located in the
cytoplasmic tails of these proteins. Upon triggering via binding to its respective
ligand, the ITIM becomes phosphorylated by Src kinase, providing a docking site for
recruitment of the phosphotyrosine phosphatases SHP-1 and SHP-2, or the inositol-
phosphatase called SHIP. Once bound to ITIMs, these phosphatases then transduce
signals to couple into distinct signaling pathways, which result in varying degrees of

inhibition (Ono, Okada et al. 1997; Ravetch and Lanier 2000).
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Figure 1.1 Direct activation of NK cells (Newman and Riley 2007).

The “classical” or direct model of activation of NK cells involves a balance of signals
between inhibitory and activating NK cell receptors. Inhibitory receptors bind to MHC
class | molecules and prevent NK cell-mediated killing of “self”-cells, whereas
activating receptors bind to stress-induced ligands that are upregulated on infected or
transformed cells. Numerous infections cause down-regulation of MHC class |
molecules which skews the balance of strength between activating and inhibitory
receptors allowing for effective activation of NK cells.
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Receptor Species Motif/Adaptor Ligand

ACTWATING (ECRREDT

COD16 (FoyRIN) HM gSF ITAMFCyR Immune complexes
COS4/INKG2C, F H M C-ectin TAMIDAR12 HLASE (H), Qa-1b (M)
NKG2D oM Cdectin  YiNWDAP10, iz MICA. B.ULBS (H). Raes(H. M), HEQ
HAH
HIRZS, MIR3S - B5F TAMDAF12 HLA class
Ly4830 H P M C-ectin ITAMDAF12 H-2 class | MCAY m157 (Ly48H)
- 2 am ) = TAMFE -3¢
NCR (MMp30 44 45) . M [NKp48) gSF A:;'-: ‘n‘(:; 5';[‘)", Viral hemagglutinins | ?)
ILT-1 {ig-ike transcript 1) H aSF ITAMFCYR, 7
DAP12
078 H M usF YEXMF13K CDB0 CD95
CDES H Clectin 7 7
C0228 (DNAM-1} - gEF 7 C0D112 (Nectin-2).CD155
D244 (784) HM SLAM TXYXAV-IS AR Fyn D48
CDES LT-2) H SF IMIASHP-1 HLA-A B, -0
COSINKGRA H M C-lectin TINSHP-1, -2 HLA-E (H), Ga-1h (W)
KIRZDL, KIRZDL H IgSF ITIASHP-1, -2 HLA class |
Ly43 AL, EG, 10 M C-lectin TISHR-1, -2 H-2 class

Table 1.1 NK cell receptors involved in classical activation or inhibition
pathways (adapted from)(Di Santo 2006).

H = human
M = mouse
? = unknown

There also exist activating KIR and NKG2 molecules that lack ITIMs but instead
associate non-covalently via a charged residue in the receptor transmembrane
domain with the immunoreceptor tyrosine-based activating motif (ITAM)-containing
adaptors DAP12, FCeRly, or CD3C. Natural cytotoxicity receptors, such as NKp30, 44
and 46 as well as the FcyRIIIA (CD16) also have charged residues, which associate
with ITAMs. ITAMs differ from ITIMs in that they contain a conserved sequence of 4
amino acids that is repeated twice in the cytoplasmic tails (YxxL), which are
commonly separated by 7-12 amino acids (YxxL.12)YxxL). Upon phosphorylation of
the tyrosine residues, these ITAMs form docking sites for the above mentioned
adaptor proteins which recruit and activate the Syk or ZAP70 tyrosine kinases (or in
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some cases involve the adaptor protein DAP10) and initiate the cell signaling
pathways (Di Santo 2006, Orr and Lanier 2010). This mechanistic overview of
classifying activating and inhibitory receptors has recently become somewhat
confused in that numerous monovalent ligands have been described to induce
inhibitory signaling when ITAM-phosphorylation occurs (Pinheiro da Silva, Aloulou et

al. 2008).

There are also several co-activating/co-stimulatory receptors that are expressed on
NK cells, such as CD2, LFA-1, CD244 (2B4) and CD226 (DYNAM-1). These
receptors recognize self-derived ligands which are naturally found to be expressed

on many tissues in the host (Lanier 2008).

It seems increasingly clear that the degree of direct activation of NK cells in response
to pathogens, transformed or non-self cells is the result of skewing the balance
between engagement of inhibitory and activating receptors. We know that, by
engaging inhibitory receptors, MHC class | molecules expressed on normal cells
prevent the activation of NK cells, but it is far less clear which activating receptors are
required for NK cell activation when MHC class | molecules are down-regulated. NK
cell-mediated killing of cytomegalovirus (CMV)-infected cells has been noted for in
vivo (Karre, Ljunggren et al. 1986) in mice as well as in vitro (Nishimura,
Stroynowski et al. 1988; Leiden, Karpinski et al. 1989; Pena, Alonso et al. 1990;
Litwin, Gumperz et al. 1993). In numerous studies, down-regulation of MHC class |
molecules has been documented in response to CMV infection, possibly as a mode
of immune evasion from CTL-mediated killing of infected cells (Fletcher, Prentice et

al. 1998; Biron, Nguyen et al. 1999; Tortorella, Gewurz et al. 2000).
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Direct activation of NK cells has also been well characterized in Hepatitis C virus
(HCV) infection. It has recently become understood that KIR2DL2 and KIR2DL3
molecules compete for binding to HLA-C (Khakoo, Thio et al. 2004; Ahlenstiel, Martin
et al. 2008; Romero, Azocar et al. 2008). Because the binding affinity for KIR2DL3
interactions with HLA-C is significantly lower than for KIR2DL1-HLA-C interactions,
NK cells from these individuals become more easily activated via the NKG2D-
mediated pathway presumably by binding stress-inducible class I-like molecules
(MICA/B) and ULBPs as has been demonstrated by numerous cancer models. This
direct pathway of NKG2D-mediated activation of NK cells has been associated with
protection from HCV persistence. The role of NK cells and KIR-MHC interactions in
acute HCV infection is much less understood. Very recently, Amadei et al.
demonstrated that NKG2D expression was upregulated in patients with acute HCV
as compared to healthy controls (Amadei, Urbani et al. 2010). They also observed
significantly higher levels of activation of NK cells in the patients with acute HCV as
measured by IFN-y production and degranulation (CD107a). Interestingly, subset
analyses revealed that both CD56%™ and CD56°"™ NK cell subsets had elevated
expression of NKG2D as well as both subsets carried HLA-C group 1 and 2 ligand-
specific KIR receptors. These data strongly support the notion that balance between
inhibitory and activating signaling will largely determine the whether the NK cells

become activated.

1.5 Indirect activation of NK cells

Indirect activation of NK cells results secondarily from activation of accessory celis
such as monocytes/macrophages and myeloid DCs (mDCs), following ligation of
pathogen ligands by PRRs. While there are certainly scenarios of pathogens or
pathogen-derived ligands that directly activate NK cells, most pathogens seem to
activate NK cells indirectly, by way of accessory cells. Activation of antigen

presenting cells (APCs) leads to secretion of soluble cytokines (e.g. IL-12, IL-15, IL-
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18 and IFN-o) (Newman, Korbel et al. 2006: Newman and Riley 2007), which bind to
cytokine receptors on NK cells. Contact-dependent interactions, (e.g. ICAM-1/LFA-1)
(Baratin, Roetynck et al. 2007) also lead to NK cell activation. These observations
have been documented in numerous viral [e.g. Influenza (Monteiro, Harvey et al.
1998; He, Draghi et al. 2004; Siren, Sareneva et al. 2004; He, Holmes et al. 2008)),
bacterial [e.g. Lactobacillus casei (Takeda, Suzuki et al. 2006)] and protozoal [e.g.
Plasmodium falciparum and Leishmania major (Akuffo, Alexis et al. 1999; Newman,

Korbel et al. 2006)] models of infection.

There are numerous other viral and bacterial infections where NK cells have played
significant roles in controlling acute infection. For example, a recent study
characterizing flaviviruses (West Nile virus (WNV) and Dengue virus (DV))
demonstrated direct recognition of envelope (E) protein by NKp44 activating receptor
and the data strongly suggested that this was a direct route for activation of NK cells
(Hershkovitz, Rosental et al. 2009). However, NKp44 is only expressed on NK cells
upon activation (Vitale, Bottino et al. 1998), which suggests that these cells must
have received other signals (indirect activation) upstream to the E protein, e.g.
soluble signals from accessory cells (IL-12, IL-18, IFN-o) and from T cells (IL-2). In
another study, activation of NK cells was observed in response to Mycobacterium
bovis BCG, Nocardia farcinica and Pseudomonas aeruginosa (Esin, Batoni et al.
2008). Esin et al. observed that NK cells were activated via NKp44 recognition of cell
wall-derived proteins. These proteins, however, were not identified, and again

NKp44-mediated signaling implies some prior upstream NK cell activation.

Figures 1.2 and 1.3 are schematic representations demonstrating the complex

interactions between NK cells, APCs and pathogens.
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Figure 1.2 Indirect activation of NK cells upon interaction with accessory cells
and pathogens (taken from (Newman and Riley 2007)). APCs directly recognize

pathogens via PRRs and upon activation secrete cytokines, such as IL-12, IL-12, IL-

15 and IFN-o/B. APCs also make direct contact with NK cells, possibly through

ICAM-1/LFA-1 interaction. NK cells respond to soluble and contact-dependent stimuli

and quickly become activated (as early as 3-6 hours), resulting in robust production

of IFN-y as well as the release of cytolytic granules, such as perforin and granzymes.
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Our lab has had a long-standing interest in the indirect activation of NK cells in
response to malaria-infected erythrocytes (Pf~RBC), and we have previously
demonstrated that NK cell activation is also dependent on IL-2 (Newman, Korbel et
al. 2006). Furthermore, although myeloid cells were essential for NK cell activation
by P-RBC (Newman, Korbel et al. 2006) we were never able to fully recapitulate the
NK cell response of mixed peripheral blood mononuclear cells (PBMC) by addition of
myeloid cells (plastic adherent monocytes, macrophages and dendritic cells) to
purified NK cells (unpublished data). This observation suggested that there may be

another important cell type involved in providing essential signals to NK cells.

These observations, bolstered by reports of T cell and IL-2-dependent activation of
human NK cells by influenza A virus (He, Draghi et al. 2004) and of an increase in
the frequency of IFN-y-producing NK cells among re-stimulated PBMCs after
influenza vaccination (Long, Michaelsson et al. 2008) led us to speculate that IL-2
from antigen-specific T cells might allow NK cells to contribute to the effector arm of
adaptive immune responses. Testing this hypothesis was one aim of my PhD

research (Chapter 3).

1.6 NK cells in adaptive immune responses

It is now known that appropriately activated murine NK cells can assume some
functional characteristics of memory cells (O'Leary, Goodarzi et al. 2006; Cooper,
Elliott et al. 2009; Sun, Beilke et al. 2009), raising the possibility that NK cells may
also contribute to adaptive immune responses. This idea that NK cells share features
of the adaptive immune system such as memory is very new. In 2006, O’Leary and
colleagues, using the hapten-induced contact hypersensitivity (CHS) response model

in Rag” mice, demonstrated clear NK cell responses to the sensitizing agent that
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persisted for at least 4 weeks, whereas no response was seen in unsensitized
animals (O'Leary, Goodarzi et al. 2006). Using adoptive transfer of hapten-sensitized
NK cells into naive mice, they demonstrated ‘transferable’ hapten-specific memory,
which was shown to be localised within a Ly49C-I+ population of NK cells residing in
the liver. These findings suggested for the first time a specific role for sustained
“antigen-specific’ memory recall responses by NK cells, a feature previously only

credited to B cells and T cells in the adaptive arm of immunity.

In 2009, two further landmark studies were published characterising ‘memory-like’
NK cells in mice (Cooper, Elliott et al. 2009; Sun, Beilke et al. 2009). In one of the
studies, Sun and colleagues demonstrate that a population of NK cells bearing the
murine cytomegalovirus (MCMV)-binding Ly49H receptor expanded by 100-fold and
1000-fold in the spleen and liver, respectively, within 7 days following infection. Sun
and colleagues also showed that although these cells undergo a contraction phase in
the months after resolution of infection Ly49H+ cells persist at higher than normal
levels in both lymphoid and non-lymphoid tissues and that these self-regenerating
NK cells can respond rapidly to re-infection by degranulating and producing effector
molecules. Finally they demonstrated that upon adoptively transferring these
‘memory-like’ NK cells into naive mice and then challenging with MCMV, a rapid
secondary expansion ensued leading to protective immunity. Furthermore, at least
ten-fold more naive NK cells than ‘memory’ NK cells were required in order to

achieve similar levels of protection against MCMV infection.

The other study by Cooper and colleagues demonstrated that by adoptively
transferring cytokine-activated (IL-12, IL-18, and low-dose IL-15) NK cells (from Rag"
" mice) into naive mice, these cells could be easily detected more than 20 days later
when they no longer show any phenotypic differences from the naive host cells. They

observed significantly greater levels of IFN-y production by these cells when re-
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stimulated as compared to naive host NK celis or to the transferred control NK cells

(preactivated with low dose IL-15 alone), suggesting the ability of retention of

memory to prior activation.

NK cells have also been documented to play significant roles in vaccine-induced
immune responses. In 2008, Long and colleagues investigated the effects of the
routinely used trivalent influenza virus vaccine on the cellular immune response in
healthy adult volunteers (Long, Michaelsson et al. 2008). They demonstrated that
immunization with influenza vaccine caused significant increases in the frequency of
IFN-y+ NK cells in the majority of the vaccinees. These increases were shown to be
as high as 70-fold greater than seen among the pre-vaccinated PBMCs. These
findings were complemented by another study demonstrating that NK cell activity to
influenza virus following vaccination with the inactivated whole virus vaccine

depended on IL-2 from influenza-specific memory T cells (He, Draghi et al. 2004).

Interestingly, another study characterising yellow fever vaccination (YF17D), which is
a highly protective single injection of live, attenuated yellow fever virus (YFV),
demonstrated significantly increased NK cell expression of TLR3 and TLR9 which
peaked by 7 days following vaccination. This increased expression of TLRs 3 and 9
correlated positively with increased CD69 expression as well as increased IFN-y
(reaching statistically significant levels by 2 days and 15 days following vaccination,
respectively) (Neves, Matos et al. 2009). This study implicates a role for TLRs in the
activation of NK cells following vaccination. These findings are supported by another
study looking at in vivo recall activation of YF vaccinated NK cells, mediated by TLR3
and TLR9 in the presence of IL-12, following YF vaccine virus infection of murine

DCs (Sivori, Falco et al. 2004).



1.7 Aim of the project

Despite recent evidence from murine models strongly suggesting a capacity for NK
cells to differentiate into a ‘memory’ phenotype, there have been no studies in human
NK cells to explore the potential for NK cell memory. NK cell activation during
infection depends upon a fine-tuned orchestration of signals (both contact-dependent
as well as contact-independent) in response to pathogens or pathogen-infected cells
that derives from activation of accessory cells. | hypothesize that NK cell activation
also depends upon rapid secretion of IL-2 from effector memory CD4+ T cells. This
antigen-specific T cell compartment is extremely small in the immediate hours after
primary exposure to a foreign antigen but will be significantly greater at secondary
exposure. | hypothesize that these antigen-specific CD4+ T cells recruit IL-2
responsive NK cells to the adaptive immune response, allowing them to amplify the
inflammatory milieu until the B and T cell responses are fully realized. Conventional
dogma of the innate and adaptive immune responses to primary and secondary
infection has overlooked the possibility that NK cells may respond in a “recall’-like
manner during secondary exposure to antigen during infection or as a result of

vaccination.

| further hypothesize, therefore, that NK cell responses should be stronger in the
presence of pathogen-specific T cells, i.e. during secondary responses (after

vaccination), than in the absence of such cells (i.e. before vaccination).

The major objective of my thesis is to describe the sequence of events leading to
optimal “indirect” activation of NK cells during “recall” responses to infection or
following vaccination. In order to achieve this objective, the specific aims of this
thesis are:

o To investigate the role of T cells and the interactions with NK cells in

response to Plasmodium falciparum-infected red blood cells (P-RBC) as well
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as other non-viral pathogens such as Mycobacterium bovis BCG (BCG) and
LPS, by way of identifying the key signals that lead to activation of NK cells
as well as the precise sequence of these events (Chapter 3).

To determine if NK cells play a role during vaccine-induced recall responses
by way of characterising NK and T cell responses of children in a phase Ilb
vaccine trial of the RTS,S/ASO1E-adjuvanted malaria vaccine (Chapter 4).
To further dissect the “recall” NK cell response following vaccination using

rabies virus vaccine as a model (Chapter 5).



Chapter 2: Materials and Methods




2.1 Isolation of PBMC

Venous blood was collected into heparinised tubes (CP Pharmaceuticals, Wrexham,
UK), and diluted 1:1 in RPMI-1640 (Gibco BRL, UK). Up to 35ml of the cell
suspension was carefully layered onto 15 ml of a Histopaque 1077 gradient (Sigma,
Dorset, UK) and spun at 400 x g for 30 minutes with the centrifuge brake turned off.
The PBMC formed a distinct buffy coat layer at the top of the gradient and were
carefully transferred into a fresh tube with a sterile, disposable 3m! pastette and
washed twice in RPMI 1640 (500 g, 10 minutes). The cell pellet was resuspended in
a small volume of complete growth medium (GM; RPMI 1640, 10% autologous
serum or heat-inactivated Fetal Calf Serum (HI-FCS), 100 IU/ml
penicillin/streptomycin (Gibco), 2 mM L-glutamine (Gibco)) and the cells were
counted in a haemocytometer using a 1:10 dilution of Trypan blue (Sigma) to

determine the cell viability.

2.2 Cryopreservation of PBMC

Freshly isolated PBMC were resuspended at 2 x 10" PBMC/ml ice cold heat-
inactivated (56°C water bath; 30 minutes — gently invert every 10-15 minutes) fetal
calf serum (HI-FCS; Gibco) and incubated on ice for 30 minutes. An equal volume of
HI-FCS (20% DMSO (Sigma)) was added for a final concentration of 10’ PBMC/m! in
HI-FCS (10% DMSO). Cryovials were stored in a Mr. Frosty® container (Nalgene) at

-80°C overnight and then transferred to liquid nitrogen for long-term storage.

Individual vials were thawed in 37°C water bath (until only small amount of frozen
suspension remaining) and then immediately transferred to ice to maintain
temperature of 0°C. Using sterile disposable 3ml transfer pastette, cell suspension
was transferred to a new sterile 15 ml Falcon tube containing RPMI (10% HI-FCS)
with special attention to transferring solution in a drop-wise manner in order to ensure

very thorough washing of PBMC. Cells were centrifuged at 300 x g for 5 minutes at
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4°C with brakes on low setting. Supernatant was discarded with special attention not
to disturb cell pellet. Washes were repeated 3 times. Cell pellets were resuspended
at a concentration of 5 x 10° cells/ml in GM and then were allowed to recover
overnight at 37°C with 5% CO,. The following morning, cells were transferred from
culture plates to new 15ml Falcon tubes and washed 2 times at 300 x g for 5 minutes
at 4°C with brakes on low setting. Cells were counted immediately before final wash.
After final wash, cells were resuspended at a concentration of 2 x 10° cells/ml in GM

and set on ice until ready for use.

2.3 Plasmodium falciparum culture

P. falciparum parasites (strain 3D7) were grown as previously described (Horowitz
and Riley 2010) in O™ human erythrocytes (National Blood Service, London, UK) in
RPMI‘ 1640 (Gibco) supplemented with 25 mM HEPES (Sigma), 28 mM sodium
bicarbonate (BDH), 20 ug/l hypoxanthine (Sigma) and 10% normal human AB serum
(National Blood Service). Cultures were gassed with 3% O,, 4% CO, and 93% N,
and incubated at 37C. Parasite cultures were routinely shown to be free from
mycoplasma/acholeplasma species contamination using an elisa based Mycoplasma
Detection Kit (Roche). O™ human erythrocytes were aliquoted into 50ml conical

tubes upon arrival and stored at 4°C for up to 3 weeks.



2.4 Preparation of antigens for in vitro stimulation assays

2.4.1 Purification of live schizonts

Highly pure (>95%) mature schizonts (Pf-RBC) were harvested from cultures of 5-
15% parasitaemia by adherence to a LD separation column (Miltenyi Biotec).
Columns were washed thoroughly with RPMI (0.1% BSA) to remove uninfected
erythrocytes before elution. Purified P-RBC were washed in chilled RPMI-1640 and

then resuspended at 10° P-RBC/ml in RPMI-1640.

2.4.2 Mycobacterium bovis Bacillus Calmette-Guerin culture

Mycobacterium bovis Bacillus Calmette-Guérin (BCG, Pasteur strain; kind gift from
U. Schaible) was grown in Difco Middlebrook 7H9 Broth (Becton Dickinson)
complemented with 0.05% Polysorbate 80 (v/v) BDH, UK) and 10% (v/v) BBL oleic
acid, bovine albumin, dextrose, and catalase (OADC, Becton Dickinson). BCG
cultures were incubated at 30°C with gentle shaking to avoid cell clumping. Cultures
were typically grown until the medium appeared very murky. Cultures were then
allowed to settle and then passed through a 25-gauge needle syringe by aspirating
up and down 15-20 times. Finally the suspension was aliquoted into 1ml cryovials
and frozen at -80°C. Three vials from randomly selected positions in each frozen box
were grown on agar plates in a dilution series to allow enumeration of viable
bacteria/ml. Numbers of viable BCG were enumerated from the average count from

all vials, and the multiplicity of infection (MOI) could then be established.
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2.4.3 Preparation of RTS, S malaria vaccine antigens

Peptide pools representing the circumsporozoite protein (CS) and the Hepatitis B
surface antigen (HBs) were provided by Glaxo-Smith-Kline (GSK). Peptides were

frozen at a concentration of 1mg/ml, and used at a final concentration of Tug/ml.
2.4.4 Preparation of rabies vaccine antigens

Ampoules of rabies vaccine standard were purchased from the National Institute of
Biological Standards and Controls (NIBSC, UK). Each ampoule contained the freeze
dried residue of 0.5 ml aliquots of a commercial rabies vaccine containing inactivated
Pitman Moore virus grown in Vero cells and freeze dried at NIBSC. Each ampoule
was resuspended in 0.5ml of sterile water and allowed to sit for 30 minutes at RT.
The concentration of each ampoule was 6.6 IU/ml of rabies virus glycoprotein

content. 1:10 and 1:100 dilutions were used for in vitro assays.

2.5 Cell culture

Cells were resuspended at 2 x 10° PBMC/ml| and transferred in 200ul volumes into
96-well U-bottom plates (400,000 cells/well) for overnight (24 hour) assays. For
CFSE-labelled proliferation assays, PBMC were resuspended at 5 x 10° PBMC/ml|
and transferred in 200ul volumes into 96-well iJ-bottom plates (100,000 cells/well) for
up to 7 days. Overnight assays were run in duplicates and proliferation assays were
run in triplicates. Cultures were incubated at 37°C in a humidified atmosphere of 5%
CO,. For cultures lasting longer than 3 days, half of the volume in each well was
replaced with fresh medium on Day 4 in order to replenish depleted nutrients and
balance the pH of the medium. Phorbol myristate acetate (PMA) and lonomycin (P/l)
were used at a concentration of 50ng/ml PMA and 1ug/ml of ionomycin. P/l was
typically added to cultures for the last 5 hours. Recombinant human cytokines: IL-12
(Peprotech) and IL-18 (MBL) (rhiL-12+IL-18) were used at a concentration of 0.1

mg/ml each. rhlL-12+IL-18 were added to cultures at the start of culture.
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Lipopolysaccharide (LPS) purified from Salmonella typhimurium (Sigma) was used at
a concentration of 1 ug/ml as an irrelevant antigen control; GM served as a negative
control for all assays. Finally, Brefeldin A (10ug/ml, eBioscience) and monensin (BD

bioscience; golgistop) were added to cultures for the last 5 hours-of incubation.

2.6 Depletion of Specific Subsets of T cells
2.6.1 CD3 depletion

PBMC were selected for CD3 expressing cells using one of 2 kits:
1. EasySep CD3 T cell selection kit (Stemcell technologies):

Briefly, PBMC were incubated with EasySep anti-CD3 antibody cocktail for 15
minutes at RT. Then, EasySep magnetic nanoparticles were added and the cell
suspensions were incubated for another 10 minutes at RT. Finally, the tube
containing the cells was placed in the EasySep magnet and allowed to sit for 5
minutes. The CD3-depleted PBMC were then decanted into a new tube. The original
tube was washed 2 times in PBS and allowed to sit in the magnet in order to retrieve
a sufficiently high yield of CD3-depleted PBMC. The cells were resuspended at 2 x
10° CD3-depleted PBMC/mI in GM and set on ice until ready for use. Cells were

checked by flow cytometry to determine the purity and quality of depletions.
2. CD3 FlowComp Dynalbeads (Dynal/Invitrogen):

This kit was not yet available commercially and was kindly provided by Karoline
Schjetne at Dynal/Invitrogen. Briefly, PBMC were incubated in the presence of the
CD3 FlowComp antibody cocktail for 10 minutes. The cells were then washed and
resuspended in Isolation buffer (Mg?* and Ca** free PBS containing 0.1% BSA and
2mM EDTA) followed by addition of FlowComp dynalbeads. The cell suspension was
incubated for an additional 15 minutes at RT with gentle rotation. After the incubation

was complete, the tubes were placed in a magnetic particle separator (Dynal MPC™-
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L) for 5 minutes at RT. The cell supernatant was then transferred to a new tube and
washed. The cells were resuspended at 2 x 10° CD3-depleted PBMC/ml in GM and
set on ice until ready for use. Cells were checked by flow cytometry to determine the

purity and quality of depletions.

2.6.2 CD4+, CD8+, TCR-yd+, and TCR-af3+ T cell depletions

These depletions were carried out using MACS beads and column separation
(Miltenyi Biotec). Briefly, cells were labelled with antibodies specific for either CD4+,
CD8+, TCR-vd+, or TCR-afj+ T cells. All the stains were added separately in their
own tubes and all antibodies were conjugated to Phycoerythrin (PE) and cell
suspensions were incubated on ice for 30 minutes. Cells were then washed and
supernatant was discarded. Cells were resuspended in MACS buffer (PBS containing
0.1% BSA and degassed), and then incubated with magnetic beads labelled with
anti-PE antibodies on ice for 20 minutes. Cells were then washed and resuspended
in 500yl buffer/10” cells. Cell suspensions were carefully pipetted onto magnetic
columns and allowed to filter through via gravity. Columns were then washed 3 times
using MACS buffer. Columns were removed from magnets and set onto 15ml faicon
tubes. Five ml of MACS buffer was then plunged through the column with sufficient
force to dislodge the bound cells using plunger provided in kit. Cells were washed

and then resuspended at 2 x 10° PBMC/ml in GM and set on ice until ready for use.

All cell suspensions were then stained for respective T cell subsets to confirm purity
and quality of depletions. Only preparations giving at least 97% purity were used in

subsequent experiments.
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2.7 Cell phenotyping using Flow Cytometry

After the relevant culture period, the cells were washed twice in FACS buffer (1x
PBS, 0.1% sodium azide (Sigma), 2% HI-FCS) and centrifuged in 96-well plates for 2
minutes at 500 x g. Fluorochrome conjugated antibodies were added in the dark at
4T and at concentrations previously determined by titration. Panels of antibody
cocktails can be found in Table 4. The plates were incubated in the dark at 4T for 30
minutes. The cells were then washed twice in 200ul of FACS buffer. The cells were
then fixed at room temperature for 15-30 minutes in 100ul fixation buffer (1x PBS,
2% paraformaldehyde or BD cytofix solution (1x; BD Pharmingen)). The cells were
then washed once in FACS buffer. The cells were then resuspended in 100ul
permeabilization buffer (BD Pharmingen, UK). Intracellular antibody cocktails were
added, and the plates were incubated in the dark at 4T for 30 minutes. Details of
cell surface and intracellular antibody cocktails can be found in Table 2.1 (FACS
Caliber), Table 2.2 (FACS Canto Il) and Table 2.3 (Becton Dickenson Cyan ADP).
Cells were then washed twice in permeabilization buffer. Finally, the cells were
resuspended in 200yl of fixation buffer and stored at 4T until ready for acquisition
on the flow cytometer. All antibodies were mouse monoclonals with the exception of
anti-IL2 APC, which was a monoclonal rat antibody. Flow cytometric analyses were
performed using a Becton Dickinson FACSCalibur or FACSCanto Il flow cytometer or
Becton Dickenson Cyan ADP flow cytometer and FlowJo analysis software
(TreeStar). All statistical analyses were performed using Prism 5 software (Graph

Pad Software Inc., San Diego, USA) and STATA 10 software (Stata Corp.).
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FACS Caliber: FL1-FITC FL2- PE FL3- PerCP FL4-APC

LAMP-1  10u! Perforin  Sul cD3 25u CD56 2 5ul

BD Biosciences BD Biosciences

NK cell Panel 2

BD Biosciences Beckman Coulter

IFN-y  1.5ul CD4 25ul CD3 25u IL-2  0.5ul

CD4+ T cell Panel

Serotec BD Biosciences BD Biosciences BD Biosciences

CD4 25ul FoxP3  Gul CD127 25ul CcD25 25ul

eBioscience  BD Biosciences BD Biosciences eBioscience

Treg Panel

bis - biotin'strepvidin-PerCP

Table 2.1. Antibody cocktails used for 4 colour flow cytometry
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FACS Cantoll: FL1-FITC FL2 -AmCyan FL3 - Pe FL4 - PerCP FL5- PE Cy7 FL®6 - Pacific Blue FL7-APC  FL8 -APC Cy7

bis - hiotinistrepvidin-PerCP

Table 2.2 Antibody cocktail used for 8 colour flow cytometry

Becton Dickenson Cyan  FL1-FITC  FL2 - PE Texas Red  FL3 - Pe FL4 - PerCP  FL5-PE Cy7 FLG - Pacific Blue FL8-APC FLS -APC Cy7
Panel 2 IFN-v  1.5ul CD3 Sul Perforin = Sul CDES 2 5u! CD56 Sul cDa  Sul LAMP-1  10ul CD4 S5ml
Serotec BD Biosciences BD Biosciences BOD Biosciences BD Biosciences BD Biosciences BD Biosciences BD Biosciences

bis - biotin'strepvidin-PerCP

Table 2.3 Antibody cocktail used for 9 colour flow cytometry
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Chapter 3: Cross-talk between T cells and
NK cells generates rapid effector

responses to P. falciparum-infected
erythrocytes

Adapted from (Horowitz, Newman et al. 2010)

37



3.1 Introduction

3.1.1 The burden of malaria
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Fig. 3.1: The burden of malaria

(A) Estimated number of malaria-related fatalities (per 1000) as defined as
fatalities due to low blood pressure, severe anaemia (iron deficiency), pulmonary
oedema, kidney failure, internal bleeding (haemorrhaging), jaundice, state of shock,
coma, convulsions and paralysis.; (B) Estimated incidence of clinical malaria as
defined by the number of cases (per 1000). World Malaria Report, 2008 (WHO
2008).



While malaria has officially been eliminated from temporate zones such as Europe
and North America during the last century, it remains an overwhelming problem for
public health throughout the tropics (Hay, Guerra et al. 2004; WHO 2008). It is
currently documented in 109 countries, potentially affecting 3.3 billion people (Figure
3.1) (WHO 2008). Malaria parasites are transmitted to vertebrates through the bite of
the female anopheline mosquito. There are 4 well characterized species of
Plasmodium that infect humans: P. falciparum, P. vivax, P. ovale and P. malariae,
although it has recently been shown that many diagnosed P. malariae infections are
actually the simian-derived species, P. knowlesi (Garnham 1996; Singh, Kim Sung et
al. 2004; Cox-Singh, Davis et al. 2008). P. falciparum, which is the most common
species, accounts for the highest mortality rates and is responsible for more than

90% of all reported cases of malaria infection (WHO 2008).

The burden of malaria is most pronounced in young children (< 5 years) and
primigravid women (McGregor 1984; Snow, Korenromp et al. 2004; Desai, ter Kuile
et al. 2007). Malaria has also been shown to have severe impacts on socio-economic
indices at both family and community levels (Breman 2001; Sachs and Malaney
2002). Aside from public and personal costs for treatment and prevention measures,
it leads to a loss of productivity due to chronic physical disabilities and disrupted
education (Fernando, Gunawardena et al. 2003; Mung'Ala-Odera, Snow et al. 2004;

Carter, Ross et al. 2005).

Public health initiatives such as indoor residual spraying (Sadasivaiah, Tozan et al.
2007) and the use of insecticide treated bednets (Diallo, Cousens et al. 2004,
Lengeler 2004; Lindblade, Eisele et al. 2004) have all proven very effective at

reducing the global burden of malaria. Studies characterizing the efficacy of
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intermittent preventive anti-malarial treatments (IPT) (van Eijk, Ayisi et al. 2004;
Schellenberg, Cisse et al. 2006) suggested much promise as well, however, more
recent meta-analysis suggested that IPT is less effective than originally envisaged
(Aponte, Schellenberg et al. 2009). More recently, the use of artemisinin combination
therapies (ACT), shown to have high efficacy at killing both erythrocytic as well as
sexual stages of the plasmodium parasite, has been linked to a significant reduction
in transmission (Greenwood and Mutabingwa 2002; White 2004; Okell, Drakeley et
al. 2008); however, cases of drug resistance have already been reported (Eastman
and Fidock 2009). While all of these initiatives have been demonstrated as
invaluable tools in the fight against malaria, they all share a common obstacle, i.e.
they require continuous applications raising concerns regarding their long-term
financial sustainability. In order to achieve true global eradication, a cheap and

sustainable vaccine is needed.

Unexpectedly, we have witnessed a sudden decline in malaria prevalence in many
regions of Africa in recent years (Barnes, Durrheim et al. 2005; Nyarango,
Gebremeskel et al. 2006; Bhattarai, Ali et al. 2007; Ceesay, Casals-Pascual et al.
2008; O'Meara, Bejon et al. 2008; Rodrigues, Schellenberg et al. 2008; WHO 2008).
Recent large-scale initiatives such as the Roll Back Malaria Programme (Mufunda,
Nyarango et al. 2007) and The US President’s Malaria Initiative (Loewenberg 2007)
have been credited as having an effect on the prevention and treatment of malaria by
implementing transparency mechanisms to ensure that medications and bed nets are
effectively delivered to those in need; however, factors such as climate change may
also be influencing transmission rates by affecting the amount of rain fall and
temperatures and their consequent effects on mosquitoes. However, much more
rigorous scientific approaches will need to be taken in order to assess the true

causes and likely duration of this decline.
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Figure 3.2 — Malaria Life Cycle (CDC 2006)
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3.1.2 Malaria Parasites and Pathogenesis

Plasmodium has 3 distinct stages of its life cycle: pre-erythrocytic and erythrocytic
and sporogonic. Figure 3.2 illustrates the life cycle of P. falciparum and in the

description listed below numbers and letters refer to this figure.

When the female anophelene mosquito transmits haploid sporozoites (1) into the
host sub-dermal layer, the parasite travels through the capillary vessels into the
blood stream leading to the liver where it infects hepatocytes. This process is thought
to occur within minutes of sporozoite inoculation. Up to 20 sporozoites are released
from the mosquito with each bite (Rosenberg, Wirtz et al. 1990; Ponnudurai, Lensen
et al. 1991). However, some sporozoites remain in the skin (Sidjanski and
Vanderberg 1997; Sinnis and Coppi 2007; Ejigiri and Sinnis 2009) where they are
targeted by phagocytic cells, such as macrophages or traverse to the lymphatics and
drain to the lymph nodes where they can prime CD8+ T cells (Chakravarty, Cockburn
et al. 2007; Yamauchi, Coppi et al. 2007; Amino, Giovannini et al. 2008). The
sporozoites that do reach the liver pass through kupffer cells (Baer, Roosevelt et al.
2007) and hepatocytes (Mota, Pradel et al. 2001; Frevert 2004), which is thought to
be a necessary step in activation of sporozoites to initiate stable infection. Once
inside the hepatocyte, they form parasitophorous vacuoles (2) and develop into exo-
erythrocytic schizonts (3) through a process known as liver schizogony, which
requires several rounds of asexual reproduction. This process is referred to as the
exo-erythrocytic (asexual) cycle (A) and can take more than 5 days before being able
to initiate stable blood-stage infection by releasing merozoites, although the timing
can differ significantly for other Plasmodium species (4). Merozoites then infect
erythrocytes (P-RBC) (5), and this stage represents the erythrocytic stage of malaria
infection (B). The erythrocytic stage of infection involves the maturation of

trophozoites into schizonts leading to the lysis of RBC and release of 16-32 new



merozoites (6), which infect new RBC. Rather than undergoing schizogony, some
merozoites develop into male or female gametocytes (7); male and female
gametocytes are taken up by the mosquito (8) and fertilize in the gut to form a zygote
(9), which initiates the sporogonic cycle (C). Depending on ambient temperature, this
process (9-11) can require up to 3 weeks, culminating in migration of thousands of
new sporozoites into the salivary glands (12), ready for inoculation into a new host

(Sinden 1999; Mota and Rodriguez 2004).

The symptoms of malaria infection are often times very mild, in the form of
headaches, myalgia, fever, vomiting, diarrhea and malaise. These symptoms are
highly correlated with the onset of erythrocytic stage infection and become more and
more debilitating as blood stage parasitaemia increases. The degree of severity of
malaria-associated pathology varies. While the majority of infections present as mild
illness, a small subset of non-immune individuals develop more severe symptoms,
such as anaemia, which is most commonly seen in young children and pregnant
women (Duffy and Fried 2005). A percentage of individuals progress to renal failure
and liver dysfunctions. Other symptoms include cerebral malaria (most common in
slightly older children and non-immune adults (Reyburn, Mbatia et al. 2005),
respiratory dysfunctions, hypoglycaemia, metabolic acidosis, and pulmonary oedema

(Miller, Baruch et al. 2002).
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3.1.3 Innate immune responses to Plasmodium infection

Without the intervention of anti-malarial treatments or immunity, blood stage parasitaemia can
increase at an exponential rate, leading to death. The innate, and adaptive, immune responses
are capable of containing peak parasitaemia by limiting the number of infected erythrocytes, and
subsequently preventing onset of severe pathology. There is a systemic Th1 response to the
lysis of Pf-RBC, however, and this can contribute to pathology. In the context of malaria
infection, the cells that are thought to play a role in the innate immune response include,
macrophages, monocytes, and dendritic cells (DCs), v+ T cells, Natural Killer (NK) T cells, and

Natural Killer (NK) cells.

3.1.4 Cellular Sources of IFN-y

The optimal immune response to a malaria infection likely comprises rapid induction of
inflammatory anti-parasitic responses followed by equally rapid resolution of inflammation
(mediated by anti-inflammatory cytokines) to prevent immunopathology (Artavanis-Tsakonas,
Tongren et al. 2003). Rapid and robust cell-mediated immune responses can inhibit intra-
erythrocytic replication of malaria parasites and thereby prevent onset of clinical malaria
(Stevenson and Riley 2004). This process can be primed by ultra-low dose infection/vaccination
(Pombo, Lawrence et al. 2002; Roestenberg, McCall et al. 2009) but has yet to be mimicked by
subunit vaccines. Understanding the cellular and molecular pathways of this very early cellular
response may allow the design of new approaches to vaccination but there is still considerable
debate over the precise sequence of events. In particular, the timing and magnitude of IFN-y
secretion are thought to be pivotal in determining the outcome of disease and it is thus of
importance to identify the major cellular sources of Interferon (IFN)-y, the kinetics of its

production and the pathways by which it is induced and regulated.

44



3.1.5 NK cells in P. falciparum infection

Data from murine models as well as from clinical studies have suggested that early production
of IFN-y, i.e. within the first 24 hours during blood stage malaria infection can significantly
reduce the degree of pathology, especially in non-immune individuals (De Souza, Williamson et
al. 1997; Mohan, Moulin et al. 1997; Stevenson and Riley 2004). Subsequently, studies have
shown that human NK cells can be a very early source of IFN-y when cultured in vitro with Pf-
RBC for 24 hours, although the response is quite heterogenous (Artavanis-Tsakonas and Riley
2002; Artavanis-Tsakonas, Eleme et al. 2003; Korbel, Newman et al. 2005; Korbel 2006;
Newman, Korbel et al. 2006) and the underlying mechanisms leading to the activation of NK
cells is only beginning to unfold. It is known that NK cells can be activated or inhibited via
numerous pathways, however the nature and sequence of events by which the bi-directional
interactions between APCs and T cells interact with NK cells remain unclear and will be
discussed in detail later in this section. Some potential pathways of NK cell activation can be

seen in Figure 3.3.
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Figure 3.3 — Potential pathways of NK cell activation by P. falciparum-infected erythrocytes — Adapted from
(Korbel 2006)
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Figure 3.3 illustrates the potential pathways of NK cell activation in response to P-RBC, and in

the description below, numbers refer to the figure.

Direct recognition of schizont infected RBC by accessory cells (I) (monocytes/macrophages and
mDCs) likely occurs via pattern recognition receptors (PRRs) such as TLR4 (Seixas, Moura
Nunes et al. 2009) and TLR9 (Franklin, Parroche et al. 2009; Seixas, Moura Nunes et al. 2009;
Coban, lgari et al. 2010; Wu, Gowda et al. 2010) in mice and TLR1, TLR2 and TLR4 (McCall,
Netea et al. 2007) in humans. Interestingly, one study demonstrated direct sensing of P~RBC
by NK cells (V) via binding of the Pf erythrocytic membrane protein-1 (PEEMP-1) to chondroitin
sulfate A, (CSA; host receptor on NK cells) along with binding of Intracellular adhesion
molecule-1 (ICAM-1; expressed on NK cells) with Lymphocyte function-associated antigen

(LFA)-1 (expressed on APC) (Baratin, Roetynck et al. 2007).

Upon recognition, the schizonts are then phagocytosed, and Ag processing ensues. This
process leads to activation of accessory cells (Il) but can also lead to DC inhibition (V) (Urban,
Ferguson et al. 1999). Acccessory cell activation by P-RBC has been shown to lead to
secretion of Th1 cytokines (e.g. IL-12, IL-18, IFN-a). IL-15, which mediates peripheral T cell
maturation, is also released and has been reported to drive T cell-mediated production of IL-21,
which has been shown to act synergistically with IL-15 and/or [L-18 in the activation of human
NK cells in vitro (Strengell, Matikainen et al. 2003). Activated T cells also secrete IL-2, which
subsequently acts on NK cells. Both, IFN-y and TNF-a, produced by T cells and NK celis can
act in a feedback cycle with the accessory cells leading to further secondary activation as well

as priming of the adaptive immune response.
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NK cells make contact with accessory cells (lll), possibly via CD40:CD40L and/or ICAM-1 with
its host ligand complex, CD11a/CD18 (LFA-1) (Korbel 2006; Baratin, Roetynck et al. 2007). ltis
also possible that accessory cells are delivering cytokines such as IL-12 in a polarized manner,
as observed by confocal image based microscopy (Newman, Korbel et al. 2006). This same
report has shown that without this interaction between accessory cells and NK cells, there is
sub-optimal expression of CD25 (IL2Ra), Lysosome Associated Membrane Protein-1 (LAMP-1),

and IFN-y production.

NK cells interact directly with P~RBC (Artavanis-Tsakonas, Eleme et al. 2003; Korbel, Newman
et al. 2005; Korbel 2006). The pathway for this interaction remains unknown but the interaction
has been documented via confocal microscopy which demonstrated conjugate formation
between NK cells and P~RBC in 8 of 9 donors tested and in more than 40% of the NK cells
imaged as well as cytoskeletal reorganization in a proportion of the conjugates (Korbel,

Newman et al. 2005).

NK cell activation may be negatively regulated via anti-inflammatory cytokines, e.g. TGF-B and
IL-10 (Omer, Kurtzhals et al. 2000). These cytokines are extremely important at turning off pro-
inflammatory pathways and preventing downstream tissue damage and seem likely produced
by accessory cells in response to P-RBC, although recent reports suggest that subsets of NK
cells can also play a regulatory role by producing IL-10 (Maroof, Beattie et al. 2008; Perona-
Wright, Mohrs et al. 2009; Yoshida, Akbar et al. 2010). TGF-B and IL-10 can also be produced
prematurely by malaria parasites as a mode of immune evasion. A previous report

demonstrated that latent TGF-B could be directly activated by P-RBC to modulate the innate
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Th1 response by malaria parasites in a process involving thrombospondin (TSP)-like molecules

and metalloproteinase activity (Omer, de Souza et al. 2003; Newman, Korbel et al. 2006).

Several features of NK cell responses to Pf-RBC suggest that there are genetic factors
influencing their responses. For example: 1) There is a large degree of heterogeneity between
individuals’ NK cell IFN-y production, as well as expression of activation markers CD69, CD25,
and LAMP-1; 2) For any individual, the NK cell IFN-y response to Pf-RBC over time is very
stable; 3) Different sub-populations of NK cells within an individual will respond differently, and
the response of each subset is consistent over time, suggesting that there exist stable

differences between NK clones (Korbel, Norman et al. 2009).

It has been firmly established that NK cells are very early responders to infection with malaria, in
vivo and in vitro with respect to IFN-y production. It still remains unclear, however, what the
actual triggers are, which cause these cells to become activated or inhibited. In 2009, we
demonstrated a highly significant correlation between the relative activation responses of
CD56%™ and CD56""" NK cells with KIR genotype (Korbel, Norman et al. 2009), demonstrating
that these 2 subsets of NK cells are independently regulated. Furthermore our study
demonstrated that the anti-microbial response by CD56°"9™, but not CD56™, NK cells is highly
correlated with the degree of activation in myeloid accessory cells and that CD56%™ cells tend to
be relatively inhibited. Finally, the data also revealed that the ratios of CD56*™ to CD56""*"™ NK
cells producing IFN-y varies between individuals, however, they remain constant within an
individual over time. Taken together, these data demonstrate that there exist at least 2

independent regulatory mechanisms responsible for modulating NK cell activation/inhibition. It
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remains unclear if KIR genotypes regulate the specific NK cell subsets in a similar manner in

response to other pathogens or if this is a unique effect in response to PARBC.

To briefly summarize the sequence of events taking place during the innate immune response
to malaria, P/~RBC are recognized by accessory cells via various potential PRRs, such as TLRs
4 and 9 in mice and TLRs 1,2 and 4 in humans. This leads to accessory cell activation and the
release of type-1 cytokines, such as IL-12, IL-18, and IFN-a. These cytokines have been shown,
in vitro (Currier, Sattabongkot et al. 1992; Fell, Currier et al. 1994; Dick, Waterfall et al. 1996;
Artavanis-Tsakonas and Riley 2002; Newman, Korbel et al. 2006), to be required for optimal NK
cell IFN-y production, however, it is important to note that the PBMC response to malaria is not
recapitulated, simply by adding activated DC ahd macrophages to purified NK cells, suggesting
that the presence of other cell types are involved in this response. We hypothesized that T cells

may contribute to NK cell activation.

In this chapter, | have carefully compared the magnitude and the timing of T cell and NK cell

responses to P-RBC in a large cohort of malaria-naive donors.
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3.2 Materials and methods

3.2.1 Blood donors

Adult blood donors were recruited at the London School of Hygiene and Tropical Medicine
through an anonymous blood donation system. All donors were malaria naive and healthy and
gave fully informed consent for their blood to be used in this study. Ethical approval was given

by the LSHTM Ethics Committee, application #805.

3.2.2 P. falciparum parasites

P. falciparum parasites (strain 3D7) were grown in Of"™ human erythrocytes (National Blood
Service, London, UK) in RPMI 1640 (Gibco) supplemented with 25 mM HEPES (Sigma), 28 mM
sodium bicarbonate (BDH), 20 pg/l hypoxanthine (Sigma) and 10% normal human AB serum
(National Blood Service). Cultures were gassed with 3% O,, 4% CO, and 93% N, and incubated
at 37C. Parasite cultures were routinely shown to be free from mycoplasma/acholeplasma
species contamination using an ELISA-based Mycoplasma Detection Kit (Roche)
incorporating polyclonal antibodies against M. arginini, M. hyorhinis, A. laidlawii and M. orale.
Highly pure (>95%) mature schizonts were harvested from cultures of 5-15% parasitaemia by
adherence to a LD separation column (Miltenyi Biotec). Columns were washed thoroughly with
PBS to remove uninfected erythrocytes before elution. Schizont-infected (P-RBC) or uninfected

(uURBC) erythrocytes were added at a ratio of 3 RBC per mononuclear cell.

3.2.3 M. bovis BCG bacteria

Mycobacterium bovis Bacillus Calmette-Guérin (BCG, Pasteur strain; kind gift from U. Schaible)
was grown in Difco Middlebrook 7H9 Broth (Becton Dickinson) complemented with 0.05%
Polysorbate 80 (v/v) BDH, UK) and 10% (v/v) BBL oleic acid, bovine albumin, dextrose, and
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