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Abstract

The human immunodeficiency virus (HIV) currently infects over 33 million
individuals worldwide. The development of a protective HIV vaccine would provide the
ideal tool to fight this pandemic. Recent clinical trials testing candidate T- and B-cell
based vaccine strategies have failed to demonstrate that these were protective against
infection. For many, these failures underline how little is known about what constitutes
an efficient immune response against HIV and that increased knowledge about the role of
innate immune cells may be required in order to design an efficient vaccine against HIV.

Natural Killer (NK) cells are part of the innate arm of the immune system and are
involved in the control of several viral infections, including HIV. Epidemiological
evidence has linked specific NK cell receptors, termed KIR3DS1 and KIR3DLI, to
favourable clinical outcomes in HIV infected individuals. Whether these receptors would
also be involved in protection from infection, and therefore could provide the basis for
new vaccine strategies, is unknown.

To address this question, we have evaluated the genetic distribution of both
KIR3DS1 and KIR3DLI in a population of exposed uninfected individuals (EUs). EUs
remain HIV seronegative despite repeated exposure to the virus through high-risk
behavior. Understanding the immunological causes of their decreased susceptibility to
infection may provide insights into vaccine design. In chapter II we demonstrate that
KIR3DS1 homozygous individuals are overrepresented in the EU population.
Additionnally, in chapter III, we provide evidence that the combined genotype of HLA-

B*57 with a specific set of KIR3DLI1 alleles is also overrepresented in the EU



population. Finally, in chapter IV, we demonstrate that NK cells from individuals
carrying certain KIR3DLI1/HLA genotypes linked to slower HIV disease progression
and/or protection from infection have increased functional potential following
stimulation.

The evidence presented in this thesis supports a role for NK cells, and particularly
of KIR3DS1 and KIR3DLI, in the decreased susceptibility to HIV infection observed in
EUs. Given that these cells are directly involved in viral suppression and are capable of
modulating both the adaptive and innate arm of the immune response, understanding how

NK cell mediate these activities may reveal new therapeutic strategies against HIV.



Résumé

Le virus de I’immunodéficience humaine (VIH) infecte présentement plus de 33
millions d’individus. Contre cette pandémie, la solution idéale serait le développement
d’un vaccin. Toutefois, de récents essais cliniques évaluant I’efficacité des stratégies de
vaccination visant a la stimulation des cellules T ou B contre le VIH n’ont pas réussi a
démontrer que ces stratégies protégeaient contre ’infection. Pour plusieurs membres de
la communauté scientifique, ces échecs démontrent que les caractéristiques d’une réponse
immunitaire efficace contre le VIH sont encore méconnues et que le role des cellules du
systtme immun inné devra sans doute étre éclairci afin d’élaborer un vaccin efficace
contre le VIH.

Les cellules NK (Natural Killer) font parties du systtme immunitaire inné et
aident au contrdle de plusieurs infections virales, incluant les infections au VIH. Des
études épidémiologiques ont li¢ certains récepteurs des cellules NK, appelés KIR3DS1 et
KIR3DL1, a des indices cliniques favorables chez des individus infectés par le VIH. Que
ces récepteurs puissent aussi pourvoir une forme de protection contre 1’infection, et donc
inspirer de nouvelles stratégies de vaccination, demeure encore incertain.

Afin de répondre a cette question, nous avons évalué la distribution génétique de
KIR3DSI1 et KIR3DL1 dans une population d’individus exposés séronégatifs (ESN). Les
ESN demeurent séronégatifs aux anticorps du VIH malgré des comportements a risques.
Comprendre les facteurs immunitaires permettant a cette population d’étre moins
susceptible a I’infection au VIH pourrait aider a 1’¢laboration d’un vaccin. Lors du

chapitre II, nous démontrons que les individus KIR3DS1 homozygotes sont



surreprésentés dans la population d’ESN. De plus, dans le troisieme chapitre, nos
données soutiennent qu’une combinaison génétique du HLA-B*57 avec un sous-type
particulier de KIR3DL1 et aussi surreprésentée dans la population d’ESN. Finalement,
dans le chapitre IV, nous démontrons que les cellules NK provenant d’individus ayant
des génotypes HLA/KIR3DL1 liés a une progression plus lente de la maladie VIH et/ou a
une protection contre 1’infection ont un potentiel de fonctionnalité accru suivant une
stimulation.

Les données présentées dans cette theése suggerent que les cellules NK, plus
particulierement leurs récepteurs KIR3DS1 et KIR3DL1, sont impliquées dans une forme
de résistance a I’infection observée chez les ESN. Puisque ces cellules sont directement
impliquées dans le contrdle viral et peuvent moduler a la fois le systéme immun inné et
adapté, éclaircir les mécanismes permettant aux cellules NK de diminuer la susceptibilité

a I’infection pourrait révéler de nouvelle stratégie thérapeutique afin de contrer le VIH.
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I. Human Immunodeficiency Virus

In 1981, reports of previously healthy American homosexual men affected by
conditions such as Pneumocystis carinii pneumonia, Kaposi’s sarcoma and disseminated
cytomegalovirus were the first to describe what would, only a year later, affect over 500
individuals across the United States '*. Initially found mostly in gay men, what was then
called GRID (gay-related immunodeficiency) lead to T lymphocyte dysfunction and the
reduced capacity of the immune system to control infections that were usually easily
dealt with in healthy individuals. When GRID surfaced among heterosexual males and
females, AIDS (acquired immunodeficiency syndrome) was used to replace the previous,
stigmatizing term. Given the rapid spread of the disease, the scientific community was

mobilized to understand what its cause was.

A. THE CAUSE OF AIDS

It was in 1983 that Francoise Barré-Sinoussi et al. and Robert Gallo et al. reported
the isolation and culture of a new T-lymphotropic retrovirus similar to HTLV (Human T-
cell Leukemia Virus) from patients with symptoms of AIDS™®. However, the group that
would later receive a Nobel prize for their discovery remained cautious as to the
relationship between the new virus, which would later be known as HIV (human
immunodeficiency virus) and AIDS: “The role of this virus in the etiology of AIDS
remains to be determined™. In order to prove that a micro-organism is the cause of a
particular disease, it must satisfy four postulates set forth by Robert Koch in the late

1800s:
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1. the particular micro-organism must be found in every case of the disease

2. it can be isolated and grown in pure culture in the laboratory

3. it must reproduce the disease when a pure culture is inoculated in a susceptible
host.

4. from the inoculated host, the micro-organism can be recovered.

There were several challenges associated with proving that HIV was the cause of AIDS’.
Firstly, for ethical reasons, it was difficult to satisfy the latter two postulates by
experimentally infecting human subjects with pure stocks of the virus. In addition, before
disease is observed, there is a lengthy incubation period, which can last years. Finally,
because of the nature of the syndrome, other infectious agents such as Preumocystis
Jiroveci or human herpesvirus 8 (also known as Kaposi’s sarcoma associated herpes
virus) are often isolated from patients suffering from AIDS. Nevertheless, the first two
postulates were met given that HIV was isolated and grown from virtually all patients
with AIDS>**!°. The third and fourth postulates were met when laboratory workers
involved in the production of HIV developed AIDS after accidental work-related
exposure to the virus''. These individuals reported no other risk factors and the same
strain of virus produced in the laboratory was isolated from their blood samples.
Although not included in Koch’s postulates, one cannot ignore the evidence provided by
drugs designed specifically to target HIV proteins, which produce a dramatic
improvement in patients with the disease'”. There is today no doubt that AIDS is caused

by HIV, a virus responsible for one of the largest human epidemics.
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B. CURRENT HIV EPIDEMIOLOGY

In 2001, leaders from 189 states joined together to respond to the HIV pandemic
and produced the Declaration of Commitment on HIV/AIDS. While there have since
been some measurable successes, such as increased funding of HIV programs, increased
number of people with access to antiretroviral therapy and better prevention efforts in
some countries, the epidemic continues to outpace the global response’. In 2007, an
estimated 33 million individuals from every region of the globe were infected with HIV,
with 2.7 million people becoming newly infected in that year alone (table 1)'*. The
severity of the epidemic is, however, regionally distinct, with biological and social

factors strongly influencing the spread of the virus'>. Biological factors affecting

2o,

%

(@) sty @UNAIDSE &

Regional HIV and AIDS statistics and features, 2007

Adults & children Adults & children Adult prevalence Adult & child

living with HIV newly infected with HIV (15-49) [%] deaths due to AIDS
Sub-Saharan Africa 22.5 million 1.7 million 5.0% 1.6 million
[20.9 — 24.3 million] [1.4 — 2.4 miliion] [4.6% — 5.5%] [1.5 - 2.0 million]
Middle East & North Africa 380 000 35000 0.3% 25 000
[270 000 - 500 000] [16 000 — 65 000] [0.2% — 0.4%] [20 000 — 34 000]
South and South-East Asia 4.0 million 340 000 0.3% 270 000
[3.3 - 5.1 million] [180 000 — 740 000] [0.2% — 0.4%] [230 000 — 380 000]
East Asia 800 000 92 000 0.1% 32 000
[620 000 — 960 000] [21 000 — 220 000] [<0.2%] [28 000 — 49 000]
Latin America 1.6 million 100 000 0.5% 58 000
[1.4 - 1.9 million] [47 000 — 220 000] [0.4% — 0.6%] [49 000 - 91 000]
Caribbean 230 000 17 000 1.0% 11 000
[210 000 - 270 000] [15 000 — 23 000] [0.9% —1.2%] [9800 — 18 000]
Eastern Europe & Central Asia 1.6 million 150 000 0.9% 55 000
[1.2 = 2.1 million] [70 000 — 290 000] [0.7% = 1.2%] [42 000 - 88 000]
Western & Central Europe 760 000 31000 0.3% 12 000
[600 000 — 1.1 million] [19 000 — 86 000] [0.2% — 0.4%] [<15 000]
North America 1.3 million 46 000 0.6% 21000
[480 000 - 1.9 million] [38 00 - 68 000] [0.5% — 0.9%] [18 000 - 31 000]
Oceania 75 000 14 000 0.4% 1200
[53 000 — 120 000] [ 11000 - 26 000] [0.3% — 0.7%] [<500 — 2700]
TOTAL 33.2 million 2.5 million 0.8% 2.1 million
[30.6 - 36.1 million] [1.8 — 4.1 million] [0.7% - 0.9%] [1.9 — 2.4 million]

Table 1'*: HIV/AIDS statistics worldwide, 2007. (Reproduced with kind permission from UNAIDS).
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the spread of the epidemic include mode of transmission, viral strain, co-existence of
endemic infections, gender, etc'®. Sociologically, the virus underlines the inequalities
found within each region, usually affecting the poor and/or disenfranchised of a society,
such as the African Americans in the United States of America, injection drug users in
Asian countries or women in some African countries'*'”. In order to be able to combat
HIV, all the factors affecting its regional spread must be considered to understand local

epidemics.

Sub-Saharan epidemic

While some African countries report a stabilization of HIV prevalence (e.g.
Uganda, Zambia, Tanzania, Kenya) due to prevention campaigns and increased
accessibility to treatment, there are still over 20 million HIV carriers in sub-Saharan
Africa'*'®. In this region, the epidemic is unique in that more women than men are
infected, possibly expressing the unequal social and economical status of women in some
African countries, and the virus is transmitted mainly by heterosexual contact'’. The
epicenter of the pandemic is located in countries like Swaziland, Botswana, Zimbabwe,
South Africa, Zambia, and Mozambique where 16-25% of the adult population/workforce
and up to 32% of pregnant women are infected with HIV*". HIV has had devastating
effects on the sub-Saharan population, killing an estimated 1.3 million sub-Saharans in
2007 alone'*. Millions of children, many HIV positive, have lost both parents to the
epidemic. Life expectancy, which had been increasing in some countries in the 1970-90s,

has been decreasing since the beginning of the epidemic'’. In addition, as the causative
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agent of AIDS, an immunosuppressive disease, HIV has resulted in the recrudescence of

.. . - 19
endemic infections such as tuberculosis .

Other epidemics

While the prevalence of HIV in Asian countries is relatively low, the fact that
some of these countries such as India and China are very populous translates into
elevated absolute numbers of HIV infected individuals. In this region, over 5 million
individuals are infected with HIV'®. Although, this epidemic was originally focused on
injection drug users and commercial sex workers, it has started to spread outside these
groups. This, combined with the fact that implementation of effective control programs
has been delayed in some countries, will make the Asian epidemic a cause for concern in
the near future'”.

With the fall of the Berlin wall and of the Iron Curtain, a flow of population and
drugs combined with drastic political and economical changes stimulated an HIV
epidemic that was quiescent in Eastern Europe®. Today, twice as many individuals
(approximately 1.5 million) from Russia, Ukraine and the rest of Eastern Europe carry
HIV compared to countries from Western and Central Europe.

With a prevalence of 1-2% and limited economic resources, countries of the
Caribbean like Haiti were depicted as suffering an epidemic as severe as the one observed
in Africa. However, there has been a decline or stabilization in HIV incidence in this

region since the 1990s, perhaps due to better treatment coverage than in Africa®™.
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Canada

The prevalence of HIV in Canada is relatively low with an estimated 58 000
Canadians living with HIV?'. Men who have sex with men still account for the greater
number of new infections (45%), followed by injection drug users (14%)*'. Along with
higher rates of poverty, lower education and increased suicide rates, Canadian aboriginals
also differ from non-aboriginal Canadian citizens by an over-representation in the HIV

21,22

epidemic at about 7.5% of all HIV infections in the country . In this community, the

virus mainly spreads due to injection drug use.

Specificity of regional epidemics

Based on genomic organization and evolutionary relationship, there are two
distinct types of human immunodeficiency viruses, termed HIV-1 and HIV-2. HIV-1 is
found globally and causes the vast majority of infections. On the other hand, HIV-2 is
geographically restricted to West Africa, is somewhat less infectious and causes a less
severe disease course™. The two HIV types can further be subclassified into distinct
phylogenetic groups. HIV-1 is composed of three groups termed M (major), O (outlier)
and N (non-M/O or new). Group M accounts for 90% of global infections and is divided
into eleven clades (A through K) and recombinants with distinct geographic distributions
(figure 1)**. HIV-2 strains can be phylogenitically classified into eight subtypes, termed
A through H”. The explanation for the existence of different HIV types and groups is

found in the origins of the virus.
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Figure 1**: Geographical distribution of HIV-1 group M clades. Letters indicate the predominant HIV-1
clade circulating in selected countries. (Reproduced with kind permission from Wolters Klumer Health,
Wainberg MA. HIV-1 subtype distribution and the problem of drug resistance. AIDS. 2004;18 Suppl
3:563-68).

C. ORIGINS OF HIV

When it became clear that HIV was similar biologically and molecularly to
another virus found in several species of nonhuman primates, SIV (Simian
Immunodeficiency Virus), there was speculation that the human form evolved from the

028 This was supported by the fact that the latter’s natural hosts (sooty

simian virus
mangabeys, African green monkeys, chimpanzees, etc.) were endemic to regions where

HIV was rampant in the human population and that there existed plausible routes of

transmission between nonhuman primates and humans® .
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Genus Species/subspecies Virus
Cuenons Sykes” monkey SVeyk
[Cercopithecus) (C. albogularis)
Blue monkey SIVblu
{C. mitis)
L'Hoest menkey SIVihoest
(C. thoesti)
Sun-tailed monkey SIVsun
{C. solatus)
Harnlyn's monkey Siv?
{C. hamilyni)
De Brazza maonkey Sivdeb
(C. neglectus)
Campbell's mona SIVmaon
(C. campbelli)
‘Wolf's maona SIve
{C. wolfi)
African green monkeys Vervet monkey SIVagmier
(Chinrocebus) (C. pygerythrus)
Grivet monkey SIVagmiGri
(C. aethiops)
Green monkey SivagmSab
(C. sabaeus)
Tantalus monkey SIivagmTan
(C. tantalus)
White-eyelid mangabeys  Sooty mangabey SIVsm
[Cercocebus) (C. atys)
Red-capped mangabey SIVrem
(C. torguatus)
Talapoins Angolan talapoin Sivtal
[Miopithecus) M. talapoin)
Black and white colobus Mantled guereza Siveal
(Colobus) (C. guereza)
Mandrills Mandrill Sivmnd/sivmnd2
(Mardritlus) (M. sphinx)
Drill Sivdel

Chimpanzee
[Pan)

(M. leucophaeus)
‘Western chimpanzee

(P. treglodytes troglodytes)

Eastern chimpanzee
(P. troglodytes

SIViepz(P.LL)

SIViepz(P.t.s)

schweinfurthii)
Patas monkeys Fatas monkey SivagmSab
|Erythrocebus) (E. patas)
Baboons Yellew baboon Sivagmver
(Papio) (P, eynocephalus)
Chacma babaon Sivagmver

(P, ursinus)

Table 2%: African nonhuman primates infected with SIV. (From Hahn BH, et al. Science.

2000;287:607-614. Reprinted with permission from AAAS).

Sequencing analyses of HIV-1, HIV-2 and all the available African SIV (see table
2) revealed that HIV-1 is more closely related to SIVcpz which infects a specific
chimpanzee subspecies (Pan troglodytes troglodytes) than to HIV-2, which is closely
related to SIVsm of sooty mangabeys (Cercocebus atys) (see figure 2)°°°'. While the
amino acid sequence similarity of HIV-2 and SIVsm proteins ranged from 62-87%, the

most striking similarity was the presence of Vpx, a protein only found in these two
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viruses’’. Similarly, there is a high level of homology between HIV-1 and SIVcpz is
strong and the protein Vpu is not found in other lentiviruses”. Phylogenetic studies have
shown that each of the HIV-1 (M, N, O) and HIV-2 (A-K) subtypes has arisen from a
distinct SIVcpz or SIVsm strain®. The different HIV-1 group M clades are closely
related and have evolved from a single cross-species transmission event and diverged
from their common SIVcpz ancestor through the mutational capacity of the virus (see
Chapter I, section IE)*'. Interestingly, SIVcpz itself has been shown to have also evolved
from a cross-species transmission. SIVcpz phylogeny indicates that it is a hybrid virus
created via in-host recombination of SIVrcm and SIVgsn, viruses found in red-capped
mangabeys (Cercocebus torquatus) and greater spot-nosed monkeys (Cercopithecus

nictitans), respectively. These are smaller primate species hunted by chimpanzees®.

SIVmne
Sivmac142
SIVmac239 la.Macaque
S5IVmac251-Ké
SIVmac251 1.Macaque
S5IVsmm9 1h. Sooty f::mly mangabey
SIVsmm/PBj mangabey Gmarn
SIVsmH4
HIV- 25T
! SIVstm _—
SIVagm155 —
._ESIVagm TYO-1 Za. Vervel
SNVagm-3
SIVagm/tan9 2. Affrican
SivVagm/tan40 2b. Tantalus| green
SIVagm/tand9 monkey
e SIVagmV/gri-1|2c. Grivet
SIVagm/692 |
e HIV-1/ANT 3. HIV-1
. Chimpanzee
SIVepz/GAB —
SIVmnd/GR1 | 4. Mandrill monkey
SIVsyk I 5. Sykes' monkey

Figure 2: Phylogenetic tree of HIV-1 and SIV. (Reprinted from Current Opinion in Genetics &
Development, Vol. 6, Hirsch et al, Phylogeny and natural history of the primate lentiviruses, SIV and HIV,

798-806, 1995, with permission from Elsevier).
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The different origins of HIV-1, HIV-2 and their subtypes suggests that cross-
species transmission from nonhuman primates to humans has occurred more than once,

and could theoretically happen again.

From primates to humans

Two main theories have been put forward to explain how SIVcpz made the
transition to humans®’. The first suggests that exposure to infected animal blood during
hunting or butchering of bush meat favored this event. The second theory, based on the
presumption that SIV-infected nonhuman primate kidneys were used in the preparation of
an attenuated oral polio vaccine (OPV), pins the emergence of HIV on OPV trials carried
out in the Kisangani region of the Democratic Republic of Congo in the 1950s. The OPV
theory has since been refuted by demonstrating that the SIVcpz strains endemic to the
areas where these clinical trials were implemented is related to SIVcpz found in Pan
troglodyte schweinfurthii, not to the one found in Pan troglodyte troglodyte’*. 1t is thus
more likely that hunting of nonhuman primates resulted in the transmission of SIV to the
human population. If this is the case, why did HIV infection emerge as an epidemic only
in the 20" century, given that hunting of these animals is an ancient tradition? It is
thought that sociobehavioral changes associated with this century could have favored the
emergence of a new disease. Although not fully understood, these changes could include
urbanization, social disruption, prostitution, the use of nonsterilized needles, etc®.

While the oldest accessible human sample infected with HIV-1 group M is from

1959, the most recent estimate of the first transmission from nonhuman primates to
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humans is 1908 (with a confidence interval ranging from 1884 to 1924), further

disproving the OPV theory of transmission®. This date was obtained by reconstructing

the evolutionary history of HIV-1 through an estimation of the rate of change of the virus

by comparing the envelope protein sequences of several specimens collected over more

than a decade.
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Figure 3°°: The HIV genome and its proteins. A. Black lines denote different splicing patterns above which

start codons and coding sequences are shown. B. Shows the origin of each HIV protein. (Reprinted by

permission from Macmillan Publishers Ltd: Nature Reviews Immunology, 3:97-107,2003).
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D. HIV-1 GENOME

HIV belongs to the genus Lentivirus of the Retroviridae (retrovirus)
family of viruses. Retroviruses are unique among viruses because their diploid genome is
composed of an inverted dimer of plus sense single stranded RNA (ribonucleic acid) that
is reverse transcribed (thus the term retro) to DNA (deoxyribonucleic acid) before
integrating into the human genome’’. Lentiviruses are characterized by a slow
development of the clinical illness®®. The 10 kilobase (kb) long HIV genome (see figure
3) encodes for genes common to all retroviruses; gag (group-specific antigen), pol
(polymerase) and env (envelope glycoproteins)’”. In addition, HIV-1 also encodes for
regulatory (Tat and Rev) and accessory (Vpu, Vif, Vpr and Nef) proteins. The latter are
termed accessory to reflect the fact that they are not strictly required for viral replication.
In total the viral genome contains open reading frames for 16 proteins synthesized from
10 transcripts®®. This rich protein content in a relatively small genome is made possible
by translational frameshifts and alternative splicing of the HIV (figure 3). The gag gene
encodes a polyprotein precursor, Pr55, which is cleaved by the viral protease into the
matrix (MA), capsid (CA) and nucleocapsid (NC) and p6 proteins (figure 4)°. If a
frameshifting event occurs during gag translation, the resulting polyprotein, Pr160, can
be cleaved by the viral protease to form pol/-encoded proteins, reverse transcriptase (RT),
integrase (IN) and protease (PR)*. While the gag and pol polyprotein precursors are
cleaved by the viral protease, gp160, the env precursor, is cleaved by cellular protease,

139

resulting in gp120 and gp41°~". The function of each viral protein is summarized in figure

4.
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Like the life cycle of other viruses, HIV-1 replication is divided into early (figure

stages drive the assembly of new virions.

5) and late stages (figure 8). While the early stages are principally directed at creating an

environment for the virus to enter the host cell and replicate its genetic material, the late
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Nature Medicine, 8:673-680, 2002).

Entry

Although HIV can enter cells via an endocytic pathway, which usually results in
its inactivation in lysosomes, its main point of entry is mediated by the interaction of a
trimeric complex of Env gp41 and gpl20 proteins with cellular receptors and co-
receptors (figure 6)*'. The transmembrane protein gp41 contains two helical regions,
termed HR1 and HR2, and a fusion peptide, which are involved in cell entry. Gp120 is a
surface protein that mediates the initial interaction of the virus with the host cell by
binding CD4. The native function of CD4, which is found on T-helper cells (CD4+ T

cells), macrophages, microglia and dendritic cells, is to act as the co-receptor for MHC
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(major histocompatibility complex) class II molecules during the immune stimulation of
T-helper cells™.

Upon binding of CD4, gp120 undergoes a conformational change, which exposes the co-
receptor binding sites. While the main co-receptors involved in HIV entry are the seven-
transmembrane (7-TM) chemokine receptors CCR5 and CXCRA4, several other members
of this receptor family can be used as co-receptors: CCR2, CCR3, CCRS, etc®®. The
discovery that CD4 was not sufficient for viral entry was based on the observation that
HIV isolates from infected individuals display variable replication efficiency in different
CD4+ cells (i.e. different tropism). Some isolates, termed M-tropic, replicate efficiently
in macrophage cultures while other isolates are T-tropic and have an elevated replicative
capacity in T-cell lines””. The tropism of a virus isolate is determined by a variable region
(the V3-loop) in gp120 and determines, after the conformational change induced by the
binding of gp120 to CDA4, the interaction of gp120 with either CCRS for M-tropic viruses

(or R5 viruses) or CXCR4 for T-tropic viruses (or X4 viruses)™*

. Following this event,
another conformational change, this time in gp41, allows the interaction between HRI
and HR2 and the formation of a six-bundle structure (see figure 6) that results in the
insertion of the highly hydrophobic gp41 N-terminal fusion peptide into the target cell

membrane. At that point, the viral and cellular lipid bilayers can fuse together, allowing

entry of the viral core into the cell.
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Figure 6*: Mechanism of HIV entry. (Reprinted from The Lancet, Vol. 370, Este JA, Telenti A, HIV

entry inhibitors, 81-88, 2007, with permission from Elsevier).

The requirement for CD4 and CCRS or CXCR4 co-receptors restricts the capacity
of HIV to infect only certain types of human cells, mainly CD4" T cells and
macrophages, but replication has been reported in dendritic cells, NK cells and CD8" T
cells***. Because DC-SIGN, a C-type lectin found on immature dendritic cells, is
capable of binding gp120, dendritic cells are capable of trans-infection, in addition to
becoming infected themselves***’. Trans-infection involves the internalization of HIV
particles in a non-lysosomal compartment, where it is kept infectious until the carrying

dendritic cell encounters a target T cell.

34



The events that follow fusion of the viral and cellular membrane are poorly
understood. In a process termed uncoating, cellular MAP kinase and cyclophilin A and
viral proteins Nef and Vif participate in the disassembly of the viral capsid, exposing the
viral genome. In association with host and viral molecules required for stable reverse
transcription and subsequent stages of the HIV life cycle (reverse transcriptase, integrase,
matrix, nucleocapsid, Vpr, Vif, tRNAlyS, etc.), the diploid viral RNA genome now forms
the RTC (reverse-transcription complex) that can dock with actin microfilaments, leading

to reverse transcription™.

Reverse transcription

Conversion of the viral RNA to DNA is carried out in the RTC by the viral
reverse transcriptase (RT), a two-subunit enzyme that has both RNase H and DNA
polymerase activity. The steps leading to production of HIV DNA are summarized in
figure 7. Briefly™, initiation of reverse transcription occurs when tRNA"® binds the viral
primer binding site (PBS) which allows RT to synthesize a short minus-strand DNA
fragment towards the 5’ end of the plus-sense RNA genome, forming a DNA/RNA

hybrid. The RNase H activity of RT then degrades the RNA portion of the hybrid,

35



generating a DNA fragment that can ‘jump’ from the 5’ to the 3* end of the RNA genome
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by interacting with short homologous regions (R-regions). This is called first-strand
transfer. Synthesis of the minus DNA strand can then occur by using the 3° end of the
transferred DNA fragment as a primer. Synthesis of the plus-sense DNA strand can be
initiated at both the polypurine tract (PPT) and the central PPT (cPPT), purine-rich
sequences that have resisted RNase H degradation. Once the tRNA bound to the PBS is
removed by RNase H, a second strand transfer can occur, allowing plus-strand synthesis
to proceed, stopping at the end of the minus strand and at the central termination signal
(CTS). Given that the CTS is downstream of the cPPT, an estimated 100 plus-strand
DNA nucleotides are displaced resulting in a central DNA flap which has been
implicated in the import of the viral genome to the host-cell nucleus.

The process of reverse transcription induces variability among the different viral
particles through two mechanisms. Firstly, RT does not have proof-reading capacity
resulting in a high mutation rate (3x10” per cycle of replication)®. Secondly, in each
viral particle there are two RNA strands that are most likely not genetically identical (see
first point). Because there are two strand transfers that occur during reverse transcrition,
each of these can result in the ‘jump’ from one RNA strand to the other, creating a novel
recombinant DNA genome containing sequences from both parental RNAs". These
inherent ‘flaws’ of the replication cycle confer HIV with a mutational capacity that has

been problematic for both the immune response and drug development.

Nuclear import and integration

Following reverse transcription, the double-stranded viral DNA, in association

with proteins such as IN, MA, Vpr and RT, forms the pre-integration complex (PIC)*.

37



The PIC must translocate from the cytoplasm to the nucleus such that the viral genetic
material can integrate into the host genome. However, the PIC is too large to diffuse into
the nucleus through the nuclear pore and must be actively transported’’. Several
mechanisms have been proposed to mediate nuclear import of the PIC*. The central
DNA flap could bind host proteins containing nuclear-targeting signals’'. Conversely,
MA, Vpr and IN all contain nuclear localization signals (NLS)>?*. While the NLS in the
MA protein is canonical (a short stretch of basic amino acids) and is recognized by host
importins, the NLS of Vpr and IN is non-canonical. Additionally, it is thought that Vpr,
by binding proteins of the nuclear-pore complex, could bypass the importin system
altogether. Redundancy of mechanisms allowing the import of the PIC into the nucleus
could allow infectiousness of HIV in different cell targets, from the activated T-cell to the
resting macrophages™.

Once in the nucleus, IN and host proteins HMGI(Y) (high-mobility group DNA-
binding protein) and BAF (barrier to autointegration) are required for integration of viral
DNA. While the role of HMGI(Y) and BAF is not clear, it is known that IN clips off
nucleotides from the 3’ termini of both strands of viral DNA, resulting in recessed 3’
ends, and makes a staggered cleavage in the cellular DNA’””°. After, the recessed 3° ends
of viral DNA join the ends of the cleaved cellular DNA, host repair enzymes fill in the
gaps between viral DNA and host DNA. While integration is not specifically limited to
an area in the human genome, HIV favors integration in active genes and some intergenic
hotspots®. Once integrated, the virus, known at this stage as the provirus, behaves like a

gene and remains latent.
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Expression phase

The mechanisms underlying the switch from a latent to an active phase of
replication are still unclear but they depend on the type of cell infected and its activation
state. For example, an activated T cell enhances production of cellular factors that
stimulate transcription initiation and decreases production of factors that inhibit this
process. The viral LTR (long terminal repeat) contains promoter and enhancer sequences
that regulate transcription of viral DNA into RNA. Upstream from the transcription start
site, Inr (initiator), TATA box and three SP1-binding site are found®’. These direct the
binding of cellular RNA polymerase II (RNAPII). Basal transcription of the HIV LTR is
very low, usually ending in the synthesis of short non-adenylated transcripts, stabilized
by an RNA stem loop called the TAR (transactivation response) element’®. Further
upstream of the LTR transcription start site are enhancer sequences that bind transcription
factors such as NFAT and NF-kB. These are translocated to the nucleus after cellular
activation and enhance transcription slightly, making them likely candidates for the
switch between HIV latency and activation*™*®, The increased transcriptional stability
induced by NFAT and NF-kB leads to an increased likelihood of viral protein production,
including Tat (transactivator). Tat binds the TAR (both in the DNA and transcribed
forms) element found in the LTR and recruits cyclin T1 and Cdk9 (cyclin-dependent
kinase 9), thus phosphorylating the C-terminal domain of RNAPII and increasing its

efficiency to elongate®”®

. Thus Tat is essential for replication in the host and its
increased production marks the initiation of the late stages of viral replication.

Transcription in the nucleus of the HIV coding sequence results in a large number

of viral RNAs which can be divided into three classes: 1) fully spliced RNA which are

39



translated into HIV proteins Rev, Tat and Nef, 2) partially spliced RNA that encode the
Env, Vif and Vpu proteins and 3) unspliced RNAs, which function as the messenger
RNA for Gag and Pol polyprotein precursors or genomic RNA packaged into virions™.
The latter two classes of RNA must therefore be found in the cytoplasm, which is
complicated by the fact that the majority of cellular messenger RNAs are fully spliced
before transport out of the nucleus. The HIV Rev (regulator of expression of viral
proteins) protein is essential in the transport of unspliced or partially spliced RNA®',
These all contain an RRE (Rev responding element), a highly structured RNA sequence
located in the env coding region which mediates the binding of approximately eight Rev
molecules per RNA strand. A NES (nuclear exporting signal) and a NLS (nuclear
localization signal) contribute to the shuttling of Rev between the nucleus and cytoplasm,
allowing the movement of HIV unspliced or partially spliced RNA towards the cellular

translational machinery.

Viral assembly and budding

HIV particles are generated in two majors steps, assembly (figure 8) and budding.
The Gag uncleaved polyprotein precursor Pr55 contains three major domains involved in
the viral assembly and budding processes’'. The M domain (membrane targeting) is
myristoylated thereby targeting Gag to the lipid bilayer of the plasma membrane by
interacting with the negatively charged acidic phospholipids. The I domain (interaction)
mediates interaction of Gag monomers whereas the L domain (late) is involved in
budding of the virus via its ubiquitylation and interaction of its PTAP (proline-tyrosine-

alanine-proline) motif with TSG101 (tumor susceptibility gene 101), a cellular protein
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involved in vacuole formation. Mutation in the PTAP tetrapeptide, which is located in the
p6 region of Gag, results in viruses unable to pinch off from the plasma membrane®”. The
Gag NC (nucleocapsid) region interacts with the HIV RNA’s packaging signal located at
the 5° end of the gag initiation codon via a zinc finger motif, allowing the viral genome to
be recruited®. Retroviral RNAs are dimerized by the DIS (dimer initiation signal), a
sequence at the 5° end of the genome™. Finally, the MA region interacts with the
cytoplasmic tail of env gp41, which interacts non-covalently with gp120 on the cell
surface, to recruit Env to the virion™.

Following PTAP-mediated release from the plasma membrane, HIV protease
(PR) cleaves the Gag and GagPol polyprotein precursors, which causes a series of
structural changes highlighted by the formation of an electron-dense conical core. This

process, termed maturation is required for viral infectivity®*.
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Figure 8*': Late stages of HIV replication. (Reprinted by permission from Macmillan Publishers Ltd:
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F. TRANSMISSION

Because it is found in bodily fluids, such as blood and genital secretions, HIV is
transmitted via sexual contacts, MTCT (mother to child transmission) or exposure to
infected blood (injection drug use, transfusion, occupational exposure). The efficiency of
all these modes of transmission is, however, strongly dependent on the fluid viral loads.
Increased virus concentrations in blood, semen or breast milk correlate directly with
increased risk of transmission®®®. Since viral load varies during HIV disease course, the
stage of infection of the transmitting individual is an important factor of efficiency of
transmission (figure 9). In the acute phase of the infection, HIV replication is largely
unchecked by host defenses, leading to a peak in viral titer®. This peak, accompanied by
the fact that individuals in the acute phase of infection are usually unaware of the fact that

they have become infected, and thus less likely to take precautionary measures,
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Figure 97°: Effect of viral load on risk of sexual HIV transmission during different stages of disease.
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(Reprinted by permission from Macmillan Publishers Ltd: Nat Rev Microbiol, 2:33-42, 2004).
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makes the acute phase very dangerous for HIV transmission’',

Sexual transmission

Between 75-85% of individuals infected with HIV worldwide have acquired the
virus via sexual contact, the majority through unprotected heterosexual intercourse’.
Different sexual practices have varying risks of transmission. The probability of
contracting HIV via vaginal intercourse with no other co-factors is approximately 0.0011
per coital act, which is almost eight times less than by receptive anal intercourse
(0.0082)7*. Although less probable, cases of infection between female partners and via
oral sex have been reported””’. The presence of other sexually transmitted infections
(STI), such as syphilis or gonorrhea, can increase the likelihood of transmission of HIV
via sexual contact. STIs can increase viral titers in the index individual, damage mucosal
surfaces, change the genital microenvironment or stimulate immunological changes
favoring infection’’. While condom use has been shown to dramatically decrease HIV
transmission, the need for a female-controlled method of protection has lead to the
development of microbicides, topically applied anti-microbial chemical agents’®.
However, these have yet successfully passed phase III clinical trials”. Finally,
epidemiological associations and randomized clinical trials have shown that circumcision
decreases likelihood of HIV transmission during sexual contact™. This phenomenon has
been explained by the susceptibility of the foreskin in uncircumcised men to tears,
abrasions, and STIs. In addition, Langerhans cells and other target cells in the foreskin
increase HIV absorption. Mathematical models have shown that implementing

circumcision programs in countries with widespread HIV prevalence would lead to
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marked reductions in HIV infection in men (and subsequently in women) in a cost-
effective manner®’. However, several challenges, including evaluating social
acceptability and health concerns, need to be addressed before such a program is put in

place®”.

MTCT

While MTCT (or vertical transmission) has been decreased to less than 1% in the
western world, in some developing regions transmission rates are still over 10%®. This
disparity is related to the challenges faced in these countries in terms of HIV testing, care
and prevention. The issue is complicated by the fact that vertical transmission can occur
before birth (in utero), during delivery (intrapartum) or after birth via breastfeeding.

In utero transmission, which usually occurs during the third trimester, results
when HIV crosses the placenta. However, the majority of vertical transmissions occur
during the delivery process, when the neonate passes through the birth canal and is
exposed to infected maternal blood or genital secretions®. The rate of transmission that
occurs because of breast milk feeding is hard to distinguish from late in utero or
intrapartum transmission because of the proximity of these events, but it was evaluated to
be 16% in a randomized trial in Kenya comparing HIV seropositive mothers that were
breastfeeding to those that were formula feeding™. In some countries, infected women
continue to breastfeed their newborns because of the stigma often associated with not
breastfeeding, because of the cost associated with alternative feeding methods or because
of the lack of access to clean water®. Interestingly, recent evidence suggests that

avoidance of breastfeeding, a policy that has worked well in the western world, may not
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be advantageous in HIV endemic countries because of the beneficial properties of
maternal milk on the immune system of the infant. This was supported by an increase in
overall mortality rates in formula-fed infants caused by diarrhea and pneumonia when
compared to a group of breastfed infants that were also given zidovudine (to decrease the
risk of HIV transmission)**. While strict formula feeding has the advantage of zero-risk
transmission, mothers may still occasionally breastfeed even when formula is supplied to
them to avoid stigma and complexities associated with formula feeding®. Often, this
means that formula-based prevention programs have similar HIV transmission rates as
breastfeeding plus zidovudine programs™.

The evolution of HIV infection in children is more rapid with a median survival
ranging from 75 to 90 months and only 70% of individuals infected via MTCT reaching
the age of 6 years'®. Fortunately, obstetric interventions, such as cesareans, alternatives to
breastfeeding and the advent of HAART (highly active antiretroviral therapy) have all
lead to reduction of MTCT in regions where these are available. HAART, a prophylactic
measure for the infant, also decreases maternal viral loads. In resource poor countries,
where HAART is currently not available, short-course zidovudine (or AZT) or single-

dose nevirapine can decrease the incidence of vertical transmission incidence®.

Injection drug use transmission

Globally, an estimated 3 million injection drug users (IDU) are infected with
HIVY. The most affected regions are eastern Europe, southeast Asia and Latin
America®’. Transmission of HIV in this case occurs when IDU inject themselves with

contaminated syringes. The probability of infection per injection with a contaminated
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syringe was estimated to be 0.0067%. Usually, programs based on increasing the
availability of sterile injection equipment, either through pharmacy sale or needle-

exchange programs, lead in decreased HIV-risk behavior™.

Blood transmission

There are still 5-10% of global new infections that occur through transfusion of
infected blood”. Highly sensitive screening tests used in developed countries have
minimized the risk of HIV transfusion. However, according to the WHO (World Health
Organization), only 75% of the blood supply in Africa is screened for the presence of
HIV®'. Improving this statistic by training health-care workers and expanding blood
management systems will be essential for preventing new infections. Not surprisingly,
blood transfusion with infected blood carries the highest risk of transmission, with

approximately 90% of recipients seroconverting”’.

Other factors in transmission efficiency

Other than route of exposure, factors that affect the likelihood that an infection
will occur after exposure include viral strain and host genetics’’. Different HIV clades
may vary in their viral replication capacity (therefore influencing viral load) or may differ
in their target cell tropism. The topic of the influence of human genetics on HIV infection

will be covered in section IV.
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G. CLINICAL COURSE OF INFECTION

Following exposure, in the case of a productive HIV infection, T cells,
macrophages and dendritic cells surrounding the inoculation site can become infected. In
the first few days, only a small number of cells located in the draining lymph node,
mostly resting CD4+ T cells, sustain a modest primary amplification”. This first wave of
amplification is thought to be largely supported by dendritic cells (DC), which either
become infected themselves or bind the virus via DC-SIGN (see section IE) and then

migrate to T cell-rich regions of lymph nodes™. This would bring the virus in
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Figure 10'®: Natural history of untreated HIV infection. (Reprinted from The Lancet, Vol. 368, Simon V,
Ho DD, Abdool Karim Q, HIV/AIDS epidemiology, pathogenesis, prevention and treatment, 489-504,

2006, with permission from Elsevier).
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close contact with its favored target cell, activated T cells. DC-mediated primary
dissemination partly explains the fact that RS- and not X4-tropic viruses are the usual
strain transmitted to a new host’. The CCR5 co-receptor is expressed on Langerhans
cells (subcutaneous DCs) as well as macrophages and CD4+ T cells. Following primary
amplification, infected T lymphocytes and virions can migrate into the bloodstream and
drive secondary amplification by infecting susceptible cells in the gastrointestinal tract,
spleen and bone marrow'®. Because the receptors and co-receptors for HIV are found on
several different cell types (CD4+ T cells, macrophages, dendritic cells), the virus is now
found in various replicative states and tissue compartments’~. This spread creates a
diverse viral reservoir, which is difficult for the host immune response to eradicate and
which complicates treatment. The established infection can be clinically divided into

three stages: acute infection, asymptomatic phase and AIDS (figure 10).

Acute infection

Symptoms of HIV infection usually appear 2-6 weeks following exposure and
resemble those of EBV (Epstein-Bar Virus) or influenza virus infections’®. While it is
thought that the infection is symptomatic in up to 90% of individuals, the non-specificity
of these symptoms (see table 3) leads to its underdiagnosis’. Laboratory tests, often on
blood samples, can be used to confirm infection. Diagnostic tests are usually based either
on the detection of host responses to HIV (serological tests) or on the detection of the
virus itself. Highly sensitive, highly specific, cost-effective and time-efficient, EIA

(enzyme immunoassays) and western blots are commonly used in HIV testing. In both
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cases, the patient’s plasma is incubated with viral proteins (usually p24, gp41 and gp120).
If the individual is infected and has produced anti-HIV antibodies, these will bind the
viral protein. This complex can then be detected by electrophoretic separation (western
blot) or enzyme-linked anti-human antibodies (EIA, can also be based on enzyme-linked

antigens)’’. Because they depend on the production of HIV specific antibodies, these tests

Table 3°*: Common symptoms of acute HIV infection

Clinical symptom Patients, %
Fever 80
Fatigue 70
Weight loss 70
Pharyngitis 50-70
Myalgia 50-70
Diarrhea 50
Rash 40-80
Lymphadenopathy 40-70
Headache 30-70
Nausea 30-60

only become efficient 3-12 weeks after infection®. This is why tests based on the
detection of the virus have also been developed. While plasma levels of p24 antigens are
transient, they can also be detected by EIA and usually lead to detection of infection 2
weeks post-exposure’. Finally, 2-3 days prior to a positive p24 assay, the viral load in
the plasma is sufficiently elevated that it can be detected via polymerase chain reaction

97,100

(PCR) or hybridzation with oligomeric probes . While capable of detecting infection
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the earliest, viral load based tests are usually not used alone for diagnosis because of their
increased rate of false positive results over serological tests™.

Peak viral load, 1-10 million copies/ml of plasma, usually occurs 6-15 days after
onset of symptoms and is transient””. With the appearance of adaptive immune responses,
specifically HIV-specific CD8+ T cells, the viral load decreases and is controlled at a

101,102

relatively stable plateau . The level of this viral plateau is a strong correlate of the

rate of disease progression103 . However, CD4+ T cell count and, even more so, levels of
immune activation are also strong predictors of rate of disease progression' %,

Within the first week of infection, there is substantial loss of the CD4+ T cell
population (figure 10). It has been shown both in SIV and HIV infection that this loss
occurs primarily in CD4+CCRS5+ T cells of the gut associated lymphoid tissue (GALT)
where the majority of CD4+ T cells are found'*'*. Both direct killing of the target cells
and bystander mechanisms have been implicated in depletion of CD4+ T cells'*'®. As
measured by plasma lipopolysaccharide (LPS; found in gram negative bacteria) levels, it
was recently shown that this early damage to the gut leads to increased microbial
translocation that may be responsible for inducing systemic immune activation'””. In SIV
natural hosts (African green monkeys and sooty mangabeys), which undergo a
nonpathogenic course of infection, while there is GALT CD4+ loss in acute infection, for
reasons that are still unclear, this is not followed by microbial translocation and chronic
immune activation''’. This central difference between nonpathogenic and pathogenic
infection has lead to the current argument that HIV disease is a result of systemic

immune activation that itself results from events in acute infection (see figure 11). While

immune activation has the benefit of restoring the CD4+ T cell pool, it also provides the

50



virus with abundant target cells for replication in addition to reducing T cell half-life,
inducing thymic dysfunction, clonal exhaustion, loss of the memory T cell pool and
retention of effector T cells in the lymph nodes'''. Overall, there is a gradual loss of

CD4+ T cell and collapse of the immune system.

Reduced Microbial
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delivery enteropathy
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Taraet cells
Figure 11'"": Immunopathogenesis of HIV infection. (Reprinted, with permission, from the Annual Review

of Medicine, Volume 60 © 2009 by Annual Reviews, www.annualreviews.org).

Asymptomatic phase
Approximately six months after infection, individuals enter an asymptomatic

phase. However, despite the lack of severe clinical symptoms, there is ongoing viral
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replication during this clinical phase'*. In addition, due to mechanisms explained above,
there is a gradual decline of 50-90 CD4+ T cells/ml/year''>'"*. This constant loss usually

lasts ten years before immune system deteriorates to the point where AIDS is diagnosed.

AIDS

To be diagnosed with AIDS, an HIV infected individual must have a CD4+ T cell
count below 200 cells/uL of blood or be affected by at least one AIDS-defining illness''*.
The list of AIDS-defining illnesses includes: esophageal candidiasis, Kaposi’s sarcoma,
pneumocystis carinii pneumonia, toxoplasmosis, wasting syndrome, neuropathy, etc''*.
These are caused by the HIV-induced breakdown of the immune system and usually
result from opportunistic fungal, parasitic, viral and bacterial infections. The term
opportunistic refers to the fact that these microorganisms are ubiquitous and generally
harmless to immunocompetent individuals®. The survival time of an untreated individual
diagnosed with AIDS is approximately 1 year but can vary according to the AIDS-

defining condition®*'"”.

H. CURRENT ANTIRETROVIRAL THERAPY

Only four years elapsed between the isolation of HIV-1 from patients affected
with AIDS in 1983 and the FDA (US Food and Drug Administration) approval of the
first HIV-specific antiretroviral, zidovudine (or azydothimidine - AZT), in 19877%''%,
Before AZT became available for treatment, physicians were limited to the management
of opportunistic infection affecting their seropositive patients. This course of action had

little success, patients usually dying within a year after the diagnosis of an AIDS-defining
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illness™. Access to AZT, which inhibits the reverse transcriptase viral enzyme, led to a
sense of excitement in the medical field arising from the possibility that perhaps HIV
could be controlled. However, it became rapidly clear that monotherapy was insufficient
to control HIV replication long term. Its high rate of replication, the low fidelity of
reverse transcription and its capacity for recombination lead to an elevated genetic
diversity and the development of drug resistant strains'®. This realization paved the way
for a new therapeutic strategy: HAART (highly active antiretroviral therapy). A patient
on HAART would receive several drugs that would target different steps in the viral life
cycle. It is this strategy that has provided the impetus for the development of 32
antiretroviral drugs currently approved by the FDA, which can be divided in 6 different

classes (see table 4).

HIV drug classes

The initial target of HIV drug design was the Reverse Transcriptase (RT).
Nucleoside Reverse Transcriptase inhibitors (NRTI) was the first class of drugs
introduced against HIV. NRTIs are structurally similar to nucleosides but lack the 3’-
hydroxyl group required for DNA elongation''’. They thus inhibit HIV replication by
binding competitively to the active site of RT, then they are integrated in the viral DNA
strand, resulting in chain termination. Most treatment regimens contain at least two

118

NRTIs, chosen on the basis of efficacy and toxicity for each patient °. Also targeting

RT, NNRTIs (non-nucleoside Reverse Transcriptase inhibitors) act as non-competitive
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inhibitors since they bind a site on RT distal from the nucleotide binding site

Multi-class Combination Products

Brand Generic Names Manufacturer Name Approval Date
Name
Atripla efavirenz, emtricitabine and tenofovir disoproxil Bristol-Myers Squibb and Gilead 12-July-06
fumarate Sciences
Nucleoside Reverse Transcriptase Inhibitors (NRTIs)
Brand Generic Name(s) Manufacturer Name Approval Date
Name
Combivir lamivudine and zidovudine GlaxoSmithKline 27-Sep-97
Emtriva emtricitabme, FTC Gilead Sciences 02-Jul-03
Epivir lamivudine, 3TC GlaxoSmithKline 17-Nov-95
Epzicom abacavir and lamivudine GlaxoSmithKline 02-Aug-04
Hivid zalcitabine, dideoxvceytidine, ddC Hoffmann-La Roche 19-Jun-92
Retrovir zidovudine, azidothymidine, AZT, ZDV GlaxoSmithKline 19-Mar-87
Trizivir abacavir, zidovudine, and lamivudine GlaxoSmithKline 14-Nov-00
Truvada tenofovir disoproxil fumarate and emtricitabine Gilead Sciences, Inc. 02-Aug-04
Videx EC enteric coated didanosine, ddl EC Bristol Myers-Squibb 31-0ct-00
Videx didanosine, dideoxyinosine, ddI Bristol Myers-Squibb 9-Oct-91
Viread tenotfovir disoproxil fumarate, TDF Gilead 26-Oct-01
Zernt stavudine, d4T Bristol Myers-Squibb 24-Jun-94
Ziagen abacavir sulfate, ABC GlaxoSmithKline 17-Dec-98
N leoside Reverse Transcriptase Inhibitors (NNRTIs)
Brand Generic Name Manufacturer Name Approval Date
Name
Intelence etravirine Tibotec Therapeutics 18-Jan-08
Rescriptor delavirdine, DLV Pfizer 4-Apr-97
Sustiva efavirenz, EFV Bristol Myers-Squibb 17-Sep-98
Viramune nevirapine. NVP Bochringer Ingelheim 21-Jun-96
Protease Inhibitors (PlIs)
Brand Generic Name(s) Manufacturer Name Approval Date
Name
Agenerase amprenavir, APV GlaxoSmithKline 15-Apr-99
Aptivus tipranavir, TPV Boehringer Ingelheim 22-Jun-05
Crixivan indinavir, IDV, Merck 13-Mar-96
Fortovase saquinavir (no longer marketed) Hoffmann-La Roche 7-Nov-97
Invirase saquinavir mesylate, SQV Hoffmann-La Roche 6-Dec-95
Kaletra lopinavir and ritonavir, LPV/RTV Abbott Laboratories 15-Sep-00
Lexiva Fosamprenavir Calcium, FOS-APV GlaxoSmithKline 20-Oct-03
Norvir ritonavir, RTV Abbott Laboratories 1-Mar-96
Prezista darunavir Tibotec, Inc. 23-Tun-06
Revataz atazanavir sulfate, ATV Bristol-Myers Squibb 20-Jun-03
Viracept nelfinavir mesylate, NFV Agouron Pharmaceuticals 14-Mar-97
Fusion Inhibitors
Brand Generic Name Manufacturer Name Approval Date
Name
Fuzeon enfuvirtide, T-20 Hoffmann-La Roche & Trimeris 13-Mar-03
Entry Inhibitors - CCRS co-receptor antagonist
Brand Generic Names Manufacturer Name Approval Date
Name
Selzentry maraviroc Pfizer 06-August-07
HIV integrase strand transfer inhibitors
Brand Generic Names Manufacturer Name Approval Date
Name
Isentress raltegravir Merck & Co., Inc. 12--0c¢t-07
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Table 4'*: FDA approved drugs for the treatment of HIV. (Reproduced from FDA website, May 9, 2009:

http://www.fda.gov/oashi/aids/virals.html)
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The NNRTI-bound enzyme suffers a conformational change, which inhibits its enzymatic

"% NNRTI-based regimens are usually prescribed initially, having the advantage

capacity
over protease-based regimens of established efficacy and lower pill burden''®.

Protease inhibitors (PI) prevent the viral enzyme from processing viral precursor
proteins, a step required for the formation of new virions. Pls are part of many initial
regimens and of salvage therapy, when multidrug-resistant HIV has developed''®.

While NRTIs, NNRTIs and PIs have been the most widely used drugs in the fight
against HIV, three newer classes of drugs have provided the medical field with additional
ammunition against the virus. The fusion inhibitor T-20, which is not orally bioavailable
and must be injected, prevents entry of HIV into CD4+ cells by inhibiting fusion of the
viral membrane with the target cell membrane''®, Maraviroc is an entry inhibitor,
preventing the interaction of HIV with the CCR5 co-receptor''*. Finally, integrase

inhibitors prevent viral DNA insertion into the host genome by inactivating Integrase and

preventing binding to host DNA'',

HAART: successes and pitfalls
Since the introduction of HAART for the clinical management of HIV disease,
HIV infection has evolved from a fatal infection to a chronic disease. In the USA, 85-

90% of individuals diagnosed with AIDS now survive more than 6 years'*

. In parallel,
HAART has led to decreases in opportunistic infections and plasma viral loads as well as

increases in CD4+ T cell counts'*'%. However, while beneficial, HAART is not the

ideal solution to the HIV epidemic, as there are drawbacks associated with its use.
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Since HIV is capable of integrating into the host genome, it establishes a viral
reservoir in long-lived resting CD4+ cells (e.g. memory T cells, macrophages). Current
therapeutic strategies, including HAART, thus fail to eradicate the infection and are not
cures for HIV.

In addition, like any drug regimen, HAART is associated with a number of
adverse events (figure 12). NRTI are designed to interact with RT, but can also affect
other nucleotide-binding proteins, such as DNA polymerase y, the only enzyme involved
in replication of human mitochondrial DNA'?°. Impaired function of this DNA
polymerase has been linked to lactic acidosis, hepatic steatosis and myopathy'*’. While
this adverse effect is specific to NRTIs, most drug classes have hepatic toxicities either
through their interaction with liver enzymes, mitochondrial toxicity or host

128

hypersensitive reactions to the drug “°. Another common adverse effect of NRTIs and PlIs

is lipodystrophy, characterized by the loss of peripheral fat and the accumulation of
central fat, which is linked to an increased likelihood of insulin resistance'’.
HAART drug regimens can be complex, sometimes requiring taking 6-12 pills per

day. Furthermore its use is often accompanied by adverse side effects. For these reasons,

129

patients taking HAART can fail to adhere strictly to treatment ©°. However, a sustained

130

virological response is strongly correlated with drug adherence ™. While adherence may

need to be slightly less rigorous for NNRTI regimens, it needs to be greater than 95% in

131,132

order to achieve viral suppression PI regimens . Poor adherence and HIV’s naturally

elevated mutational capacity favor the emergence of drug resistant viruses and,
eventually, drug failure. The ease with which HIV develops resistance depends on each

133

drug, some such as Lamivudine require only a single point mutation ~°. Unfortunately,
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development of resistance is almost inevitable and affects most patients. This was

demonstrated by a study showing that among viremic individuals, 76% were resistant to

. . 134
at least one class of antiretrovirals ™.
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Persistence of a viral reservoir, toxicities and development of resistance seem, for
the moment, inseparable form HAART. There is little doubt that HAART remains the

treatment approach of choice for HIV and increased efforts should be focused on
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expanding its access globally. At the moment an estimated 80% of people with a clinical
need for treatment do not have access to antiretrovirals because of licensing policies,
elevated costs and lack of required infrastructure'®. However, the better solution to the

HIV pandemic remains the development of a preventative vaccine.

I. THE FIELD OF HIV VACCINES

While vaccination has lead to tremendous global successes for certain viruses
such as polio, measles and smallpox, an effective vaccine against HIV remains elusive
despite considerable dedication of scientific and monetary resources to this goal. In 2006
alone, public sector investment for the development of an HIV vaccine was evaluated at
US$776 million'”. The fact that an efficient vaccine is still unavailable reflects how

challenging the quest has been.

Challenges in HIV vaccine design

HIV’s genetic diversity not only allows it to develop drug resistance, but it also
creates challenges for vaccine design. As discussed in section IB, HIV-1 can be divided
into several subtypes and sequence diversity within a subtype can be as elevated as
20%"°. Even within an individual, HIV sequence diversity “can exceed the variability
generated over the course of a global influenza epidemic, the latter of which results in the
need for a new vaccine each year”'*’. Which viral epitopes should be targeted in order to
protect against all potential HIV strains in this context represents one of the current
unanswered questions. The fact that HIV infects CD4" cells and results in massive loss of

CD4" T cell in primary infection also impedes vaccine development (section 1G)"’.
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CD4" T cells are crucial in the modulation of the immune response. If these are lost
before the response can be mounted, a vaccine relying on effective T-helper cell support
may be difficult to design. Finally, the virus has evolved strategies to evade the immune
response>*. A notable example includes the Nef-mediated downregulation of MHC
(major histocompatibility complex) molecules, which are required for T-cell recognition
of HIV epitopes. Also, heavy glycosylation of envelope proteins masks epitopes targeted
by neutralizing antibodies, which explains at least partially the failure of the VAX004
trial. This vaccine designed to induce neutralizing antibodies by immunizing against
gp120 was tested in a phase III clinical trial, but failed to protect against infection despite
the elicitation of anti-HIV antibodies'’.

In addition to these HIV-related challenges, the fact that the type of immune
response that needs to be elicited (i.e. the correlates of immune protection) is still unclear,
that attenuated viruses are unsafe for use in human, and that a good small animal model is

still lacking all impede the development of a protective vaccine ',

Failure of the STEP trial

In 2007, a T-cell based vaccine trial (STEP trial) was interrupted for futility in
achieving its primary end-points. Although the vaccine, which used recombinant
adenovirus 5 (rAd5) as a vector, induced HIV-specific T cell responses, no protection
from infection was observed and individuals who became infected were not more likely

140,141 .
»". Causing an even

to have lower viral loads when compared to the placebo arm
greater setback, individuals with pre-existing antibodies against AdS were at greater risk

of contracting HIV than the placebo-vaccinated individuals, perhaps due to the activation
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and increased infection susceptibly of T-cells following formation of Ad5 immune

140,142

complexes . The failure of this trial has led the scientific community to conclude that

HIV immunology needs to be better understood in order to be able to design a

137,138,143,144

vaccine . While neutralizing antibodies and T-cell responses are still the major

focus of vaccine design efforts, there is an increasing interest for the role of the innate

137,144-146

immune system in HIV infection . In the early stages of an infection, effectors of

the innate arm, such as dendritic cells, macrophages, and NK cells, mediate viral
recognition and control. These cells are also central in inducing and modulating

subsequent T- and B-cell responses'*’'*

. Thus, clarifying the interplay between HIV and
innate immunity may provide clues for a better vaccine. While all cells of the innate
immune system deserve attention, recent evidence that NK cells may have an influence

on outcome of HIV infection has brought some of the spotlight on these cells'”*'>2.
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II. NK Cells

In the late 1960s and early 1970s, several investigators observed the capacity of
lymphocytes isolated from non-immunized human or mouse hosts to lyse certain tumor
cells' "’ This phenomenon was termed ‘natural immunity’"*®. At the time, it was
unclear whether the effectors of natural immunity, ‘natural killer (NK) cells’, were a
single or many cell types. However, within the human peripheral blood lymphocytes,
most of natural immunity was eventually found within the morphologically distinct large
granular lymphocytes (LGL), which were characterized by cytoplasmic granules and a

159 LGL were later shown to contain non-MHC-restricted

high cytoplasmic:nuclear ratio
CD3" cells (i.e. a subset of T cells) and CD3" cells'>*. While both cell types were capable

of natural immunity, the CD3" fraction of LGLs mediated most of the cytotoxicity against

MHC-devoid target cells'®*. These are today known as NK cells'*".

A. BIOLOGICAL IMPORTANCE OF NK CELLS
Approximately 5-15% of circulating peripheral blood lymphocytes are NK

160
cells

. These are characterized by the absence of CD3 (a molecular component of the T-
cell receptor complex) and the expression of CD56 and/or CD16. Defined by these
molecules, there are two main types of NK cells: CD56"€"CD16“™", which account for
approximately 10% of circulating human NK cells, and CD56™CD16", which account
for 90% of the NK cell population in the periphery'®'. A third type of NK cell, CD56

CD16", is ‘anergic’ and usually found at very low frequencies in healthy individuals, but

. . . . 162.163 . .
can be expanded in some diseases, such as HIV infection °~ . Also found on a minority
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of T cells, CD56 is an isoform of NCAM (neural cell adhesion molecule) and its function
on NK cell is still unknown'®*'®>. CD16, or FcyRIII, mediates antibody-dependent
cellular cytotoxicity (ADCC) by binding the Fc portion of IgG antibodies coating the
target cell and activating the NK cell via immunoreceptor tyrosine-based activation motif
(ITAM) signaling (see section IIC)'®'. While the initial description of NK cells was made
based on their ability to kill cancerous cells, they are also involved in controlling viral
infections. The importance of NK cell in tumor and viral immunology is perhaps best

illustrated by cases of NK cell deficiencies (NKD).

NK cell deficiencies
Several genetic defects result in altered NK cell function or phenotype (severe
combined immunodeficiency, bare lymphocyte syndrome, Wiscott-Aldrich syndrome,

etc.) %

. However, in most cases, these syndromes alter several other components of the
immune system and provide limited insight into the specific role of NK cell in human
immunology. As of 2006, a few cases of isolated NKDs have been reported, although
these best highlight the specific contribution of NK cells to maintenance of health'®,
Isolated NKDs are classified into three categories: absolute NKD (ANKD), classical
NKD (CNKD) and functional NKD (FNKD) (table 5)'%.

ANKD, of which there are six reports, is defined by the complete absence of
CD56" cells, including NK cells and CD56" T cells (NKT cells)'®”'7?. Most individuals
affected with ANKD suffered infection from viruses of the Herpesviridae family, such as

170

varicella-zoster virus'’’, Epstein-Barr virus'’?, cytomegalovirus'® and herpes simplex

. 16 . . . . . 168
virus'®’. In one case, the deficiency was marked by mycobacterium avium infection'®®.
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Premature death (from 18 months to 21 years of age) was observed in approximately 40%
of cases.

To date, there have been only two reports of CNKD'”*'"

. Perhaps the strictest
definition of NKD, it is described by the complete absence of NK cells with presence of
NKT cells'®. One individual died in his early 30s of human papilloma virus-associated
malignancies while the other was treated for disseminated fungal infection. The limited
number of cases of reported CNKD may be the result of under characterization of NKT

cells in some patients with NKD'®,

Table 3 Classification of the isolated natural killer cell

deficiencies

Diagnosis® Matural killer Matural killer Matural killer
cell function® T cells® cells®

ANKD Absent Absent Absent

CNKD Absent Present Absent

FNKD Deficient Present Present®

ANKD, absolute natural killer cell deficiency; CNKD, classical natural
killer cell deficiency; FMNKD, functional natural killer cell deficiency.

#In natural killer cell deficiency, the observed defect must be consistent
over time and non-natural killer cell immune components or non-natural
killer cell-dependent immune components should be normal.

® Natural killer cell function as typically defined by cytotoxicity, but can
include any function that can be attributed to natural killer cells. As many
of these functions are also performed by other cells, it is important that
the deficit be specifically attributed to the natural killer cell.

“ Natural killer T cells as defined by the presence of CD3", CD56 " cells.
This includes the INKT cell population expressing the Va24 and V11
combination of TCR genes.

? Natural killer cells as defined by, but not limited to CD3 , CD56 " cells.
® Although natural killer cells by definition are present in FNKD, there may
be phenotypic abnormalities or absence of particular natural killer cell
subsets.

Table 5'%: Classification of isolated NK cell deficiencies. (Reprinted from Clinical Immunology, Vol.118,
Orange JS, Ballas ZK, Natural killer cells in human health and disease, pages 1-10, 2006, with permission

from Elsevier).
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Finally, individuals affected with FNKD have NK cells, which are non-functional.
Dysfunction of the NK cells is usually defined by their markedly decreased cytolytic
capacity, although other functions may be affected'®®. FNKD also results in the increased
likelihood of viral infections, cancer and death'”""®,

All types of isolated NKD highlight the importance of NK cells in control of
infections, particularly viral infections usually suppressed by healthy individuals.
Increased cancer rates in NKD, possibly directly related to viral infections, underlined the
role of NK cells in controlling tumors, as highlighted by the in vitro killing of tumor cells

by NK cells described above.

Additional evidence: NK cells and cancer

Evidence for the role of NK cells in tumor suppression is also provided by
extensive mouse model experiments, human correlative studies and clinical trials. Mice
depleted for NK cells via antibodies or with NK-cell related genetic deficiencies were

often shown to develop more aggressive tumor growth'’”” '™

. However, given the lack of
specificity of antibodies or genetic mutations, the role of other cells in tumor control
cannot be excluded in these studies. Perhaps more convincingly, mice deficient for RAG2
(recombinase activation gene 2) and STATI1 (signal transducer and activator of
transcription 1) spontaneously develop adenocarcinomas at higher rates than RAG2 only

deficient mice!*!8*

. While STATT is a gene involved in the immune response of both T-
and NK cells, RAG2 specifically abrogate T-cells'®*. The increased rate in carcinomas

observed in the mice deficient for both genes should be the result of the added NK cell

deficiency and directly implicates these cells in tumor control'®.
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In a Japanese study of over 3600 subjects, 154 of which developed cancers over
the 11-year follow-up, low NK cell cytotoxic activity was linked to increased incidence
of cancer'™. Additionally, favorable prognosis of colorectal carcinoma, gastric
carcinoma, and squamous cell lung cancer has been linked to increased NK cell tumor

186-188

infiltration . However, these remain correlative studies and more direct evidence of

the importance of NK cells in cancer immunology is provided by a clinical trial where
patients with acute myeloid leukemia were transplanted with allogeneic NK cells'®’.

Survival of graft recipients was greatly increased if they lacked ligands specific for

inhibitory receptors found on donor NK cells.

Additional evidence: NK cells and pathogens

The capacity of NK cell to kill cells infected with different pathogens, including
CMV (cytomegalovirus), HSV (herpes virus simplex), HIV, vaccinia virus and
Mpycobacterium tuberculosis has been demonstrated in vitro, suggesting a role for NK

o . . - - 190-193
cells in immunity against infectious agents .

This is further supported by
observations in mouse models of infection. In mice, antibody-mediated neutralization of
NK cell effectors such as interferon (IFN)-y lead to increased murine CMV (MCMYV)
replication and severity of viral hepatitis'**. In this system, NK cells were shown to be

the only secretors of IFN-y'"*

. Additionally, murine adenovirus infection is marked by
significant NK cell liver infiltration and hepatocellular damage, which is reduced if NK

cells are depleted'®”.
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Several epidemiological studies have linked NK cell receptor alleles (KIR- killer
immunoglobulin-like receptors) with outcome of certain infections, such as HIV and

HCV P Thege studies will be discussed further in section I1IB.

NK cells and pregnancy

While NK cells are important in tumor and pathogen immunity, their presence in
the uterus seems to suggest a role for them in pregnancy. At their peak, in the first
trimester, NK cells represent 70% of all lymphocytes in the uterus whereas they are not
found at term'”’. NK cell deficient mice have a rate of fetal loss of 64% and reduced
placental size, a phenotype that can be reversed by transplantation of NK cells'*>%.
Uterine NK (uNK) cells differ from their blood counterparts phenotypically, as the
majority of uNK cells are CD56""€"CD16“™" and poorly cytotoxic®®'. The exact role of
NK cells in the uterus is still unclear, but they may control trophoblast invasion, regulate
blood flow to the pregnant uterus via secretion of angiogenic factors, and/or protect the

. . 202,203
uterus from infection”™ ="

B. MISSING-SELF HYPOTHESIS
The first reports describing NK cells centered on their ability to kill cancerous
(and eventually virally infected) cells without any prior sensitization'>>">’. How they
were able to recognize and selectively eliminate aberrant cells over normal cells remained
unclear. T-cells are able to recognize non-self antigens presented by MHC (major
204

histocompatibility complex) molecules on the surface of transformed or infected cells™ .

However, soon after they were discovered, it became clear that NK cells were able to kill
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certain tumor lines that expressed no or very low-levels of MHC class I molecules®” 2%,

Thus, a distinct mechanism must be employed by NK cells to recognize their targets.
Experiments in mice were able to show that rather than occurring in spite of MHC class I
decreases on tumor cells, rejection was in fact dependent on this decrease®. In these
experiments, murine lymphoma cells deficient for H-2 molecules (murine MHC class I
proteins) were less malignant than H-2" cells and tumor rejection was dependent on NK
cells*”*'°. Additionally, tumors or bone marrow transplants bearing an allogeneic H-2
molecule (i.e. an H-2** transplant into an H-2"" host) were rejected””. These observation
led to the ‘missing-self” hypothesis, where NK cells were posited to become activated,
among other mechanisms, by cells that have decreased surface expression of self-MHC
molecules”™. Given that several tumors and infections evade the T-cell response via a
downregulation of MHC class I molecules, the ‘missing-self” activation of NK cells

204 .
. Because 1t 1s

would provide an immunological backup response to aberrant cells
centered around the capacity of NK cells to sense surface expression of MHC class I
molecules, the ‘missing-self” hypothesis predicts that NK cells should have receptors for
these molecules that would inhibit their function when the MHC class I is present.
An-MHC class I dependent mechanism of regulation of NK cell function is
elegant because virtually all nucleated cells express MHC class I molecules. However,
some normal tissues express little (neural tissue) or no (erythrocytes) MHC class I

204
molecules

. In addition, NK cells from TAP-deficient (transporter associated with
antigen processing) mice, which have no cell surface expression of MHC I, are not

autoreactive’'!. These findings suggest that functional NK cell inhibition is not

completely dependent on MHC class I sensing and/or that, in addition to loss of MHC
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class I dependent inhibition, the presence of certain NK-cell activating ligands on target

cells (which would be absent on erythrocytes) is also required for NK cell activation.
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Figure 13*">: NK cell activation is regulated by the integration of activating and inhibitory signals
transmitted via cell surface receptors for MHC and non-MHC ligands. (Reprinted, with permission, from

the Annual Review of Immunology, Volume 23 © 2005 by Annual Reviews, www.annualreviews.org).
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Therefore, upon contact with a target cell, NK cell activation would be regulated by the
integration of inhibitory and activating signals transmitted through NK cell receptors
sensing the presence of both MHC class I and non-MHC class I ligands on the target cell

(figure 13)*'.

C. NK CELL RECEPTORS

As demonstrated in RAG2-deficient mice, genetic rearrangement of NK cell
receptors is not required for NK cell function®'*. Thus, NK cells are part of the innate arm
of the immune system. However, given the complexity involved in distinguishing
between healthy and diseased cells, the repertoire of receptors expressed on NK cells,
although not adaptive and not exclusive to NK cells, is highly sophisticated. As predicted
by the ‘missing-self” hypothesis, several receptors regulating NK cells are dedicated to
the recognition of classical and non-classical MHC class I molecules. These receptors can
be divided into two classes: C-type lectin-like receptors and immunoglobulin (Ig)

domain-containing receptors.

C-type lectin-like receptors

In mice, the Ly49 multigenic family regroups the main receptors for MHC class I
molecules. These are transmembrane receptors with a carboxyl-CTLD (C-type lectin-like
domain), which forms a protein-protein interaction with a peptide-loaded MHC class I
molecule’’?. There are at least 23 Ly49 members, termed Ly49A through Ly49W,
approximately half of which inhibit the activity of the NK cell while the other half
transmit activating signals when they bind their MHC class I ligand*"’. The structure of

Ly49 receptors is shown in figure 14.
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Figure 14*": Structure of inhibitory and activating Ly49 receptors and their downstream signaling events.
CTLD: C-type lectin-like domain ITIM: immunoreceptor tyrosine-based inhibitory motif ITAM:
immunoreceptor tyrosine-based activation motif. (Reprinted by permission from Macmillan Publishers Ltd:

Immunology & Cell Biology, 83:1-8, 2005).

Like all other inhibitory NK cell receptors, inhibitory Ly49 receptors have an

immunoreceptor tyrosine-based inhibitory motif (ITIM) in their cytoplasmic tail. This
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peptide motif, with the Ile/Val/Leu/Ser-x-Tyr-x-x-Leu/Val consensus sequence, allows for
the phosphorylation of tyrosine residues upon receptor-ligand interaction by a Src family

. 212
kinase

. The phosphorylated tyrosine residues allow the recruitment of SHP (SH2-
containing protein-tyrosine phosphatase)-1, SHP-2 or SHIP (SH2-containing inositol
phosphate 5-phosphatase). These phosphatases lead to the dephosphorylation and
deactivation of signaling proteins (ZAP-70, Syk, Vav-1, etc.) and decreased function of

the cell?"’

. Activating Ly49 molecules, as well as other NK cell receptors, lack ITIM
sequences. Rather, their cytoplasmic domain associates with ITAM-containing adaptor
molecules, such as DAP12*'%. The ITAM prototypical sequence is Asp/Glu-x-x-Tyr-x-x-

Leu/Ilex6_gTyr-x-x-Leu/Ile212

. Upon binding, the tyrosine residue of the ITAM is
phosphorylated, leading to the recruitment of SH2-containing tyrosine kinases ZAP-70
and Syk. Downstream events include calcium influx, transcription of cytokine and
chemokine genes, and displacement of granules to the cell surface (figure 15)*'2.

Found in the genome of mouse, rat and humans, the CD94/NKG2 receptors are
also C-type lectin-like transmembrane receptors. Five different NKG2 molecules have
been shown to interact with CD94: NKG2A and NKG2B have an intracellular ITIM
while NKG2C, E and H associate with the ITAM-containing DAP-12*"*. While CD94
can be expressed at the cell surface as a homodimer, it is thought than only CD94/NKG2
heterodimers are capable of interacting with their ligand (the non-classical MHC class I
HLA-E molecule in humans) and transmit intracellular signals®'*. Unlike classical MHC

class I molecules, HLA-E is genetically stable. This could explain the relatively low

polymorphism of the
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Figure 15°"°: Signaling cascade of ITAM-containing receptors. (Reprinted by permission from Macmillan
g g g g

Publishers Ltd: Nature Immunology, 9:495-502, 2008).

CD94/NKG2 family of receptors. Given that HLA-E usually has a self MHC class I-
derived peptide in its peptide-binding groove, CD94/NKG2 receptors are involved in
primordial self/non-self discrimination, as well as sensing the status of MHC I
proteins*'>. However, HLA-E can also bind stress peptides, derived from heat shock
proteins and, perhaps, certain pathogens. Evidence suggests that the peptide bound by
HLA-E may affect the binding affinity of different CD94/NKG2 heterodimers,

differentially modulating the outcome of the NK cell response. For example, NKG2A
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complexed with CD94 has a greater affinity for HLA-E loaded with peptides derived
from self-MHC class I molecules than the CD94/NKG2C receptor’'. In addition,
CD94/NKG2A is unable to bind HLA-E associated with hsp60 (heat shock protein 60)*'".
Perhaps the origin of the peptide associated to HLA-E could favor inhibition or activation
of NK cell function through NKG2A/B or NKG2C/E/H, respectively.

Whereas other members of the NKG2 family are closely related to each other,
NKG2D only has 28% amino-acid identity in the CTLD with other NKG2 receptors”'®.
This sequence divergence translates into a functional difference. The ligands for NKG2D
are a family of proteins with structural homology to MHC class I molecules, including
MICA, MICB and ULBP1-5*"2, In addition, NKG2D does not interact with CD94, is
expressed at the cell surface as a homodimer and associates intracellularly with DAP-10,
a signalling chain that does not have an ITAM?*'**'?_Instead, DAP-10 has a site involved
in the recruitment of phosphatidylinositol-3-kinase or the adaptor Grb2 (growth factor
receptor bound protein 2), eventually leading to calcium influx, actin reorganization and

activation of the cell*'®,

Ig domain-containing receptors
Recognition of MHC class I molecules by NK cells is also mediated by two types
of Ig-like domain containing receptors: LILR (leukocyte Ig-like receptors) and KIR

212

(killer cell immunoglobulin-like receptors)” ~. Also known as ILT (immunoglobulin-like

transcripts) or CD85, the LILR family of genes is located on human chromosome 19°'2,

Of the 13 LILR genes, only one encodes for an MHC class I receptor that is expressed on

NK cells®'***°. LILRBI is a glycoprotein with four extracellular Ig-like domains and four
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cytoplasmic ITIMs and binds with low affinity to conserved regions of all human MHC

221,222
class I molecules™

. Because it is expressed more broadly on B cells and monocytes,
this receptor may have a more significant role in regulating the function of these
leukocytes, although it has been shown that lytic activity of NK cell clones could be
suppressed by the specific ligation of LILRB1*'%?%-24,

Although human KIRs and mouse Ly49 receptors are structurally different, they
share several common features. Both are expressed by NK and T-cells, both use MHC
class I molecules as ligands, both can be either activating or inhibitory through ITAM or
ITIM signaling and both are encoded by regions that are polygenic and genes that are
polymorphic*'***>. LILR and CD94/NKG2 receptors have limited polymorphism such
that they can only monitor overall expression of MHC class I on cell surfaces’>. On the
other hand, KIR/Ly49 molecules represent a refined mechanism for surveying expression
of autologous MHC class I through several levels of diversity: individual genomes differ
in KIR/Ly49 gene content; KIR/Ly49 genes show allelic variability and ligand
specificity; each NK cell clone expresses only a certain combination of KIR/Ly49
molecules™.

As shown in figure 16, KIR nomenclature is based on receptor structure and
reflects the number of extracellular Ig-like domains (either 2D or 3D) and the length of
the intracellular cytoplasmic tail (L or S for long or short tails, P denotes putative

2 KIRs with similar structure but with a sequence divergence that exceeds

pseudognes)
2% are then numbered in sequence (e.g. KIR2DL1 and KIR2DL2)**. The function of
KIRs is predicted by the length of its cytoplasmic tail. Long tails (L) contain one or two

ITIMs and are inhibitory***. Short tails (S) do not have ITIMs, but a charged amino acid
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Figure 16°*’: Relationship between KIR nomenclature, structure and function. DO, D1, D2 designate Ig-
like domains. ITIM are shown as orange circles. R and K indicate positively charge amino acids, which
interact with DAP-12 or FceRI-y. (Reprinted, with permission, from the Annual Review of Genomics &

Human Genetics, Volume 7 © 2006 by Annual Reviews, www.annualreviews.org).

in the transmembrane domain that mediates interaction with DAP-12**°. KIR2DL4 is the
only exception to this rule, having both a charged amino acid and an ITIM. Recent
studies have shown that it associates with ITAM-containing adaptor protein FceRI-y and
sends a stimulatory signal®’.

There are 15 known KIR genes and 2 pseudogenes closely linked in the leukocyte
receptor complex of chromosome 19q13.4*'*. However, a typical genome will only carry
7-11 different KIR genes*>*. While KIR genes are highly homologous and differ only by
a few nucleotides from one another, the proteins encoded by these genes can differ
significantly in terms of ligand binding, cell surface expression, intracellular signaling

5

and protein folding’®. Although there is great variability of KIR gene content,
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segregation analyses and sequencing data have revealed systemic features in organization
of the KIR complexzzg’zzg. Four KIR genes, KIR3DL3, 3DP1, 2DL4 and 3DL2 are
present on virtually all haplotypes and have been termed framework loci (figure 17). In
addition, most genomes contain KIR2DL2 or KIR2DL3, which segregate as alleles of a
single locus, as do KIR3DL1 and KIR3DSI1. Therefore, these loci (KIR2DL2/3 and
KIR3DS/L1) are also often considered as framework loci**>**°. The KIR complex is also
characterized by the existence of two basic groups of haplotypes, based on their gene

con‘[ent226

. Haplotype A contains nine KIRs, only one of which, KIR2DS4, contains a
short cytoplasmic tail (figure 17). While haplotype A is fixed in terms of the number and
types of gene present, some variability is introduced by extensive polymorphisms at some
loci*®’. The KIR3DL1 locus, for example, has over 50 known allotypes, which can differ
in surface expression, ligand affinity, and inhibitory signal strength'>"**'***_ Haplotype B

exhibits more diversity in terms of gene content and allelic polymorphism. Over 20 B

haplotypes have been described, most of which have at least one activating KIR**.

|

A (3pLs H 203 H 20P1 | 2DL1 }{3DP1 }{ 2014 }{ 3DL1 H 2Ds4 H{ 3DL2 )

B1 [3pL3}{2ps2 }{ 202 H 3DP1 }{ 2DL4 }{ 3Ds1 }{2DL5A 2Ds5 { 2051 { 3DL2 ]

B2 (3pL3){2Ds2 }{20L2 }{2pL58} 2Ds3 |{ 20P1 }{ 2011 }{ 3DP1 H{ 2DL4 |{ 3Ds1 H{2DL5A{ 2Ds5 }{ 2051 [{ 3DL2 ]

Figure 17°*: Example of one KIR A haplotype and two B haplotypes. Framework loci are shown in gray.

Blue loci are often also considered framework loci. (Reprinted, with permission, from the Annual Review of

Genomics & Human Genetics, Volume 7 © 2006 by Annual Reviews, www.annualreviews.org).
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Only MHC class I molecules have been identified as ligands for KIRs and many remain
without a known ligand (see known KIR ligands in table 6). The sequence diversity

between alleles translates into varying ligand affinities™>

. KIRs are usually specific for
an HLA family (e.g. HLA-C1, HLA-Bw4), but may have greater affinity for some
allotypes within an HLA family. For example, KIR3DL1, which is known to interact with
HLA alleles bearing the serological motif Bw4, preferentially interacts with HLA-Bw4
alleles that have an isoleucine amino acid at position 80 over those that have a threonine
at the same position”>. Additionally, as recently demonstrated in experiments using NK
cell clones expressing a single KIR allele, the KIR-HLA interaction is modulated by the
type of peptide bound in the HLA peptide-binding groove**. In these studies, HLA-A24

tetramers loaded with HIV-derived peptides were capable of binding KIR3DL1. This was

not the case if the peptide was from CMV or Dengue virus.

KIR Ligand
2DL1, 2D51 HLA-C group 2 (C*02, *04,
*03, *06)

2DL2, 2DL3, HLA-C group 1 (C*01, 03,
2D52 *07, *08)

3DLT (3D51 -2) HLA-B Bw4

3DL2 HLA-A3, HLA-A1I

2DL4 HLA-G

2D54 HLA-Cw4

Table 6°*°: Known human KIR ligands. (Reprinted, with permission, from the Annual Review of Genomics

& Human Genetics, Volume 7 © 2006 by Annual Reviews, www.annualreviews.org).
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Recognition of host non-MHC class I ligands

In addition to the evidence presented in section IIB, two other observations
suggest that the MHC class I-dependent ‘missing-self’ hypothesis is insufficient to
explain how NK cells are regulated. Firstly, in mice, some NK cells are devoid of any of
the known MHC class I receptors and yet to not react to autologous cells™°. Secondly,
during maturation, NK cells can become functional, but not autoreactive, before they
express KIR or Ly49 receptors™ . There are several human non-MHC class I-specific NK

211212238 The contribution of these

cell receptors, a summary is provided in table 7
receptors to the activation state of the NK cell is still unclear. Often described as ‘co-

receptors’, they could increase or decrease signaling from other unidentified receptors,

rather than independently determine the NK cell response”'?. Alternatively, they could be

Table 7: Human NK receptors for host-encoded non MHC ligands

Receptor Function Cellular Ligand
NCRI Activation HSPGs

NCR2 Activation HSPGs

NCR3 Activation HSPGs
NKR-PIA ? ?

DNAMI Activation CD155,CD112
2B4 Activation*® CD48

NTB-A Activation*® NTB-A

CS1 Activation*® CS1

NKp80 Activation AICL

IRp60 Inhibition ?

LAIR-1 Inhibition Collagens
Siglec7 Inhibition (02,8) saccharides (0.2,8) or

(02,8) saccharides

HSPG: heparan sulfate proteoglycans; AICL: activation-induced C-type lectin; * receptors of the SLAM (signaling lymphocytic
activation molecules) family are usually activating, but they inhibit NK cell function in patients with X-linked lymphoproliferative

disease.
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part of a fail-safe system whereby the threshold for activation would be determined by a
delicate balance between the absence of MHC class I and of secondary inhibitory ligands
(e.g. collagens) on target cells and the presence of co-stimulatory signals (e.g. heparan
sulfate proteoglycans)”'. Individually, co-receptor signaling would be insufficient in
determining the outcome of an interaction between the NK cell and its target, but in a
system of checks and balances they would minimize the chance of an accidental response

against a healthy cell.

Receptor repertoire

Cell surface expression of NK cell receptors encoded by multiple loci, such as
KIRs, NKG2 receptors and Ly49 receptors, is stochastic; the product of their individual
frequencies can calculate the probability of co-expression of two distinct receptors™®>%.
On a single cell, not all KIR receptors encoded by an individual’s genome are expressed.
However, each gene is usually expressed on at least one NK cell clone and KIR2DLA4 is

241
expressed on all clones

. The mechanism controlling transcriptional KIR expression is
still unclear. Studies have shown that methylation in the 5’ area of a KIR gene correlates
with silencing of KIR transcription and that treatment with a demethylating agent resulted

. - 242243
in de novo KIR expression™"

. Whether a specific KIR allele gene becomes methylated
could depend on the state of its bi-directional promoter (figure 18). KIR genes have two
promoters: one proximal to the start codon and another distal, further upstream from the
start codon®**. Via reverse transcription of NK cell RNA, in addition to sense transcripts

originating from both proximal and distal promoters, antisense transcripts corresponding

to the intergenic sequence found between the proximal and distal promoters were
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detected’®

. This suggests that the proximal promoter is bi-directional. Given that
antisense KIR transcripts were only detected in cells that lack protein expression, it was
proposed that the proximal promoter acted as a probabilistic switch for the

activation/inactivation of KIR genes™****’

. If transcription of the proximal promoter
occurred in the antisense direction, double stranded RNA (dsRNA) would form from the
interaction with sense RNA transcribed from the sense distal promoter. This dsRNA
would then lead to methylation and silencing of the KIR gene®****®. KIR2DL4 is unique
and has a third promoter that may bypass this system and allow expression of this
receptor on all NK cells**. Once established, the repertoire of receptors on an NK cell
clone is stable through subsequent cell division and unaffected by environmental

243,24
factors®*2%,
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Figure 18°**: Mechanism of KIR silencing. (Reprinted by permission from Wiley- Blackwell: Pascal et al.,

Immunological Reviews, 214: 9-21, 2006).

The ‘missing-self” hypothesis leads to the ‘at least one’ model, where at least one

inhibitory receptor specific for a self-MHC class I had to be expressed on each NK cell in
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order to maintain tolerance to self**®. However, because expression of inhibitory

receptors is stochastic, this model requires that the HLA repertoire somatically influences
NK cell KIR expression. Analyses have demonstrated that a dynamic process occurring
during NK cell development leads to the sequential accumulation of inhibitory molecules

until the cell expresses one or more self-specific receptor™’?*. Additionally, the
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Figure 19%°°: Graphical depiction of the arming and disarming models of self-tolerance for MHC-class-I-
deficient NK cells. (Reprinted by permission from Macmillan Publishers Ltd: Nature Reviews

Immunology, 6:520-531, 2006).
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accumulation of multiple self-MHC inhibitory KIRs confers increasing effector capacity
to the NK cell, such that an NK cell with only one self-MHC inhibitory receptor will be
less potent than a cell bearing two distinct receptors™'. These results clearly support a
link between MHC molecules and the KIR repertoire. However, the ‘at least one’ model
is not supported by mouse and human studies where a subset of NK cells do not express

any self-specific MHC class I inhibitory receptors®®*"'

. In mice, approximately 10-15%
of mature NK cells lack expression of any self-specific Ly49 or NKG2A receptors™®.
Interestingly, these cells were found to be hyporesponsive, failing to attack MHC class I
deficient targets, insuring a form of tolerance. Similar findings have been reproduced in

human NK cells failing to express self-receptors™' >

. Two models have been proposed
to explain why self-specific inhibitory signaling seems to be required for the development
of a functional NK cell (figure 19)*>. The ‘disarming’ model proposes that NK cells that
fail to receive inhibitory signals are over stimulated through their activating receptors,
leading to a phenotype similar to T-cell anergy. This phenotype would be caused by a
decreased capacity to transmit activating signals by stimulatory receptors. Another
model, ‘licensing’ or ‘arming’, proposes that inhibitory signals induce the cell to undergo

a final maturation step, rendering them functional. Both these models are still under

investigation.

D. NK CELL FUNCTION
While NK cells were first experimentally discovered as a result of their tumor
suppressive capacity, NK cells are not only cytotoxic but can also have an

immunoregulatory role. Phenotypically, the functional profile of a given NK cell
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correlates with the surface expression levels of CD56, even though the role of this
adhesion molecule in shaping NK cell function is unknown (figure 20)'®'. CD56*™CD16"
NK cells are usually cytotoxic, although they are also capable of secreting IFN-y, while
the CD56"€"CD16%™" cells are immunoregulatory and secrete cytokines (IFN-y, GM-
CSF, TNF-a, TGF-, IL-5, IL-10) and chemokines (CCL3, CCL4, and CCL5). However,

either cell type does not exclusively perform these functions.
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Figure 20>>*: Phenotype of immuno regulatory (top) and cytotoxic (bottom) NK cells. (This research was
originally published in Blood. Cooper MA, Fehniger TA, Turner SC, Chen KS, Ghaheri BA, Ghayur T,
Carson WE, Caliguri MA. Human natural killer cells: a unique innate immunoregulatory role for the

CD56(bright) subset. Blood. 2001; 97: 3146-51. © the American Society of Hematology).
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Cytotoxicity

CD56"™CD16" NK cells have increased cell surface expression of KIRs
compared to their immunoregulatory counterparts and are mostly located in the
periphery'®'. They traffic to sites of inflammation via chemotactic receptors such as
CXCR1 and ChemR where, following an encounter with a target cells, they perform their
cytotoxic function by two distinct mechanisms”>*°,

Specialized organelles, termed lytic granules, are involved in the secretion of lytic
effector molecules following interaction with a target cell. The site of interaction between
the NK cell and the target cell is known as the immunological synapse, a site shaped by a
certain number of receptors, signaling molecules, cytoskeletal elements and cellular
organelles™’. It is at the immunological synapse that NK cell receptors involved in self-
recognition or ADCC determine the outcome of the encounter with the target cell. If this
encounter results in NK cell activation, exocytosis of lytic granules, which contain
granzyme, perforin and granulysin, will occur™. Lytic granules are directed to the
synapse by moving along microtubules to the MTOC (microtubule-organizing center),
which is itself then directed to the synapse™’. Granular contents can be delivered to the
target cell once they fuse with the plasma membrane.

There are five known granzyme proteins in humans (Grz A, B, H, K and M)*’.
Grz A, B and M promote apoptosis by directly cleaving DNA or activating proteins
involved in the apoptotic cascade, such as caspases and BID (BH3-interacting domain
death agonist)*>®. No pro-apoptotic function for Grz H and K has been found yet.

Granzyme’s capacity to induce cell death by cleaving intracellular substrates is dependent

on perforin, as demonstrated by the loss of cytolytic capacity of perforin deficient
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. Two mechanisms have been proposed for perforin function, both of which
have to do with its membranolytic capacity”°. The first suggests that perforin forms a
pore in the cellular membrane, allowing granzyme to diffuse into the cell. The alternative
theory proposes that perforin and granzyme, once released from the lytic granule, are
rapidly internalized into the target cell via endosomes. Perforin is then thought to disrupt
these endosomes, allowing granzyme release. Also found in lytic granules, granulysin can
lead to the lysis of tumors and certain pathogens, such as Mycobacterium tuberculosis

% The mechanism of action of granulysin is still unknown,

and Plasmodium falciparum
but it is dependent on the presence of mitochondria in the target cell and can be inhibited
by Ca®", K" and Na transport inhibitors™®".

Members of the tumor necrosis factor (TNF) family of cytokines, TRAIL (TNF
related apoptosis-inducing ligand) and FasL (Fas ligand), can be induced on NK cells by
interferons, IL-2 and IL-15%, The receptors for these apoptotic cytokines (TRAIL-RI,
TRAIL-R2 and Fas), known as death receptors, contain a death domain. Their
aggregation on the target cell leads to apoptosis through the recruitment and activation of
caspases, providing a second mechanism for NK-cell mediated killing®®.

The cytotoxic capacity of NK cells has traditionally been evaluated by incubating
NK cells with radio-labeled MHC class I deficient target cells and then measuring
radioactive release. While effective, methods employing radioactivity are limited in terms
of providing quantitative measures, have a number of safety concerns and are often
subject to elevated background noise. Lining the membranes of lytic granules is the
lysosomal-associated-membrane-protein 1 (LAMP-1, also known as CD107), a protein

262

whose function is still unclear™". Upon fusion of the lytic granule with the plasma
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membrane, CD107 is then found at the cell surface. Using fluorescently labeled antibody
specific for CD107, flow-cytometry based methods have recently measured cell surface
increases of this molecule as a surrogate marker for cytotoxicity of T cells and NK

263,264

cells . In addition to avoiding the use of radioactive isotopes, CD107 detection

allows simultaneous cell phenotyping by flow-cytometry.

Immunoregulation

Immunoregulatory NK cells are less effective mediators of cytotoxicity. However,
treatment with IL-2 brings their cytotoxic capacity to levels similar to that of
CD56“™CD16" NK cells*®’. CD56"¢"CD16“™" NK cells express low levels of KIRs and
high levels of NKG2A, but exclusively express CCR7 (CC-chemokine receptor 7) and
CD62L, two molecules implicated in the homing of NK cells to secondary lymphoid

161
. In

organs, where modulation of other immune cells is favored by their proximity
addition, immunoregulatory NK cells constitutively express the high affinity receptor for
IL-2 and the receptor kinase c-kit, which augment their sensitivity and proliferative
capacity in response to IL-2'%".

NK cells interact extensively with DCs (dendritic cells) and can act on them in
two distinct ways. In vitro, KIR-deficient NKG2A" NK cells are capable of killing
immature DC (iDC)*. It is thought that only iDCs expressing sufficient levels of MHC
class I and co-stimulation molecules will survive an encounter with NK cells'*’. This
editing process would select DC capable of priming an effective immune response.

267,268

Secondly, IFN-y and TNF-a secretion favors DC maturation . In turn, the mature DC

secretes IL-12 and IL-18, which can stimulate NK cells to proliferate, secrete cytokines
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or prime for cytolysis***"’. This ‘NK-DC crosstalk’, which is also dependent on NK cell
receptors such as NCRs and NKG2A, creates a favorable environment for the
development of a Tyl (T-helper 1) immune response ideal for controlling the
proliferation of intracellular pathogens. IFN-y secreted by NK cells also directly polarizes

271,272

naive CD4+T cells towards a Tyl profile . B-cells can also be modulated by NK

cells, which have been noted to induce immunoglobulin class switching and suppress

273,274

autoimmune B-cells . Finally, NK cells can participate in a feedback loop inhibition

of inflammatory responses by secreting anti-inflammatory cytokines IL-10 and TGF-p*".

Some cytokines secreted by NK cells, such as IFN-y and TNF-a, have
antiviral/antibacterial effects. IFN-y effectively upregulates MHC class I and II antigen-
presentation pathways to increase the quantity and diversity of peptides presented on the
cell surface, promoting cell-mediated responses>’®. In addition, it leads to the increased
secretion of chemoattractants for T-cells and macrophages®’°. Finally, IFN-y increases the
synthesis of proteins with direct antiviral effects: PKR (protein kinase dsRNA regulated)
and OAS (2’,5’-oligoadenylate synthetases)’”’. PKR requires dsRNA (double stranded
RNA), a product common in the replication cycle of some viruses but not of eukaryotes,
for its activation. Once activated, it leads to inhibition of both viral and cellular protein
synthesis by inhibiting the elongation factor elF-2a (elongation Initiation Factor 2a),
preventing the virus from hijacking the cellular machinery. Also activated by dsRNA,
OAS leads to the activation of RNase L, which cleaves RNA in the cytoplasm, effectively
inhibiting protein expression.

Evidence of the antimicrobial effects of TNF-a can be found in mice depleted of

TNF-a or genetically deleted for the TNF receptor. These have a decreased capacity to
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control infections with intracellular bacteria, such as Listeria monocytogenes and

278219 As a pro-inflammatory cytokine, TNF-a can mediate

Mycobacterium tuberculosis
the recruitment of immune cells, increase antigen processing and act on the hypothalamus
to increase body temperature®®. Body temperature directly influences the capacity of

replication of pathogens. Finally, TNF-a can initiate the synthesis of acute-phase

proteins, such as C-reactive protein, which can activate the complement pathway*™.
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II1. NK cells in HIV infection

The current model for the immune control of viral infections proposes that innate
effector mechanisms hinder viral dissemination in the early stages of the infection until

160 . e
. NK cells have several characteristics

an adaptive response can be mounted (figure 21)
that allow them to be implicated in the early stages of viral infection: preformed lytic
granules, proliferation in response to DC-secreted cytokines and chemokine receptors
promoting their migration to inflamed tissue. As suggested by an expansion of NK cells

in the early stages of infection, these innate immune cells are also important in

controlling HIV*®',

I

Figure 21°%2: Temporal sequence of immune effectors in response to a viral infection. (Reprinted b
g p q p p y

permission from Wiley-Blackwell: Alter et al, Journal of Internal Medicine, 265 (1) 29-42, 2009).
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Based on evidence for the importance of T-cells in controlling HIV infection,
strategies for the development of a vaccine have recently centered on the induction of
HIV-specific T-cells. The importance of T-cells in HIV infection is demonstrated by
temporal associations; first between the appearance of HIV-specific CD8+ T cells and a
decrease in viral replication rates in human studies and, second, in macaque models,
between the depletion of CD8" T-cells and increases in viral load'"***’. Additionally,
viral epitopes targeted by CD8" T-cells are often susceptible to escape mutations,
indicating a selective pressure applied by these lymphocytes®. Finally, certain MHC
class I alleles are linked to slower HIV disease progression, perhaps due to their
increased capacity to present conserved viral peptides”™.

The recent failure of a T-cell based vaccine (see section 1J) underlines that an
effective immune response to HIV is most likely composed of several elements. Perhaps
the temporal association between viral replication and HIV-specific CD8" T cell rather
reflects an association with several components of the immune response, including those
deployed early in infection. Supporting this, studies in macaques have found that viral
replication levels differed significantly between animals in the first seven days post-
inoculation with SIV, before an adaptive response could be mounted, suggesting that
host-specific factors acting early in infection also determined outcome®*®. It must also be
noted that NK cells and DCs bear cell surface receptors that recognize MHC class |
molecules, such that associations between HLA (human leukocyte antigen, the human
family of MHC class I molecules) and HIV disease progression may not be exclusively

due to T-cell responses.
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As will be discussed in this section, there is increasing evidence for an intimate
relationship between NK cells and HIV. Infection with HIV alters the phenotype of NK
cells. Alternatively, NK cells can exert pressure on the virus. This interplay may provide

insights into new HIV therapeutic and vaccine design strategies.

A. THE INFLUENCE OF HIV INFECTION ON NK CELLS

There are several factors related to HIV infection that can interact to deregulate
NK cells. The events leading to a state of generalized immune activation (section IG) also
affect NK cells. Additionally, although only a minority of NK cells bears the CD4
receptor, HIV may directly infect them®. The majority of NK cells, which lack CD4, still
carry the HIV co-receptors CCR5 and CXCR4**. While the virus is unlikely to infect
these, it could still induce intracellular signaling by binding either chemokine receptor.
These mechanisms combine, in ways that are still unclear, to alter the phenotype of NK

cells in HIV infection.

NK cell surface molecules
Initial analyses evaluating the effect of HIV infection on NK cell population
numbers found conflicting results. While some studies reported a reduction in NK cell

162,288,289
counts, other reported no change """, As

demonstrated by a recent study evaluating
NK cell populations during different stages of the disease, these conflicting conclusions
are likely the result of changes in NK cells dynamics over the course of HIV infection.

Utilizing three markers to define three populations of NK cells (CD3'CD56"""CD16“™",

CD3 CD56“™CD16", CD3'CD56 CD16"), Alter et al demonstrated that there was a
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dramatic increase in total NK cells in the acute phase of infection, mirroring viral load

163
levels

. However, as viral load decreased to a plateau and the infection entered the
chronic phase, there was a sequential decrease of CD3 CD56™¢"CD16"™ and CD3"
CD56"™CD16" NK cell subsets with a concomitant increase in the anergic CD3 CD56°
CD16" population. Thus, while there were no overall changes in the contribution of NK
cells to the total lymphocyte population, there were increases and decreases in different
NK cell subsets.

There are contradictory reports as to the specific increase or decrease of the total
expression of each individual NK cell receptors (NKR) during HIV infection'®***2%2,
These contradictions are again probably due to observations performed on cells isolated
at different disease stages. Overall, however, there is an agreement that inhibitory NKR
(e.g. inhibitory KIRs or LIR1) expression is increased during chronic infection. A notable
exception is the decrease of NKG2A®”. Since the CD3'CD56™¢"CD16"™ subset
expresses this receptor at high levels, the loss of the regulatory NK cell population likely
explains the observed decrease of NKG2A. Along with an increase in iNKR, there are
consistent reports of decreases in expression of all members of the activating NCR
family, including NKp30, NKp44 and NKp46'®>**. These variations in NKR expression
result in NK cells that are highly sensitive to inhibitory signals and require strong
activating signals. This inhibitory phenotype may decrease the capacity of NK cells to

contribute to control of HIV replication and of other infections or tumors that can arise

during AIDS.

Changes in NK cell functionality
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The capacity of NK cells isolated from HIV infected individuals to mediate a
normal response once stimulated is subject to some debate. Some groups report a
decrease in the capacity of these NK cells to secrete IFN-y and TNF-o or mediate

162,288,290,295,296

cytolysis . Other groups report that, with increasing viremia, NK cells

increase in functional capacity'®>**72%

. These discrepancies are attributable to a
number of methodological differences. Experimental settings relying on non-specific
mitogen stimulation, such as phorbol myristate acetate, to measure cytokine secretion or
induced degranulation usually find that cells from HIV-infected individuals have
decreased function'®**°. Conversely, experiments that specifically measure the function
of CD3'CD56" cells (i.e. excluding the ‘anergic’ NK cells) in response to stimulation
with the MHC-devoid K562 myelogenous leukemia cell line generally find that NK cells

in HIV infection have an increased functionality'®>*7*"

. This has led to the suggestion
that increased KIR expression on NK cells from HIV' subjects may favor a vigorous
response to MHC-devoid cells'®. Some studies also differ from each other in terms of the
sample population targeted. Variations in exposure to treatment, viral load and CD4 T
cell counts can all potentially influence NK functionality. Additionally, cytotoxic
function is measured either by CD107 staining or radioactive release of labeled targets.
The advantages of CD107 staining are discussed in section IID, but it remains an indirect
measure of cytotoxicity.

There are several other features of NK cell function that are affected by HIV
infection, including CC chemokine secretion, ADCC and modulation of the interaction

between NK cells and DCs*”'. Many of these defects are related to the expansion of the

anergic CD3'CD56'CD16" NK cell subset. Because CC chemokines such as RANTES
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and MIP-1a bind co-receptors required for HIV entry, they can competitively inhibit
viral replication, providing NK cells with a cell-to-cell contact independent mechanism of
viral suppression. The capacity of NK cells to secrete CC chemokines is inversely
correlated with plasma viral load*®’. This explains at least in part the fact that NK cells
isolated from individuals with elevated plasma viral loads have a decreased capacity to
suppress in vitro HIV replication™’.

The ability of NK cells to mediate ADCC is decreased as the disease
progresses . This occurs in spite of the fact that there is an increase in CD16" NK cell
subsets. The capacity of NK cells to lyse target cells through the use of HIV-specific
antibodies is decreased because microtubular rearrangements that usually occur upon
encounter of a target cell do not take place in NK cells from HIV-infected individuals™"'.
Additionally, there is a decreased delivery of granular contents’**.

Some of the molecules involved in ‘NK-DC crosstalk’, NKG2A, NCRs, IFN-y
and TNF-a, as discussed above, were reported to be decreased in HIV infection in
several studies. For this reason, it is thought that the interaction between these cells may

271

be defective in the setting of infection with HIV*"". However, this is still an active area of

investigation.

B. NK CELL-MEDIATED IMMUNITY AGAINST HIV

Despite the dysregulation of NK cells in HIV infection, there is substantial
evidence that these cells can mediate immunological pressure on the virus and modulate
disease outcome. Understanding how NK cells fail in an infectious setting, as discussed

in the previous section, provides a number of possible therapeutic targets designed to
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restore NK cell function. However, before these cells are investigated for therapeutic
considerations, it is also important to know if and how these are capable of affecting the

outcome of an HIV infection.

Lysis of infected cells

The capacity of NK cells to lyse HIV-infected targets was first established by
measuring the increased lysis of infected over uninfected tumor CD4" T cell lines®~*,
However, cell line susceptibility to NK cell-mediated lysis varied considerably,
suggesting that certain phenotypic characteristic of different target cells could inhibit
cytolysis. Interestingly, NK cells isolated from healthy individuals were subsequently
found to be unable to lyse HIV-infected autologous T-cell targets, despite a significant
decrease in measured surface MHC class I expression’®. It is known that HIV leads to
the specific decrease in expression of cell surface HLA-A and -B molecules, but not
HLA-C and -E molecules, through a Nef-dependent mechanism®®. Thus, HIV has
developed a mechanism to avoid elimination by both CD8" T cells and NK cells. Limited
expression of MHC class I molecules on infected cells suggests that a subpopulation of
circulating NK cells are capable of eliminating these. Further investigations have shown
that NK cells lacking inhibitory receptors for HLA-C and -E were capable of killing HIV-
infected autologous T cells''. However, given the increased cell surface expression of
inhibitory NKR, including receptors for HLA-C, in HIV-infected individuals the number

of NK cells capable of in vivo lysis of HIV" cells is limited'*>*"'?%",

Inhibition of viral replication
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Incubating HIV-infected CD4" T cells with NK cells leads to a decrease in viral

. 307-310
replication®”’

. In many instances, the supernatant collected from NK cell culture is
sufficient to mediate strong inhibition, suggesting that secretory molecules are involved.
Most of the supernatant’s inhibitory capacity can be abrogated by the use of anti-CC

. . . 309
chemokine antibodies®*”

. In NK cell supernatants treated with anti-CC chemokine
antibodies, residual inhibition of viral replication can still be observed, however’””. The
contribution of other soluble factors secreted by NK cells to in vitro inhibition of
replication is still unclear. Additionally, the observation that separation of NK cells from
infected targets by a semi-permeable membrane leads to dramatic decreases in viral
replication suggests that cell-to-cell contact-dependent mechanisms also contribute to the
NK cell’s capacity to limit the production of HIV virions’'’. These mechanisms are

probably not limited to cytolysis, given the ability of HIV to escape NK-cell mediated

killing of its host cell.

KIR3DS/L1

Perhaps the most convincing evidence that NK cells are important in the control
of HIV infection comes from recent studies linking the KIR3DL1 and KIR3DS1 genes to
HIV disease outcome'”**'?!"'31* The KIR3DS/L1 locus can encode for either the
activating (KIR3DS1) or the inhibitory receptor (KIR3DL1) and is often considered as a
framework locus given that it is found on almost all haplotypes. In a Caucasian
population, KIR3DL1 frequency is approximately 0.78, while KIR3DS1 frequency is

0.22"°. Because the two receptors are allelic, in a typical Caucasian population
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approximately 61% of the individuals are KIR3DL1 homozygous, 34%
KIR3DL1/KIR3DS1 heterozygous and 5% KIR3DS1 homozygous.
While KIR3DL1 and KIR3DS1 significantly differ intracellularly, their

1 Thus, these receptors could

extracellular domains share 97% sequence homology
share common ligand affinities. All HLA-B molecules express one of two serologically
defined epitopes, termed Bw4 and Bw6. These are determined by a string of five amino

3*">. The Bw6 epitope is found on approximately two-

acids located at positions 77-8
thirds of all HLA-B alleles and is exclusive to HLA-B molecules. The Bw4 epitope is
found on several HLA-A alleles and the remaining third of HLA-B alleles. The latter are
known ligands for KIR3DL1. There is some controversy as to the capacity of KIR3DLI
to bind HLA-A molecules bearing the Bw4 epitope, but it seems that a subset of these
can interact with KIR3DL1°'**!". HLA-B molecules with the Bw4 epitope (HLA-B Bw4)
can further be subclassified according to the amino acid at position 80. This amino acid
can either be threonine (T or Thr) or isoleucine (I or Ile). HLA-B Bw4 molecules with an
isoleucine at position 80 (Bw4-80I) are better ligands for KIR3DL1 than those with a
threonine®’. Because of its high degree of homology, it was thought that the ligand for

KIR3DS1 would also be found within the HLA-B Bw4 or Bw4-80I family. However, to

date, no interaction has been demonstrated.

i- KIR3DS1 and HIV
Despite the lack of any physical evidence linking KIR3DSI1 to its ligand, a large
epidemiological study published in 2002 demonstrated an epistatic interaction between

KIR3DS! and HLA-B Bw4-801'”’. By tracking the HIV-disease progression of over a
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thousand individuals, those carrying both KIR3DS1 and HLA-B Bw4-801
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Figure 22'°: KIR3DS1 and HLA-B Bw4-80I combine to slow down time to AIDS. (Reprinted by

permission from Macmillan Publishers Ltd: Nature Genetics, 31:429-434, 2002).

were shown to progress to AIDS more slowly than those carrying only one or none of
these genes (figure 22). This genetic combination was suggested to lead to early
containment of HIV viral load and diminish susceptibility to opportunistic infections
several years following infection’''. However, subsequently, Barbour et al attempted to
determine whether KIR3DS1 and HLA-B Bw4-80I affected markers of disease
progression in the early stages of infection’'%. They concluded that KIR3DS1 and HLA-B
Bw4-80I acted independently on CD4+ T cell counts and HIV viral loads, respectively.

The synergistic effect of these genes on progression to AIDS observed after several years
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of follow up has yet to be clearly linked to clinical markers measured in the early stages
of infection.

The dramatic effect of this KIR-HLA combination on HIV disease progression
has led to the hypothesis that NK cells with KIR3DS1 should have a distinct functional
capacity. In vitro experiments have shown that NK cells from individuals who are both
KIR3DS1 and HLA-B Bw4-80I positive had an increased capacity to inhibit HIV

replication in a contact-dependent manner’'’

. This effect was shown to be specific to
KIR3DS1" NK cells and is linked to their capacity to effectively lyse HIV-infected HLA-
B Bw4-80I targets’ . Additionally, NK cells isolated from HIV-infected individuals with
at least one copy of the KIR3DS1 gene were found to have greater effector functions than
those without the NK cell receptor’'®.

The epidemiological and in vitro interactions between KIR3DS1 and HLA-B
Bw4-801I strongly suggest that these may form a receptor-ligand pair. Because KIR3DS1
is an activating receptor, it is presumed that it would function by stimulating NK cells
once it binds it putative ligand. As KIR3DS1 seems to be effective in conditions where
HIV is present, it is possible that the ligand for KIR3DS1 is HLA-B Bw4-801 with an
HIV peptide in its peptide-binding groove. The possible impact of peptides on KIR-HLA
interactions has already been discussed in section IIIC. However, binding assays using a
variety of HIV-bound HLA tetramers have failed to identify a ligand for KIR3DS1°"?,

Unfortunately, these experiments included a limited number of HIV-derived peptides and

HLA-B Bw4-80I molecules and must be expanded.

ii- KIR3DLI and HIV
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After studying the epidemiological link between KIR3DS1 and HLA-B Bw4-801,
Martin et al performed a follow-up study in order to determine the effect of KIR3DL1 on
HIV disease progression”'. Compared to KIR3DS1, the KIR3DLI alleles are highly
polymorphic®®. There are currently over 50 known KIR3DLI alleles, which differ in cell

21233234321 * Cell surface expression of KIR3DLI alleles is

surface expression levels
defined by measuring the signal intensity emitted by a fluorescently labeled DX9
antibody, which binds specifically KIR3DL1?*'. Not all KIR3DLI alleles have been
tested for their DX9 fluorescence intensity and, for the moment, there are at least four
categories of KIR3DL1 alleles defined by their cell surface expression levels: high (*h;
KIR3DL1*001, *002, *008, *015, *020), intermediate (*i; KIR3DL1*005, *006, *007),
low (*1; KIR3DL1*028, *053) and null (KIR3DL1*004)*°. KIR3DL1*028 and 053 have
only recently been identified however, thus much of the literature refers to
KIR3DL1*005, *006 and *007 as the low expressing alleles and considers three
categories of KIR3DL1 alleles.

In terms of percentage of NK cells expressing KIR3DL1 and the level of
KIR3DL1 expression at the cell surface, KIR3DL1 homozygote individuals with two *h
alleles (or *h/*h) show significant increases when compared to individuals with at least

3123 T test whether the high-

one copy of a low expressing allele (*h/*1 or *1/*I)
expression alleles differed from the low-expression alleles, Martin et al divided their
population into two groups: those with at least one *1 allele and those with a *h allele

and no *1 alleles)"'. The first group was termed KIR3DLI1*l/*x where *1 is any low
group

expressing allele and *x is any other allele (*h, *1 or KIR3DL1*004). The second group
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was termed KIR3DL1*h/*y where *h is

another *h or KIR3DL1*004.
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Figure 23"': KIR3DLI and Bw4 combined genotypes are ordered by degree of protection in terms of (a)

HIV disease progression and (b) control of viral load in relation to Bw6 homozygote individuals. Repinted

by permission from Macmillan Publishers Ltd: Nature Genetics, 39:733-740, 2007.

The goal of their epidemiological study, performed in a sample size of over 1500

HIV' individuals, was to determine the effect of receptor-ligand pairs (i.e. KIR3DL1 and

HLA-B Bw4 pairs) on rate of progression to AIDS and plasma viral loads. Individuals

with two copies of HLA-B Bw6 (Bw6 homozygotes) served as controls because they lack

any ligands for KIR3DLI, rendering this NK cell receptor ineffective. Their findings

suggest that distinct allelic combinations of the KIR3DL1 and HLA-B loci influence

progression to AIDS and plasma HIV RNA levels (figure 23)"'. The KIR-HLA
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combination influencing both disease outcomes most potently is KIR3DL1*h/*y with
HLA-B*57 (an HLA-B Bw4-80I allele), a receptor-ligand pair that is linked to longer
time to AIDS and decreased viral loads when compared to Bw6 homozygous individuals.
Several other pairings had positive effects on HIV-associated measures, notably
KIR3DL1*004 with HLA-B Bw4. How KIR3DL1*004 mediates an effect on HIV
infection despite the fact that it is not expressed at the cell surface is still unknown.

It is surprising that an inhibitory NK cell receptor is linked with better HIV
prognosis. Because a partnership between KIR3DL1 and its ligands is required to affect
progression to AIDS or HIV viral load, it has been proposed that ‘licensing’ of
KIR3DL1" NK cells in a HLA-B Bw4 genetic background predisposes these cells to
become active'”'. Given that HIV-infected cells downregulate cell surface expression of
HLA-B, an NK cell ‘licensed’ through KIR3DL1 could no longer be inhibited in the
presence of an infected cell (figure 24), therefore resulting in NK cell activation and

ability to mediate cytolysis of the target cell’**.

Evidence from unique populations
While most patients infected with HIV normally progress to AIDS in an average
time of 10 years if they are not treated, some individuals remain healthy with CD4 counts

323 These are

above 500/mm’ and AIDS free with no treatment for more than 13 years
defined as long-term non-progressors (LTNP) and have been extensively studied in order
to understand the mechanism(s) underlying their favorable HIV disease course. Recently,

NK cells isolated from LTNPs were shown to be more cytotoxic than those from

individuals with a typical disease progression’**. However, in the same study, LTNP NK
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cells showed an increase in iNKR and a decrease in NCR, as seen in all HIV-infected
individuals. Thus, the increased cytotoxicity of NK cells from LTNP is not due to an
activation phenotype shaped by surface NK cell receptors, but perhaps to increased

. . . 1. 324
perforin and granzyme contents or to a unique cytokine milieu
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Figure 24°**: Proposed model of interaction of KIR3DL1 (a) and KIR3DS1 (b) with their known or
putative ligands allowing for favorable clinical outcome of HIV infection. Reprinted by permission from

Macmillan Publishers Ltd: Nature Genetics, 39:708-710, 2007.
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While LTNP provide clues as to how HIV replication and disease progression
may be controlled, another population, exposed uninfected (EU) individuals may also
provide clues for the design of a preventative vaccine. These individuals, and the

characteristics of their NK cells will be discussed in the following section.

104



1V. Exposed Uninfected Individuals

In 1989 T-cell responses against HIV envelope and core proteins were detected in
five HIV antibody- and antigen-negative sexual partners of HIV seropositive

T 5
individuals®?

. This phenomenon was soon confirmed in other groups of individuals at
high-risk of contracting HIV, including healthcare workers parenterally exposed to HIV
by accidental needle sticks and infants born to HIV-infected mothers’****’. The theory
that these exposed uninfected (EU) individuals could have a natural ‘resistance’ to HIV
gained strength. It was strongly supported by the observation that approximately 15% of
commercial sex workers followed between 1985 and 1994 in Nairobi, Kenya (the HIV
resistant Pumwani cohort), did not seroconvert despite several years of repeated sexual
exposure ™. In 1986, the seroprevalance in the Nairobi sex clientele was 12% and grew
thereafter. Based on behavioral data and HIV prevalence in the area, the calculated
number of yearly exposures to HIV of women in the HIV resistant Pumwani cohort
increased from 24 in 1984 to 64 in 1994. Given the level of HIV exposure, if all of the
women in the Pumwani sex worker cohort were equally susceptible to HIV, statistically

328 When these results were

all should have seroconverted in the course of follow-up
published, the possibility that some individuals were protected from infection drew
considerable attention; perhaps clues to a vaccine could be found if the mechanisms of
their resistance were understood.

Several cohorts of individuals with high-risk behavior have since been organized.

These include commercial sex workers (CSW), injection drug wusers (IDU),

serodiscordant couples, men having sex with men (MSM) and children born to HIV"
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mothers. Amongst the different cohorts, there is no strict definition used to categorize
someone as an EU. A minimal number of exposures to HIV can determine inclusion into
some cohorts. Alternatively, other cohorts define EUs based on a minimum duration of
seronegativity despite repeated exposure. In addition, studies attempting to determine
mechanism(s) underlying resistance in EUs often include a relatively small sample size
due to problems inherent in identifying highly exposed seronegative individuals and/or
the rarity of the phenotype. These factors may explain why several different mechanisms
have been proposed to explain the resistance to HIV observed in some individuals. These
include genetic factors, HIV-specific adaptive immune responses, and characteristics of
the innate immune system. It is also likely that several factors combine to provide EUs
with an immunological advantage and create a state of reduced susceptibility to infection,

making it difficult to narrow down a single determinant of EU status.

A. GENETIC CORRELATES

By targeted genotyping of individuals in EU cohorts, several loci have been
correlated with reduced susceptibility to infection. Because host-virus interactions are
required for viral reproduction, host genetic factors can influence the probability of a
productive infection by acting at virtually every stage of HIV’s replication cycle.

Additionally, the genetic background of the host will shape its immune responses.

CCR5A32
In an effort to determine their in vitro susceptibility to infection, cells isolated

from two EUs were found to be particularly resistant to M-tropic but not to T-tropic
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strains of HIV**. Because M-tropic HIV requires CCR5 as a co-receptor for entry into
the host cells, this chemokine was investigated for its possible role in resistance to
infection. Genotyping revealed that both individuals had an identical homozygous defect
in their CCR5 gene™. The 32 base pair deletion (A32) result in a truncated protein that
fails to reach the cell surface and therefore cannot be used by HIV for cellular entry.
However, HIV infection, mostly with T-tropic viruses, has been found in CCR5A32
homozygote individuals, indicating that this phenotype does not confer absolute

. . . 31-334
resistance to 1nfect10n3

. While heterozygosity for the 32 base pair deletion is not
protective against HIV infection, it has been linked to delayed HIV disease progression
and lower viral loads when compared to individuals with 2 copies of the wild-type gene
encoding CCR5>>.

The frequency of the CCR5A32 mutation is 1.4-20.9% in individuals of European,

Middle Eastern and Indian descent>>®

. However, this mutation is virtually absent from
African and East Asian populations™°. Additionally, the frequency of the homozygous
CCRS5A32 phenotype in screened EU cohorts ranges from 1.7% to 13%, and is sometimes

not detected at all’?33734!

. This suggests that, while CCR5A32 homozygosity provides a
level of resistance to infection, it does not provide a satisfactory answer to the EU
phenomenon, particularly in African cohorts such as the HIV resistant Pumwami cohort.
Nonetheless, knowledge gained by studying the CCR5A32 in EUs has recently
been successfully exploited to develop new treatment strategies for HIV infection. A
seropositive 40-year old man diagnosed with acute myeloid leukemia successfully
received an allogeneic stem cell transplant from a donor homozygous for the CCR5A32

342

mutation” . For the moment, HIV viral load is undetectable in peripheral blood and
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rectal biopsies and HAART has been discontinued. In addition, while anti-HIV
antibodies are still detectable, those targeting viral polymerase and capsid proteins were
lost after transplant, suggesting that the individual may eventually revert to a

seronegative status.

HLA alleles

HLA alleles that are very similar in peptide-binding affinity can be grouped into
supertypes®*. One such supertype, termed A2/6802, has been linked to HIV resistance.
The A2/6802 supertype includes HLA-A*0202, A*0205, A*0214 and A*6802. In the
Pumwani cohort of commercial sex workers, possession of alleles belonging to this
supertype was linked to an increased probability of remaining seronegative (study
n=232)’**. This finding was confirmed in mother-to-infant perinatal transmission in
another cohort located in Nairobi (n=171) as well as in a cohort of North American
homosexual males (n=284)**"*. Therefore, the link between the A2/6802 supertype and
resistance has been determined in populations of different genetic backgrounds and
different risk factors for HIV acquisition. In the North American cohort, the effect of
resistance was largely mediated by the A*0205 allele.

Other HLA alleles have been linked with resistance to infection in several EU
cohorts. These include the HLA class II molecules HLA-DRB1*01 in the Pumwani
cohort, HLA-B*53 in North American Hispanic individuals, HLA-DRS in an Irish study

344,347-349
d

and HLA-A*11 in a cohort of sex workers in Thailan . However, these results

have not been confirmed in other populations, limiting the significance of the findings
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until molecular or other epidemiological studies corroborate the effect of these HLA

molecules on resistance.

CCL3LI

CCL3L1 (CC chemokine ligand 3 like-1 or MIP-1aP) is the most potent agonist
of the CCR5 HIV co-receptor’™. Its gene is found on chromosome 17q and duplications
result in varying copy numbers (from 0 to 14 copies) of CCL3L1 among individuals®™'.
Additionally, increasing copy numbers of the gene is associated positively with CCL3L1
secretion levels™'. In a study performed in several populations across the world, it was
determined that individuals with CCL3L1 copy numbers that were below the population

average were at increased risk of being infected with HIV>"'

. In another study, infants
born to HIV' mothers with increased gene copy numbers were less likely to become
infected®””. As discussed in section ITIIB, CC chemokines can competitively inhibit HIV
replication, which provides a mechanistic explanation for the importance of CCL3L1 in
resistance to infection. However, more recent studies have failed to reproduce these

findings and the effect of CCL3L1 on HIV infection remains controversial®>.

Polymorphisms

Polymorphisms in several genes influencing the immune system have been linked
to decreased susceptibility to HIV infection. However, few of these have been confirmed
in more than one study. Nonetheless, polymorphisms in the genes for SDF-1 (stromal
cell-derived factor 1), DC-SIGN, IRF-1 (interferon regulatory factor 1), and vitamin D

receptor were all found in increased proportions in at least one EU cohort”*. Each of
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these could lead to the development of new therapeutic strategies if their effects can be

confirmed.

B. ADAPTIVE IMMUNE RESPONSES

Two reasons explain the considerable attention that has been given to the capacity
of EUs to mount an HIV-specific T-cell or humoral immune response. Historically, EUs
were first described as individuals capable of mounting an HIV-specific adaptive immune
response’>. Secondly, the ultimate goal of an HIV preventative vaccine is to induce
adaptive immune responses capable of controlling the virus. However, the type of
immune response capable of mediating HIV resistance being unknown, perhaps clues

helping vaccine design could be found in EUs.

T-cell immune responses

Both CD8" and CD4" HIV-specific T-cell responses have been reported in EUs.
These are usually evaluated by comparing the HIV-induced responses of lymphocytes
isolated from highly-exposed seronegative individuals to those isolated from low-risk
controls and/or HIV" subjects.

CDS8" responses have been evaluated by measuring the percent lysis of radioactive
HIV-labeled target cells or the IFN-y secretion in response to stimulation with short HIV-

peptides. Using one of the two methods, responses have been detected in peripheral and

355,356

mucosal tissues of EU from the Pumwani cohort 357,358

, in injection drug users , in

occupationally exposed health care workers’®, in children born to HIV-infected

327,359,360 340,341,361

mothers and in sexual partners of seropositive individuals . Importantly,
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low-risk controls were not found to respond to HIV stimulation. Despite methodological
and analytical differences between the studies, consistent detection of HIV-specific
responses in cohorts recruiting individuals that differ in risk factor for HIV infection and
genetic background supports an association between CD8" T-cell function and resistance
to HIV infection. When comparing the target specificity of T-cell responses in EUs
versus their seropositive sexual partners, a differential immunodominance is noted**.
While the number of HIV-peptides recognized by EUs is smaller than that in their
seropostive partners, EU responses more often target the Vif protein and sequences
known to be associated with a slower rate of disease progression. In the Pumwani cohort,
epitopes recognized by lymphocytes from EUs were found to be more often restricted to
HLA molecules A2, A*6802, A24, B14 and B18°%. The latter finding seems to confirm
previous epidemiological studies performed in this particular cohort linking these MHC
class I molecules to resistance from infection’**. Finally, the loss of CD8" HIV-specific
responses was linked to the seroconversion of eleven Kenyan commercial sex workers
that previously qualified as resistant to infection’®. A break from sex-work was
associated with the loss of HIV-specific responses, suggesting that continuous antigenic
exposure may be required to maintain these. There are thus several lines of evidence
supporting the role of cytotoxic T lymphocytes in resistance to HIV infection.

Data concerning the presence of HIV-specific CD4" T cells in EUs is perhaps less
convincing than that for CD8" T cells. Initially, several studies reported increased IL-2 in
the culture supernatant or increased proliferation (evaluated by tritiated thymidine
incorporation) by cells isolated from EUs following stimulation of lymphocytes with HIV

341,365-368

fragments . However, in some studies, depending on the statistical algorithm
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employed to distinguish between a positive and a negative response, 2-16% of low-risk
control individuals also had a measurable CD4" T cell response to HIV

. . 341365366
stimulation™ ™"

. While this is consistently a smaller proportion than in EUs, it seems
to suggest that initial assays, based on surrogate markers for CD4 responses, lacked
specificity. In a more recent study, flow cytometry was used to specifically measure
CD4" T cell responses>®. Thirty-eight percent of EUs were found to have IFN-y secreting
CD4" T cells in response to Gag stimulation. None of the low-risk controls were found to
respond. The role for CD4" T cells in EU is also supported by in vitro evidence that CD4
clones from EUs secrete more CC chemokines, such as RANTES, MIP-1a, and MIP-1f3
in response to HIV peptides than uninfected controls®’’. This explains how supernatant
collected from HIV-peptide stimulated EU clones, but not clones from uninfected
subjects, is able suppress viral replication’’’. Similarly to CD8" T cell responses, HIV-

specific CD4" T cell responses in EUs seem to require frequent exposure to the virus to

. 1369371
be maintained*®="!.

Humoral responses

Humoral responses that lead to protection from infection in EUs can be of two
types: those directed against cellular proteins involved in the initial steps of HIV
infection and those directed directly against viral proteins. The in vitro anti-viral activity
of sera isolated from EUs has, in some cases, been associated with the fraction that
interacts with CD4 or CCR5""**". Because these are receptors required for viral entry
into the host cell, anti-CD4 and anti-CCRS5 antibodies could interfere with the viral life

cycle either by steric hindrance or by leading to the decreased cell surface expression of
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the receptors. In both cases, HIV attachment to the host cell could be prevented. How
these antibodies are generated is still unclear, but could be the result of a secondary
response mounted to self-antigens associated with viral particles following exposure™.
Despite being seronegative by conventional testing methods that usually rely on
the detection of HIV-specific IgG antibodies, the presence of HIV-specific IgA
antibodies has been detected in the mucosa of several cohorts of sexually exposed
EUs**!7%37%375 These antibodies have been shown to be capable of preventing entry into
CD4" T cells in experiments using in vitro models of infection’’*>"®, Additionally, IgA
from EUs was shown to neutralize primary HIV isolates from different clades’’.
However, the presence of HIV-neutralizing antibodies has not been confirmed by all
studies; some studies performed on African and North American EUs were unable to
detect mucosal HIV-specific IgA*"*?®. Another caveat regarding the role of humoral
responses in resistance to infection is that HIV-specific IgA molecules have been

detected in unexposed uninfected individuals™*'~®

. In all studies describing the
neutralizing capacity of IgA antibodies isolated from EUs, none has been able to isolate
the clone secreting this antibody. Because HIV epitopes are highly variable, the
development of neutralizing antibodies that are capable of targeting multiple clades has

been difficult. Uncovering the exact mechanism of the HIV neutralizing capacity in EUs

could provide clues to better understand HIV immunology.

C. INNATE IMMUNE RESPONSES

The early events following HIV exposure are likely to determine whether the

outcome of the exposure results in a productive infection. Acting prior to the
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development of an adaptive immune response, innate effectors are possibly involved in

the resistance of EUs to HIV infection.

APOBEC3G

Apolipoprotein B mRNA-editing enzyme catalytic polypeptide-like editing
complex 3G (APOBEC3G) are proteins with antiretroviral capacity. They inhibit
retroviral replication through their cytidine deaminase activity and other nonenzymatic

1 APOBEC3G can be incorporated into viral particles upon budding from

mechanisms
the host cell and therefore be associated with the viral genome when the particles infect a
new target cell. Upon reverse transcription, APOBEC3G recognizes nascent single
stranded DNA and mediates cytidine deamination, yielding uracil, as found in RNA. Two
fates await the uracil-containing genome (figure 25). It can either be recognized by
uracil-DNA glycolase and endonucleases and be degraded or the uracils on the ‘minus’
DNA strand can result in adenine on the ‘plus’ DNA strand during subsequent genome
synthesis, resulting in a net guanine to adenine (G to A) mutation on the ‘plus’ strand.
This G to A hypermutation can be lethal to the virus. However, APOBEC3G mutants
deficient for deamination activity retain some antiviral activity, suggesting that other
mechanisms may be involved’®. It is possible that APOBEC3G binds viral DNA and
physically blocks reverse transcription. In order to counteract the action of APOBEC3G,
HIV Vif can target the deaminase complex for degradation by ubiquitination®®.

In a cohort of sexually exposed uninfected individuals, levels of APOBEC3G

were shown to be elevated in monocytes isolated from EUs when compared to both
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infected and uninfected low-risk controls®®®. In addition, increased APOBEC3G levels

were linked to a reduced susceptibility to HIV infection in vitro.
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Figure 25°°: APOBEC3G deamination anti-viral mechanism. (Reprinted from Trends in Immunology,

Vol. 27, Chiu YL, Greene WC, Multifaceted antiviral actions of APOBEC3 cytidine deaminases, 291-297,

2006, with permission from Elsevier).
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IL-22

IL-22 (inteuleukin-22) mediates the increased production of a number of innate
effectors, including acute-phase amyloid A protein (A-SAA)™. A-SAA mediates
downregulation of CCRS on the surface of dendritic cells by favoring its
phosphorylation, which could explain the in vitro anti-HIV function of A-SAA***. Both

IL-22 and A-SAA were shown to be increased EUs**.

NK cells

The relationship between NK cells and HIV has been extensively covered in
section III. Given this relationship, it is therefore not surprising that a possible link
between NK cells and EUs has been investigated. In 2003, Scott-Algara et al published
observations comparing the activity of NK cells in 37 Vietnamese high-risk injection
drug users (IDU) to those of low-risk controls or seroconverters'>>. NK cells isolated
from EUs demonstrated increased activity as measured by lysis of radiolabeled targets,
secretion of IFN-y and TNF-a cytokines and secretion of CC chemokines. In a follow-up
study, it was demonstrated that NK cells from IDU EUs had a receptor repertoire
consistent with activation®®. For example, there was an increased NKG2C/NKG2A ratio
and an increased expression of the activation marker CD69 on NK cells isolated from
EUs. Interestingly, in KIR3DS/L1 heterozygous individuals (n=7), an increased ratio of
KIR3DSI1/KIR3DL1 mRNA (messenger RNA) was observed in EUs. This ratio was
particularly elevated in three individuals. Given the known relationship between the
KIR3DS/LI locus and HIV viral load and disease progression in infected individuals, this

observation seems to suggest a role for this NK cell receptor in resistance to infection as
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well 1% However, because of the small number of individuals analyzed for

KIR3DS1 and KIR3DLI1 transcript levels, the role of KIR3DS/L1 locus in decreased HIV
susceptibility remains unclear.

Observations performed in a cohort of 21 female sex workers from Cote d’Ivoire
also support a role for NK cells HIV resistance’*®. Genetic analyses demonstrated that EU
blood donors were more likely to possess KIR B haplotypes (which contains more
activating KIR molecules, see section IIC). EUs in Abidjan were also more likely to
posses inhibitory KIRs in the absence of their HLA ligand. Consequently, HIV resistant
female sex workers in this cohort were more likely to posses KIR2DL2 and KIR2DL3,
but not their ligand HLA-C1. Similarly, KIR3DL1 homozygosity was often accompanied
by the absence of HLA-Bw4. The absence of ligands for inhibitory KIRs was proposed to
lower the threshold for activation of NK cells. Thus, data obtained from two distinct

cohorts points to a role of NK cells in decreased HIV susceptibility.
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V. Rationale

The immunological mechanism behind the decreased susceptibility to HIV
infection observed in some individuals may provide clues for new therapeutic approaches
or preventative vaccine strategies. NK cells are known to be important for the control of
viral infections and a role for these cells in exposed uninfected individuals has recently
emerged. Given the known link between the NK cell receptor KIR3DS/L1 locus and HIV
disease outcome, we sought to determine whether this locus could also be linked to

resistance from infection, perhaps through effects on NK cell function.
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Chapter 2: Increased proportion of KIR3DS1 homozygotes in HIV-

exposed uninfected individuals
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L. Abstract

Objectives: Natural killer (NK) cell activity is increased in individuals who remain
uninfected despite repeated exposures to HIV. Given that a combined major
histocompatibility complex (MHC) class I and killer immunoglobulin-like receptor (KIR)
KIR3D genotype has been linked to rate of HIV disease progression, we assessed
whether these genotypes played a role in protection from infection.

Design: The study genotyped 80 HIV exposed uninfected (EU) and 304 subjects in HIV
primary infection (PI) at the MHC class IB and KIR3DS/L1 loci.

Methods: KIR3D genotyping was performed by sequence-specific primer PCR using 2
pairs of specific primers for each locus. The MHC class IB locus was typed by sequence
specific oligonucleotide PCR and sequencing to resolve Bw4 and Bw6 alleles and the
amino acid present at position 80.

Results: Comparison of the genetic distribution of KIR3D, HLA Bw4 and HLA Bw4-180
genotypes in EU versus PI subjects reveal an increased proportion of KIR3DSI1
homozygotes in EU (11/80, 13.8%) compared to subjects in PI (16/304, 5.3%). Analyses
of combined MHC class I and KIR3D expression show no differences between the two
populations.

Conclusions: Homozygosity for the activating NK receptor KIR3DS1, may contribute to
the more active NK cell function observed in EU and their relative resistance to HIV

infection.
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11. Introduction

Certain individuals remain seronegative despite repeated exposures to HIV. The
study of these exposed uninfected (EU) individuals may help identify features of natural
resistance to this virus. A recent study of Vietnamese injection drug users (IDU)
demonstrated that NK cells are more activated in EU than in seroconverters and low-risk
controls [1]. This suggests that NK cells may be involved in conferring protection from

HIV infection seen in EU.

NK cells play an important role in innate immunity by providing protection
against viruses and tumor cells [2]. Their function is regulated by the integration of
activating and inhibitory signals transmitted through cell surface receptors [3,4]. Killer
Immunoglobulin-like receptors (KIR) are a family of activating and inhibitory receptors
that participate in the activation of NK cells. Although the gene content of a KIR genome
is highly variable, a few framework loci, such as KIR3DS/L1, are found on nearly all
haplotypes [5]. KIR3DS1 is an activating KIR gene with an unknown ligand and is allelic

with KIR3DL1, an inhibitory receptor that binds to HLA Bw4 [6].

In HIV infected individuals, co-expression of KIR3DS1 with a subset of HLA
Bw#4 alleles having an isoleucine at position 80 (HLA Bw4-180) is correlated with slower
disease progression [7]. Given that NK cells may be involved in the resistance
demonstrated by EU, we sought to determine whether either KIR3DS1 or HLA Bw4 or a

combination of these alleles were also associated with protection from infection. Previous
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work examining NK receptor expression in EU from an African population and a
Vietnamese IDU group found patterns reflecting increased NK activation potential
compared with controls, but no increase in KIR3DS1 or link between KIR3DS1 and HLA
Bw4-180 [8,9]. However, the small sample size of the populations studied together with
the frequency of KIR3DS1 expression in these populations may have precluded detecting
an association between KIR3DS1 expression with or without co-expression of HLA-Bw4
alleles and protection from infection [8,9]. Here we compared the distribution of
KIR3DS/L1 and HLA B genotypes of a larger cohort of North American EU and subjects
in HIV primary infection (PI) and report a significantly increased proportion of KIR3DS1

homozygosity in these EU versus the HIV susceptible PI population.
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III. Methods

Study Subjects

Eighty EU and 304 individuals in PI were included in this study. Subjects in PI
were participants of the Montreal PI cohort, which recruits individuals who are within 1
year of infection as determined using the criteria established by the Acute HIV Infection
Early Disease Research Program sponsored by the National Institutes of Health and
follows them over 2 years [10]. EU were recruited from a prospective cohort of active
HIV-negative IDU at high risk for HIV acquisition [11], and among HIV negative
partners of serodiscordant couples followed in medical clinics in Montreal [12]. Subjects
were followed longitudinally every 6 months. Follow up included assessment of the
frequency of high-risk behavior for HIV acquisition, blood draws and monitoring of HIV
serostatus. All EU subjects maintained a negative HIV enzyme immunoassay (HIV EIA)
test despite at least 5 documented exposures. Parenteral exposure was defined as sharing
needles with known HIV infected partners while mucosal exposure was defined as
unprotected sex with a known HIV infected partner. None of the EU subjects were
CCRS5A32 homozygotes. Informed consent was obtained from all study subjects, and the

research conformed to ethical guidelines of all the authors' institutions.

Genotyping
Genomic DNA was extracted from PBMC or EBV-transformed cells using a
QIAamp DNA blood kit (QIAGEN, Inc., Mississauga, Ontario, Canada). KIR3DS/L1

genotyping was performed by PCR with sequence-specific primers based on previously
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published studies [7,13]. Two pairs of specific primers for each locus were used for
amplification of KIR3DL1 and KIR3DS1. Primers for NKG2A were also included as a
positive control. All primer sequences and amplification conditions are available upon
request. Subjects were typed for MHC class 1 expression using the line probe assay
(Innogenetics Inc, Alpharetta, GA) and by sequencing (Atria Genetics, South San
Francisco, CA) if high resolution typing was needed to resolve the assignment of B

alleles to the Bw4 or Bw6 public specificities based on amino acids at positions 77 to 83.

Statistics

Statistical analysis and graphical presentation were performed using GraphPad
InStat 3.05 and GraphPad Prism 4.01. Fisher’s exact test was used to compare
proportions of selected genotypes between EU and PI. A two-tailed chi-square ()’) test
was used to examine differences in the distribution of genotypes between EU and PI
subjects. Hardy Weinberg equilibrium was evaluated using a y” test with frequencies of
each allele derived from the combined population (KIR3DS1 = 0.22). A p-value of less

than 0.05 was considered significant.

125



IV. Results

The EU and PI populations were mainly composed of Caucasian (93%) living in
the same geographic region (Montreal) and there was no significant between-group
differences in racial composition (data not shown). All individuals were genotyped for
KIR3DS/L1 and MHC class IB locus alleles. While the distribution of the three
KIR3DS/L1 genotypes: KIR3DS1 homozygote (3DSlhmz), KIR3DS1/KIR3DL1
heterozygote (3DS/L1htz) and KIR3DL1 homozygotes (3DL1hmz) at this locus in the PI
population did not deviate statistically from the Hardy-Weinberg (H-W) equilibrium
(x°=2.17), the same distribution in the EU population diverged from H-W equilibrium
(x*=13.20). The deviation from H-W equilibrium of EU but not of PI was reflected in a
statistically significant difference in the distribution of the 3 KIR3DS/L1 genotypes
between the two groups ()* test, p=0.0283, Table I). When each of the frequencies for
3DS1hmz, 3DS/L1htz and 3DL1hmz were compared in EU vs. PI subjects, we found that
there was a significant increase of 3DS1hmz individuals in EU (OR=2.87, CI=1.28-6.46,
p=0.0132) as shown in Table I. However, the proportions of 3DS/L1htz and 3DL1hmz
were similar. Thus these results suggest an increase in the proportion of individuals with

the activating genotype KIR3DS1hmz in our EU population.

While the known ligand for KIR3DL1 is HLA Bw4, a molecular interaction
between KIR3DS1 and either HLA-Bw4 or HLA Bw4-180 has yet to be demonstrated
experimentally despite an association of the KIR3DS1 and HLA Bw4-180 genes with

slower HIV disease progression [7,14-16]. The possible interaction of HLA Bw4
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supertype or of the subset of alleles expressing an isoleucine at position 80 (HLA Bw4-
180) with KIR3DS/L1 prompted us to assess the distribution of these HLA alleles in EU
and PI subjects. No significant differences or trends in the between group distribution of

these alleles were found (Table I).

We next examined whether there were between group differences in the
distribution of KIR3DS/L1 genotypes in association with their known or putative HLA
ligand (HLA Bw4 or HLA Bw4-180). Figure 1A shows that the proportion of individuals
having at least one copy of KIR3DS1 in the presence of HLA Bw4-180 was similar in EU

and subjects in PIL.

A recent study found an increased proportion of 3DL1hmz EU that were HLA
Bw6 homozygotes (i.e. lacked the HLA Bw4 receptor for 3DL1)[8]. However, as shown
in Figure 1B, we could not confirm this observation in our cohort. For all analyses testing
for associations of KIR3DS/L1 and HLA Bw4 or HLA Bw4-180, no significant
differences were found between EU and PI except those reflecting the increased
frequency of KIR3DS1hmz in EU described above (data not shown). This suggests that
HLA genotypes, alone or in combination with KIR3DS1, implicated in modulating rate
of HIV disease progression in infected subjects do not appear to be a factor in preventing

HIV infection of the EU population studies here.
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V. Discussion

We have studied the distribution of KIR3DS/L1 genotypes and of their known or
possible ligands in HIV-resistant EU and HIV-PI subjects. Subjects in PI were selected as
a control population for these studies because they are susceptible to HIV infection and
eliminate any effect that disease progression could have on skewing KIR or HLA
genotypes. We have shown that KIR3DS/L1 genotypes were not in H-W equilibrium in
EU due to an increased proportion of 3DS1hmz in these subjects. The presence of this
activating KIR gene (or the absence of the inhibitory KIR3DL1) could contribute to the
increased level of NK cell activation in EU described in previous studies [1,9,17].
Whether the KIR3DS1hmz genotype translates into more activated NK cell function
remains to be demonstrated. It is unclear whether it is the absence of an inhibitory
KIR3DLI1 gene or the presence two copies of KIR3DS1 is more important for resistance
to HIV infection. In the former case, expression levels of KIR3DL1 alleles, their
inhibitory capacity or whether they are expressed at all (such as KIR3DL1*004) may
modulate susceptibility to HIV in heterozygous individuals expressing one copy of
KIR3DSI1 [18-21]. A recent report provides support for a role for high expression
KIR3DL1 allotypes in combination with HLA-Bw4 in protection from HIV disease
progression [22]. Selection of greater NK receptor inhibitory potential during the NK
functional maturation process termed licensing may permit superior activation when
signaling through the receptor is disrupted such as during viral infection [22,23].
Therefore an analysis of the distribution of KIR3DL1 allotypes in EU and PI subjects is

warranted to determine whether these alleles also play a role in HIV resistance. It is also
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possible that two copies of KIR3DS1 are required for increased potency of NK cells for
limiting virus spread before infection can become established. Finally, we cannot exclude

that a gene in linkage disequilibrium with KIR3DS1 mediates the protective effect.

Although we cannot rule out that the size of our sample was too small to observe
between group differences, we did not observe even a trend towards an effect of
expression of MHC class 1 alleles HLA Bw4 or HLA Bw4-180 either alone or in
combination with KIR3DS/L1 genotypes when we compared our study groups. Although,
interactions between KIR3DS1 and HLA-Bw4 molecules have not been experimentally
demonstrated, it has recently been shown that KIR3DL1/HLA-Bw4 binding is improved
by the presence of peptide [14,15,21,24]. In EU subjects, in whom a productive infection
is never established, the impact of HIV peptide would have relevance limited to a time
interval between transmission and control/clearance of infection. In this scenario, the
interaction of KIR3DS/L1 with its ligand may be less important than possessing NK cells
with a greater potential for activation in the context of all MHC class I types expressed on
potential HIV infected donors. In addition, the impact of co-expression of KIR3DS1 and
HLA Bw4-180 on HIV disease progression has recently been called into question as some
investigators have failed to demonstrate synergy between expression of these molecules
in relation to markers of clinical HIV disease progression [25,26]. The difference
between these results and those reported by Martin et al may be explained by the
differences in patient status, clinical outcome measures used as markers of disease

progression or statistical methodology used to analyze results [7,25-27].
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In an African EU population, female sex workers had decreased genetic pairing of
an inhibitory KIR with its HLA ligand, which would reduce signaling through inhibitory
receptors [8]. For example, they found more KIR3DL1hmz/HLA Bw6hmz (i.e. Bw4 -/-)
in their EU group than controls. Although this result was not confirmed in this study, the
overall concept that potential for improved NK activation or reduced NK inhibition is
linked with resistance to HIV infection is a consistent finding [8]. Neither of the studies
that have examined NK receptor patterns in EU found an increase in KIR3DS1hmz in the
EU subjects [8,9]. The discrepancy between these findings and ours could be explained
by differential frequency of KIR3DS/L1 in African, Vietnamese and North American

populations but also by study population sample size.
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VII. Figure Captions

Table 1: Three genetic factors were evaluated for the differences in distribution between
EU and PI ()’test) as well as the proportion of homozygotes and heterozygotes in each
population (OR, odds ratio; CI, confidence interval): KIR3DS/L1, HLA Bw4 and HLA
Bw4-180. Only a different distribution in KIR3DS/L.1 and an increase in KIR3DS1hmz in

EU were found to be significant. N/a = not applicable.

Figure 1. Combined distribution of HLA Bw4 or Bw4-180 and KIR3DS/L1 in HIV
exposed uninfected subjects (EU) and individuals undergoing primary HIV infection (PI).
A) Percentage of individuals with at least one copy of HLA Bw4-180 and one copy of
KIR3DSI1 (grey bars) relative to other possible combinations for these alleles (white bars)
in EU and PI. B) Percentage of individuals 3DL1hmz and HLA Bw6hmz (grey bars)

relative to other possible combinations for these alleles (white bars) in EU and PI.
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VIII. Tables and Figures

Table 1: Overrepresentation of KIR3DS1 homozygotes in EU

Genetic factor EU (%) PI (%) OR 95% CI p
(n=80) (n=304)
KIR3DS1
3DS1/3DS1 11 (13.8) 16 (5.3) 2.87 1.28-6.46 0.0132
3DS1/3DL1 24 (30.0) 93 (30.6) 0.97 0.57-1.66 1.0000
3DL1/3DL1 45 (56.3) 195 (64.1) 0.72 0.44-1.19 0.1974
et na na na na 0.0283
HLA Bw4
Bw4/Bw4 13 (16.3) 43 (14.1) 1.18 0.60-2.32 0.5983
Bw4/Bw6 34 (42.5) 149 (49.0) 0.77 0.47-1.26 0.3165
Bw6/Bw6 33 (41.3) 112 (36.8) 1.20 0.73-1.99 0.5174
et na na na na 0.5821
HLA BW4-180
Bw4-180/Bw4-180 3(3.8) 8(2.6) 1.44 0.37-5.57 0.7048
Bw4-180/not Bw4-180 22 (27.5) 83 (27.3) 1.01 0.58-1.75 1.0000
not Bw4-180/not Bw4-180 55 (68.8) 213 (70.1) 0.94 0.55-1.60 0.8912
et na na na na 0.8637
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Bridge from Chapter 2 to 3

By genotyping the KIR3DS/L1 locus in chapter 2, we uncovered a relationship
between KIR3DS1 homozygosity and EU status. The KIR3DL1 allele did not seem to
confer protection from infection. As discussed in section IIC of chapter I, the KIR3DL1
gene is highly polymorphic with over 50 known alleles. A study published by Martin et
al., after we had completed the KIR3DS/L1 genotyping of our populations, demonstrated
a link between certain HLA/KIR3DL1 allotypes and HIV disease progression'>'. We
therefore undertook the task of allotyping the KIR3DL1 locus for both the EU and PI
population for whom we already had information on HLA typing. The goal was to
determine whether the HLA/KIR3DL1 allotypes linked to slower HIV disease

progression could also be linked to decrease susceptibility to HIV infection.
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Chapter 3: A combined genotype of KIR3DL1 high expressing alleles

and HLA-B*57 is associated with a reduced risk of HIV infection
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L. Abstract

Objectives: Co-expression of certain combinations of NK cell receptor KIR3DL1 and HLA-B
alleles is associated with slower time to AIDS. The strongest protection in terms of disease
outcome in KIR3DL1 homozygotes (3DL1hmz) is co-expression of HLA-B*57 and a set of
KIR3DLI1 genotypes (3DL1*h/*y) lacking alleles expressed at low levels on NK cells. We

questioned whether this allele combination could also influence resistance to infection.

Design: The genetic distribution of 3DL1*h/*y and HLA-B*57 was compared in 41 HIV exposed

uninfected (EU) and 186 recently HIV-infected 3DL1hmz.

Methods: KIR3DL1 subtyping was performed by sequencing the exons 3, 4, 5, 7-9. The MHC
class IB locus was typed by sequence specific oligonucleotide PCR and sequencing to resolve

Bw4 and Bw6 alleles and the amino acid present at position 80.

Results: Percent carriers of HLA-B*57 in EU and subjects in a primary infection (PI) cohort was
12.2% and 4.3%, respectively (p=0.0631), whereas that of 3DL1 *h/*y was similar in both
populations (p=0.221). The 3DL1*h/*y-HLA-B*57 combined genotype was more frequent in EU

(12.2%) than PI subjects (2.7%) (p=0.019, OR=5.03, 95% confidence intervals, 1.38-18.3)

Conclusions: Co-expression of 3DL1*h/*y and B*57, which has been associated with a reduced
risk of progressing to AIDS in HIV infected individuals also lowers the risk of HIV infection in

EUs.

142



11. Introduction

Natural Killer (NK) cells are part of the innate immune response and function in
tumor and viral control [1]. They are regulated by the integration of signals transmitted
internally by activating and inhibitory surface receptors such as killer immunoglobulin-
like receptors (KIRs) [2]. A number of KIR molecules have been linked to infectious

disease outcomes, including alleles encoded by the KIR3DS/L1 framework locus [3-6].

KIR3DLI1 (hereafter 3DL1) alleles can be divided in three groups based on their
expression levels on the NK cell surface [7-10]: the 3DL1*h (high expression) group, the
3DL1*] (low expression) group and 3DL1*004, which is not expressed at the cell
surface. Using these categories, it is possible to classify 3DL1 homozygotes (3DL1hmz)
as having a 3DL1*h/*y genotype when they do not express an *1 allele or as having a
3DL1*I/*x genotype when they express at least one *1 allele. Given that the ligands for
3DL1 are MHC class I-B alleles of the Bw4 serotype, Martin et al/ measured the effect of
these 3DL1 genotypes in combination with different MHC class I molecules on HIV
disease progression [6]. The strongest protective effect was found for the 3DL1%*h/*y-

B*57 combination.

NK cell function [11-13] and KIR [13-15] have not only been linked to HIV
disease progression, but also resistance to HIV infection in certain populations of
exposed uninfected (EU) individuals who remain seronegative despite repeated exposure

to HIV. Given that NK cells have the potential to mediate anti-viral activity at the earliest
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phase of HIV infection and that there is genetic evidence for KIR involvement in
resistance to HIV, we sought to determine whether co-expression of the subtypes of
3DL1 and their receptors that are associated with a slower disease progression would
occur more frequently in EU than in recently infected HIV susceptible individuals. To
this end we compared the 3DL1 and HLA genotype distribution in EU versus that of

subjects enrolled in an HIV primary infection (PI) cohort.
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III. Methods

Study Subjects

A total of 227 3DL1hmz (41 EU and 186 PI subjects) were included in this study.
These individuals were a subset of previously described populations [15]. Informed
consent was obtained from all study subjects, and the research conformed to all ethical

guidelines of all the authors' institutions.

Cell isolation

PBMCs were isolated from blood by density gradient centrifugation (Ficoll-
Paque; Pharmacia, Uppsala, Sweden) and cryopreserved in 10% dimethyl sulfoxide
(DMSO; Sigma-Aldrich, St. Louis, Mo.) with 90% fetal calf serum (FCS; Canadian Life

Technologies, Burlington, Ontario, Canada).

Genotyping

Genomic DNA was extracted from PBMC or EBV-transformed cells using a
QIAamp DNA blood kit (QIAGEN, Inc., Mississauga, Ontario, Canada). 3DL1hmz were
3DL1 subtyped at the allele level by gene sequencing as previously described [16]. Single
nucleotide polymorphisms (SNP) corresponding to the 3DL1 *h subtypes (3DL1*001,
3DL1* 002, 3DL1*008, 3DL1*009, 3DL1*015, 3DL1*020), the 3DL1*1 subtypes

(3DL1*005, 3DL1*007) and 3DL1* 004, were identified by aligning the sequenced DNA
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to a reference consensus sequence consisting of a contig of 3DL1 cDNA sequences. All
primer sequences and amplification conditions are available upon request. Subjects were
typed for MHC class I expression using the line probe assay (Innogenetics Inc,
Alpharetta, GA) and by sequencing (Atria Genetics, South San Francisco, CA) if high
resolution typing was needed to resolve the assignment of B alleles to the Bw4 or Bw6

public specificities based on amino acids at positions 77 to §3.

Statistics

Statistical analysis and graphical presentation were performed using GraphPad
InStat 3.05 and GraphPad Prism 4.01. Fisher’s exact test was used to compare
proportions of selected genotypes between EU and PI. A p-value of less than 0.05 was
considered significant. For comparisons of 3DL1 subtype frequency, a Bonferroni
correction was performed by multiplying the p-value by the number of 3DL1 alleles
tested (n=9) to give the corrected p-value, which was considered significant if less than

0.05.
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IV. RESULTS

There were no significant between-group differences in racial composition: 92.7%
and 91.9% of EU and PI, respectively were Caucasian, 2.4% and 2.7% were African, 0%
and 0.5% were Asian, 0% and 3% were Hispanic, 0% and 0.5% were Native American
and 4.9% and 1% reported themselves of mixed race. All individuals sequenced for 3DL1
subtype were 3DL1hmz in order to be able to classify them as 3DL1*h/*y (where *y is
*004 or *h) or 3DL1*I/*x (where *x is *004, *1 or *h) [6]. The frequencies of each 3DLI
subtype for both populations are shown in Figure 1. The only significant difference was
in the frequency of *009 which was higher in EU (2.4%, 2/82 alleles) compared to PI
(0%, 0/372 alleles) (p=0.0323, OR=23.14, CI=1.10-486.90, Fisher’s exact test).
However, this difference was attributable to a single EU individual *009hmz and was no
longer significant after performing Bonferroni’s correction (p=0.2907). When alleles
were grouped based on expression into *h and *1 we found no significant between-group
differences in the distribution of these categories (*h: 59.8% and 57.3% and *I: 13.4%
and 22.0% in EU and PI, respectively) although there was a non-significant trend
(p=0.096) towards lower frequency of *1 alleles in the EU population (Figure 1 and data

not shown).

The ligands for 3DL1 are alleles belonging to the HLA Bw4 serotype. HLA Bw4
alleles can be split into HLA-Bw4 801 and 80T alleles based on whether an Isoleucine (I)
or Threonine (T) is present at aa 80 of the HLA heavy chain. In a recent publication,
3DL1 subtypes with their ligands conferred various degrees of protection in terms of time

to AIDS and viral load, the strongest protection being associated with 3DL1*h/*y and
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HLA-B*57 co-expression [6]. We thus compared the distribution of each of these alone
and in combination in our study populations in order to determine whether they were
differentially distributed. As shown in Figure 2A, we found a higher proportion of
3DL1*h/*y-HLA-B*57 in EU than in PI subjects (5 of 41 [12.2%] versus 5 of 186
[2.7%] expressed this combined genotype, respectively; p=0.019, OR=5.03, CI=1.38-
18.3, Fisher’s exact test). Considered on its own, expression of the 3DL1*h/*y haplotype
was not significantly different between the two groups (68.3% [28/41] and 57.0%
[106/186] for EU and PI subjects, respectively; p=0.221, Fisher’s exact test) (Figure 2B).
Despite not being statistically significant, the percent carriers of the HLA-B*57 allele
tended to be higher in the EU than PI population (5 of 41 [12.2%] and 8 of 186 [4.3%]
were HLA-B*57 in these 2 groups, respectively; p=0.0631, Fisher’s exact test) (Figure
2C). All other between group comparisons of KIR3DL1 alleles or genotypes
(3DL1*h/*y, 3DL*l/*x, 3DL1*004) and their receptors (HLA-Bw4, HLA-Bw4-801,
HLA-B*57 or HLA-B*27) taken individually or in combination were not significantly

different (data not shown).
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V. Discussion

In this report, we assessed the distribution of 3DL1 subtypes and of their MHC
class I ligands in HIV-resistant EU and HIV-PI subjects. The latter were selected as a
control population for these analyses because they are susceptible to HIV infection and
because, in a recently infected population, any effect that disease progression would have
on skewing the distribution of KIR or MHC class I allele expression has yet to occur. For
example, as time infected increases, individuals with alleles associated with rapid
progression would be lost, increasing the frequency of allele associated with slow
progression in survivors. The combined effect of high expression NK receptor 3DL1
subtypes in individuals expressing a 3DL1*h/*y genotype with its HLA-B*57 ligand,
which has been shown to confer protection from disease progression and viral load
control in HIV infected individuals [6], is also associated with a reduced risk of infection
as an increased proportion of 3DL1hmz EU compared to 3DL1hmz PI subjects express
this combined genotype. Limiting the study to homozygous individuals restricts the scope
of our findings, but eliminates possible confounders associated with its allele, 3DS1, such
as its effect on disease outcome, possible effects on 3DL1 expression levels or conflicting
reports as to whether 3DS1 serves as a receptor for HLA-Bw4 801 or B*57 [3,15,17-21].
While the frequency of 3DL1*h/*y was similar between groups, the difference in HLA-
B*57 percent carriers approached significance (p=0.0631). Given the sample size of the
EU population and the lack of statistical significance of the observation, caution is
warranted in concluding any effect of B*57 on its own. Thus, only co-expression of

3DL1*h/*y and HLA-B*57 was significantly linked to protection from HIV infection.
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However, it is possible that the combined effect of 3DL1*h/*y and B*57 is driven by the
HLA allele. The small population size precludes making a definitive conclusion on this

and confirmation of this observation in other EU cohorts is warranted.

The mechanism underlying the synergistic protective effect of 3DL1*h/*y and
HLA-B*57 in terms of HIV resistance may be related to the licensing process in NK cell
development. During maturation, NK cells accumulate inhibitory receptors until they are
able to quench autoreactivity upon encountering normal cells expressing self MHC class I
ligands [18-20,22-24]. NK cells from individuals with a 3DL1*h/*y genotype encode
alleles expressed on the NK cell surface at high levels in terms of abundance per cell and
the percentage of NK cells expressing the allele [9]. In addition, the 3DL1*h alleles
tested thus far have a higher affinity for HLA-Bw4 80I alleles such as HLA-B*57 than
HLA-Bw4 80T alleles [7,9]. Therefore, individuals expressing this combination of alleles
would have NK cells that are potently inhibited under normal circumstances. As HIV
target cells are exposed to the virus, MHC class I downregulation will lead to interruption
of the inhibitory signal mediated by 3DL1 receptors resulting in NK activation. Thus, in
the case of the receptor ligand combination 3DL1*h HLA-B*57 which mediate potent
inhibitory signals, disruption of the interaction by viral infection has the potential to
result in strong NK activation and anti-viral activity that may play a role in preventing the
establishment of an HIV infection. Functional studies evaluating the impact of different
KIR-ligand combinations on NK cell activity are warranted to investigate the
mechanisms underlying the association of HIV resistance with co-expression of KIR and

MHC class I alleles, such as those reported here [25].
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While Martin et al [6] were able to show a gradient of protection from HIV
disease progression and viral load control for different 3DL1 and HLA combinations, we
were only able to show a significant effect on protection from infection for the
combination conferring the most potent protection vis-a-vis disease progression, i.e.
3DL1*h/*y and B*57 in EU. While other combinations influencing disease progression
may also lower the risk of HIV infection, the sample size to which we had access was too
small to detect the potentially more subtle effects of these interactions. It is also possible
that 3DL1*h/*y and B*57 is the only 3DL1/HLA combination able to influence the risk

of HIV infection.

We also evaluated the distribution of the 3DL1 subtypes in the two study
populations. Although the 3DL1*009 allele had a higher frequency in the EU population,
a single 3DL1*009hmz among the EU group accounted for this between-group
difference. Furthermore, following Bonferroni’s correction for multiple comparisons, this
difference was no longer significant such that 3DL1 allele frequencies did not differ
between the two populations. The similar racial composition of the study populations
likely was not responsible for differences in allele or combined genotype frequency

between populations.

In conclusion, we have found that 3DL1*h/*y-HLA-B*57 individuals were more
frequent in the EU population when compared to a PI population. This finding further
supports a role of NK cells in the protection from HIV in the early stages of infection.

However this conclusion does not preclude a role for the full KIR genotype in HIV
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infection. Given the many possible combinations of KIR genes in a genotype and their
variegated expression on NK cells, a complete picture of the influence of these molecules
on disease outcome may not be defined by a single allele. Defining a role for KIR
receptors in HIV susceptibility will contribute to our knowledge of immune defenses to

this virus and may suggest new avenues for the design of HIV vaccines.
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VII. Figure Captions

Figure 1. Frequency of each KIR3DLI1 subtypes in the HIV exposed uninfected (EU) and
subjects in primary HIV infection (PI) populations that are KIR3DL1 homozygotes.

Grouped high (*h) and low (*1) expressing alleles are also shown for each population.

Figure 2. Distribution of KIR3DL1*h/*y and B*57 in the HIV exposed uninfected (EU)
and subjects in primary HIV infection (PI) populations that are KIR3DL1 homozygotes.
Pie charts depict for each population: A) the proportion of combined KIR3DL1*h/*y and
B*57 carriers, B) the proportion of KIR3DL1*h/*y carriers and C) the percent carriers of

the HLA-B*57 allele.
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Bridge from Chapter 3 to 4

Epidemiological evidence supporting a role for the KIR3DS/L1 locus in
protection against HIV infection presented in chapters 2 and 3 complements strong

findings linking this locus to slower HIV disease progression'>*"!

. However, in order to
demonstrate a role for NK cells, and specifically for the KIR3DS/L1 locus, in control of
HIV, genetic associations are insufficient. Protective KIR3DS/L1 genotypes must result
in a measurable phenotype that confers an advantage against HIV infection.

In order to support our epidemiological observations, we sought to determine
whether NK cells isolated from individuals with KIR3DS/LL1 or HLA/ KIR3DS/L1

genotypes were associated with slower HIV disease progression and/or resistance from

infection had functional characteristics in a manner that could explain superior control of

HIV.
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Chapter 4: HIV protective KIR3DL1 and HLA-B genotypes influence

natural Killer cell function following stimulation with HLA-devoid cells
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L. Abstract

Epidemiological studies have implicated carriage of combinations of genes
encoding certain KIR3DL1 (Killer Immunoglobulin-like Receptors) and their HLA-Bw4
ligands in slower progression to AIDS, lower viral load and protection from infection. To
assess whether the KIR/HLA compound genotypes linked to better HIV outcome favor
increased NK cell function, we measured by multiparametric flow cytometry cytokine
secretion and degranulation in response to stimulation with HLA-devoid cells by NK cell
from individuals with defined KIR/HLA genetic combinations. We found that in subjects
with two genotypes associated with favorable HIV outcomes, KIR3DL1*h/*y/HLA-
B*57 and KIR3DL1*004/HLA-Bw4, NK cells had increased functionality. In
KIR3DL1*h/*y/HLA-B*57 subjects, these NK cells were more likely to be KIR3DL1"
while this was not the case in KIR3DL1*004/Bw4 individuals, perhaps because
KIR3DL1*004 is not expressed at the cell surface. These results support a model where
the potency of the NK cell response varies according to the carriage of KIR3DL1 and
Bw4 receptor ligand combinations, which could provide an explanation for the
observation that some KIR/HLA combinations are associated protective phenotypes in

the context of host-HIV interactions.
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11. Introduction

As cells of the innate arm of the immune system, Natural Killer (NK) cells are
important for tumor and viral control. However, given their potent cytolytic and cytokine
secretion potential, their activity needs to be tightly regulated. The activation state of an
NK cell is determined partly by the integration of stimulatory and inhibitory signals
following interaction of surface NK cell receptors (NCR), including the highly diverse
Killer Immunoglobulin-like Receptor (KIR) family, with ligands found on target cells'.
The polygenic and polymorphic KIR genetic region encodes for receptors with varying
protein structures’, ligand affinities’”, cell surface expression levels®’, and types
(activating or inhibitory) of transmitted intracellular signals®. These subtle variations
could explain why NK cells from individuals with certain KIR-ligand combinations seem
better able to activate NK cell responses in the presence of specific pathogens®''. This
was highlighted by a number of epidemiologic studies linking the generic KIR3DS/L1

haplotypes with HIV disease progression or resistance to infection”*'*".

The KIR3DS/L1 locus has the particularity of encoding for a large polymorphic
group of inhibitory alleles (KIR3DL1 — hereafter 3DL1) and a smaller set of activating
alleles (KIR3DS1 — hereafter 3DS1), of which 3DS1*013 is the most common across
several populations'®. The polymorphisms of 3DL1 alleles translate into molecules with
cell surface levels of expression, which can be high (*h; 3DL1*001, *002, *008, *009,
*015, *020), intermediate/low (*1; *005, *006, *007, *028, *053) or null (not expressed

at the surface; *004)*"”.
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In recent studies, various 3DL1 allotypes in combination with their known, or
putative ligands, HLA alleles belonging to the Bw4 group, were shown to be associated
with differential HIV disease progression, protection from opportunistic infections and
viral load (VL) set point’''. The genotype conferring the highest protection compared
with Bw6 homozygotes (hmz), who lack any HLA-B ligand for KIR3DL1 with respect to
these outcomes, was a combination referred to as *h/*y+B*57. This genotype is
composed of a 3DL1 genotype termed 3DL1*h/*y (i.e. lacking 3DL1*I alleles) with
HLA-B*57, an HLA-Bw#4 allele with an isoleucine at position 80 (i.e. Bw4-80I). In line
with these findings, our group recently reported an association between carrying the
*h/*y+B*57 combination with resistance to infection in a population of HIV exposed
uninfected (EU) individuals'®. The *h/*y+B*57 genetic combination is not the only
3DL1/HLA-B pair reported to influence HIV disease progression; 3DL1*004 with HLA-
Bw4, 3DL1*I/*x (a KIR3DL1 genotype with at least one *1 expressing allele) with HLA-
B*27, and 3DL1*h/*y with HLA Bw4-80I were all shown to confer protection in terms
of slower progression to AIDS when compared to Bw6 hmz’. However, while these data
support a role for NK cells in control of HIV that varies depending on carriage of certain
alleles encoding NK receptors and their ligands, there are few studies linking the carriage

of these KIR/HLA combined genotypes with NK function.

NK cells can be divided into 2 populations based on the intensity of the CD56

marker at the cell surface. CD56"™ NK cells are the more cytotoxic subset, while

CD56™" cells are poorly cytotoxic and preferentially secrete cytokines when activated

'8 However, the cytokine secretion and cytolytic functions are not exclusive to either
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cell subset 2!

. IFN-y and TNF-a secretion as well as cytolysis have documented anti-
viral activity and are functions attributable to both NK and CD8" T cells'"**?*’. In HIV
infection, where there is evidence that CD8" T cells play a role in controlling virus, it is
not so much the frequency or breadth of epitope recognition by these T cells, but rather
the functional quality of their anti-HIV responses that correlates best with VL control”>*’,
This provided the rationale for characterizing the quality of NK cell functional potential
by measuring secretion of cytokines (IFN-y and TNF-a) and CD107a expression, a

3031 1 order to determine whether NK cells from individuals

marker for degranulation
bearing KIR/HLA combinations associated with distinct outcomes with respect to HIV
infection could be distinguished based on functional potential, we stimulated peripheral
blood mononuclear cells (PBMC) with HLA-devoid K562 cells and measured the
frequency of NK cells displaying all possible functional patterns. We found that NK cells
from HIV uninfected individuals carrying KIR/HLA genotype combinations linked to

control of HIV resulted in higher frequencies of polyfunctional NK cells compared to NK

cells from Bw6 hmz.
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II1. Material and Methods

Study population

Fifty-four EUs were included in this study. Thirty-three individuals were
KIR3DL1 homozygous, 17 were KIR3DS/L1 heterozygous and 4 were KIR3DSI1
homozygous (all of the latter were HLA-Bw6 hmz). These individuals were either
enrolled in the St-Luc injection drug user (IDU) cohort’” or were the seronegative partner
in a serodiscordant couple®. All subjects are a subset of a previously described study
population (in which KIR3DL1*high expression alleles included 3DL1*001, 3DL1* 002,
3DL1*008, 3DL1*009, 3DL1*015, 3DL1*020 and KIR3DL1*low expression alleles
included 3DL1*005, 3DL1*007) typed for major histocompatibility complex (MHC)

class I alleles, KIR3DL1 generic genotypes and allotypes' '

. Figure 1A shows how this
study population was grouped according to their KIR/HLA genotypes and, given that
some of these groups are not mutually exclusive, the number of study subjects that appear

in more than a single group. Informed consent was obtained from all study subjects, and

the research conformed to ethical guidelines of all the authors’ institutions.

Cells

PBMC were isolated by density gradient centrifugation (Ficoll-Paque, Pharmacia
Upsala, Sweden) from whole blood obtained by venipuncture into tubes containing
EDTA anticoagulant or by leukapheresis as previously reported’*. The cells were then
cryopreserved in 10% dimethyl sulfoxide (DMSO, Sigma-Aldrich, St-Louis, MO) with

90% fetal bovine serum (FBS, Wisent, St-Bruno, Quebec, Canada).
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NK cell activation and staining for phenotype and function

Cryopreserved PBMCs were thawed and resuspended at 10° cells/ml in RPMI
1640 (Wisent) containing 10% FBS (Wisent), 2 mM L-glutamine (Wisent), 50 IU/ml of
penicillin (Wisent) and 50 pg/ml of streptomycin (Wisent). Brefeldin A (at 5 pg/ml,
Sigma-Aldrich), monensin (at 6 pug /ml, Golgi Stop; BD Biosciences, Mississauga,
Ontario, Canada) and anti-CD107a-FITC antibody (BD) were added to the cells. One
million PBMC were stimulated with 1) MHC class I devoid K562 cells (ATCC,
Manassas, VA) at a PBMC-to-target cell ratio of 5:1 or 2) medium alone (negative
control) or 3) PMA (1.25 pg/mL); ionomycin (0.25 pg/mL, Sigma-Aldrich) (positive
control to ensure the cells being tested were able to respond; all stimulation data shown in
the manuscript were from cells that generated positive stimulation results with PMA and

ionomycin). Stimulated PBMCs were incubated 6 h at 37°C in 5% CO,.

Cells were then stained for viability using the Aqua LIVE/DEAD® fixable dead
cell stain kit (Invitrogen, Burlington, Ontario, Canada) following manufacturer’s
instructions. PBMCs were then stained for cell surface markers with anti-CD56-APC,
anti-CD16-Pacific blue (BD), and CD3-ECD, CDI158e-PE (aka Z27-PE, Beckman
Coulter, Mississauga, Ontario, Canada) for 30min. Samples were washed with PBS
containing 1% Fetal Bovine Serum (FBS, Wisent) and 0.1% sodium azide (Sigma-
Aldrich), fixed and permeabilized using the Fix & Perm® kit (Invitrogen) and stained for
intracellular cytokines using Alexa 700 conjugated anti-Interferon-y (IFN—y) and PE-Cy7

conjugated anti-Tumor Necrosis Factor-a (TNF-a), (BD) for 30 min. After washing,
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samples were fixed with a solution of 1% paraformaldehyde (PFA, Fisher Scientific,

Ottawa, Ontario, Canada) and kept in the dark at 4°C until acquisition.

Flow cytometry analysis

Figure 1B displays the flow cytometry gating strategy used to analyze the
functional profile of NK cells stimulated with K562 cells. For all analyses, NK cells were
defined as CD3  and either CD56 CD16", CD56 'CD16, or CD56'CD16". Boolean gating
was used to determine the tri-functional (CD107a, IFN-y and TNF-a), bi-functional (any
combination of 2 of the measured functions) or mono-functional (a single measurable
function) profile of 3DLI" (i.e. Z27"), 3DL1" (i.e. Z27%™ and Z27) or all NK cells
(3DL1" + 3DL1" NK cells). Between 400,000 and 600,000 total events were acquired for
each sample on a LSRII flow cytometer (BD). Flow cytometry analysis for NK cell
activation following K562 stimulation or for NK cell phenotyping was performed using
FlowJo software version 8.7.1 (TreeStar, Ashland, Oregon). The data obtained was

corrected for background using unstimulated cells before statistical analysis.

Statistics

Statistical analysis and graphical presentation were performed using GraphPad
InStat 3.05 and GraphPad Prism 4.01. Mann-Whitney tests were used for between-group
comparisons. Wilcoxon signed-rank test was used to compare the percent of 3DL1" to
3DL1" polyfunctional NK cells within individuals. A p-value of less than 0.05 was

considered significant.

170



IV. Results

Certain KIR3DL1 and HLA-Bw4 genotype combinations have been shown to be
associated with time to AIDS and VL set point’ or have been reported to be associated
with a reduced risk of HIV infection in EUs'®. In order to address whether NK cells from
individuals carrying some of these KIR/HLA combinations have differential functional
potential, we measured the expression of CD107a and secretion of IFN-y and TNF-a by
NK cells from 54 3DL1 and HLA typed EU subjects in response to stimulation with
MHC-devoid K562 cells by 8-color flow cytometry. In these experiments, Bw6 hmz
(n=24), who carried no HLA-B alleles that could bind 3DL1 or 3DSI, served as a control
population. Responses in NK cells from Bw6 hmz were compared to those from
individuals with the following non-mutually exclusive 3DLI1+Bw4 combinations
previously reported to be associated with either rate of HIV disease progression and/or
protection from infection: 1) 3DL1*h/*y carrying at least 1 copy of an HLA-Bw4-B*57
allele (*h/*y+B*57, n=5), 2) at least 1 copy of KIR3DL1*004 and at least 1 copy of a
Bw4 allele (*004+Bw4, n=13) and 3) 3DL1*h/*y carrying at least 1 copy of an HLA-

Bw4-80I allele (*h/*y+801, n= 10).

Given that the NK cell response is characterized using three functional markers, 8
different functional permutations are possible and define 8 different NK cell subsets.
However, only 7 of these subsets define responsive NK cells. For individuals belonging
to each of the four genotype combinations described above, the frequency for each
response pattern was assessed and the contribution of each combination to the total NK

cell response determined. Figure 2A shows that the contribution of tri-functional NK
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cells to the total K562 stimulated response was significantly greater in NK cells from
subjects with the *h/*y+B*57 (p=0.0226) and the *004+Bw4 (p=0.0402) combined
genotypes compared to NK cells from Bw6 hmz (median, [range]) (5.4% [3.7-6.8], 4.0%
[0.2-10.8], 0.9% [0.0-9.1] for NK cells from individuals typing as *h/*y+B*57,
*004+Bw4 and Bw6 hmz, respectively, Mann-Whitney test). Figure 2A also shows that
NK cells from individuals carrying *h/*y+B*57 (5.0% [3.2-11.7]) had an increased
contribution of cytokine-only (IFN-y and TNF-a) secreting cells compared to Bw6 hmz
(1.1% [0.0-14.5], p=0.0086, Mann-Whitney test). Furthermore, subjects typing as
*004+Bw4 (23.1% [15.0-31.9]) had an increased contribution of K562 stimulated NK
cells secreting IFN-y and expressing CD107a compared Bw6 hmz (20.0% [5.9-31.3],
p=0.0087, Mann-Whitney test). The *h/*y+801 combined genotype has also been
reported to be associated with slower HIV disease progression and lower VL. However
the contribution of tri-, bi- or mono-functional NK cells to the total K562 stimulated
response from individuals with this genotype combination did not differ from that of NK
cells from Bw6 hmz. In summary, NK cells from individuals carrying the *h/*y+B*57
and *004+Bw4 genotype combinations associated with slower HIV disease progression,
lower VL and/or protection from HIV infection have a greater multifunctional potential
upon stimulation with HLA devoid cells than NK cells from individuals who are Bw6
hmz. For further analyses, only results relating to functional profiles for genotypes that
were significantly greater than that seen in Bw6 hmz will be shown (i.e. tri-functional for
*h/*y+B*57 and *004+Bw4 individuals, CD107aTFN-y'TNF-o" for *h/*y+B*57
individuals and CD107a'TFN-y TNF-a for *004+Bw4 individuals) although data on all

functional profiles were collected and compared.
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The HLA-B*57 allele belongs to the Bw4 serotype and has an isoleucine at
position 80 (80I). Therefore we questioned whether the increased functional potential of
NK cells from *h/*y+B*57 individuals was due to the presence of B*57 or could also be
observed by NK cells from individuals with other HLA alleles belonging to either the
Bw4 or Bw4-80I allele subsets. To answer this question, the tri-functional response of
NK cells from non-B*57 individuals carrying KIR3DL1*h/*y with other Bw4 or Bw4-
801 alleles was compared to the response from the *h/*y+B*57 group. The contribution
of tri-functional responses by stimulated NK cells from *h/*y+B*57 individuals was
greater than that from non-B*57 individuals who were *h/*y+Bw4 (n=11) (0.8% [0.0-
2.6], p=0.0022), and was also greater than that from the 5 individuals in this latter group
who were *h/*y+801 (0.8% [0.0-2.6], p=0.0079) (Mann Whitney test) (figure 2B). The
percent contribution of stimulated tri-functional NK cells in these later 2 study
populations was not significantly different from that seen in Bw6 hmz. When a similar
analysis was performed for cytokine only responses (IFN-y and TNF-a., figure 2C), there
was a non significant trend towards greater functionality of stimulated NK cells from
*h/*y+B57 carriers compared with non-B*57 individuals who were *h/*y+80I (1.2%
[0.0-5.8], p=0.0952) and significantly greater functionality compared with NK cells from
non-B*57 *h/*y+Bw4 subjects (0.9% [0.0-5.8], p=0.0092). As well, the proportion of
stimulated NK cells exhibiting a response characterized by tri-functionality (figure 2B)
and secretion of IFN-y and TNF-a (figure 2C) was greater when these cells came from
*h/*y+B*57 carriers compared to when they originated from non-B*57 individuals
carrying *h/*y, regardless of their HLA ligand (data not shown). These results suggest

that B*57 is unique among Bw4 and Bw4-80I HLA alleles in mediating increased NK
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functional potential in combination with the KIR3DL1*h/*y genotype. Since all the B*57
positive EU individuals we studied were also *h/*y, it was not possible for us to verify
whether the tri-functional or CD107aTFN-y " TNF-o.” NK responses were modulated by
receptor combinations found in KIR3DL1 genotypes other than *h/*y or by the B*57

allele alone.

We next determined whether the increased contribution of tri-functional and
CD107a'TFN-y TNF-o' NK cells to K562 stimulation seen in *004+Bw4 individuals
(figure 2A) depended on carriage of both 3DL1*004 and Bw4 genes. Figure 2D shows
that the contribution of tri-functional NK cells to stimulation by HLA devoid cells was
greater when NK cells were from individuals carrying *004+Bw4 (n=13, 4.0% [0.2-
10.8], than from those carrying 3DL1*004 without Bw4 (*004 only) (n=8, 0.6% [0.0-
6.0], p=0.0327) or Bw4 without 3DL1*004 (Bw4 only) (n=20, 1.3% [0.0-5.4], p=0.0342)
(Mann-Whitney test). These data suggest that elevated tri-functionality requires
expression of both *004 and Bw4. This was not the case for responses characterized by
IFN-y secretion and CD107a expression (figure 2E). While the absence of a difference
between the *004+Bw4 (23.1% [15.0-31.9]) and the *004 only group (20.0% [5.9-31.3],
p=0.1033) may be attributed to a relatively small sample size, there were no differences
observed between the *004+Bw4 and the Bw4 only groups (22.7% [5.7-54.7], p=0.8683,
Mann-Whitney test, figure 2E). This suggests 3DL1-receptors other than *004 may play a
role in increasing the contribution of this CD107a TFN-y TNF-o NK functional subset to

the K562 stimulated response.
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The monoclonal antibody Z27 (also known as CD158e) binds both KIR3DL1 and
KIR3DS1. However, the fluorescence intensity of antibody binding to the inhibitory
versus activating forms of these receptors differs such that 3DL1" NK cell (Z27") and
3DL1" NK cell (Z27%™ or Z27") are readily distinguishable®~°. For individuals carrying
at least one copy of a 3DL1 allele and having a measurable tri-functional or responses
characterized by the CD107a TFN-y ' TNF-o or CD107aTFN-y' TNF-o." profiles, it was
possible to attribute function to either the 3DL1" or 3DL1" NK cell subset for the
populations carrying the different KIR/HLA genotype combinations studied. As shown in
figure 3A, the percent of 3DL1" NK cells that were tri-functional was greater when they
originated from *h/*y+B*57 individuals than from Bw6 hmz (1.8% [0.9-3.9] and 0.2%
[0.0-1.6] for *h/*y+ B*57 and Bw6 hmz, respectively, p=0.0026, Mann-Whitney test).
The percent of 3DL1" NK cells that were tri-functional was not significantly different
between these two study groups (figure 3B), despite a non-significant increase in
individuals carrying *h/*y+B*57 (0.5% [0.2-1.2] and 0.2% [0.0-1.6] for *h/*y+B*57 and
Bw6 hmz, respectively, p=0.0868; Mann-Whitney test). For responses characterized by
the CD107aTFN-y TNF-a." profile, the percent of both 3DL1" (1.4% [0.5-7.4] and 0.3%
[0.0-3.7] for *h/*y+B*57 and Bw6 hmz, respectively, p=0.0185; Mann-Whitney test) and
3DL1" (0.5% [0.2-2.8] and 0.1% [0.0-3.5] for *h/*y+B*57 and Bw6 hmz, respectively,
p=0.0291; Mann-Whitney test) NK cells was greater in *h/*y+B*57 carriers than Bw6
hmz (figure 3C and D). Furthermore, within the *h/*y+B*57 group, there was a non-
significant trend towards an increased percentage of CD107aTFN-y ' TNF-a" 3DLI1"
(1.4% [0.5-7.4]) versus 3DL1" (0.5% [0.2-2.8]) NK cells (p=0.0625, Wilcoxon signed-

rank test, figure 3C and D). In contrast, in Bw6 hmz the contribution of the 3DL1" and
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3DL1" subsets to the CD107aTFN-y ' TNF-o." NK response stimulated by K562 was
similar (Figure 3C and D). In summary the increased functional potential of NK cell from

subjects carrying *h/*y+B*57 was most apparent in the KIR3DL1" NK cells.

We also examined whether tri-functional responses and those characterized by the
CD107a'TFN-y TNF-o functional profile were differentially observed in 3DL1" or
3DL1" NK subsets in *004+Bw4 carriers compared with Bw6 hmz. Given that

3DL1*004 is not expressed at the cell surface®”®

, any effect this molecule would have on
mediating NK function would be expected to be observed in the 3DL1" NK subset. For
the 2 relevant functional profiles, i.e. tri-functional (not shown) and CD107a TFN-y TNF-
o responses (figure 3E and F), the percent of 3DL1" NK cells with these functions was
not greater in individuals carrying *004+Bw4 versus those who were Bw6 hmz. There
was a non-significant trend towards a higher contribution of tri-functional cells in the
3DL1" NK subset from *004+Bw4 versus Bw6 hmz carriers and a statistically significant
greater contribution of NK cells characterized by the CD107a'TFN-y ' TNF-a.” profile in
3DL1" NK cells from *004+Bw4 versus Bw6 hmz (2.3% [0.7-8.2] and 1.4% [0.06-4.8],
respectively p=0.0143; Mann-Whitney test). While the 3DL1" NK cell population
includes 3DL1*004 expressing cells, it also includes other non-3DL1" NK cells. This
may limit our ability to attribute whether the increase in these functional profiles in
stimulated NK cells from *004+Bw4 individuals is the result of the action of 3DL1*004.
However, these data suggest that the increase in functionality observed in NK cells from

*004+Bw4 individuals is not mediated specifically by cells with measurable surface

3DL1, which would be expected if this effect was due to *004" NK cells.

176



V. Discussion

In this report, we compared the functional profile of NK cells from individuals
carrying different allele combinations of KIR3DL1 and HLA-B. NK cells from
individuals with 2 genotype combinations, *h/*y+B*57 and *004+Bw4, exhibited an
increased contribution of polyfunctional NK cells to the total HLA-devoid K562
stimulated response. These genetic combinations have been previously linked to slower
HIV disease progression, decreased VL and/or protection from HIV infection”'*. For
cells from individuals with the *h/*y+B*57 combined genotype, the increased
polyfunctionality was more likely to be seen in NK cells expressing 3DL1. In contrast,
this was not the case for cells from individuals with the *004+Bw4 genotype
combination. This finding would be consistent with 3DL1*004 alleles being retained

within the cell cytoplasm and not expressed at the cell surface’’>®,

HLA B*57 is an HLA allele previously reported to be associated with slow HIV

>34 1t has been reported that CD8" T-cell responses restricted by

disease progression
this allele may have unique qualities that influence the efficiency with which they control
HIV**™*. For example, CD8" T cell responses restricted by HLA-B*57 contribute more to
the total virus specific response during early infection, recognize a greater fraction of
potential HIV-restricted epitopes and are associated with a reduction in the level of the
response restricted by other alleles carried by the same individual****. However, given
the role of NK cells in controlling viral infections through cytokine secretion and

cytolysis, the potency and polyfunctionality of these innate immune cells in HLA-B*57

individuals may provide an additional mechanism favoring the slow disease progression
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that has been linked to carrying this allele. Potent NK cell mediated anti-viral responses
induced early in HIV infection may directly suppress HIV as well as induce DC
maturation via a number of mechanisms, including IFN-y secretion, favoring a Thl

response that could be beneficial in controlling the infection®>*,

While epidemiological data suggest a role for the *h/*y+B*57 combined
genotype in controlling HIV infection, we could not exclude the possibility that carriage
of B*57 was sufficient for increased NK cell polyfunctionality and could not explore the
impact of different 3DL1 alleles since all the B*57 individuals studied also carried
3DL1*h/*y. However, in these individuals, NK cell polyfunctionality occurred more
frequently in 3DL1" than 3DL1" cells, suggesting that this molecule is probably involved
in the modulation of the NK response. On the other hand, since NK cells from non-B*57
subjects with other Bw4-801 or Bw4 alleles did not exhibit increased polyfunctionality
following stimulation with K562 cells, nor did NK cells from non-B*57 individuals with
the *h/*y genotype alone (see Figure 2 and data not shown), it is clear that B*57 plays a

central role in modulating the NK cell functional profile.

It is not known why this HLA allele is superior to other Bw4 or Bw4-801 alleles
in favoring the development of polyfunctional NK cells. Amongst Bw4-801 alleles, which
are particularly good receptors for 3DL1*"* B¥5705 and B*5711 (neither of which were
present in our population) are the only members of the B*57 family that do not have a
valine residue at position 97°°. Of the other Bw4-80I alleles, only B*5813 has a valine at
this position; the remaining Bw4-80I alleles have either arginine, asparagines, threonine,

tryptophan or serine at this position’’. These residues differ markedly from valine either

178



in terms of polarity or size. While it is known that the amino acid at position 97 is
involved in modulating the interaction between HLA-B and 3DL1, its precise role is still
unknown”'. It is possible that the presence of a valine at position 97 influences receptor-
ligand interactions, which directly affect the NK licensing. Licensing is an NK cell
maturation process in which cells acquire inhibitory KIR receptors for self HLA ligands
until tolerance to self is achieved”'’”*. Mature NK cell subsets that express potent
inhibitory receptors for self HLA may therefore have greater activation potential when
the inhibitory signal is interrupted through interactions with HLA-deficient cells such as
K562 or HIV infected cells in which Nef downmodulates HLA-A and B cell surface

>34 The licensing concept provides an explanation for how an inhibitory KIR

expression
such as KIR3DLI may play a role in NK cells function that ultimately influences

activation of anti-viral functions.

We are the first to demonstrate that KIR3DL1*004 allele can have an effect on
NK cell function. A recent epidemiological study found that, in order to observe an effect
on HIV disease progression, both 3DL1*004 and its Bw4 ligand are required’. Our data
suggest that this combination is also necessary to observe influences on NK cell function.
Thus, despite being retained within the cell, this allele may somehow interact with HLA
molecules in order to modulate NK cell function and thereby modify HIV disease
outcome. One could argue that most 3DL1*004 individuals in our cohort posses a second
3DL1 allele, expressed at the cell surface, which could mediate the increase in
polyfunctionality observed. Our results suggest this is unlikely given that the increase in
function was not observed in 3DL1" NK cells as it was in *h/*y+B*57 individuals (see

Figure 3). These findings provide additional evidence that the 3DL1*004 allele is not a
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null or inactive allele. Elucidating how intracellular 3DL1*004 is able to modify NK cell
function or whether it is linked with a gene that is capable of doing so will be important

for improving our understanding of how this allele functions.

Given that the *h/*y+80I combination has also been linked to slower HIV disease
progression, we expected that NK cells from individuals with this genotype would also
have a greater functional potential when compared to Bw6 hmz. A limited sample size
(n=10) could explain why we were not able to detect any functional differences between
these groups. It is also possible that the epidemiological effect observed on HIV disease
progression in individuals with this genetic combination is dependent on the presence of
the virus, as it has been proposed in the case of KIR3DS1 and HLA-Bw4-801, another

109556 "1f this is the case, a

combined genotype linked to slower HIV disease progression
different experimental system in which induction of the NK cells occurs in the context of
HIV infected cell stimulation may be required to observe the effect of the *h/*y+80I
genotype on NK cell function®. Finally, perhaps the effects of this HLA allele family on
NK cell function would be better assessed using functional markers not measured by our

experiments, such as perforin or granzyme, recently proposed to be better correlates of

immune protection in HIV-specific T cell responses”.

As shown in figure 2, we observe a high level of variability in the distribution of
the contribution of some functional responses in the Bw6 hmz group (Figure 2). As has
been done in previous epidemiological studies, our genetic groupings do not take into
account that some HLA-A alleles (A*23, A*24, A*25, and A*32) have a Bw4 epitope

because the information on the interaction of between these HLA molecules and
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KIR3DLI1 is limited and somewhat controversial>’***"® However, when individuals
with a Bw4-containing HLA-A molecule are removed from the control population, the
variation in response contribution in this group decreases. Future studies clarifying the
interaction of Bw4 carrying HLA-A and KIR3DL1 would be necessary in order to better
design epidemiological and functional studies. It is important to also consider the
possibility that the variation in NK response profile between individuals belonging to the
same group may be the result of other KIR/HLA combinations or other NK receptors that
may be expressed at the NK cell surface. As alluded to above, induction of NK cell
function is likely to differ depending on whether the stimulus is provided by K562 cells
or HIV infected cells. In HIV infected cells the Nef gene product downregulates surface
expression of HLA-A and —B but does not affect HLA-C and —E levels, which are ligands

53,59,60
for some NK cell receptors™"

. In addition, the presence of HIV viral peptides bound
to the HLA molecules could influence their binding to KIR molecules’. Thus, while
K562 stimulation of NK cells provides insights into their functional potential, there are
limitations associated with this method and the next step in understanding the
mechanisms underlying the association of certain KIR/HLA combination with favorable

HIV outcome would be to investigate the influence of these combined genotypes of NK

function using HIV-infected cells as stimuli.

In conclusion, we provide a link between KIR3DL1/HLA-B genotypes that have
been associated with slower HIV disease progression and/or resistance to infection and
increased NK cell functional potential. Understanding the mechanisms underlying these
effects will contribute to our appreciation of the role of the innate immune system in HIV

infection and may lead to new HIV vaccine design strategies.
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VIII. Figure legends

Figure 1

Study design. KIR3DL1 and HLA-B genetic distribution of our study population (A). 54
individuals were studied, 24 Bw6 homozygotes and 30 individuals subdivided in 4
KIR3DL1 and HLA-Bw4 allelic combination that were not mutually exclusive. Flow
cytometry gating strategy (B). The live, lymphocytic singlet population was used to gate
on NK cells, which were defined as CD3™ and either CD56'CD16", CD56 CD16", or
CD56'CD16". Boolean gating was then used to determine the possible combinations of

CD107a, IFN-y, TNF-a and Z27 expression on NK cells.

Figure 2

NK cells from *h/*y+B*57 and *004+Bw4 individuals have a distinct functional profile.
Panel A shows the percent contribution to the total response of NK cells with seven
different functional profiles from individuals with four different KIR3DL1 and HLA-B
genetic combinations shown by each bar: KIR3DL1*h/*y+HLA-B*57 (*h/*y+B*57,
n=5), KIR3DL1*004+HLA-Bw4 (*004+Bw4, n=13), KIR3DL1*h/*y+HLA-Bw4-801
(*h/*y+801I, n=10) and HLA-Bw6 homozygotes (Bw6 hmz, n=24). Below the x-axis, dots
refer to the presence of each functional marker (CD107a, IFN-y and TNF-a) in that
profile. The height of each bar represents the median for the group and the height of the

koo

error bar the upper range for that group. A over a bar indicates that the contribution
of the functional subset for the study population the bar represents was significantly

greater than that for Bw6 hmz. Tri-functional CD107a TFN-y TNF-o." (B) and CD107a’

184



IFN-y ' TNF-0." (C) NK cell contribution to the total response was compared between
*h/*y+B*57 individuals and non-B*57 individuals who were *h/*y+80I, *h/*y+Bw4 or
Bw6 hmz. Tri-functional CD107a' TFN-y " TNF-a." (D) and CD107a’TFN-y' TNF-o (E)
NK cell contribution to the total K562 stimulated response was compared between
*004+Bw4 individuals and individuals with *004 only (absence of HLA-Bw4 alleles),
Bw4 only (absence of KIR3DL1*004 alleles) or Bw6 hmz. A Mann-Whitney test was
used to assess the statistical significance of between group comparisons and a p-value

<0.05 was considered significant.

Figure 3

Functional contribution in NK cells from *h/*y+B*57 but not *004+Bw4 individuals is
mainly due to KIR3DL1" cells. The scatter plots show the percent of the total 3DL1"
(panels A, C and E) or 3DL1" (panels B, D and F) NK cells that are CD107a TFN-y TNF-
o’ (panels A, B), CD107aTFN-y ' TNF-a." (panels C, D) and CD107a'TFN-y TNF-o
(panel E, F) for the study groups with the KIR/HLA combined genotypes shown. A
Mann-Whitney test was used to assess the significance of between group comparisons
(*h/*y+B*57 versus Bw6 hmz in panels A-D and *004+Bw4 versus Bw6 hmz in panels
E-F) and a p-value <0.05 was considered significant and shown with a *. The p-value of
0.0625 in panel C-D is the result of a Wilcoxon signed-rank test comparing the percent of
3DL1" cells and 3DL1" cells that are CD107aTFN-y TNF-o" within each *h/*y+B*57
individual. As described in the text, all Bw6 hmz individuals included in these analyses
had at least one copy of the 3DL1 gene. This is indicated by the designation ‘Bw6 hmz

(3DL1%).
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Figure 1A

IX. Tables and Figures
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Figure 2B, C
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Figure 2 D, E
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Figure 3A, B
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Figure 3, C,D, E, F

C

% of 3DL1+ NK cells

% of 3DL1+ NK cells

p=0.0625
* *
8- 8-
|
0
64 2 6
X
e
44 N - 4 R
a .
2 R 5 2 R
N A R !
|
*hi*y+B*57 Bw6 hmz (3DL1+) *h/*y+B*57 Bw6 hmz (3DL1+4)
124 121 )
10- e 2 104
3
8 - x 81 "
2
6 N < 6
A —~ C
4- .|. “‘ 8 4_ u ““
—_— A N '-E | |
]
O —AAAs o 2 Ay
. ot g v
c % A " ‘| P ‘ C I A 4 : 4 Aé
*004+Bw4 Bw6 hmz (3DL1+) *004+Bw4 Bw6 hmz (3DL1+)

192



X. Reference List

Gardiner CM. Killer cell immunoglobulin-like receptors on NK cells: the how,

where and why. Int.J.Immunogenet. 2008;35:1-8.

. Bashirova AA, Martin MP, McVicar DW, Carrington M. The killer

immunoglobulin-like receptor gene cluster: tuning the genome for defense.

Annu.Rev.Genomics Hum.Genet. 2006;7:277-300.

Stewart-Jones GB, di GK, Kollnberger S et al. Crystal structures and KIR3DL1
recognition of three immunodominant viral peptides complexed to HLA-B*2705.

Eur.J Immunol. 2005;35:341-351.

O'Connor GM, Hart OM, Gardiner CM. Putting the natural killer cell in its place.

Immunology 2006;117:1-10.

Thananchai H, Gillespie G, Martin MP et al. Cutting Edge: Allele-specific and
peptide-dependent interactions between KIR3DL1 and HLA-A and HLA-B.

J.Immunol. 2007;178:33-37.

. Yawata M, Yawata N, Draghi M et al. Roles for HLA and KIR polymorphisms in
natural killer cell repertoire selection and modulation of effector function.

J.Exp.Med. 2006;203:633-645.

Thomas R, Yamada E, Alter G et al. Novel KIR3DL1 alleles and their expression
levels on NK cells: convergent evolution of KIR3DLI phenotype variation?

J.Immunol. 2008;180:6743-6750.

193



10.

11.

12.

13.

14.

15.

Khakoo SI, Thio CL, Martin MP et al. HLA and NK cell inhibitory receptor genes

in resolving hepatitis C virus infection. Science 2004;305:872-874.

Martin MP, Qi Y, Gao X et al. Innate partnership of HLA-B and KIR3DLI

subtypes against HIV-1. Nat.Genet. 2007;39:733-740.

Martin MP, Gao X, Lee JH et al. Epistatic interaction between KIR3DS1 and HLA-

B delays the progression to AIDS. Nat.Genet. 2002;31:429-434.

Qi Y, Martin MP, Gao X et al. KIR/HLA pleiotropism: protection against both HIV

and opportunistic infections. PLoS.Pathog. 2006;2:e79.

Barbour JD, Sriram U, Caillier SJ et al. Synergy or independence? Deciphering the
interaction of HLA Class I and NK cell KIR alleles in early HIV-1 disease

progression. PLoS.Pathog. 2007;3:e43.

Lopez-Vazquez A, Mina-Blanco A, Martinez-Borra J et al. Interaction between
KIR3DL1 and HLA-B*57 supertype alleles influences the progression of HIV-1

infection in a Zambian population. Hum.Immunol. 2005;66:285-289.

Boulet S, Kleyman M, Kim JY et al. A combined genotype of KIR3DL1 high
expressing alleles and HLA-B*57 is associated with a reduced risk of HIV

infection. AIDS 2008;22:1487-1491.

Boulet S, Sharafi S, Simic N et al. Increased proportion of KIR3DS1 homozygotes

in HIV-exposed uninfected individuals. AIDS 2008;22:595-599.

194



16.

17.

18.

19.

20.

21.

22.

23.

Norman PJ, bi-Rached L, Gendzekhadze K et al. Unusual selection on the
KIR3DL1/S1 natural killer cell receptor in Africans. Nat.Genet. 2007;39:1092-

1099.

Farag SS, Caligiuri MA. Human natural killer cell development and biology. Blood

Rev. 2006;20:123-137.

Cooper MA, Fehniger TA, Caligiuri MA. The biology of human natural killer-cell

subsets. Trends Immunol. 2001;22:633-640.

Anfossi N, Andre P, Guia S et al. Human NK cell education by inhibitory receptors

for MHC class I. Immunity. 2006;25:331-342.

Cooper MA, Fehniger TA, Turner SC et al. Human natural killer cells: a unique
innate immunoregulatory role for the CD56(bright) subset. Blood 2001;97:3146-

3151.

Alter G, Teigen N, Davis BT et al. Sequential deregulation of NK cell subset
distribution and function starting in acute HIV-1 infection. Blood 2005;106:3366-

3369.

Levy DE, Garcia-Sastre A. The virus battles: IFN induction of the antiviral state

and mechanisms of viral evasion. Cytokine Growth Factor Rev. 2001;12:143-156.

Schroder K, Hertzog PJ, Ravasi T, Hume DA. Interferon-gamma: an overview of

signals, mechanisms and functions. J.Leukoc.Biol. 2004;75:163-189.

195



24.

25.

26.

27.

28.

29.

30.

Wong GH, Goeddel DV. Tumour necrosis factors alpha and beta inhibit virus

replication and synergize with interferons. Nature 1986;323:819-822.

Mestan J, Digel W, Mittnacht S et al. Antiviral effects of recombinant tumour

necrosis factor in vitro. Nature 1986;323:816-819.

Lichterfeld M, Yu XG, Waring MT et al. HIV-I-specific cytotoxicity is
preferentially mediated by a subset of CD8(+) T cells producing both interferon-

gamma and tumor necrosis factor-alpha. Blood 2004;104:487-494.

Migueles SA, Osborne CM, Royce C et al. Lytic granule loading of CD8+ T cells is
required for HIV-infected cell elimination associated with immune control.

Immunity. 2008;29:1009-1021.

Addo MM, Yu XG, Rathod A et al. Comprehensive epitope analysis of human
immunodeficiency virus type 1 (HIV-1)-specific T-cell responses directed against

the entire expressed HIV-1 genome demonstrate broadly directed responses, but no

correlation to viral load. J.Virol. 2003;77:2081-2092.

Betts MR, Nason MC, West SM et al. HIV nonprogressors preferentially maintain

highly functional HIV-specific CD8+ T cells. Blood 2006;107:4781-4789.

Betts MR, Brenchley JM, Price DA et al. Sensitive and viable identification of
antigen-specific CD8+ T cells by a flow cytometric assay for degranulation.

J.Immunol.Methods 2003;281:65-78.

196



31.

32.

33.

34.

35.

36.

37.

Alter G, Malenfant JM, Altfeld M. CD107a as a functional marker for the

identification of natural killer cell activity. J.Immunol.Methods 2004;294:15-22.

Boileau C, Bruneau J, Al-Nachawati H, Lamothe F, Vincelette J. A prognostic
model for HIV seroconversion among injection drug users as a tool for stratification

in clinical trials. J.Acquir.Immune.Defic.Syndr. 2005;39:489-495.

Bernard NF, Yannakis CM, Lee JS, Tsoukas CM. Human immunodeficiency virus
(HIV)-specific cytotoxic T lymphocyte activity in HIV-exposed seronegative

persons. J.Infect.Dis. 1999;179:538-547.

Boulassel MR, Spurll G, Rouleau D et al. Changes in immunological and
virological parameters in HIV-1 infected subjects following leukapheresis.

J.Clin.Apher. 2003;18:55-60.

Carr WH, Rosen DB, Arase H et al. Cutting Edge: KIR3DS1, a gene implicated in
resistance to progression to AIDS, encodes a DAP12-associated receptor expressed

on NK cells that triggers NK cell activation. J.Immunol. 2007;178:647-651.

Pascal V, Yamada E, Martin MP et al. Detection of KIR3DS1 on the cell surface of
peripheral blood NK cells facilitates identification of a novel null allele and
assessment of KIR3DSI expression during HIV-1 infection. J.Immunol.

2007;179:1625-1633.

Gardiner CM, Guethlein LA, Shilling HG et al. Different NK cell surface
phenotypes defined by the DX9 antibody are due to KIR3DL1 gene polymorphism.

J.Immunol. 2001;166:2992-3001.

197



38.

39.

40.

41.

42.

43.

44,

Pando MJ, Gardiner CM, Gleimer M, McQueen KL, Parham P. The protein made
from a common allele of KIR3DL1 (3DL1*004) is poorly expressed at cell surfaces

due to substitution at positions 86 in Ig domain 0 and 182 in Ig domain 1.

J.Immunol. 2003;171:6640-6649.

Migueles SA, Sabbaghian MS, Shupert WL et al. HLA B*5701 is highly associated
with restriction of virus replication in a subgroup of HIV-infected long term

nonprogressors. Proc.Natl. Acad.Sci.U.S.A 2000;97:2709-2714.

Kaslow RA. Host genes and HIV infection: implications and applications.

Emerg.Infect.Dis. 1997;3:401-402.

Trachtenberg E, Korber B, Sollars C et al. Advantage of rare HLA supertype in

HIV disease progression. Nat.Med. 2003;9:928-935.

Altfeld M, Addo MM, Rosenberg ES et al. Influence of HLA-B57 on clinical
presentation and viral control during acute HIV-1 infection. AIDS 2003;17:2581-

2591.

Altfeld M, Kalife ET, Qi Y et al. HLA Alleles Associated with Delayed Progression
to AIDS Contribute Strongly to the Initial CD8(+) T Cell Response against HIV-1.

PLo0S.Med. 2006;3:e403.

Scherer A, Frater J, Oxenius A et al. Quantifiable cytotoxic T lymphocyte responses
and HLA-related risk of progression to AIDS. Proc.Natl.Acad.Sci.U.S.A

2004;101:12266-12270.

198



45.

46.

47.

48.

49.

50.

51.

Mocikat R, Braumuller H, Gumy A et al. Natural killer cells activated by MHC
class I(low) targets prime dendritic cells to induce protective CD8 T cell responses.

Immunity. 2003;19:561-569.

Gerosa F, Gobbi A, Zorzi P et al. The reciprocal interaction of NK cells with
plasmacytoid or myeloid dendritic cells profoundly affects innate resistance

functions. J.Immunol. 2005;174:727-734.

Gumperz JE, Barber LD, Valiante NM et al. Conserved and variable residues within
the Bw4 motif of HLA-B make separable contributions to recognition by the NKB1

killer cell-inhibitory receptor. J.Immunol. 1997;158:5237-5241.

Carr WH, Pando MJ, Parham P. KIR3DL1 polymorphisms that affect NK cell

inhibition by HLA-Bw4 ligand. J.Immunol. 2005;175:5222-5229.

Cella M, Longo A, Ferrara GB, Strominger JL, Colonna M. NK3-specific natural
killer cells are selectively inhibited by Bw4-positive HLA alleles with isoleucine

80. J.Exp.Med. 1994;180:1235-1242.

Robinson J, Waller MJ, Parham P et al. IMGT/HLA and IMGT/MHC: sequence
databases for the study of the major histocompatibility complex. Nucleic Acids Res.

2003;31:311-314.

Sanjanwala B, Draghi M, Norman PJ, Guethlein LA, Parham P. Polymorphic sites
away from the Bw4 epitope that affect interaction of Bw4+ HLA-B with KIR3DL1.

J.Immunol. 2008;181:6293-6300.

199



52.

53.

54.

55.

56.

57.

58.

Kim S, Poursine-Laurent J, Truscott SM et al. Licensing of natural killer cells by

host major histocompatibility complex class I molecules. Nature 2005;436:709-713.

Cohen GB, Gandhi RT, Davis DM et al. The selective downregulation of class I
major histocompatibility complex proteins by HIV-1 protects HIV-infected cells

from NK cells. Immunity. 1999;10:661-671.

Collins KL, Chen BK, Kalams SA, Walker BD, Baltimore D. HIV-1 Nef protein
protects infected primary cells against killing by cytotoxic T lymphocytes. Nature

1998;391:397-401.

Altfeld M, Goulder P. 'Unleashed' natural killers hinder HIV. Nat.Genet.

2007;39:708-710.

Alter G, Martin MP, Teigen N et al. Differential natural killer cell-mediated
inhibition of HIV-1 replication based on distinct KIR/HLA subtypes. J.Exp.Med.

2007;204:3027-3036.

Stern M, Ruggeri L, Capanni M, Mancusi A, Velardi A. Human leukocyte antigens
A23, A24, and A32 but not A25 are ligands for KIR3DL1. Blood 2008;112:708-

710.

Gumperz JE, Litwin V, Phillips JH, Lanier LL, Parham P. The Bw4 public epitope
of HLA-B molecules confers reactivity with natural killer cell clones that express

NKBI, a putative HLA receptor. J.Exp.Med. 1995;181:1133-1144.

200



59.

60.

Ward JP, Bonaparte MI, Barker E. HLA-C and HLA-E reduce antibody-dependent
natural killer cell-mediated cytotoxicity of HIV-infected primary T cell blasts.

AIDS 2004;18:1769-1779.

Bonaparte MI, Barker E. Killing of human immunodeficiency virus-infected
primary T-cell blasts by autologous natural killer cells is dependent on the ability of
the virus to alter the expression of major histocompatibility complex class |

molecules. Blood 2004;104:2087-2094.

201



Chapter S: Summary of Original Scholarship

202



From Chapter 2:

1.

We were the first to demonstrate that the homozygous KIR3DS1 genotype is
overrepresented in the EU population when compared to individuals in the

primary stage of HIV infection.

We demonstrated that, unlike its effect on HIV disease progression, resistance to
infection conferred by the KIR3DS1 allele is not likely to depend on the presence
of HLA-Bw4-80I. This HLA allele still has not been shown to physically interact

with KIR3DS1.

Our study remains the largest genetic association study analyzing the effect of

KIR3DS/L1 on resistance to HIV infection in EU (n=80).

Our study is the only genetic association study analyzing the effect of KIR3DS/L1

on resistance to HIV infection performed in a largely Caucasian population.

From Chapter 3:

1.

We were the first to demonstrate that the KIR3DL1*h/*y+HLA-B*57 combined
genotype is overrepresented in the EU population when compared to individuals

in the primary stage of HIV infection.

We were the first to link a KIR genotype associated with slower HIV disease

progression to resistance from infection.

We were the first to comprehensively compare the distribution of KIR3DL1

allotypes in the EU population.
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4. We were the first to suggest that HLA-B*57 alone may have an effect on

resistance from infection. Although this remains inconclusive for the moment, this

observation warrants further investigation.

From Chapter 4:

1.

We were the first to show the increased functional profile of NK cell isolated
from individuals with genotypes linked to slower HIV disease progession and/or
resistance ~ from  infection  (i.e. KIR3DL1*h/*y+HLA-B*57 and
KIR3DL1*004+HLA-Bw4).

We were the first to apply the concept of cell polyfunctionality to NK cells.
Subsequently, we were the first to suggest that increased polyfunctional profile is
is favorable in NK cells as well as T-cell responses.

We were the first to suggest that, despite the fact that KIR3DL1*004 is not
expressed at the cell surface, it may positively affect the NK cell functional
profile.

We were the first to suggest a role for the amino acid 97 in HLA-B*57 in

increasing NK cell functional potential.
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Chapter 6: Discussion
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There are two main conclusions that may be drawn from the data presented in this
thesis. Firstly, the KIR3DS/L1 locus, which had been previously shown to affect HIV
disease progression, is linked by population association studies to the decreased infection
susceptibility observed in EUs. More specifically, EUs were more likely to be KIR3DS1
homozygotes or carry KIR3DL1*h/*y + HLA-B*57 than individuals in HIV primary
infection. Secondly, KIR3DL1 genotypes associated with favorable HIV clinical
outcomes, particularly KIR3DL1*h/*y + HLA-B*57, were shown to have increased NK

cell functional potential. Increased NK cell function may lead to HIV control.

I. POPULATION ASSOCIATION STUDIES

The rationale behind the research presented in this thesis is that, given the
epidemiological link observed between the rate of HIV disease progression and the
KIR3DS/L1 locus and the functional importance of NK cells in the early stages of an
infection, perhaps this NK cell receptor locus may also play a role in the reduced
susceptibility to HIV infection observed in EUs. It is clear that rate of HIV disease
progression and protection from infection are two very different clinical outcomes, and
that what may apply to one does not necessarily apply to the other. While several markers
of decreased susceptibility, such as the HLA-A A2/6802 supertype are not found in
individuals that progress more slowly to AIDS, the effect of a locus on both HIV disease
progression and resistance from infection has been previously observed in the case of
CCRS5 and CCL3L{330:335.344.351.387

The association between a phenotype and a genotype can be established by

comparing the gene content of a population of individuals with the phenotype (EUs) to a
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population without the phenotype (infected individuals)**®

. This type of association study
has become a useful tool in population genetics. The statistical association between a
locus and a phenotype can arise in three ways’" . Firstly, there can be a direct association,
where the gene is causally related to the phenotype. Ideally, results from association
studies fall into this category.

Secondly, the locus itself may not be causal, but it is sufficiently close to a causal
locus to be in linkage disequilibrium with it. This is termed indirect association. For the
moment, it is impossible to determine whether the data presented in chapters 2 and 3 are
the result of an indirect association, considering that the KIR3DS/L1 is located in a
genetic region that contains several genes involved in the immune response. The issue is
additionally complex because KIR3DSI1 is specific to KIR B haplotypes.”® Therefore,
the associations described in this thesis could result from the inheritance of haplotypes or
specific genes within the haplotypes rather than the KIR3DS/L1 locus. However, because
in vitro experiments have demonstrated an effect on HIV viral replication mediated by
NK cells expressing KIR3DS1 (see section II1IB), this locus should be considered as the

310 Further

prime candidate for mediating decreased susceptibility to infection in EUs
studies evaluating the capacity of NK cells expressing specific KIR molecules to inhibit
HIV replication should be able to demonstrate whether the effect is mediated specifically
by the KIR3DS/L1 locus.

Finally, the association may be due to confounding factors and therefore be of
little scientific interest. Such false positive findings can be the result of population

stratification, where individuals with or without the outcome are of different genetic

background®®®. This confounder was minimized in chapters 2 and 3 by recruiting the EU
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and control population within a single geographical location and by insuring that both
study groups would be ethnically similar. Alternatively, false positive associations
between genotype and phenotype may be the result of multiple testing’*®. Because
association studies are statistical in nature, there is an inherent rate of type I errors (ct);
the probability of making one false-positive inference. As, genetic association studies
often tend to test more than one hypothesis (i.e. look for more than a single association),
the number of possible false positive results increases proportionally with the number of
statistical tests carried out. This means that, on average, if 100 independent statistical
tests were carried, about five false positives would appear, linking a gene and a trait even
if they are unrelated. To account for this error rate, a correction may be required. An
often-used method is the Bonferroni correction, where the threshold for significance of a
p-value is increased proportionally to the number of analyses performed®”'. Therefore,
using the Bonferroni correction, if 100 tests are performed, then only p-values below
0.0005 would be considered significant. However, this type of correction results in
increased rates of type II errors, i.c. false negatives’ . This means that associations that
are not spurious would be missed, an outcome that is also undesirable. Therefore, the best
way to diminish type I errors is to increase sample size. EU studies typically have
relatively small sample sizes because of the rarity of the phenotype. The size of the study
population presented in chapters 2 and 3 compares favorably with another published
study associating KIR with the EU phenotype (n=21) but is still much smaller than
epidemiological studies linking KIR3DS/L. to HIV disease progression (n >

1000)"°*"1*% Efforts to increase the size of the EU cohort in Montreal are ongoing, but
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the current recruitment rate is too low to expect significant changes in the data
interpretation in the near future.

It is more likely that reproducibility of the results in other EU cohorts will
confirm/refute the validity of the genetic associations presented in this thesis. This has
been the case for the CCR5A32 mutation and the increased presence of the HLA A2/6802

. 330,345,346,393
supertype in EUs™" 7™

. Unfortunately, the frequency of the KIR3DS/L1 genes
varies greatly amongst populations. Several EU cohorts are located in Africa, because the
HIV pandemic is concentrated in this region. However, the frequency of KIR3DSI in
individuals of African descent is low (0.05) compared to North American Caucasian
populations (0.22)"*°. This explains the weaker association between the combined
genotype KIR3DS1/HLA-Bw4 801 and HIV disease progression in African Americans'’.
The lower frequency of KIR3DS1 in individuals of African descent may also explain
why Jennes et al did not observe an increased proportion of KIR3DS1 homozygous

individuals in their Ivorian EU cohort (0/21)**°. Therefore, any attempt to reproduce our

findings in other EU cohorts should first be performed in cohorts of European origin.

II. THE MONTREAL EU COHORTS

The EU cohort described in this thesis is composed of two distinct populations;
individuals recruited in the St-Luc cohort IDU (n=64/80, 80%) and seronegative sexual
partners of HIV infected patients (n=16/80, 20%). There is no organized recruitment of
potential EUs within the homosexual community in Montreal. Therefore, the majority of
EUs included for analysis in this thesis were parenterally exposed to HIV. This contrasts

with individuals recruited in the Quebec PI (primary infection) cohort, approximately
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60% of which report sexual exposure as the suspected cause of HIV acquisition. This
stratification difference between the control (PI) and test (EU) population may introduce
a bias in the genetic analyses. To avoid this bias, comparisons in the distribution of the
KIR3DS1 homozygous and KIR3DL1*h/*y+HLA-B*57 genotypes could be performed
on PI and EU individuals reporting a single risk factor of HIV exposure. For example,
utilizing a similar analytic strategy to that performed in chapters 2 and 3, amongst
parenterally exposed EUs, 7/64 (10.9%) were KIR3DS1 homozygous and 5/37 (13.5%)
were KIR3DL1*h/*y+HLA-B*57. In parentally exposed PI individuals, 5/103 (4.9%)
were KIR3DS1 homozygous and 1/47 (2.1%) were KIR3DL1*h/*y+HLA-B*57. The
decreased sample size due to the exclusion of mucosally exposed individuals affects the
statistical power of these comparisons. However, proportional differences are still
observed between EUs and PIs for these genotypes. Increasing the sample size of
parenterally and mucosally exposed individuals will be necessary in order to determine
whether KIR3DS/L1 loci associated with decreased HIV susceptibility function in either
or both contexts.

One of the great strengths of data obtained from the Pumwani cohort of HIV
resistant women results from the geographical location of the cohort. Prevalence in
Nairobi is such that the exposure levels of commercial sex workers to HIV are elevated
and favor the selection of individuals with reduced susceptibility to infection. EUs in
Montreal were defined as individuals with at least five exposures, sexual or intravenous,
to a known HIV seropositive source. This arbitrary number ensured a balance between
identifying individuals with sufficient high-risk behavior and a reasonable sample size. In

the case of seronegative sexual partners of seropositive individuals, unprotected sexual
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activity was documented several times over the course of minimum eight months and up
to several years. For IDUs of the St-Luc cohort, in which behavioral data was collected
by trained professionals during one-on-one interviews, an exposure was defined by
needle sharing with a known HIV' individual. While five such sharing events were
required for inclusion in the resistant cohort, the average number of known HIV
exposures for the IDU EUs included in the studies presented in this thesis was 60. In
addition, IDUs in this cohort were also shown to share needles with individuals of
unknown serostatus. Recruiting individuals through needle exchange programs, prisons
or detoxification centers, the SurvUDI network was able to estimate levels of HIV
infections in IDUs in Montreal, Canada®®*. Between 1995 and 2007, 4686 individuals
were recruited in the network. Approximately 17.6% of these were shown to be HIV', a
quarter of which were unaware of their serostatus. Therefore, in Montreal, sharing
needles with individuals of unknown serostatus carries great risk of HIV infection.
Finally, increased prostitution and unprotected sex amongst IDUs, results in additional
risks of HIV exposure in this population®'. For these reasons, despite the fact that the
study presented in this thesis was performed in Canada, which has a relatively low HIV
prevalence, selection criteria for inclusion in the EU cohort allowed for a defined group
of individuals that were highly exposed to HIV, but remained uninfected. In the 80
individuals included in the EU group, over 4000 exposures to HIV were documented.
These numbers do not include exposures to individuals of unknown HIV serostatus. It
also does not account for the fact that IDUs may underreport their drug related habits and
therefore may have had more exposures than documented™ "’ Therefore, the

probability that all these individuals remained uninfected based on ‘chance’ alone is
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virtually nil. This provides a rationale for exploring biological explanations for the
reduced susceptibility to HIV infection observed in some individuals in Montreal,

Canada.

II1. OF POLYFUNCTIONALITY

Evaluation of NK cell responses has traditionally relied on two methodologies.
Cytolytic capacity of NK cells was measured by their co-incubation with radiolabeled
targets. On the other hand, the secretion of each chemokine or cytokines in response to
various stimuli was measured separately either by flow cytometry or ELISA. The
separation of these methods was the result of two technical impediments: the lack of
alternative cytotoxicity assays and the limited number of markers that could be used in a
single flow-based experiment. Recently, measurement of CD107 translocation to the cell
surface by flow cytometry was proven an adequate surrogate marker for cytotoxic
potential of T- and NK cells*®**%*. In addition, the latest generations of flow cytometers
are designed to detect up to eighteen different fluorochrome-associated antibodies, a
dramatic increase from the only four combinations available in older instruments. These
methodological advances allow for the simultaneous detection of NK cell specific
cytokine/chemokine secretion and cytotoxic potential in a single experiment.

Using these new technical developments, Betts et al. compared the functional
profile of CD8" T cells isolated from individuals with a nonprogressive course of HIV
infection to those from individuals with a chronic progressive course by simultaneously
measuring their IFN-y, IL-2, MIP-1f, CD107 and TNF-a secretion in response to HIV

398

peptide stimulation” . They showed that nonprogressors had a greater proportion of T-
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cells concurrently secreting 5 or 4 functions. The benefits of T-cells responses capable of
several simultaneous functions is not exclusive to HIV and applies in the context of
Leishmania major infection®”’. Mice subjected to a live vaccine that induced a greater
proportion of Leishmania-specific T-cells capable of concurrent secretion of IFN-y, IL-2
and TNF-a had a decreased parasitic load and lesion size upon infectious challenge when
compared to mice subjected to a vaccine that induced mostly T-cells capable of secreting
only one of these functions. These experiments demonstrate the importance of
‘polyfunctional’ T-cells in infection.

To our knowledge, we are the first to attempt to comprehensively characterize NK
cells by simultaneously measuring three known anti-viral functions. Whether
polyfunctional NK cells are also biologically important has not been demonstrated. This
could possibly be done by comparing the functional profile of NK cells from
nonprogressive individuals to those from progressors. In chapter 4, we show that
polyfunctional NK cells are increased in individuals with KIR3DS/LL1 and HLA-B
combined genotypes associated with slower HIV disease progression, decreased viral
load and/or decreased susceptibility to infection. This suggests a possible biological role
for polyfunctional NK cells, but needs to be confirmed.

We have defined our NK cell response through the use of three functional
markers: CD107a, IFN-y and TNF-a. These are well known NK cell anti-viral functions.
However, several other NK cell functions could have been included in our panel. MIP-1a.
competitively inhibits HIV entry into cells and is secreted by NK cells. While CD107 is
usually accepted as a surrogate marker for cytotoxicity, recent characterization of T-cell

responses have shown that a significant proportion of T-cells that are positive for CD107
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translocation to the cell surface upon stimulation do not secrete perforin and may
therefore not be cytotoxic*”. Including perforin as a functional marker in the experiments
presented in chapter 4 could allow for a more accurate measure of cytotoxicity. The
absence of a functional marker in a panel can result in inconclusive data. This is
exemplified by a study in which the frequency of HIV-specific cells secreting IFN-y and
IL-2 correlated positively with CD4 count in HIV infected individuals, whereas IFN-y

secretion alone did not*"!

. An incomplete functional panel could partly explain why NK
cells isolated from individuals with genetic combinations that were shown to be
associated with slower HIV disease progression, such as HLA-B Bw4-801 with
KIR3DL1*h/*y, did not appear to have superior functional potential, as characterized by

IFN-y, CD107a, and TNF-a detection, compared to NK cells isolated from HLA-Bw6

homozygous individuals.

IV. NK CELL STIMULATION

In section IIIA of chapter 1, the controversy surrounding the increased or
decreased functional capacity of NK cells in HIV infected individuals was partly
explained by the use of different NK cell stimuli in different studies. The K562 cell line,
used as a stimulus in chapter 4, was isolated in 1970 from a 53-year-old female suffering

from chronic myelogenous leukemia*”

. It does not express HLA molecules and fails to
inhibit NK cells by interacting with HLA-binding ITIM-containing receptors. Stimulation
with K562 targets therefore mimics the outcome of an interaction with most tumors or

virally infected cells, which often have decreased cell-surface expression of HLA

molecules. While methodologically convenient and conceptually useful, the interpretation
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of experiments using K562 as a stimulus for NK cells must consider certain potential
pitfalls.

Firstly, K562 stimulation of NK cells is not receptor specific. While KIR3DLI
signaling should be affected by the lack of HLA-B on K562 cells, several other inhibitory
NK cell receptors do not find their ligand on the leukemia cell line. This is the case for
KIR2DL1, KIR2DL2 and KIR2DL3, which bind HLA-C molecules, and KIR3DL2,
which binds HLA-A*3 and HLA-A*11**. Therefore the NK cell activation induced by
K562 cells results from compounded signals, or rather the lack thereof, transmitted
through several NK cell receptors. To circumvent this issue, Yu et al. resorted to flow-
based cell identification®'. Using monoclonal antibodies against several KIR molecules,
they were able to exclude NK cells expressing KIR2DL1, KIR2DL2, KIR2DL3,
KIR2DS1, KIR2DS2, ILT-2 and NKG2A and positively select for KIR3DL1 or
KIR3DSI expressing NK cells. This strategy allowed Yu et al. to more specifically study
the effect of KIR3DL1 or KIR3DSI expression on NK cell function in response to
stimulation with MHC-devoid targets at the exclusion of the effect of most other MHC
class I receptors. However, antibodies against all KIRs are not yet available. In addition,
several of the currently available antibodies are cross-reactive to two or three KIR
molecules. For example, the Z27 clone binds both KIR3DS1 and KIR3DL1 while the
CH-L clone binds KIR2DL2, KIR2DL3 and KIR2DS2**'*® Therefore, selection of NK
cells based on KIR expression is, for the moment, technically difficult and incomplete.
Alternatively, K562 cells transfected with HLA-A, -C, -E and -G, but not HLA-B could
be used to stimulate NK cells. This would provide NK cell stimulation specifically as a

result of decreased HLA-B expression. The caveat of this approach would be that the
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HLA genotype of the transfected clones should be matched to every individual tested to
mimic pre-existing KIR-HLA interactions in vivo.

K562 stimulation of NK cells also differs in several points from the events that
occur upon the encounter of an HIV-infected cell. As previously discussed, HLA-A and -
B are downregulated in HIV infection, but some residual expression is maintained*”®. In
addition, other HLA molecules such as HLA-E and HLA-C are maintained at the cell
surface®™. Finally, infected cells should present HLA molecules loaded with HIV
antigens in the peptide-binding groove at the cell surface, which affect KIR-HLA

interactions®>>.

These factors all combine to make the HIV-infected cells stimulus
considerably different from the K562 NK stimulus. To understand the effect the
KIR3DS/L1 locus has on HIV disease progression, viral load and resistance from
infection, it may be more appropriate to measure NK cell function following stimulation
with autologous CD4" T cells infected with HIV. Alter et al. studied the inhibition of
viral replication capacity of NK cells isolated from individuals with the combined
KIR3DS1 and HLA-B Bw4-80I genotype by co-incubating their NK cells with HIV
infected CD4" T cells’'’. The HIV virion production, as measured by ELISA assay for
the p24 protein, was compared between CD4" T cells alone or co-incubated with NK
cells. Because their measure of NK cell potency was limited to inhibition of viral
replication, Alter et al. were not able to determine which function(s) (i.e. cytotoxicity,
cytokine secretion, chemokine secretion) was (were) responsible for the superior viremic

control demonstrated by NK cells isolated from individuals with the combined genotype.

Perhaps modifications to the assay used by Alter et al., to include flow cytometry-based
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characterization of NK cell function, would clarify whether tri-functionality is indeed
linked to HIV control.

Although not shown in chapter 4, analysis of NK cell function in response to
K562 stimulation was also performed for individuals that are KIR3DS1 homozygous.
This genotype was linked to the EU phenotype in chapter 2 and an increased NK cell
functional profile was hypothesized. However, NK cells from KIR3DS1 homozygote
individuals were not found to be functionally different than those from HLA-Bw6
homozygote controls. Preliminary data suggests that NK cells from KIR3DSI
homozygotes may be more potent inhibitors of HIV replication in vitro (see Appendix I).
Because it has been suggested that the ligand for KIR3DSI1 is an HIV-peptide-bound
HLA-B Bw4-80I molecule, this observation further supports the importance of studying

NK cell function in the context of HIV-specific stimulation®"”.

V. ANIMAL MODELS

EUs provide a model in which immune responses contributing to the control of
HIV may be uncovered. However, for practical and ethical considerations, there are
limitations in the type of experiments than can be carried out in human populations. In
order to better understand the role that the KIR3DS/L1 locus may have in HIV resistance,
animal models would be useful.

104406 These usually

Animal EU models have been developed in Rhesus macaques
involve SIV low-dose mucosal inoculations. Using the Rhesus macaque model, virus-

specific T-cell responses were detected in exposed seronegative animals, duplicating

observations made in human EU cohorts2/328-340:357:363:405.406 " 11R and MHC molecules
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are found in macaques. However, genetic information concerning KIR haplotypes is
currently incomplete. Additional knowledge will be gained from the completion of
macaque genome projects as well as characterization of haplotypes from several
animals*”’. Recently, Bostik et al. sequenced KIR3DL, which has 74-77% amino acid
identity to human KIR3DL1, in 38 SIV-infected Rhesus macaques****”. They defined 14
different KIR3DL alleles, which differed in cell surface expression levels. Therefore, the
polymorphic nature of KIR3DL is also found in macaques. Interestingly, certain KIR3DL
polymorphisms in Rhesus macaques were associated with increased or decreased levels

of SIV plasma viral loads*”

. This suggests that Rhesus macaques may provide an animal
model in which the mechanism linking the KIR3DS/L1 locus to decreased HIV
susceptibility in humans could be studied. In such a context, the number of viral
exposures, viral and host genetics could be more easily controlled and host cell samples
would be more readily accessible. Perhaps it would be possible to evaluate whether
certain KIR3DL alleles are associated with decreased susceptibility to SIV infection and
whether these affect NK cell polyfunctionality.

Mice with genetic defects have often been used for immunological studies. The
NOG mouse, which has the NOD (non-obese diabetic), SCID (severe combined
immunodeficiency) and y. (common gamma chain, found in several cytokine receptors)
mutations, lacks functional T-, B- and NK cells*'’. It therefore tolerates engraftment of
human tissue, such as peripheral blood mononuclear cells, which are susceptibile to

subsequent HIV infection. Humanized mice can therefore be used to evaluate the effect

of compounds or infused cells on HIV replication. In these animals, measuring the effects

218



of transfused NK cells expressing specific KIR3DS/L1 alleles on viral load could further

provide evidence as to the role of KIR3DS/L1 in HIV protection.

VI. NK CELL MEMORY?

Innate and adaptive immunity are largely distinguished on the basis that cells
belonging to the latter are capable of immune memory, in addition to their evolving
receptors. Immunological memory is characterized by the rapid expansion of antigen-
specific cells following a second encounter, allowing for long-term protection against a

280

pathogen™". NK cells are normally considered innate immune cells because the receptors

controlling their immunological response are genetically inherited. However, a recent
study by Sun et al. demonstrates that NK cells may have some features of memory™'.

In mice, the MCMV protein m157 is a known ligand for Ly49H, an activating NK
cell receptor with DAP-12 dependent intracellular signaling*'?. In addition, Ly49H" NK
cells are protective against MCMV infection*'**'*. In DAP-12 deficient mice, Sun et al.
showed that the population of Ly49H" NK cells transferred from DAP-12 competent
mice specifically expanded in response to MCMYV infection. This ‘virus experienced’ NK
cell population was maintained for an extended period of time and showed increased
expression of Ly49H receptor and capacity to produce IFN-y when compared to ‘virus
naive’ Ly49H" NK cells isolated from the same DAP-12 competent mouse. Finally,
adoptive transfer of ‘virus experienced’ Ly49H" NK cells into a second DAP-12 deficient
mouse was tenfold more protective against MCMV-induced death than transfer of the

‘virus naive’ counterpart. Antigen-specific expansion, rapid and stronger recall responses

and increased protection are all features normally characteristic of a memory response.
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NK cell ‘memory’ may also exist in humans. If the interaction between
KIR3DS/L1 and their ligands is strongly modulated by the presence of HIV peptides in
the HLA peptide-binding groove, then perhaps NK cell ‘memory’ could provide a
mechanistic explanation for the decreased susceptibility to infection observed in
individuals with specific KIR3DS/L1 alleles. A primary exposure to HIV following high-
risk behavior could induce expansion and stimulation of NK cells bearing protective KIR
alleles. Upon subsequent exposures, the protective NK cell population would already be
‘primed’ and provide additional protection against HIV infection. To test this hypothesis,
it will be important to (1) find the ligand for KIR3DS1, (2) determine the effect of HIV
peptides on the interaction of different KIR3DS/L1 alleles with their ligands, (3)
determine the level of activity of KIR3DS/L1" NK cells in EUs compared to unexposed
individuals, (4) utilize animal models of infection such as Rhesus macaques or
humanized mice to confirm the increased protective effect from ‘virus experienced” NK

cells.

VII. THERAPEUTIC OPPORTUNITIES

Section III of chapter 1 describes the relationship between HIV and NK cells. HIV
infection alters the phenotype of NK cells, rendering them suboptimal for HIV control by
affecting different aspects of the cell’s function (summarized in figure 26)*"". On the
other hand there is strong epidemiological and in vitro evidence demonstrating that NK
cells can kill infected cells, inhibit viral replication and influence the rate of disease

150,151,191,287,305

progression . Therefore, if NK cell function can be therapeutically restored
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in HIV infected individuals, it may be possible to achieve some measurable clinical
benefits.

Several therapeutics strategies, shown in figure 27, that harness the potential of
NK cells have been developed*'”. These include the adoptive transfer of alloreactive NK

cells, the alteration of NK cell receptor signaling, administration of NK cell
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Figure 26°"": Effects of HIV infection on NK cell function. (Reproduced by permission from Macmillan
g

Publishers Ltd: Nature Reviews Immunolgy, Fauci et al, 5(11): 835-43,2005).

suppressors or activators and modulation of NK/DC crosstalk. In a clinical setting, most
of these strategies have been developed for cancer therapy. For example, in 2005, Miller
et al. demonstrated that a successful engraftment of NK cells isolated from a mismatched
KIR donor (i.e. the graft recipient lacked MHC molecules capable of acting as ligands for
recipient KIR) increased remission rates in patients with acute myeloid leukemia who had

poor prognosis'*’. In these patients, the graft versus leukemia effect was strong because
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NK cell function could not be inhibited through KIR signaling. Another example of NK
cell based therapy is the monoclonal antibody rituximab. Specific for CD20, a molecule
found on B-cells, rituximab is used for the treatment of non-Hodgkin lymphomas and
functions by mediating NK cell and monocyte ADCC against the tumor.

Therapeutic strategies based on modulating NK cell function in infectious settings
are only still at an early stage of development. /n vitro experiments have shown that
addition of IL-21 to NK cells isolated from HIV infected individuals increased NK cell
perforin secretion*'®. Also, Gupta et al. developed a fusion protein that is capable of
inducing NK cell mediated ADCC by binding both HIV gp120 and CD16""". Similarly,
direct KIR3DS/L1 stimulation in HIV-infected individuals with the goal of inducing NK
cell functional profiles observed in EUs may lead to better control of viremia. These
strategies provide interesting HIV treatment options that warrant further investigation. It
is likely that such an approach would not cure HIV infection but may provide a novel
treatment option. The most attractive NK cell targeted therapeutic strategy in the case of
HIV infection is probably the modulation of NK-DC crosstalk. It is thought that by
modulating the interaction between these cells, perhaps by adding the right kind of
adjuvants in a HIV-vaccine, the qualitative function of both these cells would be
improved. Given the known impact of DC and NK cells on the development of adaptive
immune responses (see section IID, chapter 1), the modulation of these cells’ function
could theoretically result in qualitatively better vaccine-induced HIV-specific T cell
responses. Research on the manipulation of NK-DC crosstalk is in its infancy. For
example, vaccination of melanoma patients with tumor-derived heat-shock protein gp96

has successfully resulted in both increased NK and T-cell responses, suggesting
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a possible link between NK cell activity and adaptive immune response following
vaccination*'®. However, whether the NK cell responses were involved in shaping the
anti-tumor T-cell response was not directly demonstrated. Also, NK cell mediated lysis of
antigen-loaded targets increases cross-presentation of antigen in DCs and robustly

. . . . . 255
induces antigen-specific adaptive immune responses” .

The biological mechanism
linking KIR3DS/L1 to slower HIV-disease progression, diminished plasma viral loads
and decreased susceptibility to infection is poorly understood. Once it is clarified,
however, whether or not adjuvant-directed stimulation of KIR3DS/L1 would lead to
improved HIV-specific adaptive immunity may become an active area of investigation in
the field of HIV vaccines. The study of NK cells in EU could provide a better
understanding of their effect on adaptive immunity. HIV-specific adaptive immune
responses have been repeatedly observed in EUs?**?>°7703%03% = Additionally, there is
increasing evidence for a role of NK cells in decreased susceptibility in
EUs!2383380:419920 The nossibility that there could be a link between KIR genotype, NK
cell function, DC maturation and development of adaptive immune responses in EUs is
an interesting hypothesis. Characterizing the functional profile of NK cells isolated from
KIR genotyped EUs that develop HIV-specific adaptive immune responses may reveal a
possible association between NK cells and adaptive immunity in EUs. Alternatively, in
vitro co-incubation of activated NK cells with autologous DC can be used to measure the
DC maturation-inducing (increased cell surface expression of CD80 or CD83; induction
of TNF-a or IFN-y secretion) capacity of NK cells**’. Subsequently, the NK cell-exposed
421

DCs can be co-incubated with autologous T-cells to measure their effect on these cells™ .

While indirect, if NK cells isolated from KIR3DS1 homozygotes or
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KIR3DL1*h/*y+B*57 individuals induce greater DC maturation and, in turn, greater T-
cell activation, it would provide evidence for a link between NK cells and adaptive

immunity in EUs.

VIII. CONCLUSIONS

In this thesis, we demonstrate that certain KIR3DS/L1 genotypes are
overrepresented in the EU population we screened. In addition, we show that one of these
genotypes, HLA-B*57+KIR3DLI1*h/*y, is linked with increased NK cell function.
Therefore, the evidence presented in this thesis further supports the role of NK cells, and
particularly of the KIR3DS/L1 locus, in the decreased susceptibility to HIV infection
observed in EUs. As cells that are directly involved in viral suppression and that interact
with both the adaptive and innate arm of the immune system, NK cell offer several
therapeutic opportunities against HIV. Because B- and T-cell responses are thought to be
crucial to the design of successful vaccines, scientific efforts aimed at describing the
immune response to HIV have been largely focused on investigating the role these cells
have in fighting the virus. The failure of recent HIV vaccine trials has underlined the lack
understanding of the correlates of immune protection against HIV and suggests that,
perhaps, a better understanding of the anti-HIV immune response provided by other cells

of the immune system is required to successfully curb the HIV pandemic.
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Appendix I: Supplemental data

HIV viral inhibition
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Effect of KIR3DS1 homozygosity on HIV inhibition. HIV-infected CD4 + T cells were
co-incubated or not with autologous NK cells for 15 days. On the 15" day, HIV
replication was evaluated by measuring p24 in the culture supernatant by ELISA. Viral
inhibition was calculated by measuring the decrease in p24 production in NK cell co-
cultures when compared to cultures with infected CD4 T cells only. The capacity to
inhibit HIV replication was compared between three KIR3DS1 homozygous (3DS1 hmz)
individuals and four Bw6 homozygous (Bw6 hmz) controls. Although preliminary,
statistical comparison (Mann Whitney test) indicates a strong non-statistically significant
trend towards the increased capacity of NK cells from KIR3DS1 homozygous individuals

to inhibit HIV viral replication in vitro.
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