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ABSTRACT

Globally, over 36 million people are infected with human immunodeficiency virus type 1
(HIV-1). Some individuals exposed to HIV remain persistently seronegative. Among
those who become infected a subset of approximately 5% progress to acquired
immunodeficiency syndrome (AIDS) slowly, and even fewer, i.e. <1% control their viral
load (VL) without treatment. Epidemiological and functional studies found that carriage
of certain Natural Killer (NK) cell receptor (NKR)/human leukocyte antigen (HLA) ligand
pairs is associated with slow time to AIDS in HIV-positive subjects and protection from
infection in HIV-exposed seronegative subjects, implicating NK cells in HIV control. NK
cells acquire anti-viral functions through a process called education, that requires

signals received from inhibitory NKR (iNKRs) engaging their ligands.

This thesis investigated the mechanism by which NK cells mediate inhibition of HIV
replication, particularly in NK cells from donors expressing a high expression KIR3DL1
homozygous genotype with HLA-B*57 (*h/*y+B*57), which is the KIR/HLA pair that has
the strongest effect on slow time to AIDS and HIV VL control. Furthermore, we analyzed
the impact of expression of the INKRs KIR2DL3, KIR3DL1 and NKG2A on NK
functionality in response to autologous HIV infected cells in NK cell populations defined
by these iINKRs. We extended our analyses of NK cell responses to autologous HIV
infected stimuli to INKR/HLA pairs involved in education through the above mentioned
iNKRs, taking into consideration the impact of HIV infection on downmodulation of the
ligands for these iNKR. In this thesis we show that NK cell education influences the

potency of NK cell mediated inhibition of HIV replication. The inhibition of viral



replication in autologous HIV-infected cells involves responses by the KIR3DL1* NK
cells and is, at least in part due, to the secretion of CC-chemokines by this NK cell
population. Our results also show that NKG2A* and KIR2DL3* NK cells mediate
responses to autologous HIV infected cells. We show that the responses of NK cell
populations to HIV-infected cells are influenced not only by NK cell education through
specific KIR/HLA pairs, but also by differential HIV mediated changes in HLA
expression. Together these observations provide additional support for the importance
of NK cells and populations of these cells as mediators of response to HIV-infected
cells. These findings also demonstrate the dynamic role of NK cell education on aspects
of NK cell functions, both in the context of broad stimulation by HLA null cells and

responses to HIV-infected cells.



RESUME

A travers le monde, 36 millions de personnes sont actuellement infectées par le virus de
limmunodéficience humaine de type 1 (VIH-1). Bien gqu'ils soient également exposés au
virus, un certain nombre d’individus restent séronégatif a long terme. Parmi ceux qui
sont infectés, environ 5% progressent lentement vers le syndrome d'immunodéficience
acquis (SIDA) et moins de 1% contrélent leur charge virale en I'absence de tout
traitement. Des études épidémiologiques et fonctionnelles ont mis en évidence le role
potentiel des cellules Natural Killer (NK) dans le contrdle de l'infection virale. En effet,
ces études ont montré que les individus qui co-expriment certains récepteurs présents a
la surface des cellules NK, les NKR, en association avec certains ligands du complexe
majeur d’histocompatibilité (CMH/HLA), sont protégés de linfection ou progressent
moins rapidement vers le SIDA si ils sont déja infectés. Les cellules NK acquiérent leurs
fonctions antivirales par un processus appelé « éducation » qui nécessite la

signalisation a travers les NKR inhibiteurs (iINKRs) par leurs ligands.

Dans ce travail, nous avons étudié les mécanismes par lesquels les cellules NK
inhibent la réplication virale, en particulier les cellules NK issues d’individus qui
expriment fortement KIR3DL1 (homozygote) et HLA-B*57 (*h/*y+B*57), un des tandems
récepteur/ligand le plus fortement associé a une progression lente vers le SIDA et au
contrble de la charge virale. Nous avons analysé I'impact des iINKRs KIR2DL3,
KIR3DL1 et NKG2A sur la fonctionnalité des cellules NK en réponse a des cellules T
CD4* autologues infectées par le virus (iCD4). Nous avons ensuite étudié cette réponse

dans le cadre plus particulier des tandems iINKRs/HLA (mentionnés ci-dessus)



impliqués dans I'éducation des cellules NK, en prenant en compte I'effet du virus sur la

diminution de I'expression membranaire des ligands de ces iNKRs.

Dans ce travail, nous avons alors montré que I'’éducation des cellules NK influe sur leur
capacité a inhiber la réplication virale. L'inhibition de la réplication virale met en jeu la
réponse des cellules NK KIR3DL1+ et est, en partie, dépendent de la sécrétion de
chimiokines de la famille CC par ces cellules. Nos résultats montrent également que ce
sont les cellules NK NKG2A* et KIR2DL3* qui répondent aux iCD4, que I'éducation des
cellules NK via les iINKRs mais également I'expression membranaire du HLA modulent
leur capacité a répondre aux iCD4. L'ensemble de ces résultats apporte de nouveaux
arguments démontrant I'importance des cellules NK en tant que médiateur de la
réponse contre les cellules infectées par le VIH. lls démontrent également le réle
dynamique de I'’éducation des cellules NK sur leurs capacités fonctionnelles que ce soit
dans un contexte de stimulation par des cellules n’exprimant pas de HLA ou par des

cellules infectées par le virus.
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LIST OF ABBREVIATIONS

aa- amino acid

Ab - antibody

ADCC - antibody dependent cytotoxicity
aKIR — activating killer immunoglobulin-like receptor
aNKR - activating natural killer cell receptor
AIDS - acquired immunodeficiency syndrome
ART - antiretroviral therapy

ARVs - antiretrovirals

CA - capsid (or p24)
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CMV - cytomegalovirus
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HCV - hepatitis C virus

11



HESN - HIV exposed seronegative

HIV-1 - human immunodeficiency virus type - 1

HLA - human leukocyte antigens

HSC - hematopoietic stem cell

iCD4 - HIV-infected CD4* T cells

IDU - injection drug use

Ig - immunoglobulin

iKIR — inhibitory killer immunoglobulin-like receptor
iNKR - inhibitory natural killer cell receptor

IN - integrase

INI - integrase inhibitor

ITAM - immunoreceptor tyrosine-based activation motif
ITIM - immunoreceptor tyrosine-based inhibition motif
KIR - killer immunoglobulin-like receptors

LILRB - leukocyte immunoglobulin-like receptor subfamily B
LRC - leukocyte receptor complex

LTNP - long-term nonprogressors

LTR - long terminal repeats

MA - matrix (or p17)

MALT - mucosal associated lymphoid tissue

MHC - major histocompatibility complex class |

MSM - men who have sex with men

NC - nucleocapsid (or p7)
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NCAM - neural cell adhesion molecule

NCR - natural cytotoxicity receptor

NK - natural killer

NKR - natural killer cell receptor

Nef - negative regulatory factor

NNRTI - non nucleoside reverse transcriptase inhibitor
NRTI - nucleotide and nucleoside reverse transcriptase inhibitor
PBMC - peripheral blood mononuclear cell
PCR - polymerase chain reaction

Pl - protease inhibitor

PR - protease

Rev - regulator of expression of virion proteins
RM - rhesus macaque

RNA - ribonucleic acid

RRE - Rev response element

RT - reverse transcriptase

SIV - simian immunodeficiency virus

SLT - secondary lymphoid tissues

SP - slow progressors

Tat - trans-activating protein

Vif - viral infectivity factor

VL —viral load

Vpr - viral protein R
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Vpu - viral protein U
ULBP - UL16 binding protein

URF - unique recombinant form
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FORWARD

The year 2013 marked the 30th anniversary of the discovery of HIV as the causative
agent of AIDS. Research conducted thus far has greatly increased our understanding of
the virus, immune responses against it, as well as facilitated the development of
diagnostic assays, potent antiretroviral drug therapies, and global surveillance
programs. Despite our current understanding, no cure exists and efforts to produce an

effective vaccine have met with limited success.

NK cells have a pivotal role in anti-viral immune responses. Epidemiological and
functional studies implicate NK cells in HIV resistance and slow time to AIDS in those
infected. These protective outcomes are associated with expressing certain NK cell
surface receptors called KIRs and their ligands, HLA molecules. However, little is known
regarding the mechanism(s) underlying this protective effect and the NK cell
population(s) responsible for these responses. The objectives of this thesis are to: 1)
identify the mechanism by which NK cell populations inhibit HIV replication in vitro, 2)
characterize NK cell populations responding to HIV infected cells, 3) study the impact of
expression of certain KIR-HLA pairs on NK cell responses to HLA-null and HIV infected

stimuli.
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW
1.1. Background

The emergence of immune deficiency in young homosexual men was noted in the
summer of 1981 when the Center for Disease Control (Atlanta, Georgia, USA) detected
an unusual clustering of patients diagnosed with Pneumocystis carinii pneumonia and
Kaposi’s sarcoma [1]. At this time, it was recognized that these men had a marked
depletion of the specific subset of T-lymphocytes, CD4* helper cells [2, 3]. One year
later, this disease began to afflict injection drug users and recipients of blood
transfusion, both male and female of diverse sexual orientations [4]. Consequently, it
quickly became apparent that the causative agent was blood borne and the disease

was eventually termed AIDS.

HIV-I
oom
M
- A-G
Intra-subtype: 15-20 %
. CRF Inter-subtype: 25-35 %

Figure 1: HIV-1 genetic classification. HIV-1 is classified based on genomic
differences into groups, subtypes and circulating recombinant forms (CRFs).

Figure made by Irene Lisovsky.
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The discovery of the etiological agent responsible for the development of AIDS remains
a controversial topic. In 1983, Drs. Frangoise Barré-Sinoussi and Luc Montagnier
isolated a novel virus from patients who displayed signs and symptoms of AIDS [5]. The
following year, Science magazine published an article authored by Robert Gallo’s
research team about the detection, isolation and continuous production of a retrovirus
from patients with AIDS [6]. The conclusions from both studies implied that these viral
variants were different. Eventually, genomic sequencing confirmed that these viruses
belonged to a single viral species, which displayed great genetic sequence variation [7].
In 1986, the newly discovered virus was termed HIV [8]. In 2008, Drs. Francoise Barré-
Sinoussi and Luc Montagnier were jointly awarded the Nobel Prize in Physiology or

Medicine for their role in the discovery of HIV.

1.2. Global distribution and genetic diversity of HIV

HIV-1 is further divided into groups M, N and O, where group M is predominantly
responsible for the HIV-1 pandemic [9]. This group of viruses accounts for the global
pandemic with over 36 million infected individuals [10]. Group M has been further
divided into subtypes, denoted with letters, and sub-subtypes, denoted with numerals.
Subtypes and sub-subtypes currently recognized include: A1, A2, A3, A4, B, C, D, F1,
F2, G, H, J, and K [11, 12] (Fig.1). Advances in genome sequencing have led to the
identification of HIV-1 ‘circulating’ and ‘unique’ recombinant forms (CRFs and UREFs,
respectively), which are a result of recombination events between subtypes [9, 11].

At the nucleotide level, genetic variation within a subtype can range from 15 to 20%,

17



whereas diversity between subtypes can reach 25 to 35% [13, 14]. Genetic variation at
the nucleotide level can translate into variation at the protein level that may result in
different viral phenotypes that impact virulence, for example, transmission fitness. The
high degree of HIV-1 diversity results from the lack of a proofreading mechanism of the
viral enzyme reverse transcriptase (RT), rapid rate of viral replication and recombination
between heterogeneous copies of viral ribonucleic acid (RNA). Such HIV-1 genetic
variability can affect rates of disease progression, diagnostic tests, response to
antiretroviral therapy (ART) and has been proposed to be an impediment to vaccine
development [9, 15-18].

Adults and children estimated to be living with HIV, 2013
By WHO region

Number of people (millions), by WHO region

| Eastern Mediterranean: 280 000 [200 000—420 000] Americas: 3 200 000 [2 800 000-4 000 000] Total: 35 000 000
Western Pacific: 1 300 000 [1 100 000-1 700 000] [l South-East Asia: 3 400 000 [2 900 0004 000 000][33 200 000—37 200 000]
| | Europe: 2 100 000 [1 900 000-2 200 000] I Africa: 24 700 000 [23 500 000—26 100 000] 0 75 1750 3500 Kiometers
[ == mm
The boundaries and names shown and the designations used on this map do not imply the expression of any opinion whatsoever Data Source: World Health Organization s \%J
on the part of the World Health Organization concerning the legal status of any country, territory, city or area or of its authorities, Map Production: Health Statistics and g ¥ World .Hea-lth
or conceming the delimitation of its frontiers or boundaries. Dotted and dashed lines on maps represent approximate border lines Information Systems (HSI) NS Organization

for which there may not yet be full agreement. World Health Organization
©WHO 2014. All rights reserved

Figure 2. Global prevalence of HIV 2013. Adults and children living with HIV. Figure

reprinted with permission from World Health Organization.
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The global distribution of HIV-1 subtypes and CRFs is in constant flux and surveillance
is important for understanding the HIV/AIDS pandemic. Subtype B is dominant in North
and South America and Western Europe, however, it accounts for only 10% of global
infections, where non-B HIV-1 subtypes constitute 90% of this pandemic [11, 19]. Non-B
subtypes and CRFs are commonly found in Africa, Asia and to a lesser extent, South
America. CRF01_AE and CRF02_AG account for 10% of global infections caused by
non-B subtypes and are prevalent in South Asia and West Africa, respectively [9].
Currently, subtype C is the most prevalent globally and accounts for nearly 50% of all
global infections [9, 12]. It is the dominant subtype in Africa, particularly, sub-Saharan
Africa where about two-thirds (over 24 million) of all people living with HIV-1 reside, despite
this region being home to only 10% of the world’s population [12, 20] (Fig. 2). In addition, a
rapid spreading of non-B subtypes is being observed and documented throughout North
America and Europe [21, 22]. The disproportionate increase in subtype C prevalence
compared to other HIV-1 subtypes suggests that it may be more easily transmitted and/

or has a greater replication capacity.

1.3 Virology of HIV-1

1.3.1. Viral structure

HIV-1 belongs to the Lentivirus genus of the Retroviridae family. A mature and infectious
HIV-1 virion is spherical, enveloped and has a diameter of 100 to 120 nm [23]. Figure
3A depicts a characteristic structure of an HIV-1 virion. The envelope is of cellular origin

(acquired upon viral budding) and it surrounds an icosahedral viral capsid containing
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viral genomic ribonucleic acid (RNA), proteins and cellular derived factors. Embedded in
the envelope is the transmembrane viral glycoprotein (gp160) composed of the proteins
termed gp120 and gp41 [24, 25]. In direct interaction with the viral envelope proteins are
the matrix proteins (MA). Structurally, MA proteins line the inside of the virion and have
an important role in targeting viral polypeptides to the plasma membrane during viral
assembly [26, 27]. Within the viral envelope, the icosahedral viral core is formed by the
association of multiple hexameric subunits of the capsid (CA or p24) protein [26]. Within
the viral core are two single stranded RNA molecules associated with the nucleocapsid
(NC or p7) viral protein, which stabilizes the viral genome [28, 29]. During assembly, NC
binds genomic RNA and delivers it to the core [28, 30]. Viral protein p6 is also found in
the core and is important in the late stages of viral assembly, by recruiting cellular

machinery required for viral budding, and incorporation of the accessory protein viral

protein R (Vpr) into the virion [30, 31].

The viral core also contains a number of viral enzymes and accessory proteins
necessary for viral replication within the cell. The viral enzymes found inside the virion
are: protease (PR), reverse transcriptase (RT) and integrase (IN) [29, 30]. The viral
accessory proteins present in the core include: viral infectivity factor (Vif), viral protein U
(Vpu), Vpr, trans-activator protein (Tat), regulator of expression of virion proteins (Rev)
and negative regulatory factor (Nef) [29]. These accessory proteins are essential for

viral replication and immune evasion, and will be discussed in the following section.
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Figure 3: Structure of a mature HIV-1 virion (A). HIV genomic organization (B).

The numbers at the top and bottom indicate nucleotide positioning (from HIV

Sequence Database http://www.hiv.lanl.gov/content/index).

Figures made by Irene Lisovsky
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1.3.2. HIV-1 genomic organization

The 9.2kb RNA genome of HIV-1 can be classified into four main regions: (1) long
terminal repeats (LTR), (2) gag-pol genes, (3) env gene and (4) genes coding for
accessory proteins [29]. The HIV genome contains internal RNA structures important in
transcriptional activation, HIV packaging, signal polyadenylation, regulating RNA export
and interaction with viral and host proteins [30, 32, 33]. A study by Watts et al. was the
first to show that the HIV genome coded for proteins at two levels. The first level is via
nucleotides that are translated into an amino acid (aa), and second level is via
secondary structures involved in protein synthesis, which modulate ribosomal

elongation to promote protein folding [34].

Figure 3B outlines the organization of HIV-1 genomic RNA. The LTR regions are
present at either end of the RNA molecule. Each LTR contains U3, R and U5 coding
sequences required for binding of cellular transcription factors and Tat-mediated
activation that drives the synthesis of genomic transcripts [29, 35]. The second region,
the gag-pol gene, encodes two polyprotein precursors: Gag, which codes for structural
proteins (MA, CA, NC and p6) [23, 27, 30, 31], and Gag-Pol, which contains three viral
enzymes PR (p11), RT (p51 and p66) and IN (p32) [29, 36, 37]. The function of these
enzymes will be discussed in more detail in section 1.3.3. The third region, the env
gene, encodes the gp160 glycoprotein that is cleaved into exterior gp120 and
transmembrane gp41 protein components. The gp120 protein interacts with the CD4
receptor and CCR5 or CXCR4 co-receptors to promote viral attachment to susceptible

cells [38]. The gp120 protein is highly variable. This is advantageous for the virus since
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the virus can alter immunogenic determinants that trigger immune response, and
consequently, escape immune pressure designed to mediate viral clearance [39-41].
The transmembrane component of the gp160 polyprotein, gp41, contains protein
domains that facilitate viral fusion with the target cell [25]. The fourth region of the HIV-1

genome codes for the viral accessory proteins Tat, Rev, Nef, Vif, Vpr and Vpu.

These accessory proteins play an important role in viral pathogenesis, regulation of HIV
genome transcription and immune evasion. Transcription from the viral LTR promoters
is initiated by the binding of Tat proteins and recruitment of cellular transcription factors
and the RNA polymerase enzyme [29, 35, 42]. Tat also facilitates efficient elongation of
newly synthesized transcripts [42, 43]. Rev proteins, on the other hand, act post
transcriptionally by binding to the Rev responsive element (RRE) and promoting the
transport of unspliced viral RNA through the nuclear membrane to the cytoplasm, where
Gag, Gag-Pol, env, vif, vpr and vpu are translated [44, 45]. The regulatory protein Vpr is
required for efficient viral replication in non-dividing cells, such as monocytes and
macrophages [46-49]. Vpr’s roles in HIV-1 replication include nuclear import of the pre-
integration complex (viral deoxyribonucleic acid (DNA) with viral and cellular proteins)
[50, 51], cell cycle arrest at the G2 phase and apoptosis [562, 53]. In addition, Vpr is also
packaged into the virion through an interaction with the Gag derived protein p6 [54]. The
accessory proteins Vif, Nef and Vpu have an important role in pathogenesis and
immune evasion. HIV-1 Vif counteracts the host restriction factor enzymes called
APOBEC by polyubiquitinating them and sending them for proteosomal degradation,

which reduces incorporation of APOBEC into HIV-1 virions [55-57]. In fact, when vif is
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knocked out the resultant virus is almost completely non-infectious in cell culture
experiments in comparison to the wild type virus (all genes present) [55, 56].
Furthermore, in vif knockouts, APOBEC_3G and 3F enzymes are incorporated into the
virion as it buds off infected cells. When viruses containing these enzymes infect
neighbouring susceptible cells APOBEC cytidine deaminates viral reverse transcribed
DNA resulting in silent and non-silent mutations, which can have a negative impact on
viral infectivity [58, 59]. Nef and Vpu promote viral pathogenesis and immune evasion
by down-regulating cell surface molecules such as CD4, major histocompatibility
complex class | (MHC 1) and MHC Il [60-62]. In addition, the nef gene has been
associated with more robust HIV disease progression [63, 64]. Moreover, Vpu proteins
assemble into ion conductive pores and enhance virus release by down-regulating a
host restriction factor, tetherin, from the cell membrane [65, 66]. Although there are a
number of proposed models for tetherin’s antiviral activity and how Vpu counteracts this

activity, the exact molecular mechanisms remain unknown and need to be elucidated.

1.3.3. Replication cycle

Attachment of the HIV-1 envelope protein gp120 to the target cell surface CD4 receptor
marks the start of infection. The interaction between gp120 and CD4 causes a
conformational change in the viral protein, exposing a “hidden” domain that acts as a
binding site for either CCR5 or CXCR4 co-receptors [38, 67]. The binding to the co-
receptor induces additional conformational changes that expose the fusion domain of

gp41, leading to membrane fusion and release of viral components into the cytoplasm
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Figure 4: HIV-1 replication cycle.

Figure reprinted with permission from NIAID http://www.niaid.nih.gov

[24, 67, 68]. Viral uncoating involves cellular factors and viral proteins MA, Nef and Vif
[29]. The HIV-1 genome is reverse transcribed from single stranded RNA to full length
double stranded DNA by the viral RT [69-71] (Fig. 4). Vpr facilitates the transport of the

proviral DNA to the nuclear membrane and the DNA enters the nucleus through a

nuclear pore [72-74].
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Inside the nucleus, the viral enzyme IN ‘inserts’ the linear double stranded DNA into the
host chromosome [75, 76] (Fig. 4). Following integration, cellular transcription factors
bind to the viral LTRs and initiate viral transcription utilizing cellular RNA polymerase |l
[77]. At this stage of the replication cycle, only multiply spliced mRNAs are produced
leading to the translation of the regulatory proteins Tat, Nef and Rev. Once a sufficient
level of the protein Rev is attained, Rev binds to the RRE present on single-spliced and
unspliced viral RNA transcripts and directs their transport to the cytoplasm resulting in

production of other viral proteins and genomic RNA [29, 45, 78].

A ribosomal frameshift is responsible for the translation of the gag-pol gene into the
polyproteins Gag and Gag-Pol [79]. These polyproteins migrate to the cellular
membrane to begin virion assembly, which is directed by the Gag polyprotein (Fig. 4)
[80]. The env gene is translated into gp160 which becomes glycosylated in the
endoplasmic reticulum and inserted into the plasma membrane [41]. In addition, full
length viral RNA and cellular factors associate with the assembling immature viral core
[81-83]. The budding of the virion activates the PR enzyme that auto-catalytically
cleaves the polyproteins Gag and Gag-Pol into structural proteins and enzymes,
respectively [36]. This cleavage leads to new stabilizing interaction between viral

proteins and virion maturation, which result in an infectious viral particle [29, 81, 82].
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1.4 Pathogenesis of HIV-1

1.4.1. Establishment of HIV infection

Infection by Lentiviruses is characterized by a lengthy period of incubation and clinical
disease presentation. However, recent studies on simian immunodeficiency virus (SIV)
in rhesus macaques, as a model for HIV-1 transmission in humans, highlight the
importance of early events on establishment of a productive viral infection [84]. Earlier
studies on heterosexual and mother-to-child transmission measured a lower degree of
genetic diversity in viral isolates from newly infected compared to transmitting
individuals [85, 86]. With advancements in sequencing technologies, about 80% of
productive HIV infections due to heterosexual transmission were initiated by a single
founder virus or infected cell [87, 88]. Moreover, the founder viruses do not have a loss
of replicative capacity and are often phenotypically more resistant to CCR5 or entry
inhibitors and neutralizing antibodies compared to virus isolates from individuals in

chronic phase infection [88, 89].

In vivo studies of SIV infection in non-human primate have been an invaluable source of
information about very early events in viral transmission and establishment of infection
because due to practical and ethical reasons these studies cannot be done in humans
[90]. Based on information from SIV infected rhesus macaque (RM) animal models, the
genetic transmission bottle neck occurs days after crossing the mucosal barrier, after
which the virus establishes a founder population that expands and disseminates to the

lymph nodes resulting in systemic infection [91].
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1.4.2. Course of infection

HIV infection and disease can be divided into three main stages: acute, chronic and
AIDS. HIV infection begins with the eclipse phase that is part of the acute stage. The
eclipse phase, which has been studied in female RMs, lasts a few days. The virus
establishes small foci of infected cells in the submucosa of the female genital tract. At
this stage the viral load (VL) produced by these localized foci is below the level of
detection of sensitive tests currently available. The eclipse phase ends when virus
reaches the draining lymph nodes and systemic viral dissemination occurs. Primary
infection is characterized by high VL in the blood. Some individuals experience fever,

diarrhea, rash, sore throat, fatigue and lymphadenopathy [92-94]. The VL peak occurs
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approximately 2 weeks after infection [95]. This state of high viremia resolves to a lower
VL called the set point. The VL set point is predictive of the rate of progression to AIDS
[96, 97]. In other words, the higher the VL, the worse the prognosis. By the end of the
eclipse phase latent viral reservoirs (discussed in section 1.4.3.) are established and
eradication of the virus using currently available means is practically impossible. The
only known case to date of complete HIV-clearance is the ‘Berlin-patient’, discussed in

section 1.4.5.

About 2 to 3 weeks following infection, the virus begins to be cleared by specific
cytotoxic T lymphocytes (CTLs) and T helper cells that provide the necessary cytokines
to CTLs. The virus is not only present in the blood, but undergoes rapid replication in
lymphoid tissues. Numerous studies point to the mucosal associated lymphoid tissue
(MALT) of the gut (GALT) as the most active site of HIV replication in early infection
[98-101]. The GALT is a major site of the body’s CCR5*CD4* memory T cells, the main
targets of HIV replication. The loss of CCR5*CD4* memory T cells is a consequence of
acute HIV infection, however initially, it does not compromise the regenerative capacity

of the immune system [102].

During the acute phase of infection, seroconversion occurs and anti HIV antibodies (Ab)
directed against envelope (Env) and p24 antigens emerge [103, 104]. These Abs
contribute to the efforts of cell-mediated immunity in viral control [105, 106]. However,
the immune system is a ‘step-behind’ the virus. Production of effective neutralizing

antibodies (nAbs) and CTLs are accompanied by rapid escape from recognition due to
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the virus’ rapid mutation rate, particularly in the Env proteins, against which most nAbs

are directed.

The chronic asymptomatic phase can last for years [107]. During this stage of infection,
persistent viral replication continues to take place. CD4 cell counts fall slowly by an
annual average of 60 cells/mms3. During this phase a dynamic balance is established
between rapid CD4* T cell clearance and robust CD4* T cell proliferation [107-109]. The
constant immune activation driven by HIV infection eventually exhausts the capacity of
the immune system to regenerate. When CD4* T cell counts fall below 200 cells/mm?3
the individual is highly susceptible to opportunistic infections that their immune system
does not have the capacity to control [110]. At this stage, AIDS-defining diseases

emerge.

HIV is diagnosed using a 4t generation HIV enzyme immunoassay (EIA) that detects
anti-p24 IgM and IgG Abs [111]. When positive, a confirmatory HIV western blot is
performed. The acute to early chronic phases of HIV infection can be separated into
Fiebig stages | to VI based on the results of these diagnostic tests [95, 97]. Fiebig stage
| starts about 10 days post infection. It is defined by a positive viral RNA PCR assay,
while HIV-p24 antigen and anti-p24 Ab tests are negative. Stage Il is defined by a
positive p24 antigen ELISA test, which can be detected as early as 15 days post
infection, in the absence of a positive anti-p24 Ab test. Stage lll is defined by a positive
ELISA detecting HIV p24 specific IgM and IgG Abs that can appear around 3 weeks
post infection. Stage IV is defined by positive HIV EIA results accompanied by an

indeterminate HIV western blot. At Fiebig stage V, the western blot become reactive for
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p24, p41 and/or gp120/160, but is negative for a band that corresponds to p31 (IN). The
last stage, VI, is characterized by the same criteria as stage V, but with a fully reactive

HIV western blot that includes a positive p31 band.

1.4.3. Antiretroviral therapy (ART) and resistance

The goal of ART is to reduce plasma VL, which correlates directly with rate of HIV
disease progression [96, 97]. ARTs target viral enzymes that control and execute
specific steps of the viral replication cycle. Fusion and entry inhibitors block the entry of
HIV into susceptible target cells by interfering with the fusion event between the viral
Env and cell membrane [112]. RT inhibitors include nucleoside and nucleotide
analogues (NRTI) that act as DNA chain terminators and inhibit reverse transcription of
viral RNA into DNA [113]. A second class of RT inhibitors, non-nucleoside RT inhibitors
(NNRTIs), bind to a small hydrophobic pocket within RT; this alters the enzyme’s
flexibility and blocks its ability to synthesize DNA (allosteric inhibitors) [114]. Integration
of viral DNA into the host chromosome is blocked by integrase inhibitors (INIs), which
are the newest ART drug class that exhibit a high barrier for resistance [115]. Lastly,
protease inhibitors (Pls) target the HIV-1 PR and interfere with virus maturation [116,
117]. In the presence of a PI, viral particles are produced, however, they are non

infectious since Gag and Gag-Pol polypeptides are not cleaved into their mature form.

Among the first ARTs used to treat HIV infected subject were RTls and Pls; these

proved successful in decreasing VL. However, this success was short-lived as HIV drug
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resistant mutants rapidly emerged. To overcome the rapidly emerging drug resistance
seen with ART mono-therapy, a combination of drugs from different antiretroviral
classes was given as treatment in 1996 [118]. This new course of triple-therapy is called
highly active antiretroviral therapy (HAART). The use of HAART has proven to be very
effective in controlling viremia, progression of HIV disease and in prolonging survival
[118-122]. However, the long term success of HAART is also impeded by the
development of resistance [14]. Furthermore, HIV-1 genetic diversity, global prevalence
and design of ART based on subtype B information, highlight the need to focus on HIV
non-B subtypes and the impact of genetic differences on disease progression, drug

efficacy and evolution of drug resistance [123, 124].

1.4.4. Latency

Productive HIV-1 infection, as described in the previous section, occurs when the virus
infects activated CD4* T cells, replicates and buds off to begin a new round of infection.
However, part of the HIV-1 replication cycle includes integration of its viral genome into
the host chromosomes, which establishes a productive or latent viral infection.
Interestingly, even though latently infected cells are rare in HIV infected individuals, they
pose a major obstacle for curing HIV. There are a number of approaches and tools
available to evaluate the size of the latent reservoir, each having advantages and
limitations (reviewed in [125]). A recent modeling study shows variation in measuring the
size of the latent reservoir depending on the method used in evaluation [126]. This

further complicates efforts to eradicate the virus.
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Seeding of the latent reservoir begins early in infection when HIV infects activated CD4*
T cells that undergo a burst of proliferation in response to these viral antigens and
develop into an effector phenotype [127]. Most of the expanded effector cells die,
however, a small subset of HIV infected CD4 T cells transition into a long lived resting
memory state [128, 129]. These unique cells have a different gene expression profile
that is non-permissive for HIV replication. This results in a stably integrated and

transcriptionally silent virus that can survive in the host for a long period of time.

HIV latency can occur even during successful antiretroviral therapy (ART), when the
patient’s viremia is undetectable [130, 131]. The latent HIV-1 reservoir may consist of
both wild type and drug resistant viruses. Few cells in the reservoir harbor replication
competent virus [132-134]. Nevertheless, this reservoir shows minimal decline and
seems to be sufficient to sustain lifelong HIV-1 persistence in infected individuals who
receive ARTs [135, 136]. Thus, latency is one of the major obstacles to HIV-1
eradication. Furthermore, intensification of ART does not impact the size of latent
reservoirs. Reservoir persistence is due to its residence in long-lived resting memory
CD4* T cells, rather than continuous reseeding of the reservoir by new rounds of

infection.

Strategies to ‘shock and kill' latent reservoirs have been on the forefront of research in
the past few years (discussed in [137]). Attempts have been made to purge latent
reservoirs with chemical agents that stimulate gene transcription, such as histone

deacetylase inhibitors, inhibitors of bromodomain proteins and protein kinase C
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activators, which can reverse latency. Following a successful purge and reactivation of
active viral transcription and protein production, potent ART can potentially be used to
kill these virus producing targets. Although this approach has been the focus of many
studies in the past few years, results have not been promising. Thus the “shock and kill”
strategy may not be a realistic approach to reverse latency in all infected cells in order

to cure HIV.

1.4.5. Protection and control of HIV-1 infection

+ CCRS Delta 32 mutation

A genetic host factor that has been implicated in protection from HIV-1 infection and
slow disease progression is a 32 basepair deletion in the CCR5 gene (CCR5A32).
Individuals homozygous for this mutation encode a truncated CCR5 co-receptor that is
no longer expressed on the cell surface. This makes their CD4* cells resistant to
infection with R5-tropic HIV-1, which represent the majority of transmission fit viruses
[138-141]. Individuals heterozygous for CCR5A32 express lower surface levels of CCR5
than do CCR5 wild type homozygotes, permitting viral entry but slowing the propagation
of infectious virions into susceptible neighboring cells. CCR5A32 heterozygotes achieve
an AIDS diagnosis an average of 2 to 3 years later than CCR5 wild type homozygotes

[138, 142, 143].

These discoveries have sparked the interest of the scientific and pharmaceutical

communities in CCRS as a therapeutic target, leading to the development of the fusion
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inhibitor (FI) Enfuviritide in 2003 and CCR5-antagonist Maraviroc in 2005. Moreover,
resistance to HIV infection due to homozygosity for the CCR5A32 mutation provided the
basis for the remarkable story of Timothy Ray Brown, also known as “The Berlin
patient”, who is currently the only human cured of HIV. Brown, who was an HIV-positive
patient on successful ARV treatment, developed acute myeloid leukemia (AML) and
consequently underwent an allogeneic CD34* hematopoietic stem cell (HSC) transplant
from a donor who was homozygous for CCR5A32 [144]. Following the receipt of a
second transplant, required due to rebound of AML, the leukemia was resolved and HIV
RNA fell to below detection levels (<50copies/mL) in the absence of ART [144]. Brown
has maintained undetectable levels of HIV replication and trace amounts of replication-

deficient viral genetic material for 7 years without ART, i.e. since the second transplant.

The success of this single case, at this stage, cannot be translated for wider clinical
usage mainly due to the risk associated with the pre-transplantation regimen and the
treatment burden involved. Furthermore the probability of finding donors homozygous
for CCR5A32 deletion is low due to the prevalence of this genotype, which is estimated
at 1% among Caucasians; the frequency of this genotype in other populations is even
lower [145, 146]. Nevertheless, the successful suppression of HIV, in the absence of
ART, following reconstitution with HSCs from a CCR5A32 homozygous donor,
strengthens the rationale for therapies that rely on HSCs with disrupted CCRS5. The lack
of CCR5 does not appear to have a negative impact on life expectancy and is
associated with a reduced risk of certain inflammatory conditions. However, lack of

CCRS may increase susceptibility to more uncommon infections [147, 148]. Some
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strategies that have been tried in an attempt to replicate the above success in treating
HIV infection have included the use of lentiviral vectors containing siRNAs targeting
CCRYS, ribozymes that specifically interrupt CCR5 mRNA processing and zinc-finger
nucleases that introduce site-specific interruptions in the CCR5 gene, which result in a
mutated and non-functional receptor. These approaches have been explored in in vivo

mouse models with promising results [149-152].

* HIV _exposed seronegative (HESN) subjects: Cohort studies and protective immune

responses

Individuals that have been repeatedly exposed to HIV without becoming infected are
called HIV exposed seronegative (HESN) individuals [153]. The homozygous CCR5A32
genotype only accounts for a minority of HESN cases. This may be due to its low
prevalence, especially in the non-Caucasian populations, which constitute the main
platform for epidemiological studies involving high-risk behaviour [139, 154]. A number
of HESN cohorts throughout the world have been assembled and studied to better
understand what genetic and environmental factors, as well as, immune responses
contribute to protective mechanisms against HIV-1. These cohorts differ in their HIV
exposure routes and fall into either sexually or non-sexually exposed groups. Modes of
non-sexual transmission include injection drug use (IDU), mother-to-child transmission,
breast feeding and exposure to contaminated blood products. Mother-to-child cohorts
are limited, well controlled and monitored. Together with advancements in ART, they

have contributed invaluable information and progress on interventions designed to
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eliminate this form of HIV transmission [155-157]. Important information about
resistance to HIV infection comes from IDU cohorts. IDU have a higher risk of infection
compared to those exposed sexually [158]. In IDU, other risky behaviours such as
unprotected sex that can accompany drug-use may make it difficult to identify the
precise route and level of exposure in this group. It is worth noting that intravenous

exposures to the peripheral immune system bypass the mucosal route.

High risk sexual transmission studies have been done on commercial sex workers
(CSW), men who have sex with men (MSM) and HIV discordant couples. The majority
of the CSW cohorts are based in Asia and Africa. One of the largest and best studied is
the Pumwani sex worker cohort based in Nairobi, Kenya. The HESN women recruited to
this cohort remain uninfected for a defined number of years despite having repeated
high frequency unprotected sex that can reach up to 15 clients per day [159-161]. In
contrast to CSW cohorts, high HIV infection rates and disease burden are well
documented in MSM cohorts in resource-rich countries [162-164]. MSM have about a
10 fold greater risk of infection compared to CSWs due to unprotected receptive anal
intercourse compared to vaginal sexual exposure. The third group of HESNs are the
seronegative partners in HIV serodiscordant couples. These cohorts are distributed
globally and include both heterosexual and homosexual couples. Participants of these
cohorts have a lower risk of exposure compared to CSW and thus seronegative
partners are epidemiologically classified as “high risk” instead of “resistant”, where the
greater risk of transmission is with receptive, rather than insertive intercourse. The

discordant couples cohorts can be considered more controlled compared to CSWs and
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MSM, since the details of exposure, as well as, the virus isolate information is easier to
collect. It is important to consider that physiological differences between types of
cohorts, routes of exposure, life style and other possible concurrent infections may be
important factors influencing specific mechanisms of protection, even though some
correlates of protection and immune responses are likely to be common among the

different types of cohorts.

Immune responses that correlate with protection in HESN still remain incompletely
understood despite many studies on this topic. The proposed immune correlates of
protection in HESN include cellular, humoral and innate immune responses. The first
evidence that HIV-specific cellular immunity may be involved in protection from infection
in HESN was documented in 1989 by Ranki et al. who detected HIV-specific T cell
responses to HIV envelope and core proteins in HIV negative sexual partners of HIV-
positive men [165]. Other groups confirmed the finding of both HIV-specific T helper (Th)
and CTL in other HESN population studies [166-170]. Cells isolated from HESN,
compared to HIV infected individuals, were found to secrete greater levels of CCL4 and
CCL5 chemokines and IFN-y and IL-2 type 1 cytokines [171-174]. These findings, in
combination with other studies, were interpreted as support for the hypothesis that Th1
immune responses were more protective against HIV infection than Th2 responses
[175]. Some studies have found an opposite trend where CD4 cells from HIV infected
subjects, compared to HESN, produced higher levels of IFN-y following stimulation with
HIV derived proteins [176-178]. Lower immune activation and cytokine production was

also measured in the Nairobi CSW cohort, which was termed “immune quiescence”
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and thought to contribute to host resistance to HIV [179]. The current thinking on this
topic is that, if present, HIV-specific cellular responses in HESN are of low magnitude
and breadth, and may represent markers of previous HIV exposure, rather than a

mechanism related to their protection from infection.

Humoral immune responses have also been identified in HESN. HIV-specific IgA
antibodies were isolated from mucosal sites and the peripheral circulation of participants
in several HESN cohorts [172, 180-182]. These antibodies can neutralize the virus,
however, since they are not consistently present suggests that frequency of viral
exposure may be a factor driving their presence [183, 184]. The specificity of IgA
antibodies detected in HESN individuals is different than that of HIV infected subjects.
Antibodies from HESN have been reported to be specific for an extra-cellular epitope of

gp41 [185].

Acute HIV infection is characterized by a rapid rise in VL in the first 2 weeks of infection,
often surpassing one million copies/ml plasma. The timing of VL decline after this peak
implicates an important role for innate immune responses that precede T cells
responses, all of which are involved in achieving the eventual VL set point. Factors that
may be involved include the restriction factor APOBEC3G, which is present at higher
levels in HESN compared to HIV-infected individuals and healthy controls [186]. NK
cells from a Vietnamese cohort of HESN IDU compared to seroconverters and healthy

controls had a higher functional potential in terms of cytotolytic activity and secreted

IFN-y, TNF-a. CCL3, CCL4 and CCL5 [187]. The importance of NK cell receptors and
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functional responses to HIV infection and protection from infection is further exemplified

in epidemiological and genetic studies that are discussed in detail in section 1.8 of this

thesis.

» Slow progressors (SP): Control of HIV infection

While studying HESN informs our understanding of mechanisms and factors involved in
protection from HIV infection, it is also imperative to understand correlates of viral
control and slow disease progression in those infected. Five to 15% of HIV infected
individuals exhibit a slow HIV disease course, maintaining either high CD4 counts and/
or low VLs without ART. Such individuals are termed slow progressors (SP) [188, 189].
These SP can further be subdivided into long-term nonprogressors (LTNP), who
maintain a healthy range of CD4 T cell counts for over 10 years, and elite controllers
(EC), who represent <1% of HIV infected individuals and have VLs below the level of
detection (<50 HIV RNA copies/mL plasma) in the absence of ART [190, 191]. A third
group of viral controllers (VC) maintain VLs <3000 HIV RNA copies/ml plasma without
treatment. The definition of HIV control, whether LTNP, EC or VC, has been a topic of
debate as multiple definitions have been suggested based on results from population
based studies [192-194]. A recent study focused on examining existing definitions of
HIV EC to identify what definition, if any, best characterizes this unique group of HIV
infected subjects. This study found that HIV control can be lost with increasing time from

infection. Furthermore, the group suggested two possible definitions that best define
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ECs: 1) maintenance of undetectable HIV RNA levels for > 6 months, and 2) having
>90% of VL measurements fall below 400 copies of HIV RNA/mL for > 10 years [195].

Mechanisms of control of viral infection in SP are thought to include both host and viral
factors. The route of HIV acquisition is not a factor associated with HIV disease control
in SP [196, 197]. While virus isolated from some SPs can contain mutations and/or
deletions in key viral proteins that can lead to reduced viral replication capacity, no
particular mutation accounts for the SP phenotype [64, 198-200]. Furthermore, carrying
mutations that were associated with attenuated viruses did not preclude progression to
AIDS in untreated subjects [201, 202]. Moreover, replication competent viruses with
limited genetic diversity (in the env gene) have been isolated from HIV controllers [203,
204]. Overall, these findings suggest that while viral factors can influence HIV control in

SP, predominant control of HIV replication is achieved by the host.

Heterozygosity for the CCR5A32 mutation is observed among the different SP cohort
studies and may account for a slower disease course due to restricted expression of the
viral entry co-receptor CCR5 in some subjects [205-208]. Epidemiological and functional
studies of SP have found a higher frequency of protective HLA, such as HLA-B*57 and
B*27, in SP than progressors or healthy controls [209-211]. GWAS studies have shown
that genes involved in virus control map to the MHC class | region (e.g. HLA-B*57 and a
region upstream of HLA-C [212]. In addition, CD8 T cell responses from SP restricted by
these protective HLA alleles show better VL control compared to cells from typical
progressors [213]. SP individuals, compared to typical progressors, have poly-functional

CD8 T cell responses characterised by high proliferative and cytotoxic capacity,
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secretion of different cytokines and ability to respond to different viral variants [214-217].
HIV specific CD4 T cell responses measured by multifunctional cytokine secretion are
higher in controllers than HIV-progressors [193, 218]. However, despite these findings,
other studies show that many SP lack protective HLA alleles and specific CD8 T cell
responses [203]. In addition, nearly half the controllers lack HIV specific cytokine
producing CD4 T cells [219, 220]. These finding suggest that other mechanisms than T
cell responses may be involved in maintaining long-term HIV control. Studies on
humoral immunity in HIV SP have found that HIV specific neutralizing antibodies are of
low titre and insufficient to mediate viral control [193, 203, 221]. Moreover, EC have
lower env sequence diversity, less N-linked glycans and shorter variable loops (factors
influencing antibody (Ab) sensitivity and functional potential) than ART treated or
untreated progressors [222]. Ackerman et al. reported that EC differ from VC and
progressors in having non-neutralizing HIV-specific antibodies able to mediate a more
coordinated Fc-dependent innate immune response to HIV [223]. These intriguing
findings will require more investigation in order to determine whether humoral immunity
mediated by innate Fc receptor dependent activities play a role in HIV control in some

EC.

Though it is apparent that no single factor can account for and explain control of HIV
infection seen in all SP, the involvement of innate immune responses, particularly NK
cells, may contribute to HIV control. NK cells in controllers are closer in number,
distribution, receptor phenotype to healthy controls than progressors [224-227]. HLA

antigens that were strongly implicated in HIV control interact, not only with T cell
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receptors, but also engage cell surface receptors on NK cells. Specific combinations of
HLA and NK cell surface receptors are associated with greater NK cell function. The
importance of such genetic combinations on NK cell functional responses in control of
HIV infection is further highlighted in epidemiological and genetic studies that are

discussed in detail in section 1.8 of this thesis.

1.5 NK cells

1.5.1. Development and differentiation

NK cells are a subset of lymphocytes that compose 10-15% of peripheral blood
lymphocytes. Peripheral blood NK cells differentiate from HSC common lymphoid
progenitors in bone marrow (BM) and continue their maturation in the periphery in
secondary lymphoid tissues (SLT), such as spleen, tonsils, and lymph nodes [228-230].
In the BM, NK cells express surface makers, such as CD34, CD45RA, and CD10, which
they lose upon migration to SLT where they continue to differentiate, into cells
expressing CD56, also knows as a neural cell adhesion molecule (NCAM). CD568right
NK cells appear first and eventually differentiate into CD56P'™ NK cells [231, 232]. The
more mature CD56P™ NK cells are found in the peripheral circulation and spleen [233,
234]. The less differentiated CD56B19"t population makes up less than 10% of the
peripheral NK cells and predominantly localize to the lymph nodes and tonsils

[235-237].
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During development, NK cells acquire functional potential through a process termed ‘NK
cell education’ (discussed in section 1.6.3). Education confers NK cells with properties
such as tolerance to self and functional potential, which are important in the
maintenance of immune homeostasis. Studies conducted using samples from humans
diagnosed with NK cell deficiency diseases have highlighted their role in distinguishing
between self and non-self antigens and mediating the clearance of transformed and
virally infected cells. Two types NK cell deficiencies exist in humans: Classical NK cell
deficiency is characterized by reduced numbers of NK cells. Functional NK deficiency is
characterized by normal NK cell numbers with compromised functionality [238, 239].
Individuals exhibiting either of these deficiencies consistently present with severe viral

infections, and are particularly susceptible to infections caused by herpes viruses.

1.5.2. Effector functions

NK cells mediate immune responses against virally-infected and transformed cells [240,
241]. They contribute to innate immune defenses directly by eliciting functions such as
cytotoxicity (often measured via CD107a expression) and secretion of cytokines (e.g.
IFN-y, TNF-a) and chemokines (e.g. CCL3/4/5). The CD56Brat NK cells are less
differentiated than the CD56P™ cells [231, 232]. The functional response profile of
CD56Bright NK cells is dominated by chemokine/cytokine secretion. The functional profile
of CD569™ NK cells was predominantly characterized by degranulation, as measured by
CD107a expression [242]; however, recent studies have also provided strong evidence

of chemokine and cytokine secretion that challenge this dichotomization [243-245]. NK
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cells can also mediate Ab-dependent cellular cytotoxicity (ADCC) of virally infected and
transformed cells. In the context of HIV, ADCC involves the recognition of HIV Env
(gp120) on infected cells by Env-specific antibodies whose Fc region binds to the CD16
receptor on NK cells. CD16 engagement can also lead to Ab-induced activation of NK
cells, where additional NK cell functions, such as secretion of cytokines/chemokines

and degranulation, are induced.

NK cells also contribute in a number of ways to shaping adaptive immune responses
through their interactions with dendritic cells (DC) and T cells. When DC cells get
activated by pathogen associated molecular patterns they produce IL-12, IL-15 and
IL-18 that promote the activation of NK cells, which in turn produce cytokines and
chemokines that further promote the activation and maturation of DCs [246, 247]. This
cytokine ‘cross-talk’ between NK and DC cells also maintains balanced maturation
status of the DC compartment; when a high ratio of immature DC to NK cells occurs, NK
cells kill the immature cells in a process termed ‘DC editing’ [248-250]. Maintaining a
balanced maturity ratio is important for proper DC cell function. Activated NK cells can
also contribute to adaptive immune responses by increasing the pool of IFN-y, which is
the primary driver of Th1 mediated immune responses that leads to elimination of virally

infected or transformed cells by CTL.

1.5.3. Memory-like NK cells

Classically, innate immunity is assumed to be rapidly induced and to not exhibit
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immunological memory. The generation of memory B and T cells depends on production
of antigen-specific receptors through the recombination of antigen receptor genes
mediated by RAG proteins [251]. New concepts of immune memory have begun to take
shape based on the discovery of mechanisms that alter gene-expression patterns,
including epigenetic changes and micro RNA production [252, 253]. NK cells memory-
like responses have been induced by viruses [254], haptens [255], and proinflammatory
cytokines [256, 257]. In mice, Ly49H* NK cells undergo expansion upon binding mouse
cytomegalovirus (MCMV) encoded m157 during infection, which is followed by
contraction phase that establishes a “memory” pool for this antigen [254, 258]. In mice,
these NK cells also persist after the infection, displaying some phenotypic
characteristics of classic memory T cells. They are long lived, self-renewing and can
mount a heightened immune response upon secondary exposure to this pathogen
[254]. Similarly, human NK cells can also achieve a memory-like phenotype by
activation with a combination of IL-12, IL-15 and IL-18 cytokines. This priming enhanced
IFN-y NK cell responses to restimulation with IL-12 and IL-15 cytokines. Interestingly,
these memory-like IFN-y responsive NK cells had a less differentiated NK cell receptor
phenotype configuration. They were CD56PMCD57-NKG2A*, where CD57 is a
differentiation marker and NKG2A is an inhibitory NKR (discussed in section 1.6.1)
[257]. Furthermore, following hematopoietic cell transplantation from human CMV
(HCMV) seropositive donors, NKG2C* NK cells, not only expanded, but also exhibited
enhanced IFN-y production upon exposure to a secondary HCMV challenge compared

to NKG2C* NK cells from HCMV seronegative donors [259].
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The mechanisms that underlie and drive the generation of memory are poorly
understood. A recent study was the first to present compelling evidence for a potential
mechanism through which MCMV induces the generation of NK memory-like cells [260].
The process requires mitophagy, a process by which damaged mitochondria are
degraded via autophagy during the contraction phase of the NK cell response to MCMV.
Several mitochondrial receptors (such as BNIP3 and BNIP3L) are found to be important
players in this process. Thus it appears that clearing cells responding to a stimulus of
damaged mitochondria is key to the generation of memory-like NK cells [260].
Previously, mitophagy was shown to be important in the formation of memory CD8 T
cells and the importance of this process in generation of memory-like NK cells further

highlights the plasticity NK cells exhibit as mediators of immune responses [261].

1.6 NK receptors (NKR) and functional potential

1.6.1. NKR families

NK cells express a variety of cell surface receptors that permit the cell to distinguish self
from non-self antigens/cells and thus act both in tolerogenic and immunogenic
capacities. These receptors belong to different families which have distinct structural
features and functions. Even though NKRs are notably diverse, receptors can be
dichotomized into activating or inhibitory forms. Activating NK receptors (aNKRs)
associate non-covalently with transmembrane segments (via oppositely charged aa’s)
of adapter molecules that contain immunoreceptor tyrosine-based activation motifs

(ITAMs) [262]. The ITAM intracellular signaling subunits get activated by kinase
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phosphorylation and consequently initiate a mitogen-activated protein signaling cascade
[263-265]. The cytoplasmic domain of INKRs’ contains one or more immunoreceptor
tyrosine-based inhibition motifs (ITIMs) and upon ligand binding these tyrosine residues
get phosphorylated and initiate a signaling cascade that predominantly relies on the
recruitment of phosphotases to interfere with NK cell responses linked to aNKR [262,
266]. In general, the ligands for iINKRs are MHC-I molecules, while the ligands for
aNKRs are stress induced molecules and pathogen-derived antigens. Some of the
activating Killer immunoglobulin-like receptors (aKIR) also bind MHC-1 but at lower
affinities than their iKIR counterparts [267, 268]. The key receptor families pertinent to

NK cell function in the context of HIV are described in the section below.

+ CD16 (FcyRllla)

This activating transmembrane receptor belongs to the Fcy receptor family, contains
ITAM motifs and is co-expressed primarily on CD56°™ NK cells. Together with the CD56
marker, it can also be considered as a marker of NK cell maturity; where, the
CD56P19tCD16- population is the least mature, CD56Bri9nCD16* is a functional
intermediate and CD56P™CD16* is the mature functional population [269]. The CD16
receptor on NK cells recognizes and binds the constant region, or fragment
crystallizable (Fc) part of Abs of certain IgG subclasses [270, 271]. When the same
antibody’s antigen combining site binds to an epitope on a virally infected or
transformed cell, NK cell activation ensues. This can trigger ADCC, killing the Ab-coated

target cells, and Ab-induced activation of NK cells that results in secretion of cytokines/
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CD16 NKp44 NKp30 NKp46 LILRB1 NKG2A NKG2C NKG2D

KIR2DL1/2/3 KIR3DL1/2 ) KIR2DL4 ) KIR2DS1/2 KIR3DS1

Q 0 9 Extracellular domain A ITIM D/KIR : residues in transmembrane domain that associate with ITAM-bearing subunits

Figure 6: NK receptors. Inhibitory (red) and activating (green, purple and blue) NK

receptors. CD94, which dimerizes with NKG2A and NKG2C is in grey. Figure made by
Irene Lisovsky.

49



chemokines and degranulation. Furthermore, the engagement of other FcyR variants on
immune cells such as monocytes, neutrophils and DCs by IgG Fc can activate these
cell types [272-274]. These cells can contribute to immune responses by opsonizing
and phagocytosing virally infected cells and acting as antigen presenting cells,

altogether leading to Ab-dependant cell-mediated viral inhibition [275-280].

In the context of responses to HIV, ADCC occurs when Env-specific antibodies bind
gp120 Env or Env derived epitopes on virally infected cells and their Fc region binds
CD16 on NK cells. A single nucleotide polymorphism (SNP) at aa 158 of the CD16
protein can influence the potency of ADCC. A valine at position 158, rather than a
phenylalanine at this position, enhances the binding avidity of CD16 for IgG and
increases ADCC [281, 282]. NK cell mediated ADCC of HIV infected cells has been a
focus of extensive research since it was found to be a correlate of protection from
infection in a secondary post-hoc analysis of the results of the RV144 HIV vaccine trial,
the only vaccine trial to date to confer modest (~31%) protection against HIV infection
[283, 284]. Interestingly, recent studies point out a number of additional mechanisms of
Fc-Ab mediated NK activation that are important to preferential responses in protecting
and controlling HIV infection [104, 271, 285]. NK cell mediated Ab-dependent activation,
as measured by secretion of cytokines and chemokines, has been observed in
response to autologous HIV infected cells and gp120-coated target CD4 cell-line

[286-288].
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« Natural Cytotoxicity Receptors (NCR)

NKp30, NKp44 and NKp46 are type-l glycoproteins belonging to the immunoglobulin (Ig)
superfamily [289]. NKp30 and NKp44 are both encoded on chromosome 6, while
NKp46 is encoded on chromosome 19 and is part of the leukocyte receptor complex
(LRC). These receptors associate with ITAM bearing adaptor proteins: NKp44 with
DAP12, NKp30 with CD3C and NKp46 with CD3C and FcRely [290]; they function as
aNKR. Their respective ligands are not well characterized and are thought to be cellular
or pathogen-derived molecules expressed by normal cells under stress conditions and
infection, respectively. All three receptors recognize heparan sulfate proteoglycans
[291]. NKp30 can also bind B7-H6, a tumor associated molecule and HCMV derived
pp65 protein [292, 293]. NKp44 and NKp46 bind influenza hemagglutinin (HA) [294,

295].

NKp30 and NKp46 are expressed at low levels on resting cells and are upregulated
upon NK cell activation. In contrast, NKp44 is expressed upon NK cell activation. NCRs
represent specific NK cell markers, whose engagement induces tumor and virus
infected cell lysis. Recognition of influenza HA by NKp44 results in enhanced killing of
virally infected cells [294]. Furthermore, in the context of HIV, gp41 induces the
expression of an NKp44 ligand that results in activation of NKp44* NK cells and
cytotoxicity against CD4 T-cells in HIV-infected individuals [296]. The NKp30 receptor is
involved in DC-NK cross-talk by meditating ‘DC-editing’, a process in which immature
DC cells are killed by NK cells to maintain a lower immature DC to NK cell ratio [248].

Reduced surface expression of NCR and impaired NK cytotoxicity has also been
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observed in HIV infected patients [224].

» Leukocyte immunoglobulin-like receptors (LILRs)

LILRs are a large family of genes located on chromosome 19 within the LRC. Of the
thirteen LILR genes only one, LILRB1 (also referred to as LIR1, CD85j and ILT2), can
be found on the surface of NK cells, while the others are expressed on B cells and
monocytes [297]. LILRB1 is a transmembrane protein that functions as an iNKR since
its cytoplasmic tail contains ITIM. LILRB1 binds with a low affinity to the conserved a3
domain that is present in a majority of cellular MHC-I molecules, including HLA-A, B, C,
E, F and G [298, 299]. Thus, LILRB1 is thought to sense overall changes in MHC-I cell
surface expression resulting from viral infection or transformation. This INKR also
interacts with the HCMV derived glycoprotein UL18, though with an approximately

1000-fold higher binding affinity compared to the MHC-I ligands [300, 301].

* NKG2

The NKG2 gene family is located within the NK cell complex on human chromosome
12p12.3-p13.2 [302]. This genetically conserved family encodes both activating
(NKG2C, NKG2D, NKG2E) and inhibitory receptors (NKG2A, and its splice variant
NKG2B) [303]. An amino acid residue in the transmembrane of the activating receptors

NKG2C and NKG2E, but not NKG2D, interacts with adaptor proteins containing ITAM.

The inhibitory receptors in this group contain intracellular ITIMs that upon
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phosphorylation initiate a signaling cascade leading to NK cell inhibition/tolerance.
NKG2 and CD94 are transmembrane proteins belonging to the C-type lectin like family
[251]. The CD94 gene is closely linked to the NKG2 gene cluster. The CD94 protein
forms heterodimers with NKG2A, NKG2C, NKG2E and NKG2F receptors. These
heterodimers are held together on the NK cell surface with disulfide bonds. The non-
classical MHC-I HLA-E molecules serve as ligands for all these NKG2 receptors with
the exception of NKG2D [304]. HLA-E surface expression is dependent on the
availability of peptides derived from the leader sequence of various HLA-class |
antigens [305, 306]. Accordingly, HLA-E surface expression correlates with the overall
expression of HLA-class | molecules on cells. The INKR NKG2A binds HLA-E with a
higher affinity than the NKG2 aNKR counterparts. Similarly to LILRB1, NKG2A can also
sense and respond to overall changes in MHC-| levels on target cells due to virus

infection or transformation.

The expression levels of NKG2A, together with CD56 and CD57, can define peripheral
blood NK cells at different stages of maturation. As NK cells mature, the intensity of
CD56 expression transitions from bright to dim, CD57 expression is upregulated,
NKG2A expression declines and expression of other iINKRs (i.e. KIRs) increases [243,
307]. Accordingly the more immature peripheral NK cells are CD56Br9hCD57-
NKG2A*KIR-, while the most mature peripheral NK cells are CD56P™CD57*NKG2A"

iKIR*.

NKG2D has little homology with the other NKG2 family members. It forms homodimers,
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linked by disulfide bonds, on the surface of NK cells [308]. The ligands for NKG2D are
MIC-A, MIC-B, and the glycoprotein UL16-binding proteins (ULBP) 1-4, which have
structural similarities with MHC-class | molecules [251]. Upon ligand binding, an
arginine residue in the transmembrane domain of NKG2D associates with the
transmembrane region of the DAP-10 adaptor protein and initiates an intracellular
signaling cascade [308]. Engagement of NKG2D with its ligands on target cells
activates NK cells robustly and results in target cell killing. HIV infection upregulates the
ligands for NKG2D and thus the virus has evolved a number of strategies to evade NK
cell activation through this aNKR [309-311]. HIV Nef promotes downmodulation of the
stress ligands ULBP1 and 2 [312]. Furthermore, Vif counteracts A3G by routing it to a
proteasomal degradation pathway [313], thereby, avoiding activation of the DNA

damage pathway and upregulation of NKG2D ligands.

+ Killer immunoglobulin-like receptors (KIRs)
The KIR family is encoded by the KIR gene cluster within the LRC on human

chromosome 19. Currently, 15 different KIR genes and 2 pseudogenes (KIR2DP1 and
KIR3DP1) have been identified [314, 315]. The KIR gene region is polygenic, meaning
that the number of genes present differs from one person to another [315, 316]. Each of
the loci are also polymorphic. KIR gene regions can be broadly classified into two
groups termed haplotype A or B based on gene content [317]. With few exceptions all

KIR gene haplotypes include 4 framework genes: KIR3DL3 at the centromeric end

KIR3DL2 at the telomeric end, with KIR3DP1 and KIR2DL4 in the middle of the KIR
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region [318-320]. Haplotype A consists of the framework genes plus KIR2DL1,
KIR2DL3, KIR3DL1, KIR2DS4 and KIR2DP1. KIR2DS4 is the only locus encoding an
aKIR but many of the alleles at this locus encode a truncated protein that is not
expressed on the cell surface [321, 322], Thus many individuals homozygous for KIR
haplotype A express no aKIR. KIR B haplotypes vary more broadly with respect to the
number and combination of genes present. They can include the framework genes plus
KIR2DL2, KIR2DL5A, KIR2DL5B, KIR2DS1, KIR2DS2, centromeric and telomeric

KIR2DS3 and KIR2DS5 and KIR3DS1 [323, 324].

Although the KIR region displays a high level of plasticity due to equal and unequal
recombination events, most KIR haplotypes are made up of combinations of one of 4
centromeric and one of 2 telomeric gene motifs, each exhibiting a high level of within-
motif linkage disequilibrium between genes [325]. There is one haplotype A centromeric
and telomeric motif; the others are haplotype B motifs. Individuals homozygous for
haplotype A have only centromeric and telomeric A motifs. KIR B haplotypes consist of
all other combinations of centromeric and telomeric motifs, where they can be
characterized as BB homozygous or BA heterozygous. A positive correlation was
discovered between BB homozygosity and enhanced clinical benefit following MHC-I
mismatched hematopoietic cell transplantation for the treatment of myelogenous
leukemia [326]. The specific structural and functional features of KIRs will be explored in

detail in the following section (1.6.2).
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1.6.2. KIR structure, signaling and ligands

The KIR gene family encodes type | transmembrane glycoproteins that belong to the Ig
superfamily. The KIR gene products have either two or three extracellular domains
designated as KIR2D or KIR3D. The KIR3D extracellular domains are of the DO, D1 and
D2 type followed by a short stem, transmembrane domain and cytoplasmic tail [251].
Most of the KIR2D molecules lack a DO domain and begin their extracellular N-terminus
with D1 and D2 Ig-like domains [251, 320]. Exceptions to this are KIR2DL4 and
KIR2DLS5, which have extracellular domains of the D0-D2 type[327, 328]. The nature of
the cytoplasmic tail determines the activity of the KIR. Long (L) cytoplasmic domains
have one or two ITIMs and such receptors act in an inhibitory fashion [262, 266]. Short
(S) cytoplasmic tails, without ITIMs, are characteristic of aKIRs, which associate with

ITAM containing adaptor proteins [264].

Inhibitory KIRs (iKIRs) recognize MHC-I proteins (HLA-A, HLA-B, and HLA-C). KIR2DL1
recognizes HLA-C group 2 (C2) antigens that have a lysine at position 80. The
remaining HLA-C variants, which have an asparagine at this position, form the C1 group
originally reported to interact with KIR2DL2 and KIR2DL3 [329-331]. The KIR2DL2 and
KIR2DL3 receptors can also bind certain C2 and two HLA-B allotypes [332]. In general,
KIR2DL2 and KIR2DL3 bind these C2 antigens with a lower affinity than KIR2DL1 and

the KIR2DL2 receptor binds C1 and C2 ligands with a higher affinity than does KIR2DL3

[332].
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There are 2 lineages of KIR3DL1 receptors, the *015-like family which is often
expressed on the cell surface at high levels and the *005-like family expressed on the
cell surface at lower levels [333]. KIR3DL1 homozygous genotypes can be
dichotomized into two groups referred to as *h/*y and *I/*x [334]. The *h/*y genotypes
include high expression alleles (*h) with no low expression alleles (*) and the */*x
genotypes include at least one * allele [333, 334]. The *h/*y genotypes are
distinguished from the *I/*x genotypes by encoding KIR3DL1 combinations expressed
on the cell surface at different levels. Consequently, the KIR3DL1-specific monoclonal
antibody (mAb) clone DX9 stains KIR3DL1 from *//*x carriers with a positive-dim
intensity and from *h/*y carriers with a positive-bright intensity [333]. KIR3DL1 interacts
with a subset of HLA-A and —B antigens that belong to the Bw4 group [335, 336]. The
Bw4 antigens differ from the remaining Bw6 variants at aa’s 77-83 of the HLA heavy
chain [337]. Bw4 variants can have an isoleucine at position 80 (80l) or a threonine
(80T) at this position of the HLA heavy chain. An initial report suggested that 801 Bw4
antigens bound KIR3DL1 with a higher affinity than 80T variants [335]. However,
subsequent findings showed that certain KIR3DL1 allotypes preferentially recognize
80T variants [338]. A recent study also points out an aa 283 of KIR3DL1 as having an
important role in recognition of Bw4 subtypes [339]. The co-carriage of KIR3DL1*h/*y
and HLA-B*57 alleles is particularly effective at educating NK cells for functional
potential, suggesting that high expression KIR3DL1 and the HLA-Bw4*801 HLA-B*57
receptor-ligand combination interact with a particularly high affinity [340-343] (discussed

in sections 1.6.3. and 1.6.4.).
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KIR3DL2 has been shown to recognize certain HLA-A3 and A11 allotypes, as well as,
free HLA-B27 heavy (H)-chains and H-chain dimers. The high affinity interaction of
KIR3DL2 with HLA-B*27 free H chain and dimers has been proposed to promote the
expansion of T cells in ankylosing spondylitis, a disease associated with carriage of

HLA-B27 [344-347].

The specificity of ligands for aKIR are not well characterized despite the high degree of
genetic homology between respective iKIR and aKIR. For example, KIR3DL1 and
KIR3DS1 have over 95% aa homology in the extracellular domain. Earlier studies failed
to show binding between KIR3DS1 and HLA-Bw4 antigens [348]. More recently,
O’Connor et al. showed that the R166 residue of KIR3DS1, compared to the shorter
leucine 166 found in KIR3DL1, plays an important role in preventing interactions with
many peptide/HLA allotype complexes [349]. This study also found that certain HIV
derived peptides can also overcome the effect of R166 to allow interaction between
KIR3DS1 with HLA-B*57:01 [349]. Structural studies of KIR2DS receptors have shown
more progress in identifying key aa residues important in regulating binding between
KIR2DS1/KIR2DS2 and HLA-C molecules. KIR2DS1 has been shown to bind HLA-C2
ligands but with half the affinity of KIR2DL1. This is due KIR2DS1 having a lysine at
position 70, while KIR2DL1 has a threonine at this position [350-352]. Similarly,
mutating the naturally occurring tyrosine at position 45 to the phenylalanine of KIR2DS2
enables binding to HLA-C1 [353]. A study by Moesta et al. shows that even when
binding occurs between KIR2DS2 and the HLA-C1 allotype HLA-C*16, it is of very low

affinity [351]. Alleles at the KIR2DS4 locus are evenly balanced between those that
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encode a full length receptor that is cell surface expressed and those that have a 22
base pair deletion, resulting in a truncated protein not expressed on the cell surface
[268, 322]. Expressed KIR2DS4 is able to bind weakly to certain HLA-C1, -C2 and HLA-
A*11 alleles [268, 354]. Furthermore, an amino acid motif at residues 71 and 72 share
homology with KIR3DL2. This was likely introduced by a gene conversion event
between KIR3DL2 and an ancestral KIR2DS4 gene, which conferred KIR2DS4 with its

ability to bind HLA-A*11 [268].

KIR2DL4, like KIR2DL5 and unlike the other KIRs, has a hybrid D0-D2 type domain
structure. It carries a single ITIM that display weak inhibitory activity, but can also act in
an activating capacity due to association with the FcRely adapter protein [355, 356].
KIR2DL4 is not expressed on the surface of resting peripheral NK cells. Rather, it is
maintained in an endosomal compartment upon stimulation with IL-2 [356-358].
Activation of KIR2DL4* NK cells by soluble Abs results in robust cytokine secretion,

particularly IFN-y, but not cytotoxic responses [358].

1.6.3. NK cell education and functional potential

The state of activation of NK cells is determined by an ontogenic process known as
education or licensing, which requires the interaction of iINKRs with their cognate HLA
ligands on neighbouring cells. The education process generates a functional and self-
tolerant NK cell repertoire in a given individual [359-361]. NK cells expressing iNKRs to

co-expressed MHC-I ligands gain functional potential. NK cells with no iINKR to co-
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expressed ligand, remain uneducated and are hyporesponsive [359, 362]. For example,
KIR3DL1* NK cells that develop in carriers of Bw4 alleles are educated because they
express a KIR/HLA combination that can interact and transmit educating signals to the
NK cell through this iKIR. In carriers of only Bwé6 alleles, there are no ligands for
KIR3DL1. In this setting KIR3DL1* NK cells expressing no other INKR to self ligands

remain uneducated and hyporesponsive.

Education is not an on/off switch as functionality can be tuned by the number of INKRs
engaged, the strength of interactions between iNKRs and their ligands and whether
aNKRs are also engaged [363-366]. Certain aNKRs such as KIR2DS1 shares a high
degree of homology with its iINKR partner, KIR2DL1; both KIR2DS1 and KIR2DL1
interact with C2 HLA variants [365]. Engagement of KIR2DS1 tunes down the activity of
NK cells expressing this receptor when from donors homozygous for the ligand HLA-C2,
providing an example of how aNKR can also contribute to the education process [365].
In general, when the ligand for an aNKR has been identified, the resulting receptor-
ligand interaction is usually not as strong as the interaction of the same ligand with the
iINKR counterpart. Consequently, the impact of aNKR, in contrast to iNKR, signaling on
NK cell education is more modest. An example of the correlation between the strength
of the interaction between NKR and their ligands and impact on education is illustrated
by differences in the functionality of KIR3DL1* NK cells from carriers of the highly
expressed (h*y*) KIR3DL1 homozygous genotype combination versus the low
expression *I/*x combination from individuals who co-carry the high affinity binding

ligand HLA-B*57. KIR3DL1* NK cells from h*y*+B*57 carriers receive stronger
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educating signals than those from I*/x*+B*57 carriers, and consequently exhibit a higher

frequency of functional KIR3DL1* NK cells upon stimulation with HLA-null cells [367].

Recent evidence suggest that NK cell education is a dynamic event that begins with NK
cell development in the BM and can be further tuned in the periphery during adulthood
in response pathogens and environmental changes [368, 369]. Studies in mice show
that adoptive transfer of mature responsive NK cells to a host lacking donor self MHC
renders these NK cells anergic [370]. Responsiveness can also be gained by formerly
hyporesponsive NK cells if they are transferred to a host expressing the cognate MHC
ligand for cell surface expressed iINKRs [371]. These studies demonstrate that NK cell
education and function are dynamic processes, where changes to the peripheral

environment have important effects on NK cell effector responses.

1.6.4. Evaluation of NK cell functional potential

NK cell functionality can be assessed using a variety of stimuli including cell lines, Abs,
cytokines and virally infected cells. However the optimal and most common way to test
the impact of NK cell education on NK functional potential is using HLA-null cell lines as
stimuli. The HLA-null 721.221 (henceforth 721) and K562 cell lines are commonly used
to activate NK cells educated through the interaction of INKRs with HLA ligands. K562 is
a human erythromyeloblastoid leukemia cell line derived from the pleural effusion of a
chronic myeloid leukemia patient [372]. 721 is a B lymphoblastoid cell line that was

generated by y-ray-induced mutagenesis in the HLA complex [373]. Their ability to
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activate NK cells is dependent on the fact that they each express a set of ligands for
aNKR and on their lack of MHC-I expression, which abrogates negative signaling
through iNKRs. 721 and K562 cell lines differ in their expression of ligands for aNKRs
[293, 374-378] (Tremblay-McLean A personal communication). Given the differences in
the origins of these HLA-null cell lines, the ligands for aNKRs they express and NK cell
activation pathways for cytolysis and cytokine/chemokine secretion that aNKR binding
these ligands initiate, it is probably not surprising that these cell lines can induce
different functional patterns of NK cell activation. Previous work form our lab showed
that 721 activates a significantly higher frequency of NK cells and KIR3DL1* NK cells
than K562 [379]. The NK cell functional subsets that are stimulated to a higher degree
by 721 than K562 include those secreting IFN-y and/or CCL4. On the other hand, the
functional subsets that include CD107 expression contribute to a higher proportion of

the total NK cell response following stimulation with K562 than 721.

1.7 NK cells in infectious diseases

1.7.1. HCMV

HCMV is highly prevalent among humans in both developing and developed countries.
HCMV results in asymptomatic infection in healthy individuals, however, the virus can
cause severe disease in immunocompromised people (e.g. those diagnosed with AIDS)
or individuals undergoing an organ or HSC transplantation. HCMV has a number of

genes that enable the virus to evade the immune system. For example, HCMV encoded
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MHC-I homologs inhibit NK cell function via maintenance of interactions with iNKRs.
The viral protein UL18 binds the inhibitory LILRB1 receptor on NK cells and inhibits their
function [380]. A peptide within the HCMV UL40 protein upregulates surface levels of
HLA-E that on one hand dampen the activation of NKG2A* NK cells, and on the other
hand, engage with aNKR NKG2C and trigger activation of NKG2C* NK cells [381].
Interestingly, following primary infection with HCMV, peripheral NKG2C* NK cells
expand from about 2% of NK cells in seronegative people to over 25% in those who are
seropositive [382]. HCMV infection also upregulates the cellular stress molecules MIC-
A, MIC-B and ULBPs that engage the aNKR NKG2D and promote activation of NKG2D*

NK cells [383, 384].

1.7.2. Hepatitis C virus (HCV)

Globally, about 170 million individuals are infected with HCV and unresolved infections
can lead to chronic disease and further complications, such as liver cirrhosis and
eventually to hepatocellular carcinoma. The incubation period for acute HCV infection is
6-10 weeks and about 20% of newly infected individuals can clear the infection in the
acute phase. These people differ from those who develop chronic HCV infection, by
having robust and broad cellular and humoral immune responses. However, prior to the
onset of adaptive immune responses, innate immune effector cells, like NK cells, are
thought to be important in clearing the virus [385, 386]. NK cells secrete IFN-y, which
directly inhibits HCV replication in a non-cytopathic manner [387]. This is an important

mechanism of viral control since due to the high rate of HCV replication almost all
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hepatocytes become infected and cytotoxic elimination of HCV infected cells would
result in substantial liver damage. In addition, in healthy individuals, NK cells represent
about 30% of the lymphocytes found in the liver, while in HCV infected individuals, their
numbers can rise to as high as 90%. Epidemiological studies have also implicated the
carriage of specific KIR/HLA combinations in viral clearance. Intravenous drug users
carrying the alleles for KIR2DL3 and homozygous for HLA-C1, the primary ligand for
this receptor, exhibit a higher frequency of viral clearance that prevents the
establishment of chronic infection [388, 389]. This KIR/HLA pair was also enriched in
HCV-exposed seronegative aviremic individuals [390]. Moreover, chronically infected
individuals had a higher frequency of HLA-C2 alleles compared to healthy controls
[391]. In general, higher frequencies of KIR2DL1/2/3 and KIR2DS1/2* NK cells were
observed in individuals who resolved their HCV infection compared to those with acute

or chronic HCV infection [386].

1.7.3. Influenza

Globally, an estimated 250-500 thousand deaths per year are attributed to seasonal
influenza infection [392]. Clearance of acute infection and subsequent resistance to
reinfection are associated with humoral responses, which are directed against the viral
HA and neuraminidase glycoproteins, and cytotoxic CD8 T cells, which Kill virally
infected cells [393, 394]. The early induction of innate immune responses, particularly
those mediated by NK cells, has been highlighted in a number of studies as being

important in controlling and limiting influenza infection. The NCRs NKp44 and NKp46
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directly bind viral HA on influenza infected cells and mediate cell lysis [294, 295].
Moreover, blocking NKp46 with Abs results in impaired NK cell responses to influenza
[395, 396]. Certain KIR/HLA combinations have also been shown to play a role in
responses to influenza. For example, in vitro studies have shown that KIR2DL3* NK
cells from donors with the cognate ligand HLA-C1, compared to HLA-C2 homozygotes,
had stronger CD107a and IFN-y responses to influenza [397]. However, despite
convincing in vitro studies no epidemiological studies have reported a protective
KIR2DL3 mediated effect at the population level. In contrast, the percentage of
individuals who co-carry KIR2DL2/3 with HLA-C1 was increased in persons with severe
influenza infection [398]. In addition, the frequency of KIR3DS1, KIR2DS5 and KIR2DL5

was reported to be associated with severe pandemic (H1N1) influenza [399].

The importance of NK cell activity in the clearance of influenza is implicated by the fact
that influenza uses several strategies to evade NK mediated immune responses. The
virus mutates its HA molecule glycosylation pattern, which confers resistance to lysis
mediated by NCRs [400, 401]. Furthermore, the virus promotes the clustering of MHC-I
molecules into lipid raft microdomains on virus infected cells, which increases inhibitory

input to NK cells expressing the iKIRs using these MHCs as ligands [402].
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1.8 NK cells in HIV-1 infection

In a typical immune response to a viral infection the activation of NK cells occurs without
prior sensitization, before induction of T cell mediated immune responses. The immune
response is a sequential process that begins with the secretion of type-| interferon (IFN-
a) that results in activation of innate effector cells, such as macrophages and DCs, to
secrete cytokines, including IL-15 that drives the proliferation of NK cells. The timing of
NK cell responses suggests that they may have a role in initial control of HIV infection
[403, 404]. The initial decline in HIV viremia following the VL peak precedes the
establishment of adaptive immune responses [403]. This concept is further supported
by studies that implicate NK cells in resistance to HIV, such as the enhanced NK cell
functional responses (IFN-y, TNF-a, CCL3/4/5) measured in a well studied Vietnamese
cohort of HESN IDUs [187]. The importance of NK cell function in the context of HIV
infection is further highlighted by the development of HIV sequence polymorphisms that

allow the virus to evade KIR2DL2* NK cell anti-viral pressure [405].

HIV infection is associated with dramatic changes in the peripheral NK cell compartment
resulting in a marked reduction of CD3-CD56* NK cells [406-408] and emergence of a
new hypofunctional CD3-CD56-CD16* NK cell population [409, 410]. Despite this
imbalance within the NK cell compartment, overall NK cell numbers remain stable
throughout the course of HIV-1 disease. Successful ART leads to the normalization of
the ratio of hypofunctional CD3-CD56- to functional CD3-CD56* NK cell populations,
though CD3-CD56- NK cells persist at higher levels than those measured in healthy
individuals. Skewed immuno-physiological ratios are also observed in both the CD4 and

CD8 T cell compartment during HIV infection. They are indicative of immune dysfunction
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caused by the virus and correlate with an accelerated speed of disease progression to
AIDS [411-414]. Similarly to what is observed with the NK cell compartment, ART can
normalize the CD4:CD8 ratio in some cases, and T cell homeostasis in both adults and
children. However this normalization may not reflect complete recovery of immune cells

with these phenotypes as T cell dysregulation may persist [415-417].

1.8.1. Genome-wide association studies (GWAS) and HIV infection outcomes

GWAS and epidemiological studies on the association of host genetic determinants with
HIV outcomes are invaluable tools for the discovery of candidate SNPs whose gene
products may function in immune responses that play a role in protection from HIV
infection and/or disease progression, in those infected. Several GWAS have revealed
significant associations between SNPs that encode variations within MHC class | region
genes on chromosome 6 and HIV viral control [212, 213, 403, 418]. The first GWAS
study by Fellay J et al. was published in 2007 where over 30,000 HIV infected
individuals were screened. Following exclusion of subjects with incomplete data or
unclear VL set-points, the analysis was based on 486 individuals. They identified two
SNPs linked to HLA-B*57 and HLA-C that served as major genetic determinants of VL
set point [212]. In addition the group identified a third SNP located over 1M base-pair
away from the MHC complex in a gene that encodes RNA polymerase; this SNP
explains about 6% of variations in disease progression, as defined in this study by CD4
counts <350 cells/mm?3, and was also found to be associated with VL control, though to
a lesser degree than disease progression. Collectively these three SNPs explained

about 14% of the VL set point variation and 10% of the variation in disease progression.
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In a follow-up study two years later, the group validated their findings in a larger cohort
of HIV infected individuals (n >2500) [419]. Of particular interest, the two SNPs reported
previously to be associated with HIV disease outcomes were reconfirmed to be the
strongest determinants of variations in VL using a more stringent analysis. In addition,
the third SNP identified located outside the MHC complex was not significantly
associated with viremia in this more comprehensive analysis, yet the effect on
progression remained significant. This suggests that there are different mechanisms
involved in modulating HIV disease progression and VL set point. In another large-scale
GWAS of HIV controllers (SP) and typical-progressors Pereyra et. al. identified a link
between the SNPs associated with VL control and key amino acids in the HLA-B
peptide binding groove. Altogether, information from these important studies suggest
that different mechanisms are in place to control for VL set point and disease

progression, however at this stage these mechanisms still remain elusive.

HLA-B loci exhibit the greatest degree of diversity among HLA genes [420]. Two of the
HLA-B alleles associated with slow disease progression are HLA-B*57 and B*27, where
the former has the strongest predictive effect on HIV disease outcomes [193, 421, 422].
The mechanism(s) by which B*57 and B*27 confer protection are not fully understood.
Carriers of the B*57 allele are found at a higher frequency in SP, particularly EC, than in
either the general HIV infected or HIV uninfected population [193, 421]. In addition,
B*57 carriers who will go on to become HIV controllers, may present less frequently with
symptoms of acute infection and achieve lower peaks of VL during acute infection [423].

In contrast, experimental evidence from several studies suggest that CD8 T cell
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responses directed at HIV epitopes recognized in the context of B*57 and B*27 leads to
viral escape compromising fitness and the appearance of compensatory mutations to
restore fitness. Genotyping of virus isolated from HIV infected B*57-positive individuals
reveals frequently observed escape mutation in three to four distinct immunodominant
epitopes within the Gag polypeptide that are restricted by B*57 [424-427]. Reduction in
replication capacity of these escape viral variants was confirmed in both in vitro and in
vivo fitness assays. In B*27 carriers, the virus is also subjected to restrictive pressure
and undergoes a sequential acquisition of mutations that result in a viral variant that has
lost the capacity to be restricted by B*27 and that has a replicative capacity comparable
to wild-type virus [428]. The appearance of this viral escape variant results in rapid
disease progression [429-431]. However, despite these findings, no polymorphisms
within B*57 or B*27 distinguish carriers that become controllers and do not progress
from those who do. Furthermore, many SP carry neither B*57 nor B*27 and about a
third of SP who carry these alleles co-carry alleles that are considered to be either
neutral or deleterious. This suggests that the ‘HLA effect may be a less stringent

immunological barrier to HIV control than previously thought [432].

Multiple studies report an association between carriage of HLA-B*35 alleles and
susceptibility to AIDS [433-435], partly due to poor recognition of B*35-restricted Gag
epitopes by CD8 T cells [436]. B*35 alleles can be dichotomized into two groups. The
B*35-Px group that includes B*35:02, B*35:03, B*35:04 and B*53:01 associates with
poor HIV outcomes and susceptibility and the B*35-Py allotypes B*35:07 and B*35:08,

which do not [437]. A potential mechanism underlying the accelerated disease
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progression associated with carriage of the Px-variants may involve interactions with
and impairment of DC function. In the presence of the same HIV-1 peptides, B*35:03-Px
allotypes binds the inhibitory DC receptor Ig-like transcript 4 (ILT4) with greater affinity
than do B*35-Py variants [438]. Moreover, in carriers of B*35:03 poor DC functional
responses were measured compared to those in carriers of the B*35:01-Py alleles

[438].

Based on results from GWASs, a SNP upstream of the HLA-C locus had the second
strongest association with control of HIV VL in individuals of European American origin.
This region, which is located 35kb upstream of HLA-C, plays a role in determining HLA-
C expression levels. The -35CC genotype results in higher HLA-C cell surface
expression than the -35TT genotype [439]. The work of Thomas et al. found a significant
correlation between carriage of the -35CC genotype and control of HIV VL in a cohort of
over 1600 HIV infected subjects [440]. A follow-up study by Kulkarni et al. has identified
the mechanism involved in regulating the levels of HLA-C translation and surface
expression [441]. A cellular miRNA can bind a region in the 3’ untranslated region of
low-surface expression HLA-C transcript eliciting a post-transcriptional regulation; while
high expression HLA-C allelic transcripts escape this regulatory step. This miRNA is in
strong linkage disequilibrium with the -35kb SNP identified in GWAS, however, currently
there is no explanation for a direct causal effect between the two [441]. In a recent
study, the association between higher HLA-C expression levels and HIV control is
thought to have a beneficial effect on enhanced HIV peptide presentation in the context

of HLA-C isoforms to CD8 T cells [442]. Thus, the linkage between HLA-C expression
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and HIV VL control appears to be related to the potency of T cell recognition of HLA-C-
HIV peptide complexes. NK cells also recognize HLA-C through their KIR2D receptors.
Whether NK cells also contribute to HIV control through their interaction with HLA-C has

not been reported.

1.8.2. KIR/HLA combinations in HIV-1 infection

The impact of HLA antigens on HIV control is known to be mediated through the
recognition of HIV epitope MHC class | complexes by CD8* T cells. These complexes
are also recognized by iKIR on NK cells. Epidemiological and functional studies have
implicated iNKRs in combination with certain HLA class | variants in protection from HIV
infection and slow disease progression, in those infected. Martin et al. were the first to
report that carriage of the combined genotype KIR3DS1 with HLA-Bw4-801 was
associated with a protective effect on HIV disease progression in terms of slower time to
AIDS [443]. This combined KIR/HLA genotype was later also shown to correlate with
lower VLs and protection from opportunistic infection compared to a control group of
Bw6 homozygotes with HLA antigens that are unable to bind KIR3DS1 [444].
Homozygosity for KIR3DS1 was shown to be enriched in an HESN cohort [445], which
highlights the possibility of KIR3DS1* NK cells being important in protection from
infection and slow disease progression. These findings suggest that functionality of
KIR3DS1* NK cells in response to HIV infection is beneficial in restricting HIV from
establishing a productive infection and/or dissemination to susceptible target cells.
However, in spite of the mounting evidence for the importance of KIR3DS1 and HLA-

Bw4-80I co-carriage on HIV pathogenesis and NK cell function, which suggests
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interaction between this receptor-ligand pair, providing convincing evidence of binding
between KIR3DS1 and HLA-Bw4 molecules has been challenging [446]. A recent study
showed that mutating leucine to arginine at position 166 of KIR3DS1 prevents
interactions with many peptide/HLA allotype complexes, but permits certain HIV derived
peptides to overcome the effect of R166 and form interactions between KIR3DS1 with

HLA-B*57:01 [349].

Another KIR/HLA combination that has been associated with both protection from
infection and slow time to AIDS is KIR3DL1/HLA-Bw4. The high expression 3DL1
homozygous genotype *h/*y co-carried with HLA-B*57 (*h/*y+B*57) encodes a receptor
ligand combination that has the strongest effect on slow time to AIDS and HIV viral load
control, compared to Bw6 homozygotes [334]. Research from Dr Bernard’s group
discovered an enrichment of this compound KIR/HLA genotype in a cohort of HESN,
suggesting an association with protection from HIV infection [341]. Moreover, in healthy
individuals, a significantly higher frequency of tri-functional NK cells (expressing
CD107a and secreting IFN-y, TNF-a) from *h/*y+B*57 donors contributed to responses
to HLA-null cell stimulation, compared to NK cells from donors of non-protective
genotypes (e.g. either carrying KIR3DL1 or HLA-B*57 alone or who were Bw6
homozygotes) [343]. The B*27 isoform belongs to the Bw4-80T group that can also
interact with KIR3DL1. Interestingly, it was the combination of B*27 with the KIR3DL1*l/
*x low expression genotype, rather than with the high expression *h/*y genotype, that
was more potently associated with slow time to AIDS and VL control [334]. The exact

reason or mechanisms behind this finding are currently unknown. One possibility that

72



explains this observation is that stronger binding occurs between B*27 and the
receptors encoded by *I/*x genotypes compared to those encoded by *h/*y genotypes.
Another possibility may be an aa polymorphism within B*27 and KIR3DL1 that

enhances receptor-ligand binding affinity [339].

While epidemiological and genetic studies support a role for NK cells in control of HIV
infection, the mechanisms that underlie the protective effect of NK cells are not fully
understood. The first functional evidence that KIRs and HLA influence NK cell functions
relevant to HIV control came in 2007. Alter et al. showed that KIR3DS1* NK cells from
individuals who co-carry a Bw4-80I ligand inhibited HIV replication more robustly than
carriers of either the KIR receptor or HLA ligand alone, or neither [447]. In this study
KIR3DS1* and KIR3DL1* NK cells from KIR3DL1/S1 heterozygotes who were Bw4*80I
carriers, were tested for responses to autologous HIV infected CD4 cell stimulation.
KIR3DS1* NK cells degranulated more robustly to this stimulus than did their KIR3DL1*
counterparts. Work from Dr. Bernard’s group has demonstrated that NK cells from *h/
*y+B*57 carriers, compared to those from Bw6 homozygotes, have a superior functional
potential and ability to inhibit HIV replication through mechanisms that involve secretion

of CC-chemokines [448]. This study is presented as Chapter 2 of this thesis.

Association of aNKR-HLA, such as KIR3DS1-HLA-Bw4*80I, with favorable outcomes
implies that engagement of this activating receptor is beneficial in HIV infection. At first,
the association of an INKR with protective and favorable disease outcomes may seem

counter-intuitive; however, the KIR3DL1-Bw4 axis behaves in accordance with the
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principles of NK cell education. NK cells from donors co-carrying the *h/*y-B*57
combination receive the strongest signal possible through the KIR3DL1 receptor during
NK education. The educating impact of an INKR-MHC | interaction is directly related to
how active the NK cell will become when it receives the right activating stimulus [449].
Thus KIR3DL1* NK cells from carriers of the *h/*y-B*57 combination develop a higher
frequency and level of function compared to NK cells expressing receptors not able to,
or interacting more weakly with, self HLA antigens [343, 364, 366, 367, 449]. When NK
cells that were potently educated through KIR3DL1 are stimulated by autologous in vitro
HIV-infected CD4 cells, on which HLA-Bw4 has been down modulated by HIV Nef,
inhibitory signals received through KIR3DL1 are lost [450]. Together with concurrent
stimulatory input received through activating receptor these cells become activated by
the HIV-infected CD4 cells according to how potently they were educated during the

course of their development.

The region upstream of HLA-C, which plays a role in determining HLA-C expression
levels, was associated with HIV control in individuals of European American origin
based on results from GWAS studies (discussed in section 1.8.1.). While it is assumed
that the mechanism underlying this association is related to the potency of CD8* T cell
recognition of HLA-C-HIV peptide complexes, KIR2D NK cells can also recognize HLA-
C molecules. Whether NK cells also play a role in HIV control through KIR2D-HLA-C
dependent interactions has not been reported. A recent study analyzed NK cell
responses from HIV infected individuals, focusing on the KIR2D-HLA-C axis. Functional

responses to the 721 HLA-null cell line of KIR2DL1* and KIR2DL2/3* NK cells from HIV
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infected individuals were greater in donors co-carrying the respective HLA-C2 and C1
ligands for these receptors, compared to those from subjects not expressing ligands for
these iKIRs [451]. These results suggest that the functional potential measured for
KIR2DL1 and KIR2DL2/3 NK cells from HIV infected subjects behaves in accordance to
what is expected based on NK cell education, where educated, compared to
‘uneducated’, NK cells have a greater functional potential. However, what this study
didn't address and still remains unknown is whether KIR2DL-HLA-C carriage impacts
protective immunity to HIV or slow disease progression. In Chapter 4 of this thesis we
investigated the impact of carriage of KIR2DL3 and HLA-C1 on NK cell responses to

autologous HIV infected cells in vitro.

1.8.3. NK cell populations responding to HIV-1

NK cells have various effector functions against HIV infected cells ranging from
cytolysis, via the release of perforin and granzymes, release of chemokines that
compete with HIV for binding the CCR5 co-receptor, release of cytokines that shape
immune responses and Ab mediated NK cell functions, including ADCC (Figure 7). The
functional potential of NK cells is determined by a process of NK cell education
(discussed in section 1.6.3.), which relies on key interactions between iKIRs and their
respective HLA ligands. In humans, both iKIRs and HLA molecules are polygenic and
can be present in different combinations in different individuals and within a person. This
creates a diverse repertoire of NK cell populations with different functional profiles to

various stimuli. Therefore, which NK cell population(s) will be responsive and which
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Figure 7: Mechanisms by which NK cells can respond to HIV-infected cells. The
iCD4 cell can be recognized by NK cells directly, via engagement with NKR (both
inhibitory and activating), or indirectly via an HIV-specific antibo iCD4- HIV-infected
CD4 cell. Figure made by Irene Lisovsky.

functions will be stimulated depends on two important factors: the nature of the KIR/HLA
environment NK cells developed in, and the nature of the stimulus, particularly the
configuration of cell surface ligands for stimulatory and inhibitory NKR on the cells

interacting with NK cells.

Few studies have been done that address what NK cell population(s) respond to HIV
infected cells and their functional profiles. Results from epidemiological and GWAS
studies (discussed in sections 1.8.1. and 1.8.2.) provide information on what KIRs, and
subsequently population(s), may be important in the context of protection from infection
or slow disease progression. These results further highlight the impact that a specific

KIR/HLA environment has on shaping protective functional response profiles against

76



HIV. However, these types of studies do not identify the exact population(s) that respond
to HIV infected cells and the mechanisms behind these responses. For example,
carriage of the KIR3DS1 homozygous genotype has been implicated in protection from
infection, while carriage of the KIR3DS1-801 combined genotype has been implicated in
slow disease progression. These findings highlight the importance of KIR3DS1* NK
cells in immune responses to HIV. However the first functional proof that indeed
KIR3DS1* NK cells mediated inhibition of HIV replication in autologous HIV infected
cells came in 2007. Alter et al. showed that KIR3DS1* NK cells (by flow cytometry
gating and by cell sorting) from donors with the Bw4-801 combined genotype, inhibited
HIV replication better and produced more CD107a than these cells from Bw6

homozygous controls [447].

In large epidemiological studies the KIR3DL1 homozygous *h/*y+B*57 combination has
also been shown to be important in protection from infection and slow disease
progression. Furthermore, a functional study from our group using NK cells from carriers
of this combined genotype found that KIR3DL1* NK cells from *h/*y+B*57 donors were
more functional than those from Bw6 homozygotes, in response to stimulation with
HLA-null K562 cells [343]. These findings suggest that KIR3DL1* NK cells, particularly
from carriers of a B*57 allele, are a likely candidate to mediate anti-HIV functional
responses. The functional and mechanistic role of KIR3DL1* NK cells from *h/*y+B*57
donors in inhibition of HIV viral replication was confirmed by our group, which is

presented as Chapter 2 in this thesis [448].
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The influence of NK cell populations defined by other KIRs or other NKRs in mediating
anti-HIV responses important in protection from infection and improved disease control
is not known. Functional and mechanistic studies characterizing responses of
KIR3DS1* and KIR3DL1* NK cells to HIV did not take into account the influence of other
NKRs expressed on these KIR* NK cells. Results from the previous KIR3DL1 studies
[334, 343, 367] highlight the importance of education on NK cell mediated responses to
HIV infected cells. We hypothesize that education can have a predictive and additive
effect on which NK cell populations are likely to be responsive to HIV infected cells.
Accordingly, the co-expression of additional iINKRs can potentially enhance the
functional responses of NK cell populations defined by these multiple iINKRs to virally
infected cells. NKG2A is an iNKR, whose ligand is HLA-E, and both receptor and ligand
are expressed in all people. Our group focused on understanding the impact NKG2A
and KIR3DL1 expression has in the four NK cell populations defined by these receptors,
i.,e. NKG2A*-KIR3DL1*-, on responses to HIV infected cells. We hypothesized that
NKG2A*KIR3DL1* NK cells from donors with HLA-E and Bw4 would have the greatest
functional potential to HLA null cell stimulation of the four populations examined and this
functional superiority would extend to responses to HIV infected cells. Findings from this

study are presented and discussed in this thesis in Chapter 3.

Epidemiological studies have found an important association between HLA-C and
control of HIV infection [212, 440]. HLA-C molecules can interact with receptors on T
cells and KIR2D* NK cells. Functional outcomes of interactions between HLA-C and T

cells have been described. However, similar studies have not been done for KIR2D NK
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cells in the context of HIV. A recent study investigated an expansion of KIR2DL1*,
KIR2DL2* and KIR2DL3* NK cells in HIV infected individuals [451]. These NK cells also
had functional responses to 721 cells that were in line with expectations based on their
education status. For example KIR2DL1* NK cells from donors homozygous for C2
allele were more responsive to 721 than cells those from C1/C2 heterozygotes and C1
homozygotes. Our group has investigated the functional responses of KIR2DL3* NK
cells to HIV infected cells. We also studied the influence of additional iINKRs, KIR3DL1
and NKG2A, on the functionality of KIR2DL3* CD569™ NK cells. Both objectives are
presented in Chapter 4. We hypothesised that not only NK cell education, but also
environmental factors driven by HIV infection can influence the engagement of a
particular NK cell population. HIV infected CD4 (iCD4) cells downmodulate HLA-A and
B, but not HLA-C and —E; Therefore, iCD4 may interact with NK cell subsets expressing
and educated through KIR2DL3 differently from those expressing and educated through
KIR3DL1 and/or NKG2A. Results from this study are presented and discussed in this
thesis as Chapter 4. A recent study by Apps et al. demonstrated that Vpu from primary
HIV isolates, but not lab-adapted strains, can downregulate HLA-C [452]. The virus
source used in this thesis is a lab-adapted R5-tropic molecular clone, therefore this

theme was not explored, yet remains a possible focus for future studies.
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CHAPTER 2

HIV Protective KIR3DL1/S1-HLA-B Genotypes Influence NK Cell-Mediated

Inhibition of HIV Replication in Autologous CD4 Targets

Song R, Lisovsky I, Lebouché B, Routy JP, Bruneau J and Bernard NF

This chapter was adapted from an article published in PLoS Pathogens, 2014 Jan.

10(1):1585-94.

Contribution of authors: SR and IL designed the research, conducted experiments,
analyzed data, interpreted and prepared the manuscript. LB, RJP and BJ provided
clinical samples used in this study. NFB designed the research, analyzed data,

supervised the research and prepared the manuscript.
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2.1 RATIONALE AND RESEARCH OBJECTIVES

Previous studies have shown the important role NK cells have in protection from HIV
infection and disease control in those infected. The first functional study on KIR3DS1*
NK cells showed that NK cells inhibited HIV replication and KIR/HLA pairs were
important determinants of this activity. In this chapter our primary objective was to
ascertain the mechanism(s) by which NK cells mediated inhibition of HIV replication.
Given the importance of NK cell education in determining NK cell functional potential,
we chose to investigate the anti-HIV functionality of KIR3DL1* compared to KIR3DL1-
NK cells from carriers who either co-expressed, or not, an HLA-B ligand for this NKR. In
this chapter we included NK cells from carriers encoding one of the strongest KIR3DL1/
HLA-Bw4 receptor-ligand pairs (*h/*y+B*57), a weaker KIR3DL1/HLA-Bw4 pair (*I/

*x+B*57) and no KIR3DL1/HLA-Bw4 ligand pair (i.e. Bw6, controls).
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2.2 ABSTRACT

Carriage of the genetic combination encoding a high expression inhibitory KIR3DL1 with
its ligand, HLA-B*57 (*h/*y+B*57) is associated with slower time to AIDS and better HIV
viral load control than being a Bw6 homozygote (Bw6hmz). NK cells from *h/*y+B*57
carriers receive potent educational signals through HLA-B*57-KIR3DL1 ligation leading
to high functional potential, unlike NK cells from Bw6hmz that serve as negative
controls. To better understand the impact of KIR/HLA combinations on NK cell mediated
anti-viral activity we measured NK cell mediated inhibition of HIV replication in
autologous infected CD4 (iCD4) cells by longitudinally assessing p24 supernatant levels
and intracellular p24 frequency in CD4 targets. Forty-seven HIV uninfected subjects
were studied: *h/*y+B*57, *I/*x+B*57, 3DS1+*801 and Bw6hmz. NK cells from *h/
*y+B*57 carriers, like those from 3DS1+*80l subjects, inhibited HIV replication in
autologous iCD4 cells better than those from Bw6hmz and *I/*x+B*57 carriers. Cell
contact between NK and iCD4 cells was required to activate NK cells to inhibit viral
replication in a non-contact dependent fashion through secretion of CC chemokines.
iCD4 stimulated NK and 3DL1* cells from *h/*y+B*57 carriers produced higher levels of
CCL3 and CCL4 than those from Bw6hmz or *I/*x+B*57 carriers. We conclude that
education has a role in NK-mediated inhibition of HIV replication in autologous iCD4
cells that is partially due to a block at the level of HIV entry into new targets by secreted

CC-chemokines.
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2.3 INTRODUCTION

NK cells function in innate immune responses to transformed and virally infected cells.
They can exert their anti-viral effects soon after encountering infected targets without
prior sensitization [1]. NK cell function is determined by integration of signals from
activating and inhibitory cell surface receptors, which include Killer Immunoglobulin-like
Receptors (KIR) [2]. Among these are inhibitory KIR3DL1 (3DL1) and activating
KIR3DS1 (3DS1) receptors, which are encoded by alleles at the same KIR3DL1/S1
locus [3]. 3DL1 receptors can be classified into those expressed on NK cell surfaces at
high levels (*h) low levels (*1) or *004, which is only transiently expressed [4—7]. 3DL1
homozygous genotypes can be dichotomized into *h/*y and *I/*x groups where *h/*y
genotypes encode receptors expressed on the NK cell surface at higher levels than

those encoded by *I/*x genotypes [6].

Epidemiological studies have found that several 3DL1 homozygous genotypes co-
carried with a subset of HLA-B and —A alleles belonging to the HLA-Bw4 group are
associated with slower time to AIDS and viral load (VL) control [7]. HLA-Bw4 antigens
differ from the remaining HLA-Bw6 (Bw6) antigens by amino acids at positions 77-83
[8]. The genotype combinations that confers the highest degree of protection in terms of
time to AIDS and VL control is 3DL1*h/*y co-carried with HLA-B*57 (*h/*y+B*57) [7].
Subjects with this combined genotype are more frequent among HIV Exposed
Seronegative (HESN) than HIV susceptible individuals, implicating carriage of this
genotype combination in reducing HIV infection risk [9]. NK cells from carriers of *h/

*y+B*57 have more potent NK cell functional potential as defined by HLA-null cell
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induced secretion of IFN-y and TNF-a and expression of CD107a, a marker for
degranulation, than those from carriers of the receptor or ligand alone, including those
from carriers of the *I/*x+B*57 KIR/HLA genotype and Bw6 homozygotes (Bw6hmz)
[9,10]. Bw6 antigens do not interact with 3DL1 receptors and are thus unable to gain
functional potential through education via this inhibitory receptor [11,12]. NK cell
education is an ontological process that depends on the interaction of inhibitory NK
receptors, such as 3DL1, with their MHC class | (MHC-1) ligands. The strength of
educational signals received during NK cell development determines NK cell functional
potential [11, 13, 14]. Thus, NK cells from *I/*x+B*57 carriers may be less functional
than those from *h/*y+B*57 positive subjects since the former express less 3DL1 than
the later and thus receive lower level educational signals upon interaction with the same

ligand [6,10,15].

The KIR/HLA combination 3DS1 co-expressed with a Bw4 antigen having an isoleucine
at position 80 of the HLA heavy chain (3DS1+*80I) is also associated with slower time to
AIDS and VL control [16,17]. NK cells from carriers of the 3DS1+*80l genotype inhibit
viral replication in autologous HIV-infected CD4 (iCD4) T cells more potently than those
from individuals carrying the receptor or ligand alone, or neither [18]. Together, these
functional studies suggest that the association of certain KIR/HLA genotypes with either
protection from HIV infection in HESN subjects or slow time to AIDS and VL control in

those who are HIV infected, is linked to NK cell function.

How NK cells inhibit viral replication in autologous CD4 T cells is not completely
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understood. One possibility is through the secretion of the CC-chemokines CCL3,
CCL4, and CCL5 upon activation following recognition of autologous HIV iCD4 cells.
These chemokines can suppress HIV replication by competing with the virus for binding
the CCR5 co-receptor and blocking HIV entry into CD4 cells [19,20]. In this report we
investigated whether NK cells from individuals with *h/*y+B*57 genotype inhibited HIV
replication in autologous iCD4 cells better than those from *I/*x+B*57 carriers and
Bw6hmz. The cell contact requirement for inhibition of viral replication was assessed.
We also measured the production of CC-chemokines by NK cells stimulated with
autologous HIV iCD4 cells. We determined whether CC-chemokine secretion levels
differed based on the KIR/HLA genotype and evaluated the effect of CC-chemokine

neutralization on NK cell mediated inhibition of HIV replication.
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2.4 MATERIALS AND METHODS

Ethics statement

This study was conducted according to the principles expressed in the Declaration of
Helsinki. It was approved by the Institutional Review Boards of the Comite” d’'E” thique
de la Recheche du Centre Hospitalier de I'Universite” de Montre al and the Research
Ethics Committee of the McGill University Health Centre - Montreal General Hospital. All
participants provided written informed consent for the collection of samples and

subsequent analysis.

Study population
We studied 47 HIV seronegative individuals, including *h/*y+B*57 (n=7), 3DS1+*80I
(n=12), Bwb6hmz (n=11), *I/*x+B*57 (n=4) positive and other KIR/HLA genotypes

(n=13). Characteristics of study participants are shown in Table 1.

Genotyping

All subjects were typed for MHC-I alleles by sequence based typing using kits from Atria
Genetics, Inc. (South San Francisco, CA). Assign 3.5+ software was used to interpret
sequence information for allele assignment (Conexio Genetics). KIR3DL1/S1 generic
genotyping was performed by PCR using 2 pairs of primers specific for either 3DL1 or
3DS1 alleles as previously described [29]. 3DL1 allotyping was done by sequencing
3DL1 exons as previously described [9]. The *h/*y genotype refers to a 3DL1
homozygous genotype with no *| alleles. Bw6hmz lacked Bw4 alleles at the HLA-A and -

B loci.
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Cell purification

Peripheral blood mononuclear cells (PBMC) were isolated from blood by density
gradient centrifugation (Ficoll-Paque; Pharmacia) and cryopreserved in 10% dimethyl
sulfoxide (DMSO; Sigma-Aldrich) with 90% fetal bovine serum (FBS; Wisent, Inc.). CD4
T cells were isolated from thawed PBMC by positive selection kit (STEMCELL
Technologies, Inc.). The purity of the CD4 cell population was verified by flow cytometry
(average 95.3%). NK cells were isolated from thawed PBMC by negative selection

(STEMCELL Technologies, Inc.) and yielded an average purity of 97.2%.

Inhibition of viral replication assay

Purified CD4 cells (108/ml) were stimulated with 1 ug/ml PHA-P (MP Biomedicals) and
100 international units (IU)/ml of IL-2 (Chiron Corp.) overnight in RPMI medium
containing 2 mM L-glutamine, 100 IU/ml Penicillin, 100mg/ml Streptomycin (cRPMI) (all
from Wisent) supplemented with 10% FBS, (Wisent, [R10]) at 37°C in a 5% CO2
humidified incubator. Stimulated CD4 cells were then washed three times with cRPMI
supplemented with 2% FBS (R2), and cultured in R10 with 100 IU IL-2 for 3 days. On
day 4, CD4 cells were infected at a multiplicity of infection of 0.01 with HIV-1JR CSF in
R10 for 4 hrs and washed three times with R2. Equal numbers (3.0 to 4.0x104) of these
iCD4 cells were plated at NK:iCD4 ratios of 10:1, 1:1 or alone for 10 days in 300 pl of
R10; 100 IU/ml IL-2. Supernatants were collected by removing supernatants and
replenishing wells with 300 pl of fresh R10; 100 IU/ml IL-2 on days 3, 7 and 10 for
assessment of p24 levels and on days 1, 2 and 3 for assessment of CC-chemokine

levels. For some experiments CD4 cells were collected on days 3, 7 and 10 for
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intracellular Gag p24 staining. Cells were stained with an Aqua amine reactive
fluorescent dye (Invitrogen) for viability and with anti-CD3 APC-eFluor 780
(eBioscience) and anti-CD4 PE (BD Biosciences) to detect CD4 T cells. Cells were fixed
and permeabilized for HIV Gag p24 using the mAb KC57 (Beckman-Coulter). Between
50,000 and 200,000 events were acquired on a BD FACSCanto |l flow cytometer (BD

Biosciences) and data was analyzed with Flowjo software Mac 9.4 (Treestar).

To ascertain the requirement for NK-CD4 cell contact for NK cell-mediated inhibition of
HIV replication, autologous NK cells were physically separated from iCD4 cells in
transwell plates (Corning). iCD4 cells (10°/well) were cultured in the upper chamber with
either 10% NK cells alone or 108 NK cells with 10° iCD4 T cells in the lower chamber.
Cells in wells containing iCD4 cells were collected on days 3, 7 and 10 to quantitate the

frequency of HIV Gag p24 positive CD4 cells.

NK cell stimulation

Purified NK cells, isolated as described above were plated at a 10:1 ratio with either
iCD4 or CD4 cells overnight in R10 with 100 1U/ml IL-2. Brefeldin (6 pg/ml, Sigma-
Aldrich) and monensin (5 pg/ml, Golgi Stop, BD Biosciences) were added at the last 5
hrs before of the culture period. After stimulation, viability was assessed using the UV
Live/Dead fixable dead cell stain kit (Invitrogen) and non-specific interactions were
minimized using TruStain FcX reagent (BioLegend), as per the manufacturer’s
instructions. Cells were then stained for surface markers with CD3-BV605 (OKT3),

CD56-BV711 (NCAM), 3DL1-BVv421 (DX9) (all from BioLegend) and anti-CD107a-
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PECF594 (BD), for 30 min. Samples were washed with phosphate buffered saline
(PBS) containing 1% FBS (Wisent), fixed and permeabilized using a cell fixation and
permeabilization kit (Invitrogen) and stained for intracellular cytokines/chemokines using
IFN-c-Alexa700 (B27) (BD Biosciences), CCL3-APC (93342) and CCL4-FITC (24006;
both from R&D Systems). Samples were washed, fixed with a solution of 1%

paraformaldehyde (Fisher Scientific) and acquired within 24hrs.

Between 4x10° and 1.5x10° total events were acquired for each sample on an
LSRFortessa flow cytometer (BD Biosciences). The gating strategy used to analyze the
functional profile of NK cells stimulated with iCD4 or uninfected CD4 cells is shown in
Fig. 4. For all analyses, NK cells were defined as CD3-CD56*. The percent of CCL3,
CCL4, IFN-y and CD107a positive total, 3DL1* and 3DL1- NK cells was determined.
Flow cytometry analysis for NK cell activation following stimulation was performed using
Flowdo software version 9.5. The results for the percent of functional NK cells
stimulated with iCD4 reported were background corrected for NK cells stimulated with
uninfected CD4 cells. Statistical analyses were performed using background corrected

results.

HIV p24 ELISA

An Ab-sandwich ELISA was used to detect HIV Gag p24 in culture supernatants as
described previously [30]. Briefly, 96-well ELISA plates were coated with anti-p24 Ab
clone 183 H12-5C at 2.5 ug/ml overnight. Culture supernatants (100 ul/well) were added

for 1 hr at 37uC. The following sequential additions were made with 3 washes between
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steps using PBS; 0.05% Tween 20 (Sigma-Aldrich): 1) biotinylated anti-p24 Ab clone
31-90-25 at 0.5 pg/ml for 1 hr at 37C, 2) 0.067 pg/ml horseradish peroxidase
conjugated-steptavidin (Fitzgerald Industries International) for 30 min at RT and 3) TMB-
substrate (Sigma Aldrich) for 20 min at RT. Color development was stopped with 50 pl of
1M H2SO4. ELISA plates were read at OD450 on an ELISA plate reader (PerkinElmer).
Percent viral inhibition was calculated using the equation [(p24 of iCD4 wells — p24 of

NK+CD4 wells)/(p24 of iCD4 wells) x 100].

CC-chemokine ELISA
Culture supernatant levels of CC-chemokines was measured using Ab sandwich
ELISAs detecting CCL3, CCL4 and CCL5 (R&D Systems) according to directions

provided by the manufacturer.

Statistical analysis

Statistical analyses and graphical presentations were performed using GraphPad InStat
3.05 and GraphPad Prism 5. Mann-Whitney and Kruskal-Wallis tests with Dunn’s post
tests were used to compare the significance of mean differences between 2 and more
than 2 groups, respectively. Wilcoxon matched pairs and Friedman tests were used to
compare the effect of a condition on 2 or more than 2 matched groups, respectively.

P<0.05 were considered significant.
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Table 1. Characteristics of study subjects.

HLA Genotype

ID Age Gender Category 3DL/S1 Genotype

A B C
1001 50 M *h/*y+B57 3DL1hmz #hry A*01:01 A*26:01 B*38:01 B*57:01 C*06:02 C*12:03
1002 54 M *h/*y+B57 3DL1hmz /ey A*02:22 A*03:01 B*44:02 B*57:01 C*05 C*06:02
1003 25 M *h/*y+B57 3DLThmz *hyey A*01:01 A*02:01 B*38:01 B*57:01 C*06:02 C*12:03
1004 49 F *h/*y+B57 3DL1hmz shry A*02:01 A*02:01 B*57:01 B*57:01 C*03:03 C*07:01
1005 58 M *h/*y+B57 3DLTHmz *hyey A*24:02 A*25:01 B*37:01 B*57:01 C*06:02 C*06
1006 35 M *h/*y+B57 3DL1hmz *hy A*01:01 A*03:01 B*14:02 B*57:01 C*06:02 C*08:02
1007 30 M *h/*y+B57 3DLT1mz *hey A*01:01 A*02:01 B*15:01 B*57:01 C*05 C*06:02
2008 45 M 3DS1+80I HTZpigh A¥02:01 A*26:01 B*38:01 B*44:02 C*05 C*16:04
2009 47 M 3Ds1+80l HTZpigh A¥*01:01 A*23:01 B*44:03 B*57:01 C*04:01 C*06:02
2010 52 M 3DS1+80! HTZoui (004) A*02:01 A*02:01 B*44:02 B*49:01 C*05 C*07:01
2011 60 M 3DS1+80l HTZigh A*02:01 A*03:01 B*14:02 B*51:01 C*02:02 C*08:02
2012 35 [F 3DS1+80I HTZpigh A*11:01 A*26:01 B*07:02 B*57:01 C*06:02 C*07:02
2013 45 F 3DS1+80I HTZigh A*01:01 A*02:01 B*38:01 B*57:01 C*06:02 Cc*12
2014 44 M 3DS1+80I HTZigh A*01:01 A*24:02 B*35:01 B*52:01 C*04:01 C*12:02
2015 28 M 3DS1+80I HTZhigh A*02:01 A*02:01 B*44 B*51 C*05:01/02 C*15:02
2016 51 M 3DS1+80I HTZpigh A¥*03:01 A*11:01 B*40:02 B*57:01 C*02:02 C*04:01
2017 31 M 3DS1+801 HTZhigh A*03:01 A*32:01 B*13:02 B*53:01 C*04:01 C*06:02
2018 42 M 3DS1+80I HTZnuit (004) A*01:01 A*26:01 B*52:01 B*55:01 C*03:03 C*12:02
2019 44 F 3DS1+80I 3DS1ymz A*01:01 A*01:01 B*08:01 B*57:01 C*07:01 C*07:01
3020 44 M Bw6 3DL1hmz *hy A*02:01 A*25:01 B*18:01 B*55:01 C*03:03 C*12:03
3021 38 M Bw6 3DLThmiz “hry A*03:01 A*11:01 B*07:02 B*35:01 C*04:01 c*07
3022 55 M Bw6 B K- A*01:01 A*02:01 B*08:01 B*08:01 Cc*07 c*07
3023 42 F Bw6 HTZigh A*02:01 A*03:01 B*15:01 B*07:02 Cc*03 c*07
3024 49 M Bw6 3DLTHmz *hyey A*02:01 A*32:01 B*18:01 B*50:01 C*06:02 C*07:01
3025 48 M Bw6 3DLTHmz *hyey A*02:01 A*03:01 B*07:02 B*40:01 C*03:02 Cc*07
3026 48 M Bwé 3DL1Hmz *hy A*01:01 A*24:03 B*07:02 B*07:02 c*07 Cc*07
3027 49 M Bw6 HTZpigh A¥*31:01 A*68:01 B*40:01 B*40:01 C*03:04 C*07:01
3028 44 M Bwé HTZpigh A¥*02:01 A*02:01 B*35:01 B*35:01 C*05 C*05
3029 45 M Bwé 3DL 1wz #1#x A¥02:01 A*33:03 B*15:01 B*35:08 C*03:03 C*04:01
3030 45 M Bw6 3DL1hmz *hy A*02:01 A*02:01 B*07:02 B*08:01 07 c*07
4031 36 F *|/*x+B57 3DLTumz *i/*x A*02:01 A*02:01 B*07:02 B*57:01 Cc*05 C*06:02
4032 68 M *|/*x+B57 3DLTymz *i/*x A*24:02 A*26:01 B*15:01 B*57:01 C*05 C*06:02
4033 44 M *|/*x+B57 3DL1ymz =i/ A*02:01 A*02:01 B*15:01 B*57:01 C*03:04 C*06:02
4034 33 F *|/*x+B57 3DLTymz *i/#x A*02:02 A*30:02 B*53:01 B*57:03 C*04:01 C*18
5035 59 F 3DS1Hmz+non80! 3DS1ymz A*01:01 A*02:01 B*08:01 B27:05 C*02:02 C*07:01
5036 36 M 3DS1Hmz+non80! 3DS1ymz A¥*02:01 A*03:01 B*07:02 B*56:01 C*01:02 c*07
5037 42 M 3DS1Hmz+non80! 3DSThumz A¥03:01 A*30:01 B*27 B*35:01 C*01 C*04:01
5038 49 M 3DS1Hmztnon80! 3DS1ymz A¥*02:01 A*23:01 B*07:02 B*35:03 C*¥12:03 C*12:03
5039 22 M 3DS14mztnon80l 3DS1ymz A*01:01 A*02:03 B*37:01 B*46:01 C*01:02 C*06:02
5040 52 M 3D5 1 miz+non80! 3DS 11wz A*02 A*03 B*08 B*44
5041 53 M *80T 3DLThmz 1+ A*02:01 A*03:01 B*07:02 B*27:05 C*01:02 C*07:02
5042 46 M *80l not B*57 3DL1hmz hry A*01:01 A*31:01 B*49:01 B*49:01 C*07:01 C*07:01
5043 45 M *80I not B*57 3DLTymz *hyey A*31:01 A*68:01 B*27 B*51:01 C*02:02 C*12:03
5044 43 M *80l not B*57 3DLTymz *i7#x A*11:01 A*11:01 B*27:05 B*53:01 C*02:02 C*04:01
5045 45 F *80I not B*57 3DS1ymz A*02:01 A*24:02 B*38:01 B*78:01 C*07:02 C*07:02
5046 49 M *80l not B¥57 3DL1pymz =1/#x A*24:02 A*29:02 B*07:02 B*35:01 C*04:04 C*07:02
5047 29 M *80I not B¥57 3DL1Hmz *hy A*01:01 A*03:01 B*44:03 B*49:01 C*07:01 C*16:01
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2.5 RESULTS

NK cells from individuals carrying protective KIR/HLA genotypes inhibit HIV
replication more potently than those from Bw6hmz

NK cells from carriers of *h/*y+B*57 are associated with protection from HIV disease
progression, VL control and lowered infection risk, however it is unknown whether this
combined genotypes is advantageous at the level of inhibition of viral replication. Fig. 1
shows results for inhibition of HIV replication by NK cells from subjects positive for *h/
*y+B*57 (n= 7), 3DS1+*80I (n= 9), *I/*x+B*57 (n= 4) and Bw6hmz (n= 11). In this
experiment NK cells from 3DS1+*80I carriers are used as a positive control since Alter
et al. had previously shown their capacity to inhibit HIV replication in autologous iCD4
cells [18]. No significant differences in inhibition of viral replication were measured
between this positive control and *h/*y+B*57. NK cells from *h/*y+B*57 carriers inhibited
HIV replication better than those from Bw6hmz and this was significant at all times
tested (p=0.01, 0.007, and 0.05 for days 3, 7, and 10, respectively, Mann-Whitney test).
They also inhibited HIV replication better than those from *I/*x+B*57 carriers (p<0.05 for

days 7 and 10). We confirmed that NK cells from 3DS1+*80I carriers inhibit HIV

Table 2. p-values analysis of CC-Chemokines secretion of various genotypes tested.

Genotypes compared CCL3 CCL4 CCL5
*h/*y+B*57 vs 3DS1+*80I 0.77 0.12 0.73
*h/*y+B*57 vs *I/*x+B*57 0.38 0.92 0.15
*h/*y+B*57 vs Bwbhmz 0.02 0.05 0.05
3DS1+*801 vs *I/*x+B*57 0.23 0.06 0.001
3DS1+*80I vs Bw6hmz <0.01 <0.01 <0.01
*I/*x+B*57 vs Bw6hmz 0.61 0.03 0.15
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replication better than those from Bw6hmz and *I/*x+B*57 carriers (p<0.05 for all
comparisons at days 7 and 10). There were no significant differences in the ability of
HIV to replicate in CD4 cells from subjects carrying these 4 genotypes as measured
longitudinally by p24 ELISA (data not shown, p>0.05, Kruskal-Wallis test). Together
these results show that NK cells from carriers of the educated *h/*y+B*57 genotype
inhibit HIV replication in autologous CD4 cells better than those from uneducated

Bw6hmz or carriers of the ‘less educated’ *I"x+B*57 genotype.

NK-iCD4 cell contact contributes to NK cell mediated inhibition of HIV replication

NK cell mediated inhibition of viral replication was assessed by measuring the
frequency of intracellular HIV-Gag-p24 positive CD4 cells using anti-p24 specific KC57
monoclonal antibody (mAb). Fig. 2A depicts flow cytometry plots showing the frequency
of p24 positive CD4 cells at day 7 for several culture conditions for a single individual. In
this study HIV positivity of infected in vitro cultured was defined as live CD3* cells that
had a positive signal for p24. The CD4 expression status during in vitro HIV infection
can reflect the stage of infection, where earlier infected cells can be double positive
(CD4*p24*) and later infected cells will downregulate CD4 from their surface (CD4-
p24*). This approach to quantify and monitor in vitro HIV infection was utilized by other
groups [453, 454], and appears to depend on the nature of the intracellular p24 antibody
used [455]. Fig. 2B shows longitudinal results for up to 12 subjects, 5 on day 3, 10 on
day 7 and 12 on day 10. In the presence of NK cells (NK+iCD4) the frequency of
p24*CD4 cells was lower than that in cultures of iCD4 cells alone (p=0.18, p =0.002 and

p<0.001 for day 3, 7 and 10, respectively, Wilcoxon tests). When NK and iCD4 cells
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were cultured in different trans-well chambers (NK/iCD4 TW), which prevents NK and
iCD4 cell contact, the frequency of p24*CD4 cells was significantly higher than in
conditions where NK and iCD4 were cultured together either in regular wells or the
same chamber of a trans-well (NK+iCD4 or NK+iCD4 TW versus NK/iCD4 TW, p<0.05
for all comparisons at days 7 and 10, Wilcoxon). However, the frequency of p24*CD4
cells in the NK/iCD4 TW condition remained below that observed in iCD4 cells (p<0.002
for comparisons at days 7 and 10). These results implicate contact between NK and
iCD4 cells as a contributing factor in suppression of infection propagation. However,
since abrogating NK and iCD4 contact does not return the percent of p24*CD4 cells to
levels seen in iCD4 cells cultured alone, non-contact dependent mechanisms are also

likely involved in NK cell mediated inhibition of HIV replication.

If iCD4 cells and co-cultures of NK and iCD4 cells are incubated in upper and lower
trans-well chambers, respectively, the frequency of p24+*CD4 cells in the upper chamber
(iCD4 TW) is lower than that seen when only NK cells are present in the lower chamber
(NK/iICD4 TW) (p=0.007 and p=0.08 for days 7 and 10, Wilcoxon). These results
suggest that contact between NK and autologous iCD4 cells produces soluble factors
that can then suppress HIV spread in the same well or cross a trans-well membrane to

suppress the spread of HIV in iCD4 cells physically separated from NK cells.

NK cells produce CC-chemokines in response to stimulation with autologous HIV

iCD4 cells

We questioned whether autologous iCD4 cells could activate NK cells to secrete CC-
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chemokines. We reasoned that if this were the case, these soluble factors could be
responsible for inhibiting HIV replication under conditions where iCD4 are either co-
cultured with NK cells or in a separate trans-well chamber from NK+iCD4 cultures. We
assessed CC-chemokine secretion under several conditions at days 1, 2 and 3 of
culture. Fig. 3A-C show that iCD4 cells co-cultured with NK cells in the presence of IL-2
(NK+iCD4+IL-2) produced CCL3, CCL4 and CCL5 at higher levels than do either NK
cells with IL-2 (NK+IL-2), NK cells cultured with uninfected CD4 cells and IL-2
(NK+CD4+IL-2) or iCD4 cells with IL-2 (iCD4+IL-2) (p<0.05 for all CC-chemokines on
each day tested, Kruskal-Wallis test). All pair-wise comparisons between CC-chemokine
levels secreted in the NK+iCD4+IL-2 condition and those in each of the other 3
conditions were statistically significant, except for those between NK+iCD4+IL-2 and
NK+CD4+IL-2 for CCL5 at days 1, 2 and 3 (p=0.07, 0.25 and 0.34, respectively, Dunn’s
post-test comparisons). NK cells cultured without IL-2 and CD4 cells, whether PHA
stimulated or not, HIV infected or not and cultured with or without IL-2 produced low
levels of these CC-chemokines in the range of 200 pg/ml or lower (data not shown).
Thus, NK cells stimulated by autologous iCD4 cells and IL-2 are a source of secreted
CC-chemokines and produce more CC-chemokines than NK cells or iCD4 cells alone

culture media containing IL-2.

Inhibition of HIV replication by NK cells can be reversed by neutralizing anti-
CCL3, CCL4 and CCLS5 antibodies (Abs).
To confirm that CC-chemokines contribute to inhibition of HIV replication, neutralizing

Abs to each of the CC-chemokine were added to the NK-iCD4 co-cultures. As seen in
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Fig. 3D for percent inhibition of viral replication compared to iCD4 cells alone, the
addition of neutralizing Abs to individual CC-chemokines had no effect on percent
inhibition of HIV replication mediated by NK cells (p>0.05 for all comparisons, Wilcoxon
test). Addition of Abs to all 3 chemokines reduced NK-mediated HIV suppression.
Comparisons of percent inhibition of HIV replication between NK+iCD4+neutralizing Abs
to all 3 CC-chemokines and NK+iCD4 with either no Abs or antibodies to single CC-
chemokines were significant for all comparisons except one at days 3 and 7 (p<0.05,
Wilcoxon). The exception was the comparison of percent inhibition between
NK+iCD4+neutralizing Abs to the 3 CC-chemokines and NK+iCD4 with no Abs (p= 0.23,
Wilcoxon). None of the comparisons for percent inhibition at day 10 achieved statistical
significance. These results indicate that iCD4 stimulated NK cell secretion of CC-

chemokines contributes to inhibition on HIV replication.

NK cells from individuals carrying protective KIR/HLA genotypes secrete higher
levels of CC-chemokines than those from Bw6hmz

We next asked whether NK cells from individuals carrying protective KIR/HLA genotype
combinations and Bw6hmz differed from each other in the amount of CC-chemokines
they secreted upon stimulation with autologous iCD4 cells. We assessed the amount of
CC-chemokines secreted over 3 days by NK cells from 7 *h/*y+B*57, 12 3DS1+*80l and
5 *I/*x+B*57 carriers, and 10 Bw6hmz. Stimulated NK cells from *h/*y+B*57 and 3DS1
+*80I carriers secreted similar levels of CCL3, CCL4 and CCL5 to each other and more
than those from Bw6hmz (Table 2). CC-chemokine secretion by stimulated NK cells

from *I/ *x+B*57 carriers was similar to that from Bw6hmz for CCL3 and CCL5 and
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higher than that from Bw6hmz for CCL4 (Table 2). In general, iCD4 stimulated NK cells
from *h/*y+B*57 and 3DS1+*80l carriers secreted higher CC-chemokine levels
compared to those from *I/*x+B*57 carriers, though several of these comparisons did

not achieve statistical significance.

We also stimulated NK cells overnight with autologous 7 day iCD4 and assessed
intracellular levels of CCL3 and CCL4 by total NK cells and 3DL1*~ NK cell populations
using the gating strategy shown in Fig. 4. Higher frequency of NK cells from *h/*y+B*57
carriers secrete CCL3 and CCL4 chemokines upon stimulations with autologous iCD4
than those from Bw6hmz (Fig. 5A and D, respectively). A similar but non-significant
trend is when 3DL1* NK cells are gated on that is absent in the 3DL1- population (Fig.
5B and E versus 5C and F, respectively). We also compared the frequency of 3DL1*
and 3DL1- cells within individuals secreting CCL3 and CCL4. In general, a higher
frequency of functional 3DL1* than 3DL1- NK cells was observed in *h/*y+B*57 carriers
(p=0.15 and 0.02, for CCL3 and CCL4 secretion, respectively), but not in *I/*x+B*57
carriers and Bw6hmz. It would have been desirable to compare the frequency of
intracellular CCL3 and CCL4 positive cell in 3DL1* *h versus *| allele expressing NK cell
subsets following iCD4 stimulation of *I/*x+B*57 NK cells. Unfortunately, only 2 *I/
*x+B*57 subjects carried both an *h and *| allele. The others were either homozygous
for *| alleles or carried an *| and an *004 allele. The composition of the *I/*x+B*57 group
precluded making firm conclusions regarding CC-chemokine secretion in these 3DL1*
NK populations. Together, the intracellular cytokine staining results show that KIR/HLA
genotype is a determinant of iCD4 stimulated NK cell functionality with regard to CC-

chemokine secretion. The higher functionality of 3DL1* NK cells in *h/*y+B*57
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compared to *I/*x+B*57 carriers and Bw6hmz implicates this KIR/HLA combination in

potent NK cell licensing for functional potential
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2.6 DISCUSSION

In this report we showed that NK cells cultured with autologous iCD4 cells limit the
spread of HIV resulting in a lower frequency of iCD4 cells and lower levels of viral
replication compared to iCD4 cells cultured alone. Contact between NK and iCD4 cells
stimulates NK cells to produce soluble factors, which suppress HIV replication in a non-
contact dependent fashion. NK cells activated by autologous iCD4 cells in the presence
of IL-2 secrete CC-chemokines at higher levels than when only IL-2 is present. CC-
chemokine secretion is responsible, at least in part, for the inhibitory effect of NK cells
on viral replication. KIR/HLA genotype influences the potency of inhibition of viral
replication. We showed that NK cells from *h/*y+B*57 and 3DS1+*80l carriers,
genotypes associated slower time to AIDS and VL control, inhibited HIV replication more
potently than did those from Bw6hmz and carriers of the *I/*x+B*57genotype. NK cells,
and in particular the 3DL1* population of NK cells, from carriers of the *h/*y+B*57
genotype secrete higher levels of CC-chemokines than those from Bw6hmz and *I/

*x+B*57 subjects.

The superior control of HIV replication in autologous iCD4 cells by NK cells from carriers
of *h/*y+B*57 versus those from *I/*x+B*57 and Bw6hmz subjects implicates NK cell
education as a determinant of this anti-viral NK function. NK cell education is important
for the development of self-tolerant NK cells and for endowing NK cells with the capacity
to mediate cytokine/chemokine secretion and cytolysis upon encountering cells with
reduced MHC-I cell surface expression, such as occurs in the context of HIV infected

targets [11, 21, 22]. The ligation of inhibitory NK receptors, such as 3DL1, is required for
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NK education but the process is tuned by the set of signals received from all the NK cell
surface activating and inhibitory receptors interacting with their ligands on neighboring
target cells [23-25]. The stronger the inhibitory signals received during NK cell
education the broader and more potent the effector functions that NK cells will have
against appropriate targets [23]. The *h/*y+B*57 KIR/HLA combination appears to be a
particularly potent one for NK cell education, since NK cells from *h/*y+B*57 carriers
showed higher functionality when stimulated with HLA-null cells than those from carriers
of 3DL1*h/*y genotypes co-carried with other Bw4 or *80I alleles, 3DL1*I/*x genotypes
cocarried with B*57 or those from Bw6hmz [10,15]. The difference in functional potential
between NK cells from carriers of *h/*y+B*57 versus those from 3DL1hmz who carry
other Bw4 alleles may reflect differences in the impact of HLA-B*57 versus other Bw4
antigens in providing educational signals to NK cells during development. Transgenic
mice expressing single MHC-| alleles have been used to show that MHC-| antigens
differ in their impact on NK cell education [24]. The strength of the inhibitory input during
education, as determined by the strength of the interaction between inhibitory NK
receptors and their ligands, is directly related to the functional responsiveness of
individual NK cells [23, 24]. Thus, it appears that B*57 differs from most other Bw4
molecules in the strength with which it interacts with 3DL1 to educate NK cells. NK cells
from 3DL1*h/*y positive subjects express higher levels of 3DL1 inhibitory receptors than
those from 3DL1*I/*x positive individuals [6]. The observation that NK cells from *I/
*x+B*57 carriers secrete less CC-chemokines and inhibit HIV replication more poorly
than those from *h/*y+B*57 carriers may be related to less potent NK education due to

lower levels of cell surface 3DL1 mediating lower inhibitory signals for NK cell
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education, even in the presence of the potent B*57 3DL1 ligand. A caveat to this
interpretation is that while there is experimental evidence that B*57 binds 3DL1 it has
not been demonstrated that the affinity of the interaction between these 2 molecules is
greater than that between 3DL1 and other Bw4 molecules because different peptides
influence 3DL1 Bw4 binding [26, 27]. In the presence of the same epitope and 3DL1
receptor HLA-Bw4*80T variants bind with about 60% of the affinity of B*57 [27]. The
impact of *h/*y+B*57 on NK cell education and the relationship between NK education
and NK cell responsiveness may underlie epidemiological findings that carriers of this
genotype have a lower risk of HIV infection and in those who become infected have a
slower time to AIDS and lower VL than carriers of other 3DL1hmz Bw4 genotypes,
including *I/*x+B*57 carriers [7, 9]. The influence of *h/*y+B*57 on NK cell education
may also play a role in the superior ability of NK cells from carriers of this KIR/HLA
genotype to inhibit viral replication in autologous HIV infected cells compared to those

from Bw6hmz.

It is notable that the frequency of p24*CD4 cells in conditions where NK and iCD4 cells
are in separate trans-wells is lower than that of iCD4 cells cultured alone but higher than
that of iCD4 cells and NK cells cultured together. This implies that NK-CD4 cell contact
contributes to NK cell activation and secretion of soluble factors that can inhibit HIV
replication in a non-contact dependent manner. IL-2 by itself can also activate NK cells
to secrete soluble factors such as CC-chemokines, though at lower levels than when
iCD4 cells are also present. This may be why the percent of p24*CD4 cells in conditions

where iCD4 and NK cells are in separate trans-well chambers is not as high as when
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iCD4 are cultured alone. It is not known whether these soluble factors are limited to CC-
chemokines. Simultaneous neutralization of the CCL3, CCL4 and CCLS5 restored HIV
replication measured at 3 and 7 days of culture to levels that were significantly higher
than when NK and iCD4 cells were co-cultured in the absence of CC-chemokine
neutralization. Neutralization of all 3 CC-chemokines was not sufficient to reduce NK
cell mediated inhibition of HIV replication at day 10 of culture. The reason for this is
unclear but may be due to the continued production of chemokines over and above the
amounts that anti-CC-chemokine Abs are able to neutralize. High inter-subject variability
precludes making a clear determination as to whether CC-chemokine neutralization is
sufficient to reverse NK cell mediated inhibition. It is possible that iCD4 stimulate NK
cells to inhibit HIV replication by other mechanisms in addition to CC-chemokine
secretion. These activities could target other stages of the HIV replication cycle and

may or may not be dependent on contact between NK and iCD4 cells.

Previous studies have shown that NK cells secrete CC-chemokines following
stimulation through CD16 cross-linking and co-culture with iCD4 cells in the presence of
IL-2 [20]. Here we report for the first time that a KIR/HLA genotype combination that
influences the potency of NK cell education also determines the level of CC-chemokines
that NK cells secrete in response to autologous iCD4 cells. CC-chemokines can bind
CCRS, the HIV co-receptor, and prevent HIV from interacting with this receptor thus
reducing HIV entry [19, 20]. Trans-well experiments implicate cell contact as a factor in

NK cell stimulation leading to CC-chemokine secretion.
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Pelak et al. reported that in carriers of 3DS1htz+*80I, the copy number of 3DL1 alleles
influenced NK cell mediated inhibition of HIV replication in autologous iCD4 T cells [28].
Copy number variation (CNV) is common at the 3DL1/S1 locus. Screening for CNV at
this locus revealed no duplications or deletions at this locus among subjects having the
4 genotypes focused on in this study. Therefore, CNV at the 3DL1/S1 locus can be

excluded as a factor influencing the experimental findings reported here.

In summary, we show that NK cells from carriers of *h/*y+B*57 inhibit HIV viral
replication in autologous iCD4 cells more effectively than those from *I/*x+B*57 carriers
and Bw6hmz. The level of anti-viral function of NK cells from carriers of this genotype is
likely related to NK cell education arising from B*57 interactions with high expression
inhibitory 3DL1 receptors. Antiviral function is mediated at least in part by CC-
chemokine secretion levels able to block HIV entry into CD4 cell targets. The higher
level of CC-chemokine secretion by NK cells from carriers of protective versus non-
protective KIR/HLA genotypes may underlie their superior ability to inhibit HIV

replication in infected targets.
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2.7 FIGURES AND LEGENDS
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Figure 1. NK cells from subjects carrying *h/*y+B*57 and 3DS1+*80l suppress
viral replication better than those from Bw6hmz and *I/*x+B*57 carriers. The box
and whisker plots show the percent viral inhibition observed when NK cells from
subjects positive for *h/*y+B*57 (n = 7), 3DS1+*80I (n = 9), Bw6hmz (n = 10) and *I/
*x+B*57 (n = 4) are cultured with autologous HIV infected CD4 (iCD4) cells at a ratio
of 10:1 for up to 10 days. The line in each box represents the median value, the lower
and upper limits of the boxes the 25% and 75% quartiles and the whiskers the
minimum and maximum values for each group; each point is the percent viral
inhibition value for a single individual. Lines linking groups indicate comparisons

where medians were significantly different. “*” = p<0.05, “**” = p<0.01.
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a contact dependent manner. Legend on the following page.
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Figure 2. NK cells inhibit HIV replication in autologous HIV infected CD4 T cells
in a contact dependent manner. (A) Flow plots show the frequency of p24 positive
CD4 cells from a single individual cultured for 7 days under the following conditions:
uninfected CD4 T cells cultured alone, infected CD4 (iCD4) cells cultured alone, iCD4
cells cultured with autologous NK cells in the same well at a 10:1 NK:iCD4 ratio (NK
+iCD4), iCD4 cells and NK cells cultured in separate transwell chambers at a 10:1
NK:iCD4 ratio (NK iCD4 TW), iCD4 cells cultured alone in the upper chamber of a
transwell with NK cells and iCD4 cells cultured together in the lower transwell chamber
at a 10:1 NK:iCD4 ratio (iCD4 TW), iCD4 cells cultured with NK cells in the same
transwell chamber at a 10:1 NK:iCD4 cell ratio (NK+iCD4 TW). (B) Bar graphs show
the frequency of HIV infected cells on days 3, 7 and 10 under the same culture
conditions as described in (A) for up to 12 individuals. One subject was positive for *h/
*y+B*57, 7 were 3DS1+*801, 2 were Bw6hmz, 1 was 3DS1+Bw4 not *80l and 1 was
3DL1hmz+*80I (not B*57). Bar height and error bars represent the mean and the
standard error of the mean for each group. Lines linking bars indicate comparisons

where means are significantly different. “*” = p<0.05, “**” = p<0.01
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Figure 3. Infected CD4 T cells stimulate autologous NK cell to produce CC-
chemokines. Supernatants levels of CCL3 (A), CCL4 (B) and CCL5 (C) were
assessed by ELISA. Shown are results for NK cells cultured with infected CD4 cells
(iICD4) at a 10:1 ratio with IL-2 (NK+iCD4+IL-2, n = 33), NK cells cultured with IL-2
(NK+IL-2, n = 24), NK cells cultured with uninfected CD4 and IL-2 (NK+CD4+IL-2, n =
9) and iCD4 with IL-2 (iCD4+IL-2, n = 11). The following KIR/HLA genotypes were
tested; *h/*y+B*57 (n = 4), 3DS1+*80I (n = 5), Bw6hmz (n = 4), *I/*x+B*57 (n = 4) and
other KIR/HLA (n = 5). Samples were tested on up to 4 occasions in separate
experiments. (D) Percent inhibition of viral replication of an NK cell autologous iCD4
cell co-culture in the absence of anti-CC-chemokine nAbs, in the presence of anti-CCL
nAbs, individually, or together. Results were generated using subjects with the following
KIR/HLA gentotypes; *h/*y+B*57 (n = 2) and 3DS1+*80I (n = 5). All data was plotted as

mean+SEM.
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Figure 4. Gating strategy used to assess the percent of functional NK cells and
NK cell subsets stimulated with autologous infected CD4 (iCD4) cells. (A) We
used FSC-A and SSC-A to gate on lymphocytes and FSC-A and FSC-H to gate on
single cell events from co-cultures of NK cells with autologous CD4 or iCD4 cells. Only
live CD3-CD56* NK cells were included in this analysis. The representative subject
shown in this figure carries a KIR3DL1 *I/*x genotype with 1 high and 1 low KIR3DL1
allele. (B) Functional gates were set using unstimulated PBMCs that were gated on the
KIR3DL1* NK cell population using the gating strategy shown in panel A. The percent
of CCL3, and CCL4 positive cells was determined for conditions in which NK cells were
cultured in IL-2 media and stimulated with uninfected CD4 (background) and iCD4

cells. All data presented was background subtracted. FCS-A= forward scatter area;

CCL3

SSC-A= side scatter area; FSC-H = forward scatter height.
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Figure 5. Percent of CCL3* and CCL4* NK cells and NK cell subsets following

stimulation with autologous HIV infected CD4 (iCD4) cells. CD4 cells infected with

HIV and cultured for 7 days were used to stimulate autologous NK cells overnight.

Intracellular cytokine staining was used to determine the percent of CCL3* (A-C) and

CCL4* (D-F) in total NK cells (A, D), KIR3DL1* (B, E) and KIR3DL1- (C, F) NK cell

populations in subjects positive for *h/*y+B*57 (n = 7), *I/*x+B*57 (n = 4) and Bw6hmz

(n = 9). Each point represents the value for a single individual, the line and error bars

through each group show the mean+/-SEM for each data set. Lines linking groups

indicate between group comparisons. “*” = a p<0.05, “**” = a p<0.01.
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3.1 RATIONALE AND RESEARCH OBJECTIVES

NK cells, and particularly NK populations expressing iKIR that developed in subjects co-
expressing respective HLA antigens to generate strong educational signals, are
important in controlling HIV replication and infection. In Chapter 2 we showed that
KIR3DL1* NK cells from donors with highly expressed variants who also co-expressed
the B*57 ligand had superior inhibition of HIV replication via secretion of CC-
chemokines. NK cells acquire their functional competence via engagement of iINKRs
with their respective ligands. HIV infection selectively dowregulates HLA-A and -B, but
not -E, which are the ligands for KIR3DL1 and NKG2A, respectively. In this chapter we
sought to study the impact of KIR3DL1 and NKG2A expression on NK cell functionality
at the NK cell population level. This was done by analyzing the functional responses of
NK cell populations from uninfected individuals defined by these iINKRs in response to
autologous HIV infected cells, and thus models the role played by NK cells at the level

of protection from infection.
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3.2 ABSTRACT

Epidemiological and functional studies implicate NK cells in HIV control. However, there
is little information available on what NK cell populations, as defined by inhibitory NK
cell receptors (iINKRs) they express, respond to autologous HIV-infected CD4* T cells
(iCD4). NK cells acquire anti-viral functions through education, which requires signals
received from iNKRs, such as NKG2A and KIR3DL1 (3DL1), engaging their ligands.
NKG2A interacts with HLA-E and 3DL1 interacts with HLA-A/B antigens expressing the
Bw4 epitope. HIV infected cells downregulate HLA-A/B, which should interrupt negative
signaling through 3DL1, leading to NK cell activation, provided there is sufficient
engagement of activating NKRs. We examined the functionality of NK cells expressing
or not NKG2A and 3DL1 stimulated by HLA null and autologous iCD4 cells. Flow
cytometry was used to gate on each NKG2A*-3DL1*- population and to measure the
frequency of all possible combinations of CD107a expression and IFN-y, and CCL4
secretion. The highest frequency of functional NK cells responding to HLA-null cell
stimulation was the NKG2A*3DL1* NK cell population. The highest frequencies of
functional NK cells responding to autologous iCD4 were those expressing NKG2A; co-
expression of 3DL1 did not further modulate responsiveness. This was the case for the
functional subsets characterized by the sum of all functions tested (total
responsiveness), as well as, by the tri-functional, CD107a*IFN-y*, total CD107a* and
total IFN-y* functional subsets. These results indicate the NKG2A receptor has a role in

NK cell mediated anti-HIV responses.
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3.3 INTRODUCTION

Natural Killer (NK) cells are a subset of lymphocytes that mediate immune responses
against virally-infected and transformed cells [1]. They contribute to innate immune
defenses directly by eliciting functions such as cytotoxicity and secretion of cytokines
and chemokines. They also contribute to shaping adaptive immune responses through
their interactions with dendritic cells [2]. NK cell activation can occur without prior
sensitization, before T cell mediated immune responses can be induced [3]. The timing
of NK cell responses suggests that they may have a role in initial viral control. This is
supported by studies that implicate NK cells in resistance to human immunodeficiency
virus (HIV) [4-6]. NK cells also appear to play a role in several viral infections (HIV,
HCMV, HBV, HCYV, influenza) [7-11]. The importance of NK cell function in the context of
HIV infection is highlighted by the development of HIV sequence polymorphisms that

allow the virus to evade NK cell anti-viral pressure [12].

The state of activation of NK cells is determined by the integration of signals received
from stochastically expressed germ-line encoded cell-surface receptors upon interaction
with ligands on target cells. NK cells acquire functional competence through an
ontogenic process known as education which requires the interaction of inhibitory NK
receptors (iNKRs) with their cognate HLA ligands on neighbouring cells [13, 14].
Education is not an on/off switch as functionality can be tuned by the number of iINKRs
engaged, the strength of interactions between NKRs and their ligands and whether
activating NK cell receptors (aNKRs) are also engaged [15, 16]. NK cells lacking iNKRs

for self-HLA ligands remain unlicensed and hyporesponsive [14]. Licensed NK cells are
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tolerant to normal healthy cells but have the potential to respond to target cells that
upregulate ligands for aNKR and have reduced levels of cell surface HLA ligands for

iINKR, as often occurs in viral infection and tumor transformation.

The Killer Immunoglobulin-like Receptor (KIR) 3DL1 and NKG2A surface receptors are
both examples iINKRs. NKG2A, a C-type lectin receptor expressed in all people, forms a
heterodimer with CD94 and interacts with non-classical major histocompatibility
complex (MHC) class | HLA-E molecules that present leader peptides from many HLA
class | (HLA-I) proteins [17, 18]. Thus, NKG2A* NK cells can survey autologous cells for
overall HLA levels. KIR3DL1 (henceforth 3DL1) interacts with a subset of HLA-A and —B
antigens that belong to the Bw4 subset [19, 20]. HLA variants belonging to the Bw4
group differ from the remaining Bw6 HLA-B variants at amino acids 77-83 of the HLA
heavy chain [21]. Bw6 isoforms do not interact with any 3DL1 receptors. Unlike 3DL1*
NK cells from individuals homozygous for Bw6 (with no Bw4 alleles at the HLA-A locus),
those from Bw4* subjects are licensed through 3DL1. NK cell activation can occur when
inhibitory signals through iNKR are interrupted due to loss of ligands for iINKR on target
cells, or if signaling through aNKR overcomes negative signals originating through iNKR

engagement [13, 22].

At present there is little known about the impact of co-expression of NKG2A and 3DL1
iINKRs on NK functionality in the context of HIV infection. We hypothesized that NK cells
expressing both iINKRs would have higher functional potential compared to NK cells

expressing one or none of these iINKRs, as assessed by responsiveness to HLA-null
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cells [23], and that this principle would also apply to NK responses to stimulation by
autologous HIV infected CD4 T cells (iCD4). To test this hypothesis we first
characterized the functional potential of NK cell populations expressing the four possible
combinations of NKG2A and 3DL1 following stimulation with the HLA-null cell lines,
K562 and 721.221 (henceforth 721), which are commonly used to assess NK
functionality. We found that while NK cells co-expressing NKG2A and 3DL1 had a
higher functional potential in response to HLA-null cells, NKG2A* NK cells responded
more robustly than NKG2A- NK cells to autologous iCD4 cells irrespective of whether
they co-expressed the 3DL1 iNKR. This is the first time a study has examined the

impact of these iINKRs on multi-functional responses to iCD4.
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3.4 MATERIALS AND METHODS

Ethics statement

This study was conducted in accordance with the principles expressed in the
Declaration of Helsinki. It was approved by the Institutional Review Boards of the
Comité d’Ethique de la Recheche du Centre Hospitalier de I'Université de Montréal and
the Research Ethics Committee of the McGill University Health Centre - Montreal
General Hospital. All subjects provided written informed consent for the collection of

samples and subsequent analysis.

Study population

26 HIV-1 uninfected 3DL1 homozygotes were studied, including 16 with at least 1 Bw4
allele and 10 who were Bw6 homozygotes and had no Bw4 alleles at the HLA-A locus.

The HLA and 3DL1 allotypes of each of the study subjects are listed in Table .

Genotyping

Genomic DNA was extracted from peripheral blood mononuclear cells (PBMCs) or EBV-
transformed cells using a QlAamp DNA blood kit (QIAGEN). MHC class-I alleles were
typed by sequencing using commercial reagents (Atria Genetics Inc.). Assign 3.5+
software was used to interpret sequence information for allele assignment (Conexio
Genetics). 3DL1 genotyping was performed by PCR as previously described [5]. 3DL1

allotypes were identified as described [6].
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Cells

PBMCs were isolated by density gradient centrifugation (Lymphocyte separation
medium; Wisent) and cryopreserved in 10% dimethyl sulfoxide (DMSO; Sigma Aldrich);
90% fetal bovine serum (FBS; Wisent). 721 cells were a kind gift from Dr. Galit Alter
(Ragon Institute, Harvard University). The K562 cell line was obtained from the
American Type Culture Collection, (Manassas, VA). 721 and K562 cells were cultured in
complete RPMI: RPMI 1640; 10% FBS; 2 mM L-glutamine; 50 IU/ml penicillin; 50 mg/ml
streptomycin (R10) (all from Wisent). CD4 and NK cells were isolated from PBMCs by
positive and negative selection kits, respectively (STEMCELL Technologies, Inc.). Purity
was verified by flow cytometry and was an average of 95.3% and 97.2% for CD4 and

NK cells, respectively.

Viral infection

Autologous CD4 cells were infected with the HIV-1,r.csF clone as previously described
[24]. In brief, purified CD4 cells (108/ml) were stimulated overnight with 1 pg/ml
phytohemagglutinin (PHA-P; MP Biomedicals) and 100 IU/ml of recombinant human
IL-2 (rhIL-2 Chiron Corp.) in R10 at 37°C in a 5% CO2 humidified incubator. Stimulated
CD4 cells were then washed and cultured in R10 with 100 |U/mL rhiL-2 for 3 days. On
day 4, CD4 cells were infected at a multiplicity of infection of 0.01 with HIV-1,rcsF for 4
hrs. Cells were washed and cultured for 7 days in R10 with rhiL-2. Uninfected CD4
(CD4) cells were cultured in parallel to iCD4 cells for 7 days in R10 with rhlL-2. On day
7,1CD4 and CD4 cells were used to stimulate NK cells. Day 7 iCD4 and CD4 cells were

stained with UV Live/Dead fixable dead cell stain kit (Invitrogen), CD3-BV785 (OKT3)
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and CD4-BV421 (OTK4) (both from Biolegend). Percent of HIV infected cells was
measured intracellularly (ICS) with anti-p24-FITC (KC57) (Beckman Coulter). ICS

background for p24 was set on uninfected CD4 controls.

NK cell stimulation and staining

Cryopreserved PBMCs were thawed and co-cultured with HLA-null cells at a 5:1 ratio in
a 96-well plate for 6hrs at 37°C in a humidified 5% CO: incubator. CD107a-PE-CF594
(BD) was added at the start of the stimulation; Brefeldin A (5 mg/ml; Sigma Aldrich) and
monensin (6 mg/ml, Golgi Stop; BD) were added 30 min after the initiation of the co-
culture. PBMCs were also stimulated with 1.25 ug/ml of PMA-0.25g/ml ionomycin
(Sigma Aldrich) and all cells used in this study were responsive to this positive control.
Viability was assessed using the UV Live/Dead fixable dead cell stain kit (Invitrogen).
Non-specific interactions of Fc receptors (FCR) on effectors with the antibody panel
were minimized using TruStain FcX reagent (BioLegend), all as per manufacturer’s
instructions. Cells were stained with antibodies to the following cell surface markers:
CD3-BV785 (OKT3), CD56-BV711 (NCAM), 3DL1-BV421 (DX9; all from BioLegend)
and NKG2A-PECy7 (Beckman Coulter). After washing cells were fixed and
permeabilized using the Fix and Perm kit (Invitrogen), and stained by ICS with CCL4-
APC (24006; R&D) and IFN-y-BV605 (B27; BD). After staining, cells were washed

twice, fixed with 1% paraformaldehyde (Santa Cruz) and acquired within 24hrs.

Stimulation of purified NK cells with autologous HIV iCD4 cells was done as previously

described [24]. In brief, 1x10% NK cells were co-cultured with iCD4 or CD4 cells at a ratio
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of 10:1 in a 96-well plate in R10 with 100 |U/ml rhIL-2 for 24 hrs. Brefeldin A (6 ug/ml)
and monensin (5 ug/ml, Golgi Stop) were added 5 hrs before the end of the culture
period. Viability, FcR blocking and surface staining was done as described above for
PBMCs stimulated with HLA-null cells. Samples were washed, fixed and permeabilized
and stained ICS using CCL4-FITC (24006; R&D) and IFN-y-Alexa700 (B27; BD).
Samples were washed, fixed with 1% paraformaldehyde and acquired within 24hrs.

For certain experiments purified NK cells were co-cultured with iCD4 or uninfected CD4
controls for 24hrs in the presence or absence of blocking antibodies to NKG2A (clone
131411 from R&D), HLA-E (clone MEM-EO2 from Abcam) or both. Antibodies were

added 10pg/mL at initiation of the co-culture.

Flow cytometry analysis

Between 4x105 and 1.5x10° total events were acquired for each sample using an
LSRFortessa flow cytometer (BD) calibrated using 8-peak color rainbow beads
(Spherotech, Inc). The Ab panel was standardized, validated and single stained control
beads (CompBead Plus; BD) were used in every experiment to calculate compensation.
Boolean gating was used to identify the frequency of NK cells with each of the 7
possible functional profiles, i.e. tri-functional (CD107a*IFN-y*CCL4"), bi-functional (any
combination of two functions) and mono-functional profiles, within the NKG2A-3DL1-,
NKG2A-3DL1* NKG2A*3DL1- and NKG2A*3DL1* NK cell populations. Total
responsiveness was defined as the sum of the frequencies of tri-, bi- and mono-
functional NK cell populations. Flow cytometry analysis for NK cell activation after

stimulation was performed using FlowJo software version 9.8 (TreeStar). The data
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obtained were background corrected by subtracting values for unstimulated cells in the

case of HLA-null cell stimulation or uninfected CD4 cells in the case of iCD4 stimulation.

Statistical analysis

Analysis was performed using GraphPad Prism6. Friedman tests were used to
determine significant differences between the four NKG2A*-3DL1*- populations. Where
multiple comparisons were performed, such as for the 7 possible functional subsets,
Bonferonni corrections were applied. Wilcoxon test was used to assess the significance
of comparisons for 2 within-subject matched data sets for functional NKG2A*-3DL1*-
populations. Spearman’s correlation tests were used to assess the relationship between
the frequencies of NK responses to iCD4 and the frequency of intracellular p24* cells in

the iCD4 stimuli. P<0.05 were considered significant.
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3.5 RESULTS

Surface expression analysis of NKG2A and 3DL1 following stimulation with HLA-
null cell lines

Figure 1A shows the gating strategy used to identify the expression of NKG2A and 3DLA1
on CD3-CD56* NK cells. Boolean gating was then used to identify the frequency of NK
cells expressing the four possible combinations of NKG2A and 3DL1. Figure 1B shows
the frequency of NKG2A*-3DL1*- populations defined by the surface expression of
these iINKRs from 13 HIV uninfected individuals following K562, 721 and no stimulation
(PBMC alone). For unstimulated PBMCs, 6.6% (median) (3.8, 9.9) (IQR) of NK cells
expressed both iINKRs, 51.7% (35.4, 63.7) expressed NKG2A alone, 9.2% (6.3, 20.1)
expressed 3DL1 alone and 22.6% (20.2, 33.2) lacked expression of both iINKR. Neither
K562 nor 721 stimulation had a significant effect, compared to no stimulation, on the
frequency of NKG2A and 3DL1 expression on these NK cell phenotypic populations

(p>0.05, Friedman).

721 cells induced a higher frequency of double iNKR* NK cells characterized by
total, tri-functional, CD107a*IFN-y*, IFN-y*CCL4* and IFN-y* response profiles,
while NKG2A*3DL1- cells had the highest CD107a response

The functional potential of each NKG2A*-3DL1*- NK cell population was measured
following stimulation with 721 cells (Fig. 2A) and K562 (Fig. S1). Both 721 and K562 cell
lines stimulated different frequencies of total responsiveness among NKG2A*-3DL1*-
NK cell populations (p<0.0001, Friedman, adjusted p-value<0.0007). The frequency of

functional NKG2A*3DL1* (double iNKR*) NK cells was significantly higher than those of
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the other three populations (Fig. 2A and Fig. S1B-D, p<0.003 for all comparisons). The
frequency of functional NK cells stimulated with PMA-ionomycin was higher than that
seen for NK cells triggered by HLA-null cells, though these frequencies did not differ
significantly among the populations identified by NKG2A and/or 3DL1 expression. This
suggests that differential levels of stimulation by HLA null cells is not an innate property
of these NK cell populations since they are activated to similar levels by PMA-ionomycin
(Fig. S2). Given that K562 and 721 induced similar patterns of functional
responsiveness among the four phenotypic NK cell populations, subsequent results will

only show results for 721 stimulation.

Next, we examined the individual 721 induced functional subsets that comprised the
total responsiveness of NKG2A*-3DL1*- NK cell populations. 721 induced differential
levels of tri-functional (Fig. 2B), bi-functional CD107a*IFN-y* and IFN-y*CCL4* (Fig. 2C
and 2D, respectively), and mono-functional IFN-y* (Fig. 2E) responses in the four
NKG2A*-3DL1*- populations (p<0.0002, Friedman, adjusted p-value<0.0014). The
frequencies of the 721 stimulated double INKR* population with above mentioned
functions were higher than those of the other three populations. Between-population
comparisons were significant for all but the IFN-y*CCL4* functional subset, for which the
differences between the double iINKR* and single 3DL1* populations did not achieve

significance (Fig. 2D, p=0.07, Wilcoxon).

The four NKG2A*-3DL1*- populations also differed from each other in terms of the

frequency of 721 triggered CD107a only expression (Fig. 2F, Friedman, adjusted
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p<0.0007). Paired comparisons showed that 721 stimulated a higher frequency of
CD107a* double iNKR* than double iNKR- and single 3DL1* NK cells (Fig. 2F, p<0.001,
Wilcoxon). In contrast to what was observed for several other functional subsets, 721
induced a higher frequency of CD107a expression in the single NKG2A* than in the
double iINKR* NK cell population (Fig. 2G, p=0.003, Wilcoxon). Therefore, while the
double iINKR* population had the highest functional potential of the four
NKG2A*-3DL1*- groups for total, tri-functional, CD107a*IFN-y*, IFN-y*CCL4* and IFN-
y* responses, the single NKG2A* population had the highest functional potential for

degranulation.

The higher functional potential of NKG2A*3DL1* cells was limited to NK cells
originating from individuals carrying a Bw4 allele

To address whether education via the 3DL1 receptor contributed to the observed results
pattern we extended our analysis based to NK cells originated from carriers of a Bw4
allele or not (Bw6 controls). The total responsiveness of 3DL1* cells following
stimulation with 721 cells was significantly greater in Bw4 than Bw6 individuals that co-
expressed NKG2A (Fig. 3A, p=0.03, Mann-Whitney). Furthermore, the double iNKR*
population from Bw4 carriers was significantly more responsive to HLA null cells than
the other three NKG2A*-3DL1*- populations (Fig. 3B, p=0.007 for all comparisons). In
contrast, for NK cells from Bw6 homozygotes this trend was not observed, and the
single NKG2A* population had the same level of total responsiveness as the double
iINKR cells (Fig. 3C, p=0.8). Together these results suggest that having 2 iNKRs

provides a functional advantage to NK cells responding to 721 cells only for NK cells

127



from Bw4* individuals able to educate their NK cells though both 3DL1 and NKG2A.

Higher total responsiveness of the NKG2A* than NKG2A- populations following
stimulation with autologous iCD4

Presently, little is known regarding whether iCD4 stimulate NK cell populations
differentially and if so, which populations and functional subsets they activate.
Autologous iCD4 cell stimulation of NK cells for 24 hrs had no effect on the frequency of
the four NKG2A*-3DL1*- populations compared to stimulation with uninfected CD4
controls (Fig. 4A, p>0.05, Wilcoxon). As seen for HLA-null cell stimulation, iCD4 cells
induced differential levels of total responsiveness among the four NK cell populations
studied (p=0.0001, Friedman, adjusted p=0.0007). Infected CD4 cells triggered
frequencies of functional NKG2A*3DL1* populations that were significantly higher than
that of NKG2A-3DL1* and NKG2A-3DL1- populations, but that were not higher than that
of NKG2A*3DL1- NK cells (Fig. 4B, p=0.03 and p=0.004, respectively). Furthermore,
iCD4 cells also induced a higher frequency of single NKG2A* cells than single 3DL1*
and double iINKR- NK cells (Fig. 4B, p=0.005 and p=0.001, respectively). To assess
whether the frequency of p24* cells within the iCD4 cell stimuli correlated differentially
with the frequency of functional responses among the four NK cell populations we
performed a correlation analysis between these parameters. We observed a near
significant correlation between the frequency of p24+*iCD4 cells used for stimulation and
the total responsiveness of the single NKG2A* NK population (Fig. 4C, p=0.056). The
trend observed for the correlation of p24*iCD4 cells and the total responsiveness of the

other three NK cell populations was not significant. In summary, unlike HLA-null

128



stimulation, autologous iCD4 cells induced NKG2A* NK cells more robustly than

NKG2A- NK cells, irrespective of 3DL1 co-expression.

iCD4 stimulation induced a higher frequency of functional subsets in the NKG2A*
populations, particularly in CD568"g"t cells

The emergence of NKG2A* NK cells as mediators of anti-viral responses prompted us
to examine separately the contribution of CD568"9"t and CD56P™ NK cell compartments
to the iCD4 induced responses of the NKG2A*-3DL1*- populations (using the modified
gating strategy shown in Fig. S3A). First, we measured the frequency of each
NKG2A*-3DL1*- populations that were CD56B7ht and CD56P™ following a 24hr
stimulation with either iCD4 or uninfected CD4 cells. Previous studies reported that
CD56Brignt NK cells are largely negative for KIRs, including 3DL1 [25, 26]; thus, we
excluded 3DL1 from the analysis of the cell surface staining results shown in Figure 5A.
We observed a significantly lower percentage of NKG2A* cells in the CD56Brght
compartment following stimulation with iCD4 cells compared to uninfected CD4 controls
(p=0.007, Wilcoxon). No other significant differences were seen for the frequency of the

other NK cell populations following stimulation with iCD4 versus uninfected CD4 cells.

Autologous iCD4 cells induced differential frequencies of total, tri-, CD107a*IFN-y*, total
CD107a* and total IFN-y* functional subsets among the NKG2A*-3DL1*- populations
(Fig. 5B-F, p=0.0003, p=0.001 and p<0.0001, p=0.0003 and p<0.0001, respectively,
Friedman). For the CD56B9" compartment, iCD4 induced higher frequencies of

functional NKG2A* than NKG2A- NK cells among the tri, CD107a*IFN-y* and total
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CD107a* functional subsets (Fig. 5C-E, p<0.02, Wilcoxon). Analysis of the CD56P™
compartment revealed a trend similar to the one observed for the CD56* analysis of
total responsiveness (Fig. 4B), where no significant differences were observed in the
frequency of iCD4 induced functional cells between the NKG2A* populations that
expressed 3DL1 or not, with the exception of CD107a*IFN-y* (Fig. 5D, p=0.04,
Wilcoxon). In addition, CD56P™m NKG2A*3DL1- cells were more responsive to iCD4 cell
than double INKR- and NKG2A-3DL1* populations (Fig. 5C-F, p<0.04, Wilcoxon).
Comparisons of iCD4 induced CD568r9"t versus CD56P™ single NKG2A* functional cells
revealed that CD568Brdht NK cells were consistently more responsive to autologous iCD4
that CD56P'™m NK cells (p<0.04 for all comparisons, Wilcoxon). Infected CD4 cells did not
induce significant differences in the frequencies of bi-functional CD107a*CCL4",
CCL4*IFN-y* or total CCL4"* responses between the CD56Bright gnd
CD56P'™MNKG2A*-3DL1*- populations (p=0.1, p=0.1 and p=0.5, respectively, unadjusted
Friedman, data not shown). Together, these results indicate that NKG2A* NK cell
populations, particularly CD56B"9"NKG2A*, were activated by iCD4 cells to higher levels
than NKG2A- populations and that 3DL1 co-expression did not have an impact on

modulating functionality to iCD4 cells.

Infected CD4 cells maintain expression of HLA-E [27], which should inhibit NK cells
expressing the INKR NKG2A. The enhanced activity of NKG2A* cells in response to
iCD4 prompted us to verify whether NKG2A was behaving as an iNKR. We addressed
this by including blocking antibodies specific for NKG2A or HLA-E or both in the 24hr

co-culture of NK cells with iCD4. The gating strategy used to analyze the results of this
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experiment is shown in Fig S3A. The presence of blocking antibodies enhanced the
total responsiveness of CD56°™ NK cells to iCD4 (Fig. 6). Blocking both NKG2A and
HLA-E together resulted in an even higher percentage of functional CD56PMNKG2A*
NK cells than blocking either the receptor or ligand separately (Fig. 6). Similar results
were observed for NK cells secreting IFN-y and CCL4 (Fig. S3B). Blocking the
interaction of HLA-E and NKG2A produced a more modest increase in the frequency of
NK cells expressing CD107a (Fig. S3C). Overall these results confirm that NKG2A

maintains its behavior as an inhibitory NK receptor.

NK cells from Bw4* individuals have higher frequencies of tri- and total CCL4*
functional CD56P'mNKG2A*3DL1* cells than Bw6 homozygotes

Epidemiological studies have shown that certain 3DL1-Bw4 combinations are
associated with slow time to AIDS and protection from HIV infection. For example,
carriage of the high expression 3DL1 genotype (*h/*y) with its ligand HLA-B*57 (*h/
*y+B*57) has the strongest effect on slow time to AIDS and HIV viral load control
compared to Bw6 homozygotes and it carriage is associated with protection from HIV
infection [5, 28, 29]. The impact of carriage of *h/*y+B*57 on NK cell education and
function has been documented [24, 30, 31]. NK cells from *h/*y+B*57 carriers,
compared to those from Bw6 homozygotes, have a superior ability to inhibit HIV viral
replication through mechanisms that involve secretion of CC-chemokines [24].
Furthermore, 3DL1*, compared to 3DL1-, NK cells from *h/*y+B*57 carriers secrete
more CC-chemokines [24]. We questioned whether comparing iCD4 stimulated NK cells

functional profiles from carriers of a Bw4 allele versus Bw6 homozygotes would reveal
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evidence of 3DL1-Bw4 interactions on anti-viral responses to autologous iCD4 cells.
Although the total responsiveness of CD56P™3DL1* cells following stimulation with iCD4
cells was higher among NK cells from Bw4 carriers than from Bw6 homozygotes,
differences did not achieve statistical significance (Fig. 7A, p=0.2, Mann-Whitney).
Analysis of the individual functional subsets that contributed to the total responsiveness
revealed significant differences between Bw4 and Bw6 groups for tri-functional and total
CCL4* responses, where CD56Pm3DL1* cells that co-expressed NKG2A from Bw4
individuals were more functional than those cells from Bw6 individuals (Fig. 7B-C,
p=0.03 and p=0.02, respectively). Collectively, our data suggest that responses to iCD4
cells of NK cell populations co-expressing 3DL1 and NKG2A were comparable to those
of single CD56P™NKG2A* expressing cells. However, CD56P™m3DL1* NK cells from
individuals educated via 3DL1-Bw4 interactions that also co-express NKG2A respond
more robustly to iCD4 cells than do these cells from Bw6 homozygotes by secreting

CCL4, either alone or in a tri-functional combination with IFN-y and CD107a.
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3.6 DISCUSSION

In this report we investigated the functional responses of four NK cell populations
defined by expression of the iINKRs, NKG2A and/or 3DL1, to stimulation with HLA-null
and autologous HIV iCD4 cells. The frequency of HLA-null stimulated functional cells
was significantly higher for the NKG2A*3DL1* population compared to the two single
iINKR* and double iNKR- populations. This observation was limited to individuals
carrying the 3DL1-Bw4 genotype combination. In contrast, iCD4 cell stimulation induced
a higher frequency of NKG2A* than NKG2A- NK cells irrespective of whether 3DL1 was
co-expressed. The functional subsets that contributed to the higher functionality of iCD4
stimulated CD56819h/DImMNKG2A* NK cells included the tri-functional, CD107a*IFN-y*,
total CD107a* and total IFN-y* subsets. Higher frequencies of these functional subsets
were seen in the CD56Brd"t than in the CD56P'™ compartments. Given that NK cells
have been implicated in HIV control [7, 24, 28, 32], these results further elucidate the
NK cell populations and anti-viral functions induced by autologous iCD4 cells and that

may play a role in HIV pathogenesis.

The term “functional potential” refers to NK cell responsiveness induced by HLA-null cell
stimulation. The HLA-null 721 and K562 cell lines are commonly used to activate NK
cells educated through the interaction of iINKRs with HLA antigens. Their lack of cell
surface HLA abrogates negative signaling through iNKRs, which inhibits NK cell
function. NK cell functional potential depends on how potently NK cells were educated,
which in turn depends on the iINKRs expressed by an NK cell, the HLA type of the NK

cell donor, the number of INKRs to self ligands an NK cell expresses and the potency of
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particular iINKR-HLA ligand combinations [30, 31, 33, 34]. NK cell activation also
requires the engagement of aNKRs with their ligands present on HLA null cells. We
originally hypothesized that NK cells expressing both iINKRs would demonstrate a
greater functional potential than NK cells expressing one or neither of the iNKRs
investigated here [23]. The higher response frequency of NKG2A*3DL1* cells to HLA-
null cells, than any of the other NKG2A-3DL1*- populations, is in line with this
hypothesis. However, this higher functionality should be limited to NK cells from Bw4*
individuals with the ligand for 3DL1 (i.e. with at least two iINKRs to self HLA). Most
NKG2A* cells should be educated through this INKR, since its ligand, HLA-E, is
expressed on most human cells [35-37]. In response to stimulation with 721,
NKG2A*3DL1* cells from Bw4* individuals (educated via 3DL1) were significantly more
functional than double INKR* cells from Bw6 controls (not educated via 3DL1).
Furthermore, these educated cells were significantly more functional than the other 3
NKG2A*-3DL1*- populations in Bw4* group, which was not observed for the Bw6 group
(Fig. 3B-C). Thus, the higher frequency of HLA-null induced NKG2A*3DL1* NK cells
compared to the other NK populations studied is limited to NK cells from individuals
expressing the HLA ligand for 3DL1. It is likely that the NK cells in these
NKG2A*-3DL1*- populations were also educated through other iNKRs depending on
the KIR/HLA genotype of the individual they originated from. However, any influence of
education through iINKRs other than NKG2A and 3DL1 is likely to be similar among the
NK cell populations defined by NKG2A and 3DL1 expression (i.e. that developed in the

same iNKR-self HLA environment).
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NK cell functionality can also vary according to the state of NK cell maturation/
differentiation and which stimuli were used to induce function [25, 38]. The expression of
CD56, NKG2A and KIRs can distinguish 5 subsets of peripheral blood NK cells that
range from least to most differentiated. As the NK cell matures, NKG2A is lost and
inhibitory KIRs (iKIRs) are sequentially acquired and can be phenotypically categorized
from the least to most differentiated as follows; CD56B9"NKG2A*KIR- <
CD56P'MNKG2A*KIR- < CD56PMNKG2A*KIR* < CD56P'™MNKG2A-KIR* and
CD56P™MNKG2AKIR-. The latter population is considered to be hyporesponsive due to
failure to acquire iKIRs before the loss of NKG2A [25, 39-42]. Consistent with this
scheme we found that the CD56*P™MNKG2A-3DL1- population, which would include
hyporesponsive NK cells negative for both iKIRs to self HLA was poorly responsive to
HLA-null and iCD4 cells. 721 cells stimulated the highest functionality for most of the
functional subsets examined, except degranulation, in the less mature NKG2A*3DL1+*
(i.e. double iINKR*) population, rather than in the more mature NKG2A-3DL1* (i.e. single
iINKR*) population (Fig. 2). In a previous report Fauriat et al show that CD568"9"t NK
cells were poorly stimulated by HLA-null cells; thus, results for total CD56* cells would
be expected to reflect what is occurring in the CD56P'™ subset [43]. In an extended
analysis of functional results for the 721 stimulation we reached similar findings (not
shown). Therefore, for stimulation with HLA-null cells we show functional results for
CD56"* NK cells, that encompass the functional contributions of both the low responding
CD56Bright and high responding CD56P™ subsets (Fig. 2). Others have shown no
significant differences in the frequency of cells responding to HLA-null stimuli (CD107a

or IFN-y responses) in the CD56Pm compartment between the more mature CD57*
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versus the less mature CD57- subset [25, 38]. This implies that within the CD56P™
compartment differentiation stage does not play a primary role in determining responses
to HLA-null cells. On the other hand education via iINKR-self HLA was found to be
important in acquisition of functional potential to HLA null cell stimuli as the double
iINKR* NK cells had higher total responses compared to the other 3 NKG2A*-3DL1*-
populations in individuals who were carriers of a Bw4 allele compared to Bw6 controls

(Fig. 3B-C).

With respect to iCD4 cell stimulation, we also observed that the less mature
CD56B"9"NKG2A*3DL1-, CD56P'™MNKG2A*3DL1- and CD56P™NKG2A*3DL1*
populations exhibit stronger functional responses than the more mature
CD56P'™MNKG2A-3DL1* counterparts. The CD56B9MNKG2A*3DL1- NK population
responded to iCD4 stimulation with the highest frequency of functional cells (Fig. 5). It is
notable that we observed a modest but significantly lower frequency of
CD56B1MNKG2A* NK cells following a 24hr co-culture with iCD4 compared to co-
culture with uninfected CD4 cells (Fig. 5A). Despite the short co-culture period, the
downregulation of NKG2A expression may be related to the potent stimulation of the
CD56BriantNKG2A* population by autologous iCD4. We also observed a modest impact
of education via 3DL1-Bw4 on responses to iCD4 cells, since we only measured
significantly higher tri-functional and total CCL4 responses for CD56B"9"NKG2A*3DL1*
cells in Bw4* subjects compared to Bw6 controls (Fig. 7). These results further highlight
the impact that education via 3DL1-Bw4 pair has on NK cell functionality in response to

HIV infected targets.
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Our results suggest that interactions between NKG2A and HLA-E may influence NK cell
responses to iCD4 cells. HIV Nef does not downmodulate HLA-E expression on infected
cells. On the contrary, its expression is increased in CD4 cells in vitro infected with R5-
and X4-tropic clinical isolates [44]. Blocking HLA-E or NKG2A with antibodies increases
lysis of in vitro HIV-infected cells [44-46]. These findings are consistent with our
observation that iCD4 induced NK cell functionality is increased by blocking the
interaction of HLA-E and NKG2A (Fig. 6 and S3B-C). This suggests that NKG2A is
acting as an iNKR but that inhibition is incomplete. The aNKRs NKG2C and NKG2E
also bind HLA-E, though with a lower affinity than NKG2A [36, 47]. However, NKG2C
and NKG2A are usually expressed on non-overlapping NK cell populations [46], making
it unlikely that co-expression of NKG2C accounts for the triggering of the NKG2A* NK
cells by iCD4. Thus, it remains unclear how NKG2A* NK cells are being activated by
iCD4. A possible explanation for this finding may be HIV infection-driven changes in the
proteomic environment that NKG2A* cells detect through interactions with leader
peptides expressed by HLA-E. The cell surface expression of HLA-E depends on
binding of highly conserved leader peptides, mostly from HLA-A, B, C and G [36, 47].
The downregulation of HLA-A and B by HIV may affect the pool of leader peptides
available to bind HLA-E, which could have an impact on interactions between HLA-E
and NKG2A [49, 50]. Viruses have also developed other mechanisms to evade immune
recognition by encoding peptide homologues to stabilize expression of MHC-I. HIV
derived Gag peptide p24 aa14-22 has been shown to stabilize and increase HLA-E
surface expression [44]. Further investigations are needed to understand how

autologous iCD4 cells are activating NKG2A* NK cells.
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In conclusion, we investigated the responses of four distinct iINKR bearing NK cell
populations (NKG2A*-3DL1*-) to HLA-null and HIV iCD4 cells and characterized the
patterns of their functional subsets. To our knowledge, this is the first time a study has
examined the impact of these iINKRs on multi-functional responses to HIV-1. Infected
CD4 cells stimulated a significantly higher frequency of NKG2A* cells with
several functional profiles and in both the CD56819"t and CD56P™compartments and co-
expression of 3DL1 did not further modulate the functionality of NKG2A* NK cells.
Further studies are required to elucidate the mechanism of NKG2A* NK cell recognition
of HIV iCD4 cells and identify other factors that may enhance the potency of these
functional responses. It important to understand how these parameters are modulated
by NK cells in response to iCD4 cells due to the diverse role that NK cells have in
shaping immune responses [2, 51]. Our results suggest that NKG2A* NK cells may
have an important role in NK cell responses to HIV infected cells. Clarifying these
mechanisms may shed light on correlates of protection and aid in developing strategies

that harness NK cells to prevent or control HIV infection.
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3.7 FIGURES AND LEGENDS

Table 1. Study population HLA and KIR3DL1 allotypes

Category HLA-allotypes 3DLA1 Stimuli
A B CL HIV

1 Bw4 01:01 03:01 14:02 57:01 06:02 08:02 004 015 v
2 Bw4 01:01 02:01 15:01 57:01 05 06:02 001 001 v
3 Bw4 02:02 30:02 53:01 57:03 04:01 18 001 001 v
4 Bw4 02:01 24:02 44:02 51:01 05 08 002 005 v
5 Bw4 02:01 25:01 18:01 55:01 03:03 12:03 004 005 v v
6 Bw4 01:01 02:01 38:01 57:01 06:02 12:03 004 002 v v
7 Bw4 01:01 26:01 38:01 57:01 06:02 12:03 001 001 v v
8 Bw4 02:01 02:01 07:02 57:01 05 06:02 004 005 v
9 Bw4 24:02 26:01 15:01 57:01 05 06:02 005 005 v
10 Bw4 02:01 03:01 07:02 27:05 01:02 07:02 005 005 v
1" Bw6 02:01 02:01 07:02 08:01 07 07 001 015 v
12 Bw6 02:01 33:03 15:01 35:08 03:03 04:01 002 005 v v
13 Bw6 03:01  11:01 07:02 35:01 04:01 07:02 001 001 v v
14 Bw6 02:01 03:01 35:01  40:01 03:04 04:01 002 004 v
15 Bw4 01:01  03:01 44:03 49:01 07:01  16:01 001 002 v
16 Bw4 29:01 36:01 07:02 53:01 04:01 07:02 015 015 v v
17 Bw6 01:01 11:01 18:01 55:01 03:04 12:03 004 005 v
18 Bw4 01:01  23:01 14:01 38:05 08:02 12:03 001 008 v v
19 Bw6 02:01  30:02 07:02 35:01 04:01 07:02 002 005 v v
20 Bw4 01:01  31:01 49:01 49:01 07:01  07:01 004 001 v v
21 Bw4 02:01 31:01 27:01 40:01 03:02 15:02 004 008 v v
22 Bw4 01:01 24:02 18:01 35:03 04:01 07:01 001 001 v v
23 Bw6 02:01 03:01 07:02 40:01 03:02 07:10 004 001 v
24 Bw6 02:01 01:01 08:01 40:01 03:02 07:01 007 007 v
25 Bw6 02:01  11:01 07:02 35:01 04:01 07:02 004 008 v
26 Bw6 02:01 03:01 07:02 08:01 07:01 16:01 004 015 v

CL: Cell lines (721, K562)
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Figure 1. Gating strategy for identification of NK cell subsets and functional
responses. (A) The live lymphocytic singlet population was used to gate on NK cells,
which were defined as CD3-CD56+. The NKG2A+/-3DL1+/- populations were derived
from the NK cell gate. Functional gates for CD107, IFN-y, and CCL4 were set on gated
NK cells in unstimulated PBMCs. (B) The frequency of NKG2A+/-3DL1+/- populations,
as defined by surface expression of these two inhibitory NK receptors, following
stimulation with HLA-null cells (K562 or 721) compared to background stimulation with
PBMC alone (PBMC). Data from 13 individuals tested in duplicate were included in this
analysis. Bar height represents the median and error bars the IQR for the each group.
A Friedman test was used determine significance between group comparisons

(pFriedman > 0.05, data not shown).
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Figure 2. The NKG2A+3DL1+ NK cell population was significantly more
responsive to stimulation by HLA-null cell lines in all examined functions except
degranulation. Shown on the y-axes are the frequency of the four NKG2A+/-3DL1+/-
NK cell populations that responded to 721 HLA-null cell stimulation with responses
characterized by total responsiveness (A), tri-functional CD107a+IFN-y+CCL4+ (B),
bi-functional CD107a+IFN-y+ (C) and IFN-y+CCL4+ (D), mono-functional IFN-y+ (E)
and CD107a (F, G) functional profiles. Bar height represents the median and error
bars the IQR for the dataset. 13 individuals were analyzed in duplicate. Friedman
(pFriedman) and Wilcoxon (p) tests were used determine significance between group
differences. P-values for between group comparisons are shown over lines linking the

two groups being compared. Fxn= functional.
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Figure 3: A higher frequency of NKG2A*3DL1* NK cells from carriers of a Bw4
allele respond to 721 cells than those from Bw®6 individuals. The frequency of all
functional 721 stimulated NKG2A*-3DL1* NK cells from individuals belonging to the
Bw4 and Bw6 groups was plotted on the y-axis (A). Mann-Whitney test was used to
determine significance between-group difference. The frequency of all functional 721
stimulated NKG2A*-3DL1*- populations from Bw4 (B) and Bw6 (C) individuals was
plotted on the y-axis. Friedman (prriedman) @and Wilcoxon (p) tests were used determine
significance between group differences. Bar height represents the median and error

bars the IQR for 13 individuals analyzed in duplicate.
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Figure 4: Total responsiveness of NK populations to autologous HIV-iCD4 cells.
(A) Frequency of iNKR bearing CD56*NKG2A*-3DL1*- populations following
stimulation with autologous iCD4 cells and uninfected controls. (B) Frequency of total
responsiveness (y-axis) of NKG2A*-3DL1*- populations following stimulation with
iCD4 cells. Bar height represents the mean+/-SD for the group and Friedman
(pFriedman) and Wilcoxon tests (p) were used to determine significance between
group differences. Data from 24 individuals analyzed in duplicate were used to
generate results. (C) Correlation between percent of p24*iCD4 cells used for
stimulation (x-axis) and total responsiveness (y-axis) of each NKG2A*-3DL1*-
population. Data from 12 individuals analyzed in duplicate were used to generate
these plots. Spearman’s correlation test (r and p) were used to assess the

significance of the association between these two measures.
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Figure 5. iCD4 stimulation of functional subsets contributing to the total
responsiveness of 3DL1**NKG2A*- NK cell populations. (A) The frequency of
CD56Brignt and CD56P™ iINKR bearing NKG2A*-3DL1*- populations following stimulation
with autologous iCD4 and uninfected CD4 controls. Inset at the top right is an
expanded view of the frequency CD56B"NKG2A* population in iCD4 versus
uninfected CD4 conditions. The frequency of iCD4 stimulated NK cell populations
characterized by total-responsiveness (B), tri-functional (C), bi-functional CD107a*IFN-
y* (D), and total CD107a (E) and total IFN-y (F) response profiles are shown in the y-
axis for each CD56B9"NKG2A*- and CD56P™NKG2A*-3DL1*- population. Bar height
represents the mean+/-SD for each group. Data from 24 individuals analyzed in
duplicate were used to generate these results. Friedman (prriedman) and Wilcoxon (p)
tests were used to determine significance between data sets. P-values for between

group comparisons are shown over lines linking the two groups being compared.
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Figure 6: Blocking NKG2A and HLA-E enhances anti-viral functional responses
of CD56P'™NKG2A* cells. Purified NK cells were co-cultured with autologous iCD4 or
uninfected CD4 controls for 24hrs. Blocking antibodies to NKG2A, HLA-E or both were
added to the corresponding co-cultures overnight. These co-cultures were processed
as per NK cell stimulation and staining section detailed in the Materials and Methods.
We focused on CD56P™NKG2A* cells and measured total-responsiveness (y-axis).

Data for four individuals is shown where bars represent the mean+/-SD.
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Figure 7. iCD4 stimulated CD56P'"NKG2A*3DL1* cells from Bw4* individuals
have greater tri-functional and total CCL4 responses than those from Bwé6
homozygotes. The frequency of iCD4 stimulated CD56P™NKG2A*-3DL1* NK cells
from carriers of a Bw4 allele versus Bw6 homozygotes characterized by total
responsiveness (A), tri-functional (B) and total CCL4 responses profiles are shown on
the y-axis. Bar height represents the mean+/- SD for each group. Data from 24
individuals analyzed in duplicate is plotted. Mann-Whitney test was used to determine

significance between group difference.
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Supplementary Figure 1: The frequency of NKG2A*-3DL1*- populations
responding to stimulation with K562 HLA-null cells. Shown on the y-axes are the
frequency of the four NKG2A*-3DL1*- NK cell populations that responded to K562
HLA-null cell stimulation with responses characterized by total responsiveness (A),
and matched responses of NKG2A*3DL1* cells with NKG2A-3DL1-, NKG2A*3DL1-
and NKG2A-3DL1* NK cell populations (B-D). Bar height represents the median and
error bars the IQR for the dataset. 13 individuals were analyzed in duplicate. Friedman
(pFriedman) and Wilcoxon (p) tests were used determine significance between group

differences.
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Supplementary Figure 2: The frequency of NKG2A*-3DL1*- populations
responding to stimulation with PMA/lonomycin. Shown on the y-axes is the
frequency of the four NKG2A*-3DL1*- NK cell populations responding to stimulation
with PMA/lonomycin with total functions measured. PBMCs were stimulated with 1.25
ug/ml of PMA-0.25g/ml ionomycin (both from Sigma Aldrich) for 2.5 hours. Data for
seven individuals is shown for the NKG2A-3DL1- and NKG2A*3DL1- populations and
for 5 subjects for the NKG2A-3DL1* and NKG2A*3DL1* populations. Bar heights and

error bars represent the mean+/-SD.
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Supplementary Figure 3: Blocking NKG2A and HLA-E enhances anti-viral
functional responses of CD56P'™NKG2A* cells. (A) As in Figure1A, the live singlet
lymphocytic population was used to gate on CD3-CD56*, CD56P™ and CD568riaht NK
cells. Functional gates for CD107, IFN-y, and CCL4 were set on NK cells in
unstimulated PBMCs, and NK cells cultured with uninfected CD4 (NK+CD4) served
as background controls. (B-C) Purified NK cells were co-cultured with iCD4 or
uninfected CD4 controls in the presence of blocking antibodies to NKG2A, HLA-E or
both (each at 10ug/mL) for 24hrs. Shown in (B) are the frequencies of iCD4 and
uninfected CD4 stimulated CD56P™NKG2A* NK cells positive for total IFN-y and total
CCL4 secretion (IFN-y*CCL4*) and in (C) positive for total CD107a expression (total

CD107a*. Data for four individuals is shown where bars represent the mean+/-SD.
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4.1 RATIONALE AND RESEARCH OBJECTIVES

Previously, our group and others showed that KIR/HLA genotype combinations are
important in determining NK cell functional potential. In Chapters 2 and 3 we show the
importance of the KIR3DL1/Bw4*80I pair on NK cell mediated responses to autologous
HIV-infected cells. In addition, in Chapter 3 we ascertained the importance of NKG2A*
NK cells in mediating responses to HIV-infected cells. NK cells can gain function
through other iKIRs co-expressed on KIR3DL1* and NKG2A* NK cells; such as
KIR2DL3, whose HLA-C ligand is not downregulated by HIV. In Chapter 4 our objective
was to investigate the impact of KIR2DL3, KIR3DL1 and NKG2A expression on
responses to autologous HIV infected cells in NK cell populations defined by these
iNKRs. We also analysed the impact of NK cell education via the KIR2DL3 and HLA-C1

combination on KIR2DL3* NK cells in response to HIV infected cells.
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4.2 ABSTRACT

Carriage of certain inhibitory NK cell receptor (iNKR)/HLA ligand pairs is associated with
protection from infection and slow time to AIDS implicating NK cells in HIV control. NK
cells acquire functional potential through education, which requires the engagement of
iNKRs by their HLA ligands. HIV infection downregulates cell surface HLA-A/B, but not
HLA-C/E. We investigated how NK cell populations expressing combinations of the
iNKRs NKG2A, KIR2DL3 (2DL3) and KIR3DL1 (3DL1) responded to autologous HIV
infected CD4 (iCD4) cells. Purified NK cells from HIV-uninfected individuals were
stimulated with autologous HIV iCD4 or uninfected CD4 T cells. Using flow cytometry
we gated on each of the 8 NKG2A*-2DL3*-3DL1*- populations and analyzed all
possible combinations of IFN-y, CCL4 and CD107a functional subsets responding to
iCD4 cells. Infected CD4 cells induced differential frequencies of
NKG2A*-2DL3*-3DL1*- populations with total IFN-y*, CCL4* and CD107a* functional
profiles. 2DL3*NKG2A* NK cells had a higher frequency of responses to iCD4 than
other populations studied. A higher frequency of 3DL1* NK cells responded to iCD4 by
secreting CCL4 when from individuals positive, versus not, for the HLA-Bw4 ligand for
3DL1. In contrast, a higher frequency of 2DL3* NK cells responded to iCD4 from
individuals that were not HLA-C1 homozygotes. These results show that 2DL3* NK cells
are mediators of HIV-specific responses. Furthermore, responses of NK cell populations
to iCD4 are influenced not only by NK cell education through specific KIR/HLA pairs, but

also by differential HIV mediated changes in HLA expression.
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4.3 INTRODUCTION

Natural Killer (NK) cells are a subset of lymphocytes that contribute to both innate and
adaptive immune responses [1-3]. They are important in anti-viral defenses and may
have a role in initial viral control since their activation occurs without prior sensitization
and before T cell responses are elicited [4, 5]. The importance of NK cell function in the
context of HIV infection is highlighted by the ability of NK cells to inhibit HIV replication
and the development of HIV sequence polymorphisms that allow the virus to evade NK

cell anti-viral pressure [6-8].

The state of activation of NK cells is determined by an ontogenic process known as
education which requires the interaction of inhibitory NK receptors (iNKRs) with their
cognate human leukocyte antigen (HLA) ligands on neighboring cells [9]. Education is
not an on/off switch as functionality can be tuned by the number of INKRs engaged, the
strength of interactions between iINKRs and their ligands and whether activating NK cell
receptors (aNKRs) are also engaged [10, 11]. NK cells lacking iINKRs for self-HLA
ligands remain uneducated and hyporesponsive [12]. NKG2A and Killer
Immunoglobulin-like Receptor (KIR)3DL1 (hereafter 3DL1) and KIR2DL3 (2DL3), are
examples of INKRs. NKG2A, a C-type lectin receptor, forms a heterodimer with CD94
and interacts with non-classical major histocompatibility complex (MHC) class | HLA-E
molecules that present leader peptides from many MHC class | proteins [13]. Both
NKG2A and its ligand are highly conserved and their effect on NK cell education is
similar from one person to another [14]. 3DL1 interacts with a subset of HLA-A and —B

antigens that belong to the Bw4 group [15]. Bw4 antigens differ from the remaining Bw6
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variants encoded by the HLA-B locus at amino acids 77-83 of the HLA heavy chain [16].
Bw6 isoforms do not interact with 3DL1 receptors such that 3DL1* NK cells from
individuals carrying no Bw4 alleles are not educated through this receptor. 2DL3
interacts with HLA-C group 1 (C1) variants that have an asparagine at position 80
[17-19]. The remaining HLA-C variants have a lysine at this position and belong to the
C2 group, which are ligands for KIR2DL1 (2DL1) receptors on NK cells. 2DL3 can also
bind certain allelic variants of C2, though with lower affinity than 2DL1 [20]. Therefore,
2DL3* NK cells from individuals expressing the C1 ligand are educated, while those
from carriers of this iINKR without its ligand remain uneducated through this receptor.
Furthermore, such cells would be hyporesponsive if they express no other iNKR able to

interact with a co-expressed HLA ligand.

Genome-wide association studies (GWAS) revealed that genes influencing HIV viral
load set point mapped to the MHC class | region on chromosome 6 [21-24]. While the
impact of HLA antigens on HIV control is well known to be mediated through the
recognition of HIV epitope MHC class | complexes by CD8* T cells, these complexes
are also recognized by iKIR on NK cells. Epidemiological and functional studies have
implicated iINKRs, particularly 3DL1, in combination with certain HLA-B variants in
protection from HIV infection and slow disease progression, in those infected [25, 26].
For example, the high expression 3DL1 homozygous genotype *h/*y co-carried with
HLA-B*57 (*h/*y+B*57) encodes a receptor ligand combination that has the strongest
effect on slow time to AIDS and HIV viral load control compared to Bw6 homozygotes

[25]. Its carriage is also associated with protection from HIV infection [26]. NK cells from
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*h/*y+B*57 carriers, compared to those from Bw6 homozygotes, have a superior
functional potential and ability to inhibit HIV replication through mechanisms that involve
secretion of CC-chemokines [8, 27, 28]. A region upstream of HLA-C, which plays a role
in determining HLA-C expression levels was also associated with HIV control in
individuals of European Americans origin based on results from GWAS studies [21, 23,
29]. While it is assumed that the mechanism underlying this association is related to the
potency of CD8* T cell recognition of HLA-C-HIV peptide complexes, whether NK cells

also play a role has not been excluded [23].

HIV infected CD4 (iCD4) cells downmodulate HLA-A and B, but not HLA-C and —E [30,
31]. Therefore, iCD4 may interact with NK cell subsets expressing and educated
through 2DL3 differently from those expressing and educated through 3DL1 and/or
NKG2A. Here, using a standardized and validated multi-parametric flow cytometry
panel, we examined the functional profiles of the eight possible NKG2A*-2DL3*-3DL1*-
NK cell populations responding to autologous iCD4 cells. We also investigated how KIR/
HLA educating combinations of 2DL3-C1 and 3DL1-Bw4 impacted NK cell functional
responses to autologous iCD4 cells. Collectively, our results show that NK cell
education is a process that is influenced not only by a subject’s KIR/HLA combinations,

but also by environmental changes to HLA surface expression driven by HIV infection.
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4.4 MATERIALS AND METHODS

Ethics statement and Study population

This study was conducted in accordance with the principles expressed in the
Declaration of Helsinki. It was approved by the Institutional Review Boards of the
Comité d’Ethique du Centre de Recheche du Centre Hospitalier de I'Université de
Montréal and the Research Ethics Committee of the McGill University Health Centre -
Montreal General Hospital. All individuals provided written informed consent for the

collection of samples and subsequent analysis.

We studied 20 HIV-1-uninfected 3DL1 homozygous donors. Results on the stimulation
of NK cell populations positive for NKG2A and 3DL1 with autologous iCD4 using cells
from these donors were previously reported [32]. All were positive for the KIR2DL1
(2DL1) locus. The HLA type, 3DL1 allotype and KIR2DL2/2DL3 (2DL2/2DL3) locus

generic genotype of each of the study participants is shown in Table I.

Genotyping

MHC class-I alleles were typed by sequencing using commercial reagents (Atria
Genetics Inc., South San Francisco, CA). Genotyping and allotyping of 3DL1 was
performed as previously described [26, 33]. Presence of a 2DL2/2DL 3 locus and alleles
belonging to the 2DL2 and 2DL3 allele groups was determined by KIR region typing
(One Lambda) and verified by PCR using specific primers and conditions described by

Kulkarni et al. [34].
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Cells

Peripheral blood mononuclear cells (PBMCs) were isolated as previously described [8].
CD4 and NK cells were isolated from PBMCs by positive and negative selection Kits,
respectively (STEMCELL Technologies, Inc., Vancouver, BC). The purity of isolated CD4
and NK cells was verified by flow cytometry and averaged 95.3% and 97.2%,

respectively.

Viral infection

Autologous CD4 cells were infected in vitro with HIV as previously described [8]. In
brief, purified CD4 cells were stimulated overnight with 1 pug/ml phytohemagglutinin
(PHA-P; MP Biomedicals, Santa Ana, CA) and 100 IU/ml of recombinant human IL-2
(rhIL-2 Chiron Corp., Emeryville, CA) in RPMI 1640 media supplemented with 10% fetal
bovine serum (FBS), 2 mM L-glutamine, 50 IU/ml penicillin and 50 mg/ml streptomycin
(R10) (all from Wisent). On day 4, CD4 cells were infected at an MOI of 0.01 with
HIV-1sr-csF for 4hrs and cultured for 7 days in R10 with 100 IU rhiL-2 (R10-100).
Uninfected CD4 (CD4) cells were cultured in parallel to iCD4 for 7 days in R10-100

media. On day 7, iCD4 and CD4 cells were used to stimulate NK cells.

Day 7 iCD4 were used to measure HLA-A and —E surface levels. Infected (HIV p24*)
and uninfected CD4 cell were stained for viability with the LIVE/DEAD® Fixable Dead
Cell Stain Kit (Invitrogen) and with the surface antibody mix: CD3-BV785 (OKT3,
BioLegend), CD4-BUV737 (SK3, BD BioSciences) and either HLA-A2-APC (BB7.2,

eBioscience) or HLA-E-PECy7 (3D12, BioLegend). After fixation and permeabilization
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(FIX & PERM® kit, Invitrogen) intracellular HIV Gag p24 positive cells were detected
with anti-p24-FITC (K57, Beckman-Coulter). Between 400,000 and 500,000 events
were acquired per sample on an LSRFortessa X20 flow cytometer (BD Biosciences).
We measured and analyzed the mean fluorescence intensity (MFI) of expression of
HLA-A2 and -E and percentage of cells positive for these antigens in p24* HIV-infected

CD4 cultures (HIV*) compared to matched uninfected controls (HIV-).

NK cell stimulation and staining

NK cells were stimulated by iCD4 cells as previously described [8]. Briefly, 1x10% NK
cells were co-cultured with iCD4 or CD4 cells at a ratio of 10:1 in R10-100 for 24 hrs.
Brefeldin A (6 ug/ml; Sigma Aldrich, St. Louis, MO) and Golgi Stop (5 ug/ml; BD
Bioscience [BD], San Jose, CA) were added 5hrs before the end of the culture period.
Cells were stained for viability using LIVE/DEAD® Cell Stain Kit (Invitrogen) and surface
markers with the following antibodies: CD107a-PE-CF594 (H4A4; BD), CD3-BV785
(OKT3), CD56-BV711 (NCAM), 3DL1-BV421 (DX9; all from BioLegend, San Diego,
CA), 2DL3-PE (180701; R&D Systems, Minneapolis, MN) and NKG2A-PECy7 (Z199;
Beckman Coulter, Mississauga, ON). Samples were washed, fixed, permeabilized and
stained for intracellular cytokines/chemokines using CCL4-FITC (24006; R&D) and

IFNy-Alexa700 (B27; BioLegend).

Flow cytometry analysis
Between 4x10%and 1x10° total events were acquired for each sample using a calibrated

LSRFortessa flow cytometer (BD). Single stained control beads (CompBead; BD) were
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used in every experiment to calculate compensation. Boolean gating was used to
identify the frequency of NK cells with each of the 7 possible functional profiles: tri-
functional (CD107a*IFN-y*CCL4*), bi-functional (any combination of two functions) and
mono-functional. Total responsiveness was defined as the sum of the frequencies of tri-,
bi- and mono-functional NK cells. Total CD107a, total IFN-y, and total CCL4 were
defined as the sum of all functional subsets that included these functions. Analysis was

performed using FlowJo software V9.8 (TreeStar, Ashland, OR).

Statistical analysis

Analysis was performed using GraphPad Prism6 (La Jolla, CA). Friedman and Kruskal-
Wallis tests with Dunn’s post tests were used to assess the significance of differences
between the eight NKG2A*-2DL3*-3DL1*- NK cell populations. Where multiple
comparisons were performed Bonferonni corrections were applied. A Wilcoxon test was
used to assess the significance of comparisons for 2 matched data sets. Spearman’s
tests were used to test the significance of correlation analyses. P-values < 0.05 were

considered significant.
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4.5 RESULTS

Among CD56Pm NK cells, the populations most responsive to autologous iCD4
cells were NKG2A*2DL3

The gating strategy used to detect NK cell populations expressing various combinations
of NKG2A, 2DL3 and 3DL1 is shown in Figure S1A. Figure S1B shows the gating
strategy for analyzing the functional responses of these NK cell populations using
Boolean gating. CD3-CD56* NK cells include the less mature CD56Bt and more
differentiated CD56P™ populations [35-37]. CD561ght NK cells express low levels of
iKIRs and therefore for the analyses presented here we gated on the CD56P™
compartment [28, 38]. iCD4 cells induced differential frequencies of
NKG2A*-2DL3*-3DL1*- NK cell populations characterized by total responsiveness, total
IFN-y and CCL4 secretion, and total CD107a expression (Fig. 1A-D, p<0.004 for all,
Friedman tests, adjusted p-value<0.02). iCD4 also induced differential frequencies of
NKG2A*-2DL3*-3DL1*- NK cell populations characterized by tri-, and bi-functional
CD107a*IFN-y* and IFN-y*CCL4* subsets (Fig. S2 A-C, adjusted p-value<0.01 for all).
Between-population comparisons revealed that iCD4 stimulated a higher frequency of
NKG2A*2DL3*3DL1*- compared to NKG2A-2DL3* cells. This was the case for the NK
cell populations characterized by total responsiveness, total IFN-y* and CCL4*
secretion, and total CD107a* expression (Fig. 1A-D). The differences were statistically
significant for all comparisons (p<0.03), except for those between NKG2A* and NKG2A-
2DL3*3DL1* cells secreting total CCL4, and NKG2A* and NKG2A- 2DL3*3DL1- cells

expressing total CD107a (Fig. 1C and D).
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Within the NKG2A* populations, iCD4 stimulated a higher frequency of 2DL3*3DL1*
than 2DL3-3DL1* cells with the following functional profiles: total responsiveness, total
IFN-y and CCL4 secretion and total CD107a* expression (Fig. 1A-D, p<0.01 for all). In
addition, iCD4 induced a higher frequency of 2DL3*3DL1- than 2DL3-3DL1* cells
characterized by total IFN-y secretion (Fig. 1B, p=0.001). Within the NKG2A-
populations, those co-expressing 2DL3 and 3DL1 did not respond to iCD4 with a higher
frequency of functional cells than did those that were single positive for 2DL3 or 3DL1 or
double negative for these iINKR. The only comparison that achieved statistical
significance was that for total IFN-y secretion, where the NKG2A-2DL3-3DL1*
population was more responsive to iCD4 than the triple-iINKR- NK cells (Fig. 1B,
p=0.04). Together, these results highlight the importance of NKG2A for NK cell
responsiveness to autologous HIV iCD4. The higher proportion of NKG2A*2DL3* than
NKG2A*2DL3- populations responding to iCD4 suggests that 2DL3* cells also contribute
to responses to HIV iCD4 stimuli. On the other hand, NK cells expressing 3DL1, without
NKG2A or 2DL3, do not respond any better to iCD4 than NK cell populations negative
for these 3 INKR. In general, expression of 3DL1 did not significantly modulate the
frequency of NKG2A*2DL3* NK cells able to respond to iCD4 when the presence/

absence of co-carried ligands for 3DL1 were not considered.

Autologous HIV iCD4 cells from HLA-C1 carriers inhibit the responsiveness of

educated 2DL3* NK cells

HIV iCD4 cells retain cell surface HLA-C, thereby permitting interactions between HLA-

C1 (on iCD4s) and 2DL3* NKs from individuals carrying alleles encoding this KIR/HLA
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pair. To test whether iCD4 cells from carriers of an HLA-C1 allele inhibited 2DL3* NK
cells responsiveness, we stratified the study participants based on homo- and
heretozygosity for HLA-C1 and —C2 and compared the frequency of educated 2DL3*
NK cells (i.e. originating from carriers of a C17 allele) and uneducated 2DL3* cells (i.e.
from C2 homozygotes) that responded to autologous iCD4. The total responsiveness of
CD56Pm2DL3* cells that co-expressed all possible combinations of NKG2A-3DL1*- to
iCD4 was lower in NK cells from C7 than C2 homozygotes (Fig. 2A, p<0.02 for all
comparisons, Kruskal-Wallis with Dunn’s post tests). Analysis of the individual functional
subsets that contributed to total responsiveness revealed significant differences only for
the total CCL4* functional response (Fig. 2B), and not in the other functional subsets
(data not shown). A lower frequency of CD56P™2DL3* that were NKG2A-3DL1 and
NKG2A-3DL1* from C171 than C2 homozygotes responded to iCD4 by secreting CCL4
(Fig. 2B, p=0.07 and p=0.03, respectively). No significant differences in responses to
iCD4 were measured between CD56PM2DL3* NK cells from C2 homozygotes and C1/
C2 heterozygotes (Fig. 2, p>0.05 for all, Kruskal-Wallis with Dunn’s post tests).
CD56Pm2DL3* NK cells from C71/C2 heterozygotes had greater responses to iCD4 cells
than C71 homozygotes in a number of NK sub-populations, though differences did not

reach significance.

Collectively, these results show that the function of educated CD56P™2DL3* NK cells
from C1 carriers was inhibited by 2DL3 interacting with HLA-C1 on iCD4. On the other
hand, CD56P™2DL3* NK cells from C2 homozygotes were not educated by interactions

between this receptor ligand pair and not inhibited by the presence of HLA-C2 on their
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autologous iCD4. Furthermore, iCD4 from C171/C2 heterozygotes compared to C1

homozygotes, showed a trend towards being less potent at inhibiting CCL4 secretion in

CD569m2DL3* NK cells.

CD56Pm3DL1* NK cells from Bw4/Bw6 heterozygotes exhibit greater
responsiveness to iCD4 cells compared to Bw6 homozygotes

The downregulation of HLA-A and B by HIV Nef reduces cell surface levels of HLA-Bw4,
the ligand for 3DL1 on iCD4 [15, 30, 31]. To assess changes in cell surface expression
driven by HIV Nef we measured the frequency and MFI of HLA-A*02, as an example of
an MHC-| antigen downmodulated by HIV Nef, and HLA-E as an example of an MHC-|
antigen not downmodulated on HIV infected cells. We studied eight carriers of one of
the most frequent alleles in Caucasians, HLA-A*02 [31]; six donors were tested for HLA-
E levels. We excluded subjects who carried HLA-B and —C alleles that cross-react
strongly with the 3D12 HLA-E specific antibody used to detect HLA-E levels [39]. The
MFI of HLA-A2 measured on HIV iCD4 cells was 16928 [11634, 20363] (median, range)
and was significantly lower than the levels on uninfected CD4 cells, 36386 [27279,
41188] (Fig. S3A, p=0.004). These values correspond to a downregulation of 46.5% in
HLA-A2 surface levels. In contrast, the MFI of HLA-E detected by 3D12 was 770 [637,
939] and 770 [681, 1187] on iCD4 and uninfected CD4 cells, respectively (Fig. S3B,
p=0.15). The percentage of HLA-A2* uninfected CD4 T cells was also significantly
higher than that of p24* CD4 T cells, while the frequency of HLA-E* cells in infected and
uninfected CD4 T cells did not differ significantly (not shown). These results confirm that

in our in vitro cultures HIV downmodulates HLA-A but not HLA-E on CD4 cells.
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We next questioned whether iCD4 from Bw4 homozygotes (Bw4) versus those who
were Bw4/Bw6 heterozygotes or Bw6 homozygotes, with no Bw4 alleles at the HLA-A or
B loci (Bw6), stimulated CD56P™3DL1* cells differentially. The frequency of
CD56Pm3DL1* cells exhibiting total responsiveness and total CCL4 secretion to
autologous iCD4 stimulation was higher when NK cells originated from Bw4/Bw6
heterozygotes than from Bw4 or Bw6 homozygotes, though these differences did not
achieve statistical significance (p>0.05, Kruskal-Wallis tests) (Fig. 3). In an exploratory
sub-analysis and in order to determine whether between group difference were close to
the threshold of significance we compared the difference between Bw4/Bw6
heterozygotes and Bw6 homozygotes using Mann-Whitney tests. When this statistical
test was applied differences in the total responsiveness of the CD56°™3DL1*
populations that were NKG2A-2DL3* and NKG2A*2DL3- significant (p<0.03).
Furthermore, in these two NK sub-populations iCD4 from Bw4/Bw6 heterozygotes
stimulated a higher frequency of responsive CD56PM3DL1* NK cells than did those from
Bw4 homozygotes (p=0.05, for both, Mann-Whitney). Analysis of the individual
functional subsets that contributed to total responsiveness also revealed significant
differences for the total CCL4* functional response, where CD56P™3DL1* NK cells from
Bw4/Bw6 heterozygotes were more responsive to iCD4 stimulation than NK cells from
Bw6 homozygotes (Fig. 3B, p<0.03, Mann-Whitney). Although responses characterized
by the functional subsets other than total CCL4 secretion, that contributed to total
responsiveness, were also analyzed, no significant between NK population differences

were observed in the frequency of NK cells responding to autologous iCD4 (not shown).
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There were no significant differences measured in total responsiveness or CCL4
secretion between Bw4 and Bw6 homozygotes (Fig. 3, p>0.05 for all, Kruskal-Wallis).
We also examined the correlation between the frequency of p24* iCD4 used to
stimulate NK cells and total responsiveness of iKIR*- NK populations (Fig. S4).
Examination of single KIR*- populations stratified based on expression of NKG2A (Fig.
S4A-C) or single KIR*NKG2A* populations stratified by presence or absence of the
cognate HLA ligand (Fig. S4D and E) revealed no significant trends between these
measures. In summary, these results showed that CD56°™3DL1* NK cells from Bw4/
Bwé6 heterozygotes, that also co-express either NKG2A and/or 2DL3, showed a non
significant trends towards responding more robustly to iCD4 cells by secreting CCL4
than those from Bw6 homozygotes, expressing no ligands for 3DL1. In some cases
CD56Pm3DL1* NK cells from Bw4/Bw6 heterozygotes that co-express either NKG2A
and/or 2DL3, also trended towards responding more robustly to iCD4 cells by secreting

CCL4 than Bw4 homozygotes with educated 3DL1* NK cells.
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4.6 DISCUSSION

In this study we examined the functional profiles elicited by autologous HIV iCD4
stimulation in the eight NK cell populations defined by all permutations of NKG2A, 2DL3
and 3DL1 expression. We found that a higher frequency of NKG2A* than their NKG2A-
NK cell counterparts responded to this stimulus. Within the NKG2A* populations, those
co-expressing 2DL3 were more responsive to iCD4 than their 2DL3- counterparts.
Expression of 3DL1 did not significantly modulate the frequency of iCD4 responsive
NKG2A*2DL3*- NK cells when all subjects were considered together. When these
results were categorized into groups based on whether NK cells originated from
individuals carrying or not iKIR/HLA educating pairs, we found that 2DL3* NK cells from
C2 carriers had higher responses to autologous iCD4 than educated 2DL3* NK cells
from C71 homozygotes, while 3DL1* cells from carriers of a Bw4 allele, particularly Bw4/
Bwé6 heterozygotes, were more responsive to iCD4 than uneducated 3DL1* NK cells

from Bw6 individuals.

When results from all study subjects were considered, iINKR bearing 2DL3* and
NKG2A* NK cells were more responsive to iCD4 cell stimulation than their respective
iINKR- counterparts. This was unexpected as HLA-C and -E levels are maintained on
iCD4 cells and should transmit inhibitory signals through these iINKR engaging their
receptors. We previously showed that blocking the interactions between NKG2A and
HLA-E increased the frequency of functional NKG2A* NK cells responding to iCD4 [32].
In addition, blocking interactions between 2DL3 and HLA-C enhanced responses of

2DL3* NK cells to iCD4 targets [40]. Though it remains unclear how HIV iCD4 activate
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some NKG2A* and 2DL3* NK cells better than their INKR- counterparts, these findings
confirm the functionality of these iINKRs as inhibitory receptors and may also have the
potential of contributing to protective responses to HIV. This should be investigated in

future studies.

NK cell functional potential depends on how potently NK cells are educated, which in
turn depends on which iINKRs they express, which HLA allele they co-carry, the number
of INKRs to self HLA ligands an NK cell expresses and the potency of particular INKR/
HLA ligand combinations [11, 20, 27, 28]. NK cell activation can occur when inhibitory
signals through iNKRs are interrupted due to loss, or reduced levels of ligand for iINKRs
on target cells, or if signaling through aNKRs overcomes negative signals originating
through iINKR engagement [11, 14, 41, 42]. In this study we examined the
consequences of interactions between certain iINKRs and their ligands on NK cell
responses to autologous iCD4 cells. HIV infection selectively downregulates cell surface
HLA-A/B, but not HLA-C/E, on in vitro HIV iCD4 cells [30, 31]. Cohen et al. measured
this using an HIV infection model of a cell line that was engineered to express a single
HLA antigen. It is difficult to evaluate surface HLA levels in healthy and HIV infected
primary cells, due to the co-dominant expression of up to 6 HLA antigens and the lack of
specific antibodies for HLA variants encoded by a single locus that do not cross-react
with molecules encoded by other HLA loci. Recent work by Apps et al., measured the
levels of specific allelic variants of HLA-A*02, -B*44 and -C*05 on ex vivo uninfected
cells and in vitro HIV infected primary cells using non-commercial antibodies. Surface

levels of HLA-A and HLA-B were 15 and 18 times higher than HLA-C levels on ex vivo
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uninfected CD3* cells by flow cytometry; HIV Nef downregulated both HLA-A and B
relative to HLA-C, with HLA-A being reduced marginally more than HLA-B [31]. Since
our investigation of HLA-A*02 levels on HIV infected CD3* cells found that this antigen
was reduced to a median of 46% of its level on uninfected cells we expect that HLA-B

variants will be reduced by approximately this levels on iCD4 cells as well. (Fig. S3).

NK cells expressing the 3DL1 receptor are educated in Bw4 donors, while those from
Bw6 individuals remain uneducated through this iINKR. We measured a non significant
trend towards higher frequencies of iCD4 triggered 3DL1* NK cells from Bw4/Bw6
heterozygotes than Bw6 homozygous donors, whose 3DL1* NK cells are not educated
through this receptor. Thus, the frequency of functional 3DL1* NK cells from Bw6
homozygotes would represent a background level of activation dependent on education
though other iINKR and loss of ligands for these iINKR on autologous iCD4. We also
observed a higher frequency of iCD4 triggered 3DL1* NK cells Bw4/Bw6 heterozygotes
than Bw4 homozygous donors that trended towards statistical significance for some of
the 3DL1* populations. This observation may reflect an HLA dosage effect and the level
to which HIV Nef downmodulates HLA-A and -B. We measured a decrease in HLA-A*02
levels following in vitro HIV infection and would expect a similar reduction in the surface
levels of HLA-B on iCD4 cells [30, 31]. HLA antigens are co-dominantly expressed on
the cell surface. Bw4 homozygotes would be expected to express twice the number of
cell surface HLA-Bw4 antigens compared to Bw4/Bw6 heterozygotes. Following HIV
Nef mediated down-modulation it is expected that Bw4 levels on cells from Bw4/Bw6

heterozygotes would be lower than those of Bw4 homozygotes. In a murine system
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Brodin et al., provided evidence that MHC class | ligands for iNKR need to fall below a
threshold of 20% of maximal expression to interrupt negative iINKR signaling [41]. Thus,
the higher frequency of iCD4 induced functional NK cells in Bw4/Bw6 heterozygotes
may be due to the level of Bw4 antigens being reduced sufficiently to abrogate the
inhibition of NK cell activity through 3DL1 in educated 3DL1* NK cells. On the other
hand, even if HIV Nef down-modulates HLA-B to similar levels in Bw4/Bw6
heterozygotes as in Bw4 homozygotes, twice as many Bw4 antigens would remain on
the surface of iCD4 from Bw4 homozygotes, which may be enough to mediate inhibition
of 3DL1* NK cells. Although autologous iCD4 activated 3DL1* NK cells for total
functionality, the secretion of CCL4 appeared to be the main contributor to total
responsiveness. CCL4 secretion can exert an anti-viral effect by competing with HIV for
binding to the CCRS5 co-receptor required for viral entry [43]. Therefore, the response of
the 3DL1* NK cell population from Bw4/Bw6 heterozygotes, have the potential to limit

HIV infection through secretion of CCL4.

The frequency of 2DL3* NK cells from C7 homozygotes responding to autologous iCD4
was lower than that of C2 homozygotes. As HLA-C1 is retained on iCD4 it would be
available to interact with 2DL3 on NK cells educated through this receptor to inhibit their
activation. In contrast, 2DL3* NK cells from C2 homozygotes would largely not be
educated through this iINKR, nor would HLA-C2 on autologous iCD4 interact with 2DL3
to inhibit the function of 2DL3* NK cells. Thus, the frequency of functional 2DL3* NK
cells from C2/C2 homozygotes would represent a background level of activation

dependent on education though other iNKR and loss of ligands for these iNKR on
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autologous iCD4. 2DL3* NK cells from C1/C2 donors are educated, though possibly not
as potently as 2DL3* NK cells from C7 homozygotes. Infected CD4 from C7/C2 donors
activate 2DL3* NK cells to lower levels than do iCD4 from C2/C2 homozygotes,
however, the difference does not achieve statistical significance. On the other hand,
expression of HLA-C1 on iCD4 from C1/C2 heterozygotes, which is half that on iCD4
from C1 homozygotes, appears to be insufficient to suppress 2DL3* NK cell functionality
to the low level of responsiveness observed in 2DL3* NK cells from C7 homozygotes.
HLA-C has been reported to be expressed on the cell surface at lower levels than HLA-
A and —-B antigens [22, 31, 44]. This may explain why iCD4 from C1/C2 carriers are not
as robust as those from C71 homozygotes at inhibiting 2DL3* NK cell activation. In other
words, C1 levels on iCD4 from C1/C2 heterozygotes may fall below the threshold
required to inhibit 2DL3* NK cells. Together, these results show that the functionality of
NK cell populations to HIV is not only dependent on the educating iKIR/HLA
combinations carried by the donor, but also on environmental changes in HLA

expression levels driven by HIV infection.

We did not investigate the frequency of 2DL1 and KIR2DL2 (2DL2) positive NK cells
stimulated by autologous iCD4 in this report. The reason for this is that the commercially
available antibodies that bind 2DL2 also bind 2DL3 with or without KIR2DS2
compromising the detection of NK cells expressing 2DL2. Furthermore, the antibody
previously thought to detect 2DL1 only, cross-reacts with other inhibitory and activating
KIRs [45]. A subset of each of the INKR* NK cells studied here would be expected to

express 2DL1 and be educated through this receptor in persons who co-carried a C2
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allele. As well, a subset of all of the subjects who are 2DL2* would be expected to
express this iIKIR and be educated through this receptor to varying degrees depending
on which C1 or C2 alleles they carry. However, as iKIR are stochastically expressed NK

cells expressing these receptors would be distributed among the NK cell populations

expressing 2DL3, 3DL1 and NKG2A as well as none of these iNKR.

In conclusion, our results highlight a role for NKG2A* and 2DL3* NK cell populations in
anti-HIV responses. We also observed a differential impact of education on the
response of NK cell populations to HIV iCD4. A higher frequency of educated, compared
to uneducated, 3DL1* NK cells secreted CCL4 in response to iCD4 cells, while a lower
frequency of educated versus uneducated 2DL3* NK cells, responded to iCD4 by
secreting CCL4. The higher functionality, in terms of CCL4 secretion, of 3DL1* NK cell
populations from Bw4/Bw6 individuals may be a mechanism underlying the superior
viral control and slower time to AIDS observed in epidemiological studies for some
carriers of 3DL1 homozygous genotypes co-carrying certain Bw4 ligands compared to

Bw6 homozygous individuals [25].
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4.7 FIGURES AND LEGENDS
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Figure 1: HIV iCD4 stimulation of functional NK cell subsets contributing to the
differential responsiveness of CD56PIMNKG2A*-2DL3*-3DL1*- NK cell
populations. The frequency of iCD4 stimulated NK cell populations characterized by
total-responsiveness (C), total IFN-y secretion (D), total CCL4 secretion (E) and total
CD107a expression (F) response profiles are shown in the y-axis for each
CD56P'™MNKG2A*-2DL3*-3DL1*- population. Bar heights and error bars represent the
mean and standard deviation (SD) for each group. Data from 20 individuals analyzed
in duplicate were used to generate these results. Friedman (prriedman) and Wilcoxon
(*) tests were used to determine the significance of differences between data sets.
The data obtained were corrected for background using results obtained following
stimulation with uninfected CD4 cells. % Fnx cells = Percent of cells exhibiting total

responsiveness.
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Figure 2: CD56°m2DL3* NK cells from C7 homozygotes have lower responses to
autologous iCD4 than those from C2 carriers. The frequency of iCD4 stimulated
CD56P™MNKG2A*-2DL3*3DL1*- NK cells from C7 homozygotes (C1umz; n=7), C2
homozygotes (C2umz; n=3) and heterozygous (C1/C2; n=9) characterized by total
responsiveness (A) and total CCL4 secretion (B) response profiles are shown on the
y-axis. Bar heights and error bars represent the median and IQR for each group. Data
from 19 individuals positive for a 2DL3 allele, analyzed in duplicate, are plotted.
Kruskal-Wallis with Dunn’s post tests were used to determine the significance of

Wk

between group differences. = p<0.05. The data obtained were corrected for

background using results obtained following stimulation with uninfected CD4 cells.
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Figure 3: CD56°™m3DL1* NK cells from Bw4/Bw6 heterozygotes have higher
responses to iCD4 than those from Bw6 homozygotes. The frequency of iCD4
stimulated CD56P™NKG2A*-2DL3*-3DL1* NK cells from Bw4 homozygotes (Bw4hwmz;
n=5), Bw6 homozygotes (Bw6nwmz; n=8) and heterozygotes (Bw4/6; n=7) characterized
by total responsiveness (A) and total CCL4 (B) response profiles are shown on the y-
axis. Bar heights and error bars represents the median and IQR for each group. Data
from 20 individuals, analyzed in duplicate, are plotted. Kruskal-Wallis with Dunn’s post
tests were used to determine the significance between group differences. “*” = p<0.05.
The data obtained were corrected for background using results obtained following

stimulation with uninfected CD4 cells.
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Supplementary Figure 1.

and functional subsets. (A). Cells were gated on the live singlet lymphocyte
population. NK cells were defined as CD3-CD56+ and those that were CD56Dim were
distinguished from CD56bright. NK cells positive for the INKR NKG2A, 2DL3 and/or
3DL1 were analyzed from the CD56Dim gate. (B) Functional gates for IFN-y, CCL4
and CD107a were set on gated CD56DIimNK cells from HIV uninfected peripheral
blood mononuclear cells (PBMC) (left hand panels). The background for NK cells
stimulated with iCD4 (NK+iCD4) (right hand panels) was NK cells co-cultured with
autologous uninfected CD4 cells (NK+CD4) (middle panels). The background for the
NK+CD4 is higher than the PBMC gating control due to the media required to culture

purified NK cells, R10 supplemented with IL-2, as described in the Materials and

methods section.

The gating strategy used to identify iNKR population
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Supplementary Figure 2. iCD4 stimulation of functional subsets contributing to
the differential responsiveness of CD56DimNKG2A+2DL3+ NK cell populations.
The frequency of iCD4 stimulated NK cell populations characterized by trifunctional
(A), CD107a+IFN-y+ (B) and IFN-y+CCL4+ (C) response profiles are shown in the y-
axis for each CD56DImMNKG2A+/-2DL3+/-3DL1+/- population. Bar height represents
the mean+/-SD for each group. Data from 16 individuals analyzed in duplicate were
used to generate these results. Friedman (pFriedman) and Wilcoxon (*) tests were
used to determine significance between data sets. P-values for between group

comparisons are shown over lines linking the two groups being compared.
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Supplementary Figure 3. Surface HLA levels following in vitro HIV infection of
purified and stimulated CD4 cells. The frequency and MFI of HLA-A*02 (A & B)
and HLA-E (C & D) are shown on the y-axis following in vitro HIV infection, as
described in materials and methods. Individuals tested for HLA-E frequency were
negative by allotyping for HLA-B*27, B*40, C*17 and C*04:03 alleles that have been
shown to cross-react with 3D12 antibody. Wilcoxon tests were used to determine
significance between data sets. P-values for between group comparisons are shown
over lines linking the two groups being compared. HIV+: HIV-infected CD4 cells.

HIV-: HIV-uninfected CD4 cells.
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Supplementary Figure 4. Correlation between percentage of p24+iCD4 cells
used for stimulation and total responsiveness of NK cell populations. Total
functionality of 2DL3+ (A), 3DL1+ (B) and iKIR- (C) NK cells (y-axis) was correlated to
level of HIV infectivity, as measured by p24 (x-axis). Both iINKR+ populations were
positive for only the indicated iINKR (i.e. 2DL3+3DL1-). Both NKG2A+ (blue) and
NKG2A- (red) sub-populations of NK cells were analyzed. The NKG2A+ populations
of 2DL3+ (D) and 3DL1+ (E) Nk cells were further examined in a stratification analysis
by the presence of the INKR cognate ligand. Correlation was analyzed using

Spearman and two-tailed p-value analysis.
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CHAPTER 5: HIGHLIGHTS AND SUMMARY OF ORIGINAL WORK

The main objective of this thesis was to characterize NK cell populations responding to
HIV infected cells and analyze their functional profiles. Numerous studies have
described the importance that NK cell education has on acquisition of NK cell functional
potential. Therefore, we stratified our analyses of NK cell populations by taking into
consideration genotypes encoding iINKR-HLA receptor ligand combinations. We also
sought to better understand the mechanisms underlying protection from infection of
3DL1* NK cells that were previously unknown. The summary of our key findings from

each thesis chapter are presented below.

Chapter 2:

1. NK cells from subjects carrying *h/*y+B*57 suppress viral replication as well as
those from carriers of the 3DS7+*80/ pair and better than those from of carriers of *I/
*x+B*57 and Bw6hmz subjects.

2. Bulk NK and 3DL1* NK cells from h/*y+B*57 subjects secrete more CC-chemokines
in response to iCD4 cells than those from Bw6hmz and *I/*x+B*57 carriers.

3. This suggests that NK cell education influences the potency of NK cell mediated
inhibition of HIV replication that is partially due to secretion of CC-chemokines and

in part mediated by 3DL1* NK cells.
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Chapter 3:

1. 3DL1*NKG2A* NK cells were significantly more responsive to HLA-null cells than
the other 3 NKG2A*-3DL1*- populations.

2. A higher frequency of NKG2A* than NKG2A- NK cells with tri-functional,
CD107a*IFNy*, total CD107a* and total IFNy* functional profiles respond to iCD4
cells. Thus the less mature CD56°"9"t NK cell population responds most potently to
iCD4 cells.

3. Co-expression of 3DL1 on NKG2A*- populations did not enhance responses to
iCD4 cells.

Chapter 4:

1. The expression or co-expression of 3DL1 has a minimal impact on NK cells
responses to iCD4.

2. In contrast, 2DL3 has an impact on NK cells functionality to iCD4, which is
enhanced by NKG2A co-expression.

3. A higher frequency of 3DL1* NK cells from Bw4* individuals than Bw6hmz controls
responded to iCD4 by secreting CCL4.

4. Lower frequency of 2DL3* NK cells from individuals positive for C1, versus C2
homozygotes responded to iCD4.

5. Responses of NK cell populations to iCD4 are influenced by NK cell education

through specific KIR/HLA pairs and differential HIV mediated changes in HLA

expression levels.
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Together these observations provide additional support for the importance of NK cells
and populations of these cells as mediators of responses to HIV infected cells. These
findings also demonstrate the dynamic role of NK cell education on aspects of NK cell
functions, both in the context of broad stimulation by HLA null cells and responses to

iCD4 cells.
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CHAPTER 6: DISCUSSION

The functional heterogeneity of educated NK cell populations; implications for

evaluation methods

NK cells acquire functional competence via the process of NK cell education. Education
depends on a number of factors, such as: the INKRs expressed by an NK cell, the HLA
type of the NK cell donor, the number of INKRs to self ligands an NK cell expresses and
the potency of particular INKR-HLA ligand combination. There are many publications
that highlight the functional benefits of educated compared to un-educated NK cell
populations. NK cell functional competence depends on how potently they were
educated and can be measured by activating NK cells with a stimulus such as HLA null
cells and measuring various effector functions (e.g. secretion of cytokines and
chemokine, apoptosis/killing assays and Ab activation and cytotoxicity). In other words,
the stronger the interactions are between iKIR and HLA, the more functional the NK cell
population will be compared to NK cells educated through weaker iKIR/HLA pairs or

those expressing either iKIR without their ligands or vice versa.

The term “functional potential” refers to NK cell responsiveness induced by HLA-null cell
stimulation. The HLA-null 721 and K562 cell lines are commonly used to activate NK
cells educated through the interaction of iINKRs with HLA antigens. Their lack of cell
surface HLA abrogates negative signaling through iINKRs, which inhibit NK cell function.
HLA null cell stimulation results in a level of NK cell activation that is correlated with the

extent to which NK cells were educated. NK cell activation also requires the
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engagement of aNKRs with their ligands present on HLA null cells. Several studies
highlight differences between 721 and K562 in terms of which aNKRs ligands they
express. These differences are likely to be important for the differential activation
profiles measured in bulk NK cells and NK cell populations following stimulation with
these two HLA-null cell lines. Our results using 721 and K562 to stimulate NK cells
illustrate a dichotomy of responses in which K562 cells preferentially stimulate CD107a
driven responses, while 721 cells stimulate a response profile driven by IFN-y and
CCL4 secretion [379]. Therefore, these HLA-null cell lines have the potential to induce
different functional profiles in NK cells and their subsets. Indeed, we have previously
shown that 721 and K562 induce a different level and pattern of activation of bulk and
3DL1* NK cells. We also measured higher levels of total responsiveness following
stimulation with 721 than K562 cells in 3DL1- cells that were 2DL1*, 2DL2/S2* and
NKG2A* (unpublished data). Together, these results suggest that the nature of the
stimulus has a significant impact on the level of NK cell activation and the NK cell

population engaged.

In chapter 3 we assessed whether co-expression of the iINKRs NKG2A and 3DL1
affects functional responses of NK cell populations responding to 721 and K562. 721
induced a higher frequency of functional NK cells than K562 within the four populations
expressing all possible combinations of NKG2A and 3DL1. One notable exception to
this tendency was that a higher frequency of single positive NKG2A than double iNKR*
NK cells responded to HLA null stimulation by expressing CD107a; this response for

K562 was greater than 721 stimulation. We previously studied the differential response
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profiles of bulk and 3DL1*- NK cells in response to 721 and K562 [379]. Briefly, when
overall functionality was dissected in order examine individual functions we found that
721 and K562 induced IFN-y, CCL4 and CD107a expression differentially. For example,
K562 stimulation induced a higher frequency of CD107a expression from bulk and
3DL1*- NK cells, while 721 was superior to K562 for inducing the secretion of IFN-y and
CCL4 [379]. The reason behind this dichotomy may be due to two possible factors: NK
cell activation and trafficking pathways. NK cell activation requires not only the
interruption of negative signaling through iINKR, but also the interaction of aNKRs with
ligands on target cells. The lack of surface HLA expression on 721 and K562 is common
factor for both cell lines and fulfills the first criterion for activation. However, expression
of ligands for aNKR, the other factor involved in activation, differ between these cells
lines [374, 377, 456-458]. These differences are likely to be important for the differential
activation profiles measured in bulk NK cells and NK cell populations following
stimulation with these two HLA-null cell lines. There is accumulating evidence that
cytokines are trafficked and secreted by different pathways than cytotoxic granules,
suggesting that cytotoxicity and cytokine/chemokine production in NK cells can be
uncoupled [457, 459, 460]. For example, NKG2D engagement is known to initiate a
signaling cascade leading to cytotoxicity [457]. K562 expresses several ligands for
NKG2D that can activate NK cells through this aNKR, while 721 does not [461]. In
contrast, 721 expresses ligands for aNKRs, such as NCRs and CD48, which is not
found on K562 cells. The co-expression of CD48 with other NCR specific activating
ligands is consistent with 721’s superior ability to induce the secretion of IFN-y and/or

CCL4 compared to K562 [377, 461].
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In the second part of chapter 3 we investigated the responses of NK cell populations
defined by NKG2A and 3DL1 expression to autologous HIV iCD4. It should come as no
surprise that this stimulus induced a different pattern of NK cell activation than HLA null
cells. Following stimulation with iCD4 cells the frequency of functional double INKR* NK
cells was not superior to that of the other 3 NK cell populations studied. Rather, the
frequency of functional single NKG2A* cells was comparable, and sometimes superior,
to that of NKG2A*3DL1* NK cells. This further supports the concept we identified in our
study of bulk NK and 3DL1*- NK cells using 721 and K562 [379] that NK cell
populations are triggered differentially by different stimuli. This is likely due to difference
in the configuration of ligands for aNKR and iNKR present on the different target cells,
i.e. 721 vs K562 or iCD4 that are stimulating NK cells. Therefore, each stimulus is
unique and is likely to engage with NK cells in a specific capacity and stimulate a unique
signature of responses. In conclusion, results of functional NK cell and NK cell
population responses may not be transferable from one stimulus to another and must
be interpreted carefully. Each stimulant needs to be assessed and considered

independently with their respective controls.

Pivotal studies on discovering and understanding the mechanisms of NK cell education
by Kim et al., Anfossi et al. and Moesta et al. examined educated versus non-educated
NK cells by defining these populations using expression of one to several iKIRs and
iINKRs. It is important to make the distinction that uneducated NK cell populations in

these studies were not ‘non-functional’ (i.e. zero functional potential), rather, they
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exhibited lower functionality compared to their educated counterparts. This is a ‘fail/safe’
mechanism that prevents responsiveness to self [462]. The measured functionality in
the uneducated NK cell populations could be due to the co-expression of aKIRs, or in
some cases other iINKRs that may not be a strong iKIR/HLA pair and thus have a limited
contribution to the functional potential. Therefore, it would be desirable and informative
to examine NK cell populations that exclusively express a single iINKR and to analyze its
individual and additive (in combination with other iINKRs) effect on NK cell functional
potential. At the time the experiments described in this thesis were done an examination
of the functional repertoire of all NK cell populations defined by the various iNKRs
responding to a given stimuli was not feasible. This was primarily due to practical
limitations relating to the availability of Abs detecting specific INKR, and particularly KIR.
Either Abs specific for a particular receptor do not exist or they cross-react with other
iINKRs and/or the aKIR counterpart of iKIRs that share high sequence homology. This
situation represents a limitation of the results presented in this thesis. However, given
that little information was published and known on NK cell populations responding to
HIV infected cells, efforts in this thesis describe analyses of NK cell populations defined
by three iNKRs, which results in a comprehensive analysis of 8 distinct NK cell
populations. With advances made in Ab availability and strategies for analyzing complex
NK cell panels [463], | was able to develop, test and optimize an Ab panel that can
study simultaneously NK cell populations defined by 5 different INKR and aNKRs:
KIR2DL1, KIR2DL2/S2, KIR2DL3, KIR3DL1 and NKG2A. This panel generated results
for stimulations with HLA-null cells (both K562 and 721) and Ab-induced NK cell

activation (unpublished results and Appendix 1). The Bernard lab has since improved on
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the Ab panel and the new Ab panel can distinguish KIR2DL1,and KIR2DL2 from
KIR2DL3 and KIR2DS2. This has been made possible by the acquisition of Abs than
are not available commercially. This new Ab panel will contribute to a more complete
assessment of the response of NK cell populations to stimuli and deepen our

understanding of the interaction of NK cells with autologous iCD4.

Superior functionality of NKG2A* NK cell populations in response to stimulation

with HIV infected cells

NK cell populations are involved in responses to HIV and may mediate both protection
from infection and protection from disease progression. The types of responses
associated with both outcomes are not well characterized. The focus of this thesis was
protective immune responses and thus the system chosen to evaluate this phenomenon
relied on purified NK and autologous in vitro HIV iCD4 cells from HIV-negative donors.
At the time my thesis research project was initiated, little was known regarding whether
iCD4 stimulated NK cell populations differentially and if so, which populations and
functional subsets they activated. The NK cell population that was first shown to inhibit
HIV replication was the 3DS1* population from 3DS1/3DL1 heterozygous donors [447].
In Chapter, 2 we showed that 3DL1* NK cells from donors who express both high
expression 3DL1 variants and a potent ligand for 3DL1, i.e. HLA-B*57 not only limit HIV
replication in vivo, but also get preferentially stimulated by autologous HIV iCD4 targets

to secrete CCL3, 4 and 5 chemokines. The level of this stimulation is higher than that of
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3DL1 NK cells from carriers of low expression 3DL1 variants (even when co-expressed
with HLA-B*57) and from carriers of 3DL1 not co-expressing an HLA-B ligand. The
results described in Chapter 2 illustrate the impact on NK cell functionality of strong,
versus weak, versus no educating signals between iKIR/HLA pairs on functional

responses to HIV infected cells.

Given that NK cell functional potential also depends on the number of educating iINKR
signals received during education we assessed the impact of the expression of multiple
iNKR on NK cell populations (i.e. other than 3DL1) in response to autologous iCD4 cells
in Chapters 3 and 4. We reasoned that NK cells with greater functional potential, in
other words with more iINKRs to self HLA, should be more responsive to stimulation in
accordance with theory of NK cell education and as confirmed in Chapter 3 using two
different HLA-null cell lines. Thus we expected that the double iINKR* population would
be more responsive to autologous iCD4 than the other 3 populations defined by NKG2A
or 3DL1 alone or neither. We were surprised to find that the double iINKR* population
did not show the highest functional responses to iCD4. HIV iCD4 targets stimulated a
higher frequency of responses in NKG2A* NK cell populations compared to NKG2A-,
irrespective of 3DL1 co-expression. Even more surprising was the observation that the
highest frequency of NK cells responding to iCD4 cells were the CD56B9MNKG2A*
population. The reason this is surprising is that, 1) NKG2A is an iNKR who’s HLA-ligand
is not downmodulated during HIV infection, raising questions regarding how this NK cell
population is activated by iCD4. 2) CD56B9"NKG2A* cells are less mature compared to

CD56PmKIR* populations. According to studies that analyzed the correlation between
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NK cell development and functionality, less mature cells should be less responsive to
stimulation. Together these results reaffirm the notion that higher NK cell functional
potential, as predicted by the theory of NK cell education and confirmed by assessment
of NK cell functional potential, does not always predict which NK cell population will be

quantitatively superior in its responses to stimulation.

These findings also lead to another important question regarding the role of NKG2A*
NK cells in HIV infection: i.e. do NKG2A* NK cells protect from infection or does this
phenomenon represent a viral diversion mechanism that steers the anti-HIV responses
away from controlling the virus? One way to assess the anti-iCD4 functionality of
NKG2A* NK cells would be to isolate NKG2A* and NKG2A- NK cells and test them side
by side in an inhibition of viral replication assay. This has yet to be done. We did block
the interaction of NKG2A, with HLA-E, in order to ascertain its functional role as an
inhibitory receptor. Blocking the NKG2A/HLA-E axis resulted in enhanced NKG2A* NK
cell responses to autologous iCD4. This led us to the possibility that HIV may affect the
pool of leader peptides available to bind HLA-E, which could have an impact on
interactions between HLA-E and NKG2A. Indeed a recent study by Davis et al. [464]
confirmed our observations and identified a possible mechanism underlying the
enhanced NKG2A* NK responses to iCD4 cells. They used HLA-E tetramers loaded
with a conserved Gag peptide to probe the interaction of HLA-E/HIV peptide with
NKG2A. Their results show that the presentation of this conserved HIV Gag 9-mer
peptide abrogated the binding of HLA-E to NKG2A, which is also evident at the level of

NKG2A* NK cell responses to autologous iCD4. Thus, when HIV infection occurs and
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this 9-mer peptide is presented by HLA-E, the binding interactions between NKG2A and
HLA-E are disrupted, reducing the inhibitory input through this receptor and resulting in
a greater activation of NKG2A* NK cell populations. Davis et al. also noted greater
responses to iCD4 by CD56B"9"t compared to CD56P™ NKG2A* population. The latter
finding is also in agreement with our data and can be easily reconciled given the

predominant expression of NKG2A on CD568rght NK cells.

In future projects it would be interesting to test these findings in NK cells from
individuals in the chronic phase of HIV infection and compare the responses of these
NK cell populations in HIV controllers and typical-progressors. In other words, it would
be interesting to know whether NK cell populations from individuals in chronic phase
HIV infection respond similarly to iCD4 at the population level and inhibit HIV replication
similarly to NK cells from uninfected subjects. Future experiments should assess
whether HIV infection has a negative impact on NK cell functionality at the NK cell
population levels, particularly NKG2A* NK cells, as has been reported for 3DL1* NK
cells from carriers of a Bw4 allele [465]. If so, it would be worth knowing whether any

negative impacts are correlated with HIV VL.

NK cell responses to HIV infected cells are CC-chemokine driven

The timing of NK cell responses suggests that they may have a role in initial control of

HIV infection [447]. This early role is supported by epidemiological and functional
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studies that show that VL decline occurs before adaptive immune responses (primarily
meditated by T cells) are fully engaged and the higher frequency of functional NK cells
in HESN, particularly those secreting CC-chemokines [187]. CC-chemokine secretion
by NK cells is a common theme in this thesis. In Chapter 2, we measured greater CCL3,
4 and 5 secretion by NK cells from B57 donors in response to autologous iCD4. We
showed that when these NK cells were co-cultured with iCD4 targets their inhibition of
HIV replication is driven in part by CC-chemokines that can outcompete the virus for
binding the entry co-receptor CCR5. The contribution of additional iINKRs to the
responses of educated 3DL1* NK cells was investigated in Chapters 3 and 4. The co-
expresison of either 2DL3 or NKG2A enhanced the CCL4 secretion by 3DL1* NK cells
from Bw4 donors compared to Bw6 controls. We chose to focus on CCL4 secretions
instead of CCL3 as both chemokines are co-produced and the signal of the latter is
harder to detect by flow cytometry (unpublished data). Altogether, these data suggest
that NK, and particularly educated 3DL1* NK cells, limit HIV replication at least at the

entry level.

These findings raise some interesting questions about additional potential mechanisms
that NK cells can use to inhibit HIV spread or HIV replication. Similarly to what has been
observed with 3DL1* NK cells, can other NK cell population respond to HIV infected
cells? Is it possible that NK cells interfere with HIV replication at other points of the
replication cycle than entry? Would this be mediated by a particular NK cell population
or bulk NK cells? While the timing of NK cell expansions in acute HIV infection precedes

that of HIV-specific CTL expansions, it is likely that the major contribution of NK cell
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mediated inhibition of HIV infection dissemination occurs at an early stage of infection.
Given the diverse functional profiles of NK cells and the complexity of the human
immune system it is probable that NK cells can also exert restrictive pressure on HIV
replication and/or assist with replication control at different stages of infection.
Previously, NK cells were found to be poor “killers” of autologous iCD4 cells [466].
However, this study examined purified NK cell activity against isolated and in vitro HIV
infected autologous T cells in the absence of IL-2. This cytokine would have been
produced naturally in the cytokine milieu following establishment of infection. In a
subsequent article this technical limitation was overcome and the field has been using
IL-2 in co-culture systems of purified target-effector cells in the context of HIV [467].
Nevertheless, to fully address these questions new studies need to be designed.
Results presented in Chapters 3 and 4 provide insights into the multi-functionality of
immune responses triggered by NK cell populations responding to HIV-specific

stimulation.

Immune responses to HIV are multifactorial and heterogeneous, as is the
pathophysiology of this virus. Therefore, it is logical to hypothesize that NK cell
populations may respond heterogeneously as well. As previously described, 3DL1* NK
cells from carriers of the high-affinity B*57 ligand can inhibit HIV at the level of entry via
the secretion of CC-chemokines. Similarly to 3DL1* NK cells, a higher frequency of
2DL3* cells from donors who carry 1 copy, or no C1 alleles (i.e. C2 homozygotes),
responded to iCD4 by secreting CCL4 following iCD4 stimulation. Thus 2DL3* NK cells

from ‘less educated’ HLA backgrounds are likely to be involved at limiting HIV replication
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at the entry level, since their responses are mainly characterized by CCL4 secretion.
The role of 2DL3* NK cell population in controlling HIV replication and infection
dissemination is further highlighted by HIV evasion mechanisms from NK cells. A recent
study found that an HLA-C restricted Gag variant activated 2DL3* NK cells poorly; this
was associated with viral escape from 2DL3* NK cells [468]. A better understanding of
the mechanisms by which HIV-1 evades NK-cell-mediated immune pressure will
facilitate the development of novel targeted immune interventions aimed at harnessing

the antiviral activities of NK cells.

We have identified a previously uncharacterized NK cell population that has high
responses to HIV infected cells. Indeed, as presented in Chapters 3 and 4, NKG2A* NK
cells respond to HIV infected cells in a multi-functional fashion by not only secreting
CCL4, but also secreting IFN-y and degranulating via CD107a upregulation. These
responses were measured in both CD56B19"t and CD56P™ NKG2A* NK cells, but were
dominant in the former compartment, likely due to the high prevalence of NKG2A on
CD56°8aht NK cells. These multi-functional responses may also aid in shaping immune
responses that interfere with other steps in HIV replication via the secretion of IFN-y or

additional cytokines.

Given the high level of responsiveness measured in NKG2A* NK cells following
stimulation with autologous iCD4 cells we wanted to ascertain whether these cells can
also act in other ways and limit HIV infection. NK cell activation via antibody-dependent

stimulation has been on the forefront of recent research due to results from a secondary
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analysis of the RV 144 phase Il HIV vaccine trial. In a post hoc analysis ADCC, which is
mediated by NK cells, was shown to be an important correlate of protection. However
recent computational analyses highlight the importance of Ab-mediated NK cell
activation that can drive other immune responses than cellular cytotoxicity [285]. In
addition, host Ab-dependent functions directed against HIV infected cells have been
implicated in protection from infection induced by protective HIV vaccines [271]. These
Ab-dependent functions are almost certainly more potent than direct NK cell responses
(e.g. direct killing) to iCD4 and dependent on the presence of anti-HIV Env specific Abs.
These Abs would not be present in HIV susceptible subjects before infection, unless
they were induced by immunization with an appropriate vaccine or adoptively
transferred to uninfected hosts. Currently, the effector function of NKG2A* NK cells in
anti-HIV Ab-dependent activation is not known. The process of Ab-dependent NK cell
activation is influenced by CD16, which is expressed predominately on the CD56P™
compartment [307]. This is in contrast to the cellular distribution of NKG2A, which is
expressed on essentially all immature CD56Br9 cells, but only on a subset of CD56P™
NK cells [243]. Accordingly, we hypothesized that, unlike responses to HIV iCD4, a
lower frequency of CD56BranNKG2A* than NKG2A- NK cells would respond to anti-HIV
Ab-dependent activation. To assess this we examined Ab dependent NK cell activation
using CEM.NKr.CCRS5 target cells coated with gp120 as stimuli, NK cells as effectors
and pooled anti-HIV Env Abs from a single source. This experimental set-up permitted
the simultaneous assessment of responses of 6 distinct NK cell populations to Ab-

dependent stimulation of cells from 16 different donors. We focused on responses from

NK cell populations expressing NKG2A and CD56P™KIR* NK cells: CD56B9"NKG2A,
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CD56PMNKG2A*, 2DL1*, 2DL2/S2*, 2DL3* and 3DL1* (Appendix Figure 1). Results
showed a dichotomy of responses between CD56B79" and CD56PMNKG2A* NK cells,
where a lower frequency of the former than the later population responded to the
stimulus (Appendix Figure 2). In addition, CD56B"9"t NK cells were the least responsive
NK population among the 6 populations analyzed (Appendix Figure 2). In contrast,
CD56PMNKG2A* cells had moderate responses, which were comparable to 2DL1* and
2DL2/S2* populations, while lower than 2DL3* and 3DL1* populations. In addition, the
frequency of total CD107a* CD56P™MNKG2A* NK cells was comparable to that of KIR*
populations (Appendix Figure 2). CCL4 responses were measured for all NK cell
populations analyzed. However, the frequency of CD56P™NKG2A* and KIR*
populations cells secreting CCL4 were not significantly different (data not shown).
Altogether these results and conclusions from Chapters 3 and 4 suggest that NKG2A*
NK cells have important multi-functional responses to HIV-specific target cells.
CD56B9MNKG2A* and CD56PMNKG2A* NK cells are both stimulated by HIV-infected
cells, however the frequency of CD56B"9 cells responding to iCD4 is higher than that of
CD56Pm NK cells. In contrast, the frequency of CD56P™NKG2A* NK cells responding to
anti-HIV Ab-dependent stimulations is higher than that of CD56B9"NKG2A* NK cells.
Altogether, these findings support the notion that in addition to 3DL1* NK cell, other NK
cell populations can interfere with HIV replication and possibly at other points of the
replication cycle than entry (i.e. via mechanisms that are not based on CC-chemokine

secretion).
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The dynamic plasticity of NK cell education in the context of HIV infection

NK cells are classically classified as belonging to the innate arm of the immune system.
However, over the years, numerous studies have presented evidence that NK cells can
display more “adaptive-like” characteristics. A number of similarities exist between T
cells and NK cells including differentiation, memory and functional plasticity. The
phenotype of functional plasticity is a relatively new concept in immunology and has
been reported in immune cells, such as Th17. For example, the Th17 lineage, which
develops from naive T cells, promotes pro-inflammatory processes by secreting
primarily IL-17 and facilitates the elimination of extracellular bacteria and fungi [469].
However, recent studies have identified Th17* cells that, not only produce IL-17, but
also co-express markers for regulatory T cells that retain a suppressive functional
phenotype [470, 471]. In addition, Th17 cells found in the tumor micro-environment
secrete effector cytokines such as IL-2, IFN-y and TNF-a that are classically
characterized as part of a Th1 cytokine-profile [472]. These findings highlight the
dynamic nature of T cell subsets and support a paradigm for subset functionality that

extends beyond the conventional classification.

Similar features that highlight functional plasticity can also be seen in NK cell
populations. For example, NK cells are classically dichotomized by CD56 expression
into Bright and Dim populations. Classically, CD56819"t NK cells responds to targets
cells via secretion of chemokines and cytokines, while CD56P™ via degranulation.

Results from our group and others, showed that the two CD56 populations are capable
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of both cytokine/chemokine secretion and degranulation profiles. In Chapter 3 we show
that CD56Briaht NK cells in response to autologous HIV infected CD4 cells are able to
produce IFN-y and up-regulate CD107a equally well. In fact, the up regulation of
CD107a appears to be a functional output most frequently associated with NKG2A* NK
cells, whether CD568Brdht or CD56P™, and in response to either iCD4 or HLA-null cell

lines.

NK cell education is an NK specific process that shows a degree of plasticity, which was
well documented in innovative approaches using mouse models. NK cell development
and education take place primarily in the bone marrow [473, 474]. However, evidence is
emerging that NK cells can continue the maturation process outside the bone marrow in
SLT or the periphery. Two important studies by Elliot et al. and Joncker et al. show that
mature functional NK cells can be “reprogrammed” by exposing them to an environment
with different MHC-I ligands than the one in which they originally developed [370, 371].
In these studies murine splenic NK cells that matured in a setting where they were
exposed to specific MHC-I ligands (i.e. sufficient environment) were transferred into new
host devoid of this MHC ligand (i.e. deficient environment). These functional mature NK
cells were anergic in the new host. In reciprocal experiments, anergic NK cells that
developed in an MHC-| deficient host gained effector functions when transferred into a
new host that was MHC-I sufficient. Another way that the host MHC environment can
change is due to infection. Murine studies of MCMV show that anergic uneducated NK
cells that do not express the iINKR for the MHC-I expressed by the host, but express an

aNKR, can still be activated in this host in the context of viral infection. Adoptive transfer
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of uneducated, rather than educated, NK cells in neonate mice resulted in protection
against challenge with MCMV [475]. Altogether, these findings highlight the dynamic
nature of NK cell education and provide additional supporting evidence for NK cell

functional plasticity.

The latter example of how viral infection can alter NK cell effector function also
highlights our finding from Chapter 4 and addresses whether education offers benefits
in protection from HIV infection. We showed in Chapter 3 that the more educated
combinations of INKR-HLA are present on an NK cell, the greater its functional potential
as measured by responses to K562 and 721 stimulation. However, this pattern was not
seen when NK cells were stimulated with autologous iCD4 cells. In Chapter 4, we
analyzed the responsiveness to iCD4 of NK populations educated, or not, through two
different educating pairs, 3DL1-Bw4 and 2DL3-C1. We observed a differential impact of
education through these two iKIRs on the response of NK cell populations to HIV iCD4.
A higher frequency of educated, compared to uneducated, 3DL1* NK cells secreted
CCL4 in response to iCD4 cells, while a lower frequency of educated versus
uneducated 2DL3* NK cells, responded to iCD4 by secreting CCL4. The selective
downregulation of HLA surface expression by HIV explains how iCD4 cells from donors
with KIR/HLA pairs, where the ligand remains on the surface, can inhibit NK cells
expressing this KIR; as well as, on the contrary, cases where the ligand is
downregulated and inhibition mediated through the remaining HLA ligands pairs on
iCD4 falls below the threshold required to inhibit NK cell responses via signals mediated

by the partner KIR. Furthermore, HIV can present viral peptides that stabilize
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interactions between iINKRs and respective HLA ligands, thus resulting in transmission
of inhibitory input into the NK cell. Together, these results show that the functionality of
NK cell populations to HIV is not only dependent on the educating iKIR/HLA
combinations carried by the donor, but also on environmental changes in HLA

expression levels driven by HIV infection.

In conclusion, work presented in this thesis uncovers additional parts of a puzzle that
describes the role of NK cells and NK cell populations in response to HIV. Knowledge of
what protective mechanisms NK cells exert at different stages of infection, other than
entry via CC chemokines, could offer invaluable insight into designing effective HIV
prophylactic and possibly therapeutic vaccines. A recent study from Dr. Galit Alter’s
laboratory used an integrative System Serology approach to analyze humoral immunity
network profiles induced by different HIV vaccines [271]. The only protective vaccine
thus far, the one used in the RV144 vaccine trial, offered a modest protection of ~31%,
which presented with heightened NK cell responses contributing to Ab-induced
activation [271, 476]. The NK cells remain an important factor in protective HIV immune
responses. What needs to be addressed in future research is which NK populations
contribute to anti-HIV activity, in addition to what has been described in this thesis, and

a description of the mechanisms they use to exert anti-HIV activity.
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7. APPENDIX
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Figure 1. Gating strategy to identify 5 populations of NK cells and their functional
responses. (A) Live lymphocyte singlets were gated on. NK cells were defined as CD3-
CD56P™, The 2DL1, 2DL3, 2DL2/S2, 3DL1 and NKG2A populations were derived from
the CD56P™ NK cell population. We also examined the contribution of CD56B9"MNKG2A*
NK cells to Ab-dependant NK cell activation. This strategy permitted us to analyze 6-
distinct NK cell populations (B) Functional responses for CD107, IFN-y and CCL4 were
analyzed using Boolean gating. Background for anti-HIVIG rgp120-coated CEM cell
stimulation was stimulation of PBMCs with rgp120-coated CEM cells (no HIVIG).

Results reported were background subtracted.
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Figure 2: Low functionality of CD56Pm2DL/S2 and CD56B"9"*NKG2A* NK cells in
response to anti-HIV Ab-dependent NK cell activation. The frequency of NK cell
populations stimulated bin an Ab-dependent fashion characterized by total
responsiveness (A), tri-functionality (B), CD107a*IFN-y* (C) and CD107a* (D) response
profiles are shown in the y-axis for each CD56°™2DL1, 2DL2/S2, 2DL3, 3DL1, NKG2A
and CD56PB"9MNKG2A populations. Total responsiveness, defined as the sum of the
frequency of all possible combination of CD107a expression and IFN-y & CCL4
secretion, was plotted on the y-axis. Bar height represents the mean+/-SD for each
group. Data from 16 individuals analyzed in duplicate were used to generate these
results. Friedman (prrieaman) and Wilcoxon (*) tests were used to determine significance
between data sets. P-values for between-group comparisons are shown over lines

linking the two groups being compared.
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