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Abstract
Host genetics play an important role in regulating susceptibility to infectious diseases,
including the human immunodeficiency virus (HIV). A polymorphism in a G protein
signaling gene (GNB3) previously associated with rapid HIV disease progression is found
at high frequencies among African populations, yet its impact on HIV acquisition and
disease progression is unknown. The GNB3 gene is located on chromosome 12 near the
CD4 gene, as well the gene encoding the regulatory protein lymphocyte activation gene 3
(LAG-3). The goal of this thesis was to characterize the impact of GNB3 genotype on risk
of HIV acquisition and disease progression, as well as the relevance of LAG-3 expression
to immune exhaustion during HIV infection. Because G proteins are involved in HIV
entry and replication in T cells, polymorphisms affecting G protein signaling, such as
GNB3 C825T, could dramatically alter susceptibility to HIV infection, viral replication
and rates of disease progression. Similarly, the expression of the inhibitory protein LAG3 could, like other exhaustion markers, mediate increasing immune dysfunction during
chronic infection. Both GNB3 and LAG-3 could represent targets for therapeutic
intervention to slow disease progression or restore lymphocyte function among HIVinfected individuals.

Surprisingly, our studies showed that GNB3 genotype was not associated with the risk of
HIV acquisition in either a female sex worker or perinatal transmission cohort. Disease
progression and immune activation among healthy and HIV-infected women were also
independent of GNB3 genotype. While the RNA splicing events typically associated with
the presence of the GNB3 825T allele could not be detected among cohort participants,
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differences in LAG-3 expression were observed between women of differing GNB3
genotypes.

In this cohort, LAG-3 expression on T cells, NK cells and iNKT cells in the peripheral
blood was significantly increased among HIV+ women compared to healthy controls, and
was not decreased by antiretroviral therapy. The increase in LAG-3 expression was
greatest on NK and iNKT cells, an innate lymphocyte subset capable of rapid and robust
cytokine production upon stimulation with CD1d-restricted lipid ligands. Lymphocytes
derived from the female genital mucosa, the site of HIV acquisition in the female sex
worker cohort, expressed significantly higher levels of LAG-3 compared to peripheral
blood, suggesting a role for LAG-3 in regulating mucosal immunity, particularly on
double negative (CD4-CD8-) T cells.

Finally, we demonstrated that iNKT cells derived from HIV-infected women exhibited
significantly lower IFN production compared to healthy controls upon lipid stimulation,
which inversely correlated with iNKT LAG-3 expression. Lipid stimulation of PBMC
from HIV+ and ARV-treated women also demonstrated perturbations in the secretion of
multiple cytokines and chemokines, suggesting that iNKT function is not restored
following ART. Together, these data imply that LAG-3 may play an important role in
regulating iNKT function during chronic HIV infection. Blocking LAG-3 signaling could
therefore restore components of innate immunity that are not improved by current ART,
as well as alter HIV susceptibility at the female genital tract, making LAG-3 an attractive
target for future therapeutics and viral eradication strategies.
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1. Introduction
1.1 Current State of the HIV Pandemic
Globally, more than 35 million people are infected with the human immunodeficiency
virus (HIV), which is the causative agent of acquired immunodeficiency syndrome
(AIDS) (1). Current estimates suggest that at least 2 million new infections and 1.6
million deaths occurred in 2012 (1), emphasizing that the HIV/AIDS pandemic remains
one of the most significant global public health issues today. Despite the scale up of
interventions such as voluntary male circumcision and increased condom promotion and
distribution, new prevention and treatment interventions are sorely needed, particularly
among vulnerable populations. The aim of this thesis is to characterize the role of
genetics and immune markers in regulating susceptibility to HIV infection and
subsequent disease progression.

Although a worldwide health concern, the HIV pandemic has been particularly
devastating in sub-Saharan Africa. The estimated adult HIV prevalence across this region
is 4.7%, with Kenya reporting a higher than average prevalence of 6.1% (1). Notably,
HIV prevalence among women aged 15 – 24 is more than twice that of men the same age.
Female sex workers (FSW), in particular, represent a vulnerable population with high
HIV incidence compared to the general population (2). In Kenya, HIV-infected sex
workers form a bridge population to the general public. This thesis focuses on HIV
acquisition and immune function among a long-standing cohort of FSWs located in
Nairobi, the capital of Kenya.
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1.2 HIV Identification, Transmission and Prevention
1.2.1 Identification of HIV
The discovery of the human immunodeficiency virus was preceded by the description of
a cluster of infections of the fungus Pneumocystis carinii (now Pneumocystis jiroveci) in
the United States in 1981 (3). This rare infection, and, additionally, Kaposi’s sarcoma,
was reported among previously healthy, young, gay men who exhibited signs of severe
immunodeficiency (4). As more cases of the newly-named Acquired Immunodeficiency
Syndrome (AIDS) were reported, risk factors were determined to include homosexuality,
intravenous drug use (IDU), Haitian ethnicity and hemophilia A (5). By 1983, several
groups identified the etiological agent of AIDS, a retrovirus similar to the human T cell
leukemia virus (HTLV) group that was later named the Human Immunodeficiency Virus
(HIV) (6-9).

Subsequent research has led to a detailed understanding of the origins and diversity of
HIV throughout the world. The original HIV isolates described above belong to the type
HIV-1, which is responsible for the vast majority of the worldwide HIV pandemic. A
second type, HIV-2, is genetically distinct from HIV-1 and results in slower disease
progression and, in some cases, lack of progression to AIDS (reviewed in (10)). HIV-1
(referred to herein as HIV) is phylogenetically divided into groups M, N, O, and, most
recently, P (11, 12), all of which originated from zoonotic transmission of simian
immunodeficiency virus (SIV) from chimpanzees or gorillas to humans (reviewed in
(13)). HIV strains are further subdivided into clades, which exhibit regional variation in
prevalence (14), with clade B predominating in North America, and clades A, C and D in
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Africa.

1.2.2 HIV Transmission
HIV is transmitted via contact with infected blood or mucosal secretions, and is most
commonly acquired by unprotected sexual intercourse, injection drug use, blood
transfusion or vertical transmission from mother to infant. In contrast to the risk factors
identified in the 1980s, heterosexual intercourse is now a major driver of transmission in
many parts of the world, including sub-Saharan Africa (15). The risk of transmission via
sexual intercourse is low, but transmission from male to female is more likely than from
female to male (16, 17). Mechanisms of HIV transmission across the mucosal barrier at
the female genital tract are reviewed in Section 1.9, but factors that increase the risk of
sexual HIV transmission include the presence of other sexually transmitted infections
(STIs) (17-19) and transmitter viral load (17, 20).

Although mother to child transmission (MTCT) is infrequent among developed countries
due to the use of antiretroviral (ARV) drugs (21), it remains an important mode of
transmission in sub-Saharan Africa (22). MTCT can occur in utero, intrapartum (during
delivery) or postpartum (via breastfeeding) and is more likely among women with high
viral loads. Current WHO guidelines for the prevention of MTCT include prophylactic
ARV therapy (ART) and exclusive breastfeeding for the first six months of life (23).
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1.2.3 HIV Treatment and Prevention
Since the beginning of the HIV epidemic, the discovery of successful treatment and
prevention interventions has remained a top research priority. The development of ARV
drugs that control viral load and prevent/delay disease progression remains one of the
most important breakthroughs in HIV research; only 47% of eligible individuals in lowand middle-income countries, however, currently receive treatment (24). In addition to
delaying disease progression and extending life expectancy, early initiation of ART
during infection and use of pre-exposure prophylaxis (PrEP) are now being considered as
prevention tools with the potential to eliminate sexual HIV transmission (25-30). Indeed,
implementation of the WHO guidelines for ARV initiation is projected to have a
profound impact on HIV prevalence in the most highly affected regions of sub-Saharan
Africa (31). Despite this, the logistical challenges of implementing ART scale-up in
resource-poor settings, the difficulty in identifying cases of acute infection, the costs of
treatment and testing, and increasing rates of viral resistance remain significant barriers
to the use of ARVs as prevention tools (28, 32, 33).

In addition to the promotion of condom use, several biomedical interventions have shown
promise in preventing HIV infection. Male circumcision is now recognized to reduce
HIV acquisition by 38-66%, and can safely be implemented even in resource-limited
settings (34, 35). Despite initially disappointing clinical trials, microbicides also represent
a promising tool for preventing HIV acquisition among women (36). Recently, adherent
application of an ARV-based gel was shown to reduce HIV incidence by 54%,
representing a significant advancement in HIV prevention for women unable to negotiate
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condom use (37). Finally, the development of a successful HIV vaccine, either to induce
protective immunity or to reduce viral load and slow disease progression following
infection, has been elusive thus far (reviewed in (38)). The most successful vaccine
candidate tested to date, RV144, demonstrated a modest 31% efficacy (39) with immune
correlates of protection involving plasma IgG titres against the HIV gp120 protein (40).
A more successful vaccine candidate will, therefore, likely need to elicit both B cell and
T cell responses (41, 42).

1.3 HIV structure and replication
HIV is a single-stranded RNA retrovirus of the family Retroviridae and genus
Lentiviridae. The 9.5 kilobase positive-sense genome contains 9 open reading frames that
encode 15 proteins (43), including the 3 structural polyproteins Gag, Pol and Env, the 3
accessory proteins Vif, Vpr and Vpu, and the 3 regulatory proteins Nef, Tat and Rev. The
Gag polyprotein is cleaved to form the matrix (MA), capsid (CA) and two nucleocapsid
(NC) proteins. The env gene encodes the surface glycoproteins gp120 and gp41, required
for host cell attachment and entry. The pol protein produces the protease (PR), reverse
transcriptase (RT) and integrase (IN) enzymes.

HIV entry into host cells occurs via interaction of the viral gp120-gp41 trimer with the
target cell receptor CD4 (44, 45), expressed primarily on macrophages and CD4+ T cells.
Conformational changes then allow gp120 to bind to a G protein-coupled receptor
(GPCR), commonly C-C chemokine receptor 5 (CCR5) or C-X-C chemokine receptor 4
(CXCR4), although other chemokine receptor usage has been documented in vivo. A

5

detailed description of gp120-GPCR binding and signal transduction is discussed in
Section 1.4. This interaction mediates membrane fusion or endocytosis and allows the
virus to enter the cell and become uncoated (46). Reverse transcription of the RNA
genome involves host cellular factors and the error-prone RT enzyme, which promotes
HIV genetic diversity through the large number of mutations introduced into the genome
during replication (3x105 per replication cycle) (46). The newly-formed dsDNA genome
associates with IN, MA, Vpr and a number of host proteins to form the pre-integration
complex (PIC). This complex travels to the nucleus where IN catalyses the integration of
linear HIV DNA into the host chromosome. The 5’ long terminal repeat (LTR) acts as a
promoter and enhancer for HIV genomic transcription, which is initially mediated by host
cellular machinery until sufficient Tat is translated to drive viral transcription. Production
of Rev stabilizes gag, pol and env RNA transcripts and allows full translation of viral
proteins in the cytoplasm. Assembly of the viral particle at the cell membrane is directed
by Gag. During or after viral budding from the host cell, the viral protease cleaves the
Gag and Gag/Pol polyproteins and allows for complete viral maturation.

1.4 Heterotrimeric G protein signaling and HIV replication
Following the identification of CD4 as the primary receptor for HIV, it became apparent
that the CD4 molecule was necessary, but not sufficient, to mediate viral infection of
human cells. Expression of CD4 on non-human and hybrid cells suggested that a
permissibility factor expressed on human cells facilitated viral entry. Studies of viral
isolates also demonstrated differences in tropism for macrophages and T cell lines,
leading to the classification of isolates as either macrophage (M)-tropic, T cell-line (T)tropic or dual-tropic, possibly due to differing affinities for cellular co-receptors. The
6

chemokine receptor CXCR4 (fusin) was the first HIV co-receptor to be identified, and
was shown to mediate the entry of T-tropic (now X4-tropic) viruses (47); the M-tropic
(now R5-tropic) viral co-receptor CCR5 was identified soon after (48-52). While the vast
majority of viral isolates utilize either CXCR4 or CCR5 as the viral co-receptor, other
chemokine receptors including CCR1, CCR3 and CXCR6 can be utilized (53, 54).

Chemokine receptors belong to the seven transmembrane domain G protein-coupled
receptor (GPCR) superfamily, a large receptor family that initiates intracellular signaling
events mediated by heterotrimeric G proteins. Heterotrimeric G proteins (referred to
herein as G proteins) form a trimer comprised of one each of an ,  and  subunit. The 
and  subunits form a constitutive dimer that binds an  subunit- guanosine 5'diphosphate (GDP) complex. Activation of the GPCR recruits the G protein complex and
results in the exchange of guanosine 5'-triphosphate (GTP) for GDP, inducing the
dissociation of the  dimer from the  subunit and initiating downstream signalling
pathways from all subunits. The intrinsic guanosine triphosphatase activity of the 
subunit cleaves the GTP into GDP and promotes the reformation of the G protein trimeric
complex (Fig. 2A). Signaling specificity is partially achieved by combinations of subunit
isoforms with varying properties (Table 1). Currently, 16  subunit, 5  subunit, and 12 
subunit genes have been identified. Notably, the majority of lymphocyte G protein
signalling is mediated by the Gi family of  subunits.
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Table 1.1. G protein subunit isoforms and characteristics.
Subunit Families/
Characteristics
Type
Isoforms
Stimulates adenylyl cyclase (AC)
G
Gs
Inhibits AC, most common G subunit coupled to chemokine
Gi/o
receptors
Can couple to CXCR4 receptor and mediate T cell receptor
Gq/11
activation (55); activates phospholipase C-
G12/13 Interaction with RhoGEFs; mediate T cell adhesion/motility (in
mice (56))
G
G1
Similar to G2 and G4 subunits
G
GNB3 C825T SNP associated with multiple diseases (see section
G
1.7.1)
G
Associates with regulator of G protein signalling (RGS) domains;
G
localized to multiple intracellular membranes
G
G1-12
More overall sequence diversity between  subunits than between
 subunits
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There are several major effectors of G protein subunits in lymphocytes (Fig. 2B). The Gα
effectors include adenylyl cyclase (AC), phosphodiesterase (PDE), phospholipase C
(PLC) and Rho guanine exchange factors (RhoGEF) (described in detail in (57)). The βγ
dimer is capable of regulating a variety of effectors, including AC, PLCβ and PLCε, class
IB phosphatidylinositol-3-kinase γ (PI3Kγ), G protein-regulated kinases (GRK) and ion
channels (58). Activation of PI3Kγ produces the second messenger phosphatidylinositol
(3,4,5)-triphosphate (PIP3), which binds pleckstrin homology domain-containing proteins
such as Akt/protein kinase B, ultimately promoting cell survival (reviewed by (59)). PLC
activation promotes Ca2+ release via second messengers as well as protein kinase C
(PKC) activation, leading to the induction of the mitogen-activated protein kinase
(MAPK) pathway (Erk, JNK, p38 MAPK) and activation of focal adhesion kinase Pyk2.

Given the ability of gp120 to bind CCR5 and CXCR4 and, given that many of these G
protein signaling pathways ultimately lead to transcription factor activation (including
HIV transcriptional regulators NFκB and AP-1), many studies have attempted to
determine the capacity of gp120 to elicit intracellular signaling responses and to assess
the requirement for those signal transduction events in the HIV lifecycle.

1.4.1 G protein signaling and HIV entry
Controversy over the precise role of, and requirement for, G protein signalling during the
viral life cycle has persisted, with conflicting reports of the capacity of gp120 to elicit G
protein-mediated signals during entry and the effect of those signalling cascades
(reviewed in (60, 61)). gp120-GPCR binding is sufficient to activate G protein signaling
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in primary peripheral blood mononuclear cells (PBMC), causing Ca2+ fluxes,
phosphorylation of Erk1/2 and Akt, and activation of PI3K in CD4+ T cells (62). After
identification of the chemokine co-receptors, early studies investigated whether this G
protein signalling activity is required for co-receptor function, but all initial studies
concluded that G protein signalling was dispensable (63-68). These studies, however,
only focused on dissociating receptor activation from Gi signalling pathways. More
recently, Harmon and Ratner (69) demonstrated a requirement for Gq signalling
through CCR5 for viral entry. This signalling pathway is dependent on PLC, PKC, Pyk2
and Ras, and is required for Rac-1 mediated actin reorganization that facilitates HIV
membrane fusion, demonstrating the importance of G protein signalling in HIV entry.

1.4.2 G protein signaling and HIV replication
Similarly, detailed studies now suggest that G protein signalling through both CCR5 and
CXCR4 promotes HIV replication following entry. Pre-incubation of primary monocytes
and monocyte-derived macrophages with CCR5 ligands suggest that G protein-mediated
signals promote a cellular environment that is highly permissive to viral replication (70).
Specific inhibition of G protein-mediated chemotaxis pathways (71, 72) blocked R5tropic HIV replication (73), consistent with a study showing that gp120 binding to CCR5
results in activation of Erk1/2 and phospholipase D (PLD), and promotes transactivation
of Tat and the HIV LTR (74). Others have shown that gp120-induced G protein-mediated
Ca2+ release and PI3K/Akt activation removes a block to viral replication (75). Evidence
points to a similar role for G protein signalling in CD4+ T cells, where high surface
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Figure 1.1. G protein activation following G protein-coupled receptor stimulation by
ligand or HIV. (A) Activation of the receptor results in G protein recruitment, exchange
of guanosine 5’-triphosphate for guanosine 5’-diphosphate at the α subunit, dissociation
of the α subunit from the βγ dimer and initiation of downstream signaling pathways.
Regulators of G protein signaling (RGS) and the guanosine triphosphatase activity of the
α subunit results in re-association of the trimeric G protein complex. (B) Schematic of
major signaling pathways initiated by Gαi protein signaling in response to endogenous
ligand. Purple represents effector proteins, orange represents second messengers. Dashed
lines indicate pathways with multiple intermediate effectors. GPCR: G protein-coupled
receptor; PI3K: phosphatidylinositol-3-kinase; PLC: phospholipase C; AC: adenylyl
cyclase; GEF: guanine exchange factor; PKB: protein kinase B; PKC: protein kinase C;
PKA: protein kinase A.
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density of CCR5 correlates with an increased level of HIV replication while CCR5-Gi
signaling mutants poorly support HIV replication (76).

Both R5- and X4-tropic viruses are capable of inducing MAPK/Erk activation in
unstimulated PBMC, which is dependent on Gi signals and is required for the late
stages of reverse transcription (77, 78). Most recently, CXCR4-mediated Gi signals
have been shown to overcome actin-based restriction of HIV infection in resting T cells
(79). Gi pathways activate cofilin, an actin filament severing protein, to allow viral
nuclear import. Inhibition of this pathway strongly inhibits latent infection of resting T
cells. This work was subsequently extended to include activation of cofilin by chemokine
ligands of CCR7, CXCR3 and CCR6, which can promote HIV latency through viral
integration into the genomes of resting cells (80, 81). Viral budding also appears to
require Gi signaling and phosphorylation of Arp2/3 proteins (82), implicating G protein
signaling events in almost every stage of the viral lifecycle.

Additionally, gp120 has been repeatedly shown to induce T-cell chemotaxis through
activation of both CCR5 and CXCR4 (62, 83-86). The inappropriate activation of
chemotaxis by viral gp120 may play an important role in recruiting uninfected cells to
sites of viral replication, thus facilitating the spread of the virus (84, 85). These signals
may also lead to dysregulation of cellular function in lymphatic organs, as well as
activation of T cells. Interestingly, defects in lymphocyte chemotaxis, particularly those
observed during HIV-mediated destruction of the gut lymphoid tissue, were partially
attributed to Nef-mediated degradation of Gi2 subunits (87). Chandrasekaran et al
12

speculate that this degradation could result in increased free G dimers and promote
signaling cascades that promote viral replication. Viral infection, therefore, has the
potential to alter both immune activation and cell behaviour through G protein signaling,
especially in late-stage HIV infection.

1.5 HIV disease course and stages of infection
Acquisition of HIV through sexual exposure results in viral infection of mucosal CD4+ T
cells and Langerhans cells (88); while macrophages are targets of systemic viral
infection, they are poorly infected by transmitted virus (89). Dissemination of the virus to
the draining lymph nodes by dendritic cells (DCs) (approximately 6 days post infection)
allows for robust viral replication within the gut-associated lymphoid tissue (GALT).
Infection targets CD4+ T cells expressing the mucosal-homing receptor 47, which is
bound by gp120 (90). Widespread viral replication results in extensive depletion of gut
CD4+ T cells, an effect that is not reversed even following ART. A widespread systemic
infection is then initiated, with viral replication targeting and irreversibly depleting the
CD4+ T effector memory cell pool. Like other lentiviruses, HIV is capable of infecting
both dividing and non-dividing cells, but activated cells favour infection and viral
replication (91-93). Infection of resting or quiescent T cells, or differentiation of activated
infected cells to quiescent memory cells, establishes a latent viral reservoir in peripheral
and lymph node memory T cells (94); this persistent reservoir prevents eradication of the
virus even during successful ARV therapy (95).
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The period of time following HIV acquisition but prior to the development of an antibody
response to the virus is known as the ‘window period’ and generally lasts for 3 – 4 weeks
post infection. Symptoms of acute infection are non-specific and include flu-like
symptoms such as fever, rash and lymphadenopathy (96). Following an initial spike in
viral load and depletion of systemic CD4+ T cells, the activation of the adaptive immune
response corresponds to a decrease in viral load to a maintained ‘set-point’ and a partial
rebound of CD4+ T cell count. Set-point viral load is a useful predictor of future disease
progression (97). Between 3 weeks and 3 months post-infection, the induction of the
humoral antibody response results in detectible HIV-specific systemic antibodies,
allowing for diagnosis of HIV infection and denoting the time of seroconversion.

The control of viral replication by the host immune response leads to the asymptomatic
chronic phase of HIV infection. During chronic infection, loss of CD4+ T cells is
believed to be a primary cause of immunodeficiency and correlates with disease
progression, allowing CD4 count to be used as a clinical measure of disease stage (98).
CD4+ T cell counts and viral load are relatively stable during chronic infection, and may
remain so for 2-10 years. The gradual decline in CD4 count results in immune
dysregulation and eventual spikes in viral replication. The Centres for Disease Control
(CDC) classify HIV disease progression through three CD4 count categories (>500
cells/L, 200 – 499 cells/L and <200 cells/L) and three clinical disease categories
(acute/asymptomatic, symptomatic and symptomatic with AIDS-defining illness) (99).
AIDS is defined as the point at which the CD4 count declines below 200 cells/L. Due to
the destruction and dysregulation of the host immune system, viral replication increases
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and the host becomes susceptible to a range of opportunistic infections (AIDS-defining
illnesses). Without successful ARV therapy, AIDS leads to death.

1.6 Altered disease progression and susceptibility
1.6.1 Altered Disease Progression
While a ‘typical’ course of HIV disease progression is often described, there is significant
variation in the rate of progression between both individuals and populations (see also
Section 1.7). While some discrepancies exist over whether disease progression in Africa
is more rapid than in North America (100), vulnerable subpopulations such as female sex
workers (FSWs) can exhibit more rapid progression than the rest of the population (101).
Groups of individuals exhibiting particularly rapid progression or natural control of
infection have been intensely studied in order to identify immune responses desirable for
an HIV vaccine (102).

Compared to normal progressors, who reach CD4 counts of <350 cells/L in 8 - 10 years,
rapid progressors (RP) may do so in less than 2 years. In some populations, progression
to AIDS within a year of seroconversion has been documented in an extreme phenotype
of rapid progression (Keynan, personal communication). Conversely, approximately 510% of individuals are able to maintain natural immunological control of HIV infection
(103). Long term non-progressors (LTNP) maintain high CD4 counts (often >500
cells/L) for long durations (>14 years in some cases), while the rarer group of elite
controllers/elite suppressors (EC/ES; <1% of HIV-positive subjects) exhibit low or
undetectable viral loads (<50 copies/mL) in the absence of ARV therapy (reviewed in
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(102)). Although some cases of LTNPs and ECs have been attributed to infections with
low fitness viruses (104), most arise from environmental effects or genetic
polymorphisms associated with viral control (discussed further in Section 1.7) (105-107).

1.6.2 Natural Immunity to HIV infection
Just as natural variation in HIV progression produces a spectrum of disease progression
patterns, not all individuals are equally susceptible to HIV infection. It is now recognized
that despite repeated exposure to HIV, some individuals remain uninfected. This group is
termed HIV-exposed seronegative (HESN) (108-110) and includes uninfected recipients
of HIV-infected blood products, seronegative partners of discordant couples, children
born to HIV-infected mothers, seronegative injection drug users and uninfected
individuals with high-risk sexual practices such as men who have sex with men (MSM)
and HIV-resistant FSWs (111). While the mechanisms underpinning the protection of
HESNs likely differ between subgroups (112), extensive research has focused on an
extreme HESN phenotype: highly exposed FSWs in Nairobi, Kenya who remain HIV
negative for more than 7 years of follow-up and are described as relatively resistant to
HIV infection (HIV-R) (113).

The HIV-R women of the Pumwani FSW cohort do not differ in their sociodemographics
or sexual practices from HIV-susceptible cohort members, and are not resistant to other
STIs. Attempts to define the correlates of protection in these women has led to the
proposal of the role of immune quiescence (IQ), a phenotype characterized by low
baseline immune activation (114) and gene expression (115, 116), increased levels of
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regulatory T cells (114) and increased levels of genital tract anti-inflammatory antiproteases (117) coupled with decreased expression of inflammatory chemokines (118).
The state of IQ is proposed to decrease HIV target cell availability and reduce favourable
conditions for viral replication, although the mechanisms underpinning these correlates of
protection have yet to be determined. Causal factors are likely to be both environmental
and genetic, as evidenced by the familial relationships of many HIV-R women (119).

1.7 Genetic correlates of HIV susceptibility and control
As with many human diseases, genetic variation plays a major role in shaping an
individual’s susceptibility to HIV infection and the quality of the subsequent immune
response (reviewed in (120)). The most consistent, and arguably the strongest,
associations between HIV susceptibility/disease progression and host genetics involve the
human leukocyte antigen (HLA) genes (107, 121, 122), which are the most polymorphic
genes in the human genome. An individual’s HLA alleles determine what viral epitopes
will be presented to CD8+ T cells, thereby shaping the quality and effectiveness of the
adaptive immune response. The HLA B*57 allele is consistently associated with slow
disease progression in both Caucasian and African populations (107), and has been
identified in three genome-wide association studies of markers of HIV control (123-125),
while HLA B*27 and HLA C alleles have similarly been associated with delayed
progression (107, 126, 127). HLA molecules not only present peptides to CD8+ T cells,
but also act as ligands for killer cell immunoglobulin-like receptors (KIRs) expressed on
natural killer (NK) cells. Perhaps unsurprisingly, a number of KIR-HLA allele
combinations also affect HIV susceptibility, viral load set point and disease progression

17

(128, 129) (reviewed in (130)). Aside from HLA-related allelic variation, the majority of
host genetic polymorphisms that are repeatedly associated with HIV acquisition or
disease progression are related to the expression and function of the GPCR HIV coreceptors.

The earliest identified genetic correlate of resistance to HIV infection is the CCR5∆32
deletion, in which a 32bp deletion in the CCR5 co-receptor gene prevents surface
expression of functional CCR5 (131). Homozygous CCR5∆32 individuals are relatively
resistant to HIV acquisition, and heterozygotes exhibit delayed disease progression (132134). Additional CCR5 promoter polymorphisms have been associated with accelerated
disease progression, possibly due to increased CCR5 expression (135); other CCR5 SNPs
identified in South African populations are known to affect CCR5 expression and
chemokine binding, but their role in HIV susceptibility is unknown (136). A single
nucleotide polymorphism (SNP) in the CCR2 gene (CCR2 V64I), which is located near
the CCR5 locus on chromosome 3, is associated with delayed disease progression (137),
reduced viral load, and reduced vertical transmission (138), either due to linkage
disequilibrium with CCR5 promoter polymorphisms (139) or the expression of CCR2
splice variants that alter CCR5/CXCR4 expression (140) (141). Recently, our lab
identified a SNP in the CD4 gene associated with increased risk of seroconversion and
accelerated disease progression in a Nairobi-based FSW cohort, likely via a mechanism
involving increased signal transduction through lck-initiated pathways (142) (Oyugi
unpublished).
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The importance of the co-receptor binding pathway in HIV infection is further
underscored by the identification of polymorphisms in CCR5/CXCR4 ligands that alter
HIV acquisition and progression. Increased expression of these ligands can compete with
gp120 for co-receptor binding and also induce receptor internalization upon binding,
thereby inhibiting HIV infection. MIP-1 (CCL3) (143), MIP-1 (CCL4 and CCL4L1)
(144), SDF-1 (CXCL12) (145), MCP-1 (CCL2), MCP-3 (CCL7), eotaxin (CCL11)
(146) and RANTES SNPs (147, 148) have been associated with rate of progression in
some, but not all, cohorts tested (149, 150), (reviewed in (151)). It is important to note
that in some cases, associations are observed only within specific ethnic populations
(152). CCL3L1 (MIP-1) copy number was widely believed to affect HIV susceptibility
and progression, with individuals with greater than average gene copy numbers within an
ethnic population being less susceptible and progressing more slowly to AIDS (153),
although this association has recently been questioned (154-156).

1.7.1 G Protein Gene Polymorphisms - GNB3 C825T
Despite the numerous examples of co-receptor/chemokine ligand SNPs that regulate HIV
immunity, relatively few studies have examined the impact of variation in downstream G
protein signalling pathway components on HIV susceptibility or progression. Given that
G protein-mediated signal transduction initiated by gp120-co-receptor binding is required
for viral replication (as reviewed in Section 1.4), enhancement or reduction of G protein
signaling activity could substantially impact the likelihood of productive T cell infection.
Many polymorphisms in G protein subunit genes result in tissue-specific disorders (for a
review, see (157)), but several have been documented to have wide-ranging pleiotropic
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effects. Gain- and loss-of-function mutations in the GNAS locus (the complex genetic
locus encoding Gs proteins) have been associated with a more severe course of malarial
infection, and a silent SNP in GNAS exon 5 is associated with lymphocytic cancer
progression and survival (158, 159). To date, no published studies have tested any
associations between GNAS polymorphisms and HIV susceptibility or progression.

In contrast, a well described SNP in the guanine nucleotide binding protein beta
polypeptide 3 (GNB3) gene (C825T; rs5443) has been associated with several disease
outcomes including differing rates of HIV progression and responses to ART (160-162).
GNB3 encodes the G3 protein, one of the five isoforms of G protein  subunits. The T
allele of the 825 SNP is a silent mutation that does not alter the G3 amino acid sequence
but is instead associated with the production of two mRNA splice variants, Gb3s and
Gb3s2, that contain deletions of 123bp and 129bp, respectively (160, 163). In vitro
expression of G3s/s2 proteins suggests that they are biologically active, dimerize with
G subunits and result in increased G protein signaling activity (160, 163). These results
are consistent with observations of increased lymphocyte chemotaxis in response to
GPCR ligands in GNB3 825TT individuals (164, 165). Despite this data, controversy
exists over the biological relevance of the GNB3 splice variants and the mechanism of
action of the 825T allele (166). While Siffert et al (160) suggest that G3s/s2 expression
results in decreased affinity of the G dimer for G which therefore more readily
dissociates upon activation, other groups that have found no impact of G3s on signal
transduction have suggested that the splice variants are non-functional and result in a
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decrease in viable G3 protein (167). Evaluation of these claims is difficult given the
lack of data demonstrating G3s/s2 expression at the protein level in vivo (160, 168).

Despite the conflicting reports of GNB3 splice variant activity, GNB3 genotype is
reported to modulate multiple aspects of the immune system. Some authors have
suggested that the 825T allele is predictive of immunocompetence (164, 169), as 825T
allele carriers exhibit improved cellular responses to hepatitis B virus (HBV) vaccination
compared to CC/CT allele carriers (169), who, in contrast, show poor responses to
hepatitis C virus (HCV) therapy (170) and increased risk of infant death due to infection
(171). Functional effects of the GNB3 825T allele on immune cells include increased
chemotaxis of T cells (164, 165), increased CD4 T cell counts, greater proliferative
responses to recall antigens and decreased lymphocyte apoptosis (164, 169, 172).

Together, these data suggest intriguing ways in which the 825TT genotype could affect
HIV acquisition and/or disease progression, either by altering the activation of G protein
signaling pathways required for HIV replication or through the modulation of
chemotaxis, immune activation and antigen-specific cellular immune responses. Indeed, a
study of HIV disease progression among a Caucasian cohort reported a significant impact
of GNB3 825 genotype on rate of progression, with 825TT individuals progressing to
AIDS more than twice as fast as 825CC subjects (162). Somewhat paradoxically, a small
study of CD4 count rebound and viral load suppression following initiation of ART
reported improved responses to therapy among 825TT participants compared to
825CC/CT genotypes (161). Although intriguing, these observations have not been
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replicated in any additional cohorts. Given the potential for linkage disequilibrium (LD)
between genetic markers and the risk of false positives among candidate gene association
studies (173), it is important to confirm the effects of the GNB3 825 SNP in additional
cohorts, particularly those of different ethnic backgrounds (151).

GNB3 825T allele frequency is moderate (~20%) within Caucasian populations such as
the cohort involved in the HIV progression study (162). Within African populations
where worldwide HIV burden is highest, however, an effect of GNB3 825 genotype on
HIV disease progression could have a dramatic impact, as the 825T allele frequency is
extremely high (~80%) (174). Genetic association studies of GNB3 genotype in African
populations are generally lacking in the literature and represent a significant gap in
knowledge (175), but reports tend to suggest that the epidemiological impact of GNB3 in
Africans differs from the associations reported in Caucasian and Asian populations (175177). In many cases, genetic association studies have not been followed up with
functional experiments designed to directly assess the impact of the GNB3 C825T SNP
on immune function.

Epidemiological analysis of the impact of GNB3 825 genotype on HIV susceptibility and
disease progression among multiple African cohorts is presented in Section 3.
Assessment of GNB3 825TT genotype and mRNA splicing is presented in Section 4.
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1.8 Introduction to the human immune system
1.8.1 Innate Immunity
The human innate immune system is responsible for the rapid recognition of invading
pathogens, which results both in the induction of non-specific immune responses and the
activation and biasing of the adaptive immune response. The initiation of the innate
immune response relies primarily on the activation of pattern recognition receptors
(PRRs) that bind common pathogen-associated molecular patterns (PAMPs) to activate
signaling pathways that initiate interferon (IFN) and cytokine secretion. The main classes
of human PRRs include toll-like receptors (TLRs), nod-like receptors (NLRs), RIG-I-like
receptors (RLRs), C-type lectin receptors (CLRs) and hematopoietic interferon-inducible
nuclear protein (HIN)-200 proteins. TLRs are well characterized membrane-bound and
intracellular PRRs that recognize a variety of PAMPs, including flagellin,
lipopolysaccharide (LPS), and double stranded (ds)RNA (reviewed in (178)). NLRs and
RLRs are localized in the cytoplasm and recognize bacterial peptidoglycan-derived
peptides and dsRNA, respectively (reviewed in (179)). CLRs and HIN-200 are not
universally recognized as PRR families, but bind carbohydrate moieties and dsDNA,
respectively, and can induce antiviral signaling pathways (180, 181).

Immune cell subsets involved in innate immunity include professional antigen presenting
cells (APCs) and natural killer (NK) cells. APCs include dendritic cells (DCs),
macrophages and B cells (discussed in Section 1.8.2). APCs express a variety of PRRs
and are primarily involved in pathogen recognition and uptake, resulting in the
production of IFN/cytokines/chemokines (including IL-12, IL-15 and IL-18) and the
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presentation of antigens to T lymphocytes via MHC class I and II molecules in the lymph
node (182). NK cells play important roles in antiviral immunity by recognizing and
lysing pathogen-infected cells and by modulating the adaptive immune response (183,
184). NK cell activation occurs in response to downregulation of inhibitory killer
immunoglobin-like receptor (KIR) ligands (MHC I molecules) or through upregulation of
activating KIR ligands (reviewed in (185)). Peripheral blood NK cells are typically
defined as either CD56dimCD16+ or CD56hiCD16-. The CD56dimCD16+ subset represents
approximately 90% of circulating peripheral NK cells and is predominately cytotoxic in
nature. In contrast, the CD56hiCD16- subset is capable of secreting large amounts of
cytokines and is referred to as the immunoregulatory NK subset (184).

1.8.2 Adaptive Immunity
The adaptive immune system includes both B and T lymphocytes and can be broadly
divided into humoral and cell-mediated arms. Adaptive immunity involves antigenspecific responses (mediated by the B cell or T cell receptor) and includes the generation
of a long-lasting memory response.

B lymphocytes orchestrate humoral immunity by producing antibodies in response to
invading pathogens (186). Recognition of an antigen by the B cell receptor (BCR) results
in proliferation and affinity maturation, whereby antibody genes are mutated to increase
antibody-antigen affinity. Antibodies are responsible for numerous functions including
phagocytosis, opsonization, neutralization and antibody-dependent cellular cytotoxicity
(ADCC).
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Cell-mediated immunity involves the activation of CD4+ and CD8+ T lymphocytes.
CD4+ T cells, also known as T helper (Th) cells, are crucial orchestrators of the adaptive
immune response, and provide co-stimulation signals to B cells and CD8+ T cells to
promote an effective antigen-specific response. CD4+ T cell responses are restricted by
MHC class II proteins. CD4+ T cell subsets were originally described as either Th1 or
Th2 based on cytokine production patterns, but are now recognized to include an array of
phenotypically and functionally distinct groups (187) including Th17/Th22 cells,
regulatory T cells (Tregs), Th9 cells and T follicular helper cells (Tfh) (188). Tregs play a
particularly important role in modulating immune activation and maintaining peripheral
tolerance. Tregs can be phenotypically defined by expression of CD25 (IL-2R) and the
transcription factor FOXP3 and negatively regulate the immune response through
inhibitory cytokine production (IL-10, TGF-, IL-35), cytolysis, metabolic disruption and
inhibitory receptor expression (CTLA-4, LAG-3, discussed further in Section 1.11.7.1)
(189, 190).

CD8+ T lymphocytes are MHC class I-restricted cells that can differentiate into effector
(cytotoxic T lymphocyte, CTL) or memory subsets during infection (reviewed in (191))
and play a crucial role in eliminating infected cells. Antigen-specific CTLs commonly
express perforin and granzyme to mediate cytolysis, while effector memory cells can
produce a number of cytokines including IFN, TNF, MIP-1 and IL-2. During chronic
viral infection, persistent exposure to antigen and an inflammatory environment can
induce immune exhaustion, a phenotype whereby CTLs lose their effector functions and
proliferative capacity (described in detail in Section 1.11.7).
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1.8.3 Double Negative T (DNT) cells
The double negative T (DNT) cell population, defined as CD3+CD4-CD8- lymphocytes,
represents a heterogeneous population with recently described immunoregulatory
properties. Based on expression of CD3, CD4 and CD8 alone, DNT cells can include 
T cells,  T cells and NKT cells, all of which exhibit differing antigen specificities and
functions. The phenotype and function of iNKT cells (including DN iNKTs) is discussed
below in section 1.8.4.

 T cells, defined by their expression of the alternative  TCR chains instead of a
typical CRrecognize pyrophosphate antigens expressed by both prokaryotic and
eukaryotic cells. Numerous functions have been ascribed to  T cells, including
acquisition of antigen presentation capabilities, pro-inflammatory cytokine production
and regulatory/suppressive activity (reviewed in (192)). The functions of  DNT cells
are similarly diverse and include cytotoxicity, IL-17 production, Th activity and
immunoregulation through a contact-dependent mechanism (193, 194) (reviewed in
(195)).  DNT cells are detected at frequencies of 3-8% in peripheral blood, and may
reach the periphery through several mechanisms. Some speculate that CD4
downregulation on CD4+ T cells in peripheral blood may produce  DNT cells;
conversely, immature double negative thymocytes may migrate directly to the periphery
after acquisition of the  TCR or during negative selection. In contrast to the relatively
low frequency of DNT cells in peripheral blood, mucosal sites such as the foreskin can
contain elevated DNT frequencies, as high as 15% - 30% of CD3+ T cells (196).
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1.8.4 Invariant NKT Cells
A small subset of T lymphocytes expressing surface markers characteristic of both T cells
(T cell receptor, CD4/CD8) and NK cells (CD161) are now appreciated to form an
important link between the innate and adaptive immune responses. These ‘NKT’ cells
can be activated in both antigen-dependent and -independent manners and respond with
robust Th1 and Th2 cytokine production, allowing them to exhibit remarkable functional
plasticity with both pro-inflammatory and immunoregulatory characteristics (197). NKT
cells can be grouped into several subsets (Table 1), but the most commonly described
group is the Type 1 or invariant NKT (iNKT) subset. iNKTs are so named due to the
expression of a highly restricted TCR comprised of -chain variable region 24 (V24)
and -chain joining region 18 (or Q; JorJaQ) paired with Vchain 11 (V11)
(reviewed in (198)).

iNKT cells are restricted not by MHC molecules but by CD1d, an atypical antigenpresenting transmembrane protein that associates with 2-microglobulin and binds lipid
antigens (198). While the natural ligand of CD1d has not been conclusively identified, it
binds with high affinity to the marine sponge-derived lipid -galactosylceramide
(GalCer, discussed below) (199). CD1d is expressed on all human lymphocytes, but is
enriched on APCs (200). Despite the low frequency of the iNKT population in the
periphery (0.01 – 1% of CD3+ lymphocytes in humans), iNKT activity is now
appreciated to play an important role in immunity to infectious diseases (201).
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1.8.4.1 iNKT activation:
The earliest known and best described CD1d-restricted iNKT cell ligand is GalCer, a
glycosphingolipid derived from the marine sponge Agelas mauritinius (199). While
GalCer does not represent a natural ligand for iNKT activation, its ability to strongly
and specifically activate iNKT cells has made it a gold standard in iNKT stimulation
experiments. Both endogenous iNKT ligands (including the controversial ligand iGb3
(202-205) and lysophospholipids (206)) and bacterial-derived iNKT ligands are
increasingly being described (207-218) (reviewed in (219)), although no viral-encoded
iNKT lipid ligands are known to exist. A recent breakthrough in iNKT ligand
identification has demonstrated that the endogenous lipid β-D-glucopyranosylceramide
(β-GlcCer) accumulates in vivo after bacterial infection/LPS treatment and is a potent
activator of both murine and human iNKT cells (220, 221).

iNKT activation by APC-mediated antigen presentation involves IL-12 production and is
strongly dependent on CD40/CD40L interactions (222-224), with low levels of CD40L
being detectible ex vivo on the surface of iNKT cells (225, 226) and intracellular, preformed CD40L mobilized upon activation (227). Activation of iNKT cells in the absence
of a pathogen-derived lipid antigen can occur in a CD1d-dependent or independent
manner (reviewed in (228-230)). Both gram negative and gram positive bacteria are
capable of activating iNKT cells via TLR stimulation of, and IL-12/IFN/ production
by, APCs (210, 231-234). This mechanism appears to require CD1d-restricted
presentation of endogenous lipid (210, 235). Virus-induced alteration of endogenous lipid
presentation can also contribute to iNKT activation, as in the case of in vitro HBV
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Table 1.2. Human CD1d-restricted NKT cell types
TCR
V24-Ja18; V11
Subsets
CD4+, CD8+, double
negative
Type I
Ligand
GalCer, GlcCer
Restriction
CD1d
NK Receptors
CD161+/TCR
Diverse
Subsets
CD4+, CD8+
Ligand
Sulfatide, Lysosulfatide,
Type II
Lysophosphatidylcholine
Restriction
CD1d
NK Receptors
CD161+
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infection (236). CD1d-independent iNKT activation can also occur in the context of LPSinduced APC production of IL-12 and IL-18 or CpG-induced TLR9 signaling and IL-12
production (237, 238).

1.8.4.2 iNKT subsets and functional capacity
While many studies simply characterize human iNKTs as CD4+ or CD4-, a proportion of
human iNKTs express CD8 (239, 240), allowing human iNKT subsets to be defined as
CD4+, CD4-CD8- (DN) or CD8+. Subset-specific differences in surface marker
expression have been described, with CD4+ iNKTs exhibiting lower expression of CCR5
compared to the CD4- subset, which characteristically expresses CCR1, CCR6, CXCR6,
2B4, CD161 and NKG2D (225, 241)(reviewed in (242)). All iNKTs express high levels
of CXCR3 and CXCR4, express CD69 upon activation (225, 243) and typically exhibit
an effector/memory phenotype (244, 245).

A hallmark of iNKT activation is the rapid production of a vast array of cytokines and
chemokines (200, 246, 247) including IFN, TNF, TGF, GM-CSF, IL-2, IL-4, IL-5,
IL-6, IL-10, IL-13, IL-17, IL-21, RANTES, Eotaxin, MIP-1 and MIP-1 (reviewed in
(200, 228)). CD4+, DN and CD8+ subsets differ in their cytokine production patterns
(239, 248-250), as CD4+ iNKTs produce both Th1 and Th2 cytokines (251) while CD4iNKTs generally produce only Th1 cytokines (248, 250) (reviewed in (242)). Other iNKT
effector functions include perforin/granzyme release associated with NKG2D
engagement (228, 249, 250, 252, 253), and Fas/FasL-mediated cytotoxicity (200, 228).
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In addition to direct cytolytic function and cytokine secretion, iNKTs play an important
role in the activation and regulation of other immune cell subsets. iNKT activation
reciprocally modulates DC function (254-256) and quickly leads to NK cell activation in
an IFN-dependent manner, followed by T and B cell activation (257). Stimulation of
iNKT cells in conjunction with soluble T cell antigen enhances both CD4+ and CD8+
antigen-specific responses in a DC-derived CD1d-dependent manner (258, 259) via a
mechanism involving CD40 signaling (254), and the use of GalCer and iNKT ligands as
vaccine adjuvants is receiving considerable attention (260-262). The capacity to modulate
multiple aspects of the immune response through iNKT activation has led to interest in
the use of synthetic CD1d-presented antigens as adjuvants in influenza, HIV and
tuberculosis vaccine candidates (263-268)reviewed in (261, 269, 270)).

1.8.4.3 iNKT cell tissue distribution
Peripheral blood iNKT cells account for a very small proportion of CD3+ lymphocytes
(generally 0.01%-1% (271)), and the expression of surface markers including CD62L and
CD11a suggests both lymph node homing and tissue infiltrating capabilities. The
combination of chemokine receptor markers expressed on this subset resembles that of
‘Th1 inflammatory homing cells’ and suggests that iNKT cells may traffic to peripheral
tissues rather than lymphoid tissues (272). A majority of iNKT cells also express the
mucosal-homing marker 47 (241). Given that memory T cells expressing 47 and
CXCR3 are recruited to the female genital tract following bacterial infection (273), it
seems likely that iNKT cells would be similarly recruited to vaginal or endocervical
tissues. At this time, no reports of human iNKT cell frequency or phenotype at the female
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genital tract have been published, but CD1d is expressed by vaginal (274) and cervical
epithelium (275). Recruitment of iNKT cells to mucosal tissues has been demonstrated in
studies of inflammatory bowel disease and the gastrointestinal mucosa (276, 277). In
mice, iNKT activation by GalCer is protective against genital tract Chlamydia
muridarum infection (278), demonstrating a role for iNKT activation in mucosal
immunity that has yet to be confirmed in humans.

1.9 Immunity to HIV infection at the female genital tract (FGT)
In order to develop preventative strategies to reduce sexual transmission of HIV to
women, we must improve our understanding of mucosal immunity at the FGT. Numerous
innate immune defense mechanisms exist at the FGT, including the intact genital
epithelium, a thick layer of mucous (279) containing antiviral proteins such as defensins
and serpins, and the low pH of the vagina (280). These natural defense mechanisms are
extremely effective, with a sexual HIV transmission rate of <1% (281). HIV transmission
can occur, however, by several mechanisms: breaches in the epithelial layer that allow
viral access to target cells (particularly in the epithelial monolayer of the cervix (282)),
binding of HIV to Dendritic Cell-Specific Intercellular adhesion molecule-3-Grabbing
Non-integrin (DC-SIGN) on DCs resulting in presentation to CD4+ T cells (283) (which
can both promote and inhibit viral transmission (284)), and internalization of HIV in
Langerhans cells and subsequent presentation to CD4+ T cells (88) (285). A major
determinant of successful establishment of infection involves the availability of target
cells in the submucosal epithelium (286). In most cases, the initial infection is caused by
only one or a few viral variants (287) which are almost exclusively R5-tropic viruses
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(287-289). Interestingly, founder virus gp120 tends to demonstrate high affinity for 47
(290), making both CCR5+ and 47+ CD4+ T cells, but not macrophages, major targets
of early infection (280, 286, 290-293). Unfortunately, cervical 47+ CD4+ T cells tend
to co-express CCR5 and the activation marker CD69, making this T cell population
highly susceptible to infection (294).

After establishment of a small founder population of infected cells, most commonly at the
endocervix or transformation zone (295), the infection must expand to the lymphatic
system in order to propagate systemically. Based on evidence from studies of SIV
transmission, exposure to virus results in MIP3- expression in the cervical epithelium
that recruits plasmacytoid DCs (pDCs), which, in turn, secrete MIP1- to recruit
activated T cells and macrophages to the site of infection (289). Thus, the innate
inflammatory response to viral exposure actually promotes target cell availability and
infection propagation. This model is further supported by a study of the use of glycerol
monolaurate (GML), a fatty acid that blocks immune activation, as a microbicide to
prevent SIV transmission. GML application reduced FGT MIP-3 levels and provided
protection from vaginal SIV challenge in non-human primates (NHPs), highlighting the
impact of successful immune activation downregulation during viral exposure (296).
Establishment and expansion of the founder population is believed to occur during the
first week of infection (282), after which the virus disseminates to the draining lymph
nodes and subsequently spreads systemically (289).
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1.10 Innate Immunity to HIV
Innate immunity can counteract HIV infection in several ways: through innate restriction
factors expressed in both innate and adaptive immune cells, and through the antiviral
activity of innate cell subsets such as NK cells. Numerous antiviral innate restriction
factors, and the viral components that overcome them, have now been identified
(reviewed in (297)). Most recently, the interferon-stimulated gene Schlafen 11 was
identified as an innate restriction factor that inhibits HIV protein expression by exploiting
viral codon usage bias (298). HIV replication in DCs, macrophages and resting CD4+ T
cells is restricted by the activity of SAM- and HD-domain containing protein 1
(SAMHD1), a dNTP phosphohydrolase protein whose activity is countered by the HIV2/SIV protein Vpx (299-303). The apoplipoprotein B mRNA-editing, enzyme-catalytic,
polypeptide-like 3G (APOBEC3G) protein is expressed in T cells, causes viral genome
hypermutation through cytosine deaminase activity and is inhibited by the viral protein
Vif in conjunction with host core binding factor  (304-306). Virion budding can be
inhibited by the host protein tetherin (bone marrow stromal antigen 2/BST-2) which is
expressed on the cell membrane and is countered by Vpu (307). Finally, NHP Tripartite
motif-containing protein 5-alpha (TRIM5 inhibits HIV replication by interfering with
uncoating of the capsid protein, an inhibitory effect which is modest for human TRIM5
(308).

During early infection, HIV both subverts and activates the innate immune response. As
most innate restriction factors are IFN-stimulated genes, HIV employs strategies to block
IFN production by infected cells, including the sequestration of cytoplasmic RIG-I RNA
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sensors (309) and disruption of IRF-3 activation (310). IFN production by uninfected
DCs, however, may be advantageous in driving inflammation and recruiting target CD4+
T cells to sites of infection (311, 312). Infection also results in innate cell functional
defects. Despite widespread activation of DCs during acute infection, myeloid and
plasmacytoid DCs (mDC and pDC, respectively) display defects in antigen presentation
and cytokine secretion (313) as well as altered responses to TLR stimulation (314). NK
cell function is also perturbed during infection, with reduced production of IL-12, IL-15
and several chemokines (315). Notably, chronic infection is associated with a progressive
decline in CD56dimCD16+ NKs and an accumulation of anergic CD56-CD16+ NKs that
express high levels of inhibitory receptors (316).

1.11 Adaptive Immunity to HIV
1.11.1 Humoral
Although antibody responses to HIV develop over the course of infection, they are not
associated with viral control or rate of disease progression (317, 318). Despite this,
several potent, broadly neutralizing antibodies have been isolated from infected patients
(b12, 4E10, PG9) and are the targets of rational vaccine design. Given that plasma levels
of IgG targeting HIV env were inversely correlated with risk of infection in the recent
RV144 HIV vaccine trial, it is conceivable that antibody responses could contribute to
protection from infection (40).
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1.11.2 CD8+ T Lymphocytes
The generation of HIV-specific CD8+ T cell responses coincides with the decrease in
early viremia, and much evidence points to a crucial role for CTL responses in viral
control. Patterns of CTL responses, both ex vivo and in viro, correlate with viral load
setpoint and rate of CD4 decline (319, 320), while depletion of CD8+ T cells during SIV
infection of NHPs results in rapid disease progression (321). Characterization of CTL
responses among long term non-progressor (LTNP) and elite controller (EC) cohorts
suggests that the maintenance of a proliferative, polyfunctional HIV-specific response
(cells producing >1 cytokine/chemokine) is associated with viral control (322-325).
During progressive disease, however, HIV-specific CD8+ T cells begin to lose cytokine
production and proliferative capacity in a phenomenon termed immune exhaustion,
described in detail in section 1.11.7. Although the CD8+ T cell response is insufficient to
control viral replication after infection, the elicitation of CD8+ responses at the genital
mucosa remains a focus of vaccine design (326).

1.11.3 CD4+ T Lymphocytes
As the major target of HIV infection, CD4+ T cells are depleted during chronic infection,
with preferential infection and depletion of HIV-specific memory cells contributing to the
loss of viral control during late stages of disease (327). Indeed, the low level of CCR5
expression on Sooty Mangabey central memory T cells is thought to protect the memory
pool from infection and contribute to the lack of progression during SIV infection in this
species (328). Recent evidence now suggests that, similar to CD8+ T cell responses,
HIV-specific CD4+ T cell responses during early infection play a large role in controlling
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viral replication and determining the rate of disease progression. The early emergence of
cytolytic CD4+ T cell responses was predictive of slow disease progression in a cohort of
HIV+ subjects (329), and depletion of CD4+ T cells during SIV infection in rhesus
macaques ablated the post-peak decline of viremia and resulted in rapid disease
progression (330).

1.11.4 Double Negative T Lymphocytes
While relatively little is known about the role of double negative T cells (DNT cells) in
control of HIV infection or progression, some data suggests that DNT frequency may
influence immune activation during infection. In a small study of primary HIV infection,
baseline DNT frequency was negatively correlated with CD8+ T cell activation and
proliferation, both at baseline and at immune activation setpoint. In this study, DNT cells
produced immunoregulatory cytokines TGF and IL-10 upon stimulation, and were
composed of approximately 50%  TCR+ cells. In NHP models of non-pathogenic SIV
infection, DNT cells can provide Th-like functions and SIV-specific responses (331). In
both species, the maintenance of DNT frequency may help to control immune activation
and contribute to HIV/SIV T cell responses.

1.11.5 iNKT regulation and responses during HIV infection
1.11.5.1 CD4+ iNKT depletion
iNKT cells, particularly the CD4+ subset, are depleted during HIV infection, with
significant loss during the first year post seroconversion (332, 333). Multiple mechanisms
may account for the loss of iNKT cells, as van der Vliet et al attributed the majority of
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the iNKT loss to apoptosis mediated by the high expression levels of Fas (CD95) on
iNKTs from HIV+ individuals, while subsequent studies have shown high expression of
CCR5 on both CD4- and CD4+ iNKTs (244, 333, 334), iNKT susceptibility to R5-tropic,
X4-tropic and primary isolate viruses (244, 333, 334) and preferential depletion of CD4+
iNKT cells following in vitro infection (333). Similar studies in a number of cohorts has
largely confirmed these observations (263, 335-337), although the impact of ART on
iNKT cell reconstitution remains controversial. Some cohorts report full recovery of both
CD4+ and CD4- iNKT subsets following ART (335) while other report no effect of
therapy (332, 338), and the kinetics of CD4+ iNKT reconstitution appear to be slower
than that of conventional CD4+ T cells (337, 339). Interestingly, initiation of ART during
acute infection (3-4 months post seroconversion) prevented further iNKT depletion
within the first year of treatment (336).

Little data is available to clarify the impact of this depletion on disease progression and
viral pathogenesis. It is unknown whether iNKT activation could control HIV replication
and immune activation, or what role the iNKT subset might play in anti-tumor responses
and prevention of opportunistic infections in immunocompromised hosts (340). Only one
study to date has demonstrated anti-HIV activity of iNKT cell culture supernatant, which
was shown to be IFN-dependent (336). In a study of risk factors involved in developing
cancer among HIV+ women, NKT cell frequency was associated with a reduced risk of
cancer (341). Recently, gut-resident CD4+ iNKT cells were reported to be depleted
following HIV infection, with the degree of depletion correlating with systemic immune
activation (342). In non-human primates, pre-infection peripheral blood iNKT frequency
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correlated with retention of CD4 T cell counts following SIV infection (343). Together,
these data do suggest the possibility that iNKT cells could contribute to the regulation of
immune activation and the delay of disease progression during HIV/SIV infection.

1.11.5.2 iNKT dysfunction
Regardless of the extent of iNKT depletion during HIV infection, the iNKT subset
displays functional impairment (243, 336, 338, 344), with both CD4+ and, especially,
CD4- iNKTs exhibiting reduced proliferation and IL-4, TNF and IFN production.
Functional restoration during ART is controversial (336). In one study, iNKT cytokine
production inversely correlated with bulk iNKT CD161 expression, but the cell-specific
relationship between CD161 and IFN/TNF production was not assessed (344).
Increased iNKT PD-1 expression has been reported among HIV-1 positive subjects but
does not correlate with IFN production or proliferative capacity (338). Blockade of the
PD-1/PD-L1 or PD-L2 pathway also did not restore proliferative or IFN responses.
These results are particularly interesting given that PD-1 expression has been shown to
regulate iNKT activation and anergy in mice (345-347). While Moll et al suggest that the
failure of PD-1 blockade to reverse iNKT dysfunction implies an irreversibly exhausted
phenotype, the expression and functional impact of other inhibitory receptors such as
2B4, Tim3 and LAG-3 on the iNKT subset during HIV-1 infection remains unknown
(discussed further in section 11.7.1).
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1.11.5.3 Non-human primates and SIV infection:
Studies of NHP iNKT function during SIV infection further imply an important role for
iNKT function during chronic infection (348). Non-natural hosts of SIV infection, such
as the Rhesus Macaque (RM), have SIV-susceptible iNKT cells that are depleted during
infection just as in humans (349, 350). RMs also exhibit the emergence of an IL-17
producing iNKT subset during acute infection that is associated with pathogenic chronic
infection (351). In contrast, natural hosts of SIV infection such as Sooty Mangabeys
(SM), which control immune activation and do not exhibit progressive immunodeficiency
(reviewed in (352)), have qualitatively distinct iNKT cells. SM iNKTs express neither
CD4 nor CCR5 (353), do not become dysfunctional during chronic infection, and do not
exhibit the increased IL-17 production observed in RM (351). Rout et al speculate that
iNKT IL-10 production may promote Treg proliferation and may, therefore, play a role in
controlling immune activation in this model of natural infection (353).

1.11.5.4 CD1d downregulation
While iNKT cells are depleted and exhausted during HIV infection, CD1d expression is
also modulated by the virus itself. The HIV-1 protein Nef, responsible for the
downregulation of MHC-I A and B alleles (354), also downregulates CD1d via a
common tyrosine-based motif (355, 356). This downregulation was shown in vitro to
reduce NKT activation and IFN secretion after GalCer stimulation (355, 356).
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1.11.6 Immune Activation during Chronic HIV Infection
During the course of HIV infection, chronic immune activation is believed to be a major
determinant of disease progression. CD4+ T cell decline and viral replication are strongly
associated with levels of T cell activation (measured by surface expression of chronic
activation markers such as HLA DR and CD38) (357), T cell apoptosis, B cell
hyperactivation and proinflammatory cytokine levels (reviewed in (358)). Given the
relatively small proportion of CD4+ T cells that are productively infected at any time, the
majority of activated T cells during HIV infection are uninfected, non-HIV-specific
bystander cells (359, 360). Successful control of viral replication with ARV therapy often
reduces T cell immune activation, while persistent activation during therapy is associated
with poor CD4+ T cell reconstitution (361).

In addition to HIV-specific antigenic stimulation, microbial translocation is believed to
be a major cause of immune activation during chronic infection (362). The massive
depletion of gut mucosa CD4+ T cells and the pathogenic effect of HIV gp120 on
mucosal epithelial integrity (363) allows the translocation of microbial products such as
LPS, flagellin and other PAMPs into systemic circulation. As a result, elevated plasma
levels of LPS and sCD14 have been described among HIV+ subjects and correlate with
disease progression and mortality in multiple studies (364-366).

The importance of controlling immune activation during HIV infection is underscored by
comparisons between pathogenic and non-pathogenic models of SIV infection. Despite
similar induction of the innate immune response during acute SIV infection, Sooty
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Mangabeys rapidly downregulate the interferon response, maintain low levels of immune
activation and do not exhibit progressive immunodeficiency (367, 368). In contrast,
pathogenic SIV infection among macaques results in high levels of immune activation
similar to HIV infection. Detrimental consequences of chronic T cell activation include
an increased pool of activated CD4+ T cells that are permissive to viral infection and
replication, as well as the induction of immune exhaustion, as discussed below.

1.11.7 Immune exhaustion during Chronic HIV Infection
The continual increase in immune activation throughout the course of HIV infection has a
particularly detrimental effect on T cell function, resulting in the phenomenon of immune
exhaustion. Immune exhaustion refers to a dysfunctional state characterized by the loss of
T cell proliferative and effector functions and increased expression of a number of
inhibitory cell surface receptors (369). Immune exhaustion is not unique to HIV
infection; a variety of chronic infections and carcinomas result in T cell exhaustion in
both humans and mice (370). Clinical trials have demonstrated the utility of blocking
inhibitory receptor signaling as a cancer treatment (371), demonstrating proof-of-concept
for reversing immune exhaustion as a treatment for chronic disease. It is important to
note that most descriptions of immune exhaustion focus on the loss of CD8+ effector
function, although CD4+ T cells also exhibit exhausted phenotypes. Immune exhaustion
occurs progressively, with IL-2 production, proliferation and cytotoxicity lost early,
TNF production lost at an intermediate stage and IFN production lost during severe
exhaustion (372). Progression through these stages tends to coincide with high viral load,
duration of infection and/or loss of CD4+ T cell help, as occurs during HIV infection.
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Immune exhaustion can be mediated by three major families of effectors: expression of
inhibitory cell surface molecules, binding of soluble inhibitory factors or through
interactions with immunoregulatory cell subsets (370). Much work has recently focused
on the patterns of inhibitory surface receptor expression during HIV infection (373).
Many of these inhibitory receptors are normally expressed following T cell activation in
order to prevent rampant immune activation. During chronic viral infection, however,
expression of multiple inhibitory receptors due to ongoing activation leads to exhaustion
and T cell dysfunction. It has been known for some time that expression of programmed
death (PD)-1 (CD279) is increased during HIV infection and that blocking the PD-1/PDL pathway restores antigen-specific CD8+ T cell function (374, 375).

Following that discovery, other exhaustion molecules upregulated among HIV-infected
subjects were identified: cytoxic T lymphocyte antigen (CTLA)-4 (CD152) (376), T cell
immunoglobulin and mucin domain-containing molecule (Tim)-3 (377), lymphocyte
activation gene (LAG)-3 (CD223) (378, 379), 2B4 (CD244) (380) and CD160 (380).
Expression of combinations of these receptors results in varying degrees of dysfunction,
as PD-1 and LAG-3 appear to be expressed earlier in progressive exhaustion than 2B4
and CD160 (370). Following initiation of suppressive ART, expression of PD-1 and Tim3 are reduced, correlating with an improvement in T cell function. In some models,
blockade of multiple inhibitory receptor pathways results in synergistic improvements in
T cell function (381), and administration of anti-PD-1 antibody to SIV-infected rhesus
macaques and humanized HIV-infected mice has had promising results (382, 383). The
mechanisms by which these surface receptors inhibit T cell function are varied and
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include competition for co-stimulatory/MHC molecules, recruitment of inhibitory
intracellular signaling proteins or induction of inhibitory gene expression. This thesis
focuses on the expression and function of LAG-3 during chronic HIV infection.

1.11.7.1 Lymphocyte activation gene 3 (LAG-3)
LAG-3 is a single transmembrane domain-containing cell surface receptor of the
immunoglobulin (Ig) supergamily with high structural homology to the CD4 molecule
(384). The LAG-3 gene is located on chromosome 12 approximately 10Kb from CD4 and
is believed to have arisen from a gene duplication event. Some evidence suggests that
LAG-3 transcription may be controlled by regulatory elements that also bind the CD4
promoter (385). Although the LAG-3 gene contains intronic, missense and frameshift
polymorphisms, there are no reliable associations between LAG-3 SNPs and human
diseases. Several LAG-3 polymorphisms were implicated in susceptibility to multiple
sclerosis (386), but a follow-up study failed to confirm this association(387).

Like CD4, LAG-3 binds to MHC class II molecules, but with 100-fold greater affinity
and can, therefore, compete with CD4 for MHCII engagement (388, 389). Despite its
structural similarity to CD4, LAG-3 does not bind HIV gp120 (388). A soluble form of
LAG-3 (sLAG-3) consisting of the extracellular domains of full-length LAG-3 is
detectible in human plasma and has been associated with differential disease outcomes in
tuberculosis and cancer (390-392), despite a lack of understanding of the function or
significance of sLAG-3 production. In humans, sLAG-3 is generated by the expression of
multiple splice variants of LAG-3 mRNA (393, 394), while in mice, a single RNA
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transcript is produced (395) and sLAG-3 occurs as a non-functional byproduct of
metalloprotease cleavage of surface LAG-3 (396).

LAG-3 expression is negligible in both human and murine resting PBMC, and is
generally reported to be expressed as a weak dimer on the surface of activated T and NK
cells (384, 397). Recent evidence suggests that murine LAG-3 is also expressed by
plasmacytoid DCs (pDCs) (398), some B cells (399), NKT cells (400) and T cells (384,
395). In humans, some CD25highFoxp3+ Tregs (401, 402) express low levels of LAG-3,
as do iNKT cells (271). Recently, expression of human LAG-3 has been extended to a
subset of lymphocytes called T regulatory type 1 (Tr1) cells (403), as well as some pDCs
(404). LAG-3 surface expression is induced on naïve T cells by IL-12 in an IFNdependent manner (405).

LAG-3 engagement regulates T cell homeostasis (406, 407) and results in inhibition of T
cell proliferation and cytokine secretion (408, 409). While disruption of MHCII-CD4
interactions does not contribute significantly to LAG-3-mediated T cell functional
inhibition in in vitro systems (410), LAG-3 cross-linking inhibits Ca2+ flux, T cell
proliferation and IFN, TNF and IL-2 (but not Th2 cytokine) production following TCR
re-stimulation (411, 412). This inhibitory activity largely depends on the presence of the
LAG-3 intracellular cytoplasmic tail, which contains a KIEELE motif critical for
inhibitory function and an EP repeat motif that binds the intracellular LAG-3-associated
protein (LAP) (410, 413). LAG-3 activity is, however, cell type- and species-specific. In
mice, LAG-3 contributes to regulatory T cell (Treg) and NK cell function (414-417),
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while in humans, LAG-3 expression does not alter NK (or CD8+ T cell) cytotoxicity
(418, 419) and less is known about its role in Treg function (409). Similarly, LAG-3 is
upregulated on murine iNKT cells following GalCer stimulation (420) and can inhibit
proliferation (400), but the regulation and consequences of LAG-3 expression on human
iNKT cells are unknown.

LAG-3 is somewhat unique among exhaustion markers in that its ligand is MHC class II
molecules. Not only does MHCII-LAG-3 engagement initiate intracellular signaling
through LAG-3, it also initiates unique MHCII signaling pathways affecting the MHCIIexpressing cell (417, 421, 422). LAG-3 ligation of APC MHCII results in expression of
co-stimulatory molecules and chemokine receptors, morphological changes and secretion
of IL-12 and TNFin peripheral blood (423-427), while limiting monocyte
differentiation into macrophages and DCs during inflammation (428).

1.11.7.2 LAG-3 in Chronic Infections
While the basic details of human LAG-3 function are known, data regarding its role in
immune exhaustion and dysfunction during chronic infection are largely derived from
murine studies. Significant evidence has accumulated to suggest that, in mice, LAG-3
and PD-1 are upregulated during (373, 429), and appear to be important determinants of,
T cell exhaustion during lymphocytic choriomeningitis virus (LCMV) and Plasmodium
infection (430, 431). In humans, however, the regulation and effect of LAG-3 expression
is often either not tested (431) or appears to be of lesser consequence than in murine
models (380, 418, 432).
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While the expression and functional impact of PD-1 and Tim-3 during HIV infection has
been the subject of much research (433, 434), less is known about the role of LAG-3.
With the exception of one report (378), early studies have suggested that LAG-3 is
expressed at extremely low levels and is not upregulated on bulk T cells during HIV
infection (435). Recent characterization of HIV-specific T cells found that the major
populations of exhausted HIV-specific CD8+ and CD4+ T cells are LAG-3- (380, 436),
with similar expression levels on both subsets (436). These observations stand in contrast
to the expression patterns of CD160, 2B4 and PD-1, which are highly upregulated on
HIV-specific CD8+ T cells and are differentially expressed between CD4+ and CD8+
subsets (436). Indeed, it is unclear whether LAG-3 expression denotes exhausted or,
conversely, highly activated T cells, given the observation that LAG-3 is expressed on
pathogenic CD4+PD-1+ T cells from immune reconstitution inflammatory syndrome
(IRIS) patients (379). Although a recent study reported on a population of LAG-3+ HIVspecific CD8+ T cells associated with low viral loads, the authors actually found no
evidence of LAG-3 expression on HIV-specific T cells using traditional methods; rather,
an extended stimulation protocol with no control for bystander T cell activation was used
to induce LAG-3 upregulation over the course of 30 hours of stimulation (437).

Despite the lack of ex vivo T cell LAG-3 expression during chronic HIV infection,
microarray studies of gene expression during multiple stages of infection in both human
and NHP models of SIV control indicate modulation of LAG-3 expression (438, 439).
Specifically, LAG-3 transcript levels positively correlated with viral load set point and
were significantly higher among rapid progressors compared to viremic non-progressors
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(440). In vitro, HIV-pulsed DCs can induce the expression of a number of exhaustion
markers including LAG-3 on T cells (441). This study did not, however, assess the
impact of individual markers on T cell cytokine/effector function following DC coculture, and the simultaneous increase in T cell Foxp3 expression makes it difficult to
assess whether the upregulation of inhibitory surface molecules reflects a transient state
of activation, induction of exhaustion, or an artifact of the in vitro system.

A comparison of LAG-3 expression on lymphocyte subsets among HIV-, HIV+ and
HIV+ ART-experienced subjects will be presented in Section 5. A comparison of LAG-3
expression between peripheral blood and mucosal-derived lymphocytes will be presented
in Section 6. Analysis of LAG-3 function on invariant NKT cells will be presented in
Section 7.

Study Rationale, Hypotheses and Objectives
Study Rationale
Numerous reports have demonstrated the impact of genetic polymorphisms and variation
in gene expression on HIV acquisition and disease progression. Our lab has previously
demonstrated that a single nucleotide polymorphism (SNP) in the CD4 gene is associated
with increased risk of HIV acquisition and, subsequently, accelerated disease
progression. The CD4 gene is located on chromosome 12 in a gene-rich cluster that
includes several additional immune-related genes: most notably GNB3 and LAG-3. While
the expression and biological function of G protein signaling gene GNB3 are well known,
the GNB3 C825T SNP has been reported to alter immune function and was associated
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with rapid HIV progression in a single, cross-sectional, Caucasian cohort study. Given
the high frequency of the 825T allele in African populations, the lack of data surrounding
the functional impact of the SNP among Africans and the possibility of GNB3 genotype
contributing to the effects on HIV acquisition and disease progression associated with the
CD4 SNP, we were interested in assessing the impact of GNB3 825 genotype on HIV
acquisition, disease progression and immune activation in two Kenyan cohorts of highand low-risk women.

In contrast to GNB3, less is known about the regulation of LAG-3 RNA and protein
expression, especially during HIV infection. Given the similar inhibitory capacity of
LAG-3 to well described exhaustion markers such as PD-1 and Tim-3, we wondered
whether increased LAG-3 expression during chronic HIV infection could contribute to
immune exhaustion or rate of disease progression. We therefore sought to determine the
expression of LAG-3 on lymphocyte subsets during chronic HIV infection and ARV
therapy, and the impact of blocking LAG-3 activity on immune function.

Hypotheses
This thesis includes two major hypotheses:
1) GNB3 825TT genotype is associated with increased risk of HIV acquisition and
rapid disease progression compared to the GNB3 825CC/CT genotypes. This is
associated with Gb3s RNA splicing and increased expression of immune
activation markers among GNB3 825TT subjects.
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2) LAG-3 protein expression is increased on CD4+ and CD8+ T cells, NK cells and
iNKT cells during chronic HIV infection compared to healthy individuals, and is
decreased among participants receiving ARV therapy. LAG-3 expression
correlates with loss of T cell function and disease progression.

Objectives
1a: To determine the impact of GNB3 825 genotype on risk of HIV acquisition and
disease progression among two Kenyan cohorts: high-risk commercial sex workers and a
low-risk perinatal transmission cohort.
1b: To quantify expression of immune activation markers on T lymphocytes of HIVnegative (HIV-N) and HIV-infected (HIV+) subjects of differing GNB3 825 genotypes.
1c: To confirm the differential expression of GNB3 splice variants associated with the
GNB3 825T genotype.
2a: To quantify the expression of LAG-3 on T cell, NK cell and iNKT cell subsets in both
the peripheral blood and genital mucosa among HIV-N, HIV+ and ARV-treated (HIV+
ART) subjects.
2b: To determine the functional impact of LAG-3 expression on lymphocyte cytokine
production and proliferation.
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2. Materials and Methods
2.1 General reagents
2.1.1 Solutions
Phosphate-buffered saline (PBS): 9.55g PBS Powder (137.93mM NaCl, 2.67mM KCl,
8.1mM Na2HPO4, 1.47mM KH2PO4; Gibco) dissolved in ddH2O to a final volume of
1L, pH 7.0
FACS Wash: PBS + 2% Fetal Calf Serum (FCS; inactivated at 56ºC for 1hr; Hyclone)
R-10 Cell Culture Media: RPMI-1640 (Hyclone) + 10% FCS + 1%
Penicillin/Streptomycin/Fungizone (PSF) (Gibco)
R-30 Cell Culture Media: RPMI-1640 (Hyclone) + 30% FCS + 1%
Penicillin/Streptomycin/Fungizone (PSF)
Freezing Media: 10% dimethyl sulfide (DMSO, tissue culture grade, Sigma) + 90% FCS
ELISA Coating buffer: 1.59g Na2CO3 + 2.93g NaHCO3 dissolved in ddH2O to a final
volume of 1L
ELISA Blocking buffer: PBS, 10% Bovine Serum Albumin (BSA, Sigma)
ELISA Dilution buffer: PBS, 2% BSA, 0.1% Tween 20
ELISA Wash Buffer: COBAS Amplicor Wash Buffer (90mL + 910mL ddH2O)
<2% phosphate buffer; <9% NaCl, EDTA, <2% detergent, 0.5% ProClin 300

2.1.2 Antigens and Mitogens
-Galactosylceramide (KRN7000): Purchased from Enzo Life Sciences. Used to
stimulate iNKT cytokine production and proliferation.
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Phorbol 12-myristate 13-acetate (PMA) and Ionomycine (Io): Purchased from Sigma.
Used to stimulate cytokine production by PBMC.
HIV Gag peptide pools: Purchased from Sigma. A series of 15-mer peptides (overlapping
by 10 amino acids) were generated using a consensus sequence from HIV isolates of
the Majengo cohort and the clade A ancestral sequence. A total of 112 Gag peptides
were divided into 2 pools, each containing 56 peptides (Gag A and Gag B). The Gag
peptides used are listed in the appendix (Section 10.2).

2.2 Biological Samples
2.2.1 Source of human peripheral blood and cervical samples
2.2.1.1 Pumwani female sex worker (FSW) cohort
The Pumwani FSW cohort was established in 1984 (442) and is an open cohort based in
the Pumwani slum of Nairobi, Kenya. The FSW cohort follows both HIV-negative and
HIV-positive women with bi-annual visits at which HIV status, CD4 count and
antiretroviral therapy (ART) status are determined.

2.2.1.2 Perinatal HIV transmission (PHT) cohort
This cohort recruited HIV+ pregnant women from antenatal clinics in Nairobi, Kenya to
investigate factors affecting in utero, postpartum and breastmilk HIV transmission.
Participants were enrolled at 32 weeks gestation and began taking zidovudine twice a day
from 34-46 weeks of pregnancy and following through delivery, as per Kenyan
guidelines [29]. Women visited the clinic antenatally, at delivery, 2 weeks after birth and
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monthly for 12 to 24 months. Blood specimens were collected at months 1, 3, 6, 9, 12, 18
and 24 following delivery for CD4+ T cell count and HIV viral load (VL) determination.

2.2.1.3 Ethical Approval
The studies reported in this thesis received ethical approval from all sites involved.
Approval was given from the University of Manitoba research ethics board for all studies,
and the University of Nairobi/Kenyatta National Hospital and the University of
Washington ethics boards gave approval where appropriate. All study participants gave
free and informed consent for each protocol.

2.2.2 Biological sample processing
2.2.2.1 Peripheral blood collection and processing
Peripheral blood samples were collected in heparin vacutainers and processed for plasma
and peripheral blood mononuclear cell (PBMC) collection. Plasma was collected from
whole blood by centrifugation at 600xg for 7 minutes, cleared of precipitate by
centrifugation at 514xg for 7 minutes, aliquoted and stored at -70ºC.

PBMC were isolated by density gradient centrifugation. The remaining whole blood
samples were diluted in PBS+2% FCS, layered over Ficoll (Lymphoprep, MJS BioLynx
Inc.) and centrifuged at 400rpm for 25 minutes. The PBMC layer was collected, washed
with PBS+2% FCS, centrifuged at 600xg for 10 minutes, resuspended and washed with
R-10 media. Following centrifugation at 400xg for 10 minutes, PBMC were again
resuspended in R-10 media and counted by trypan blue (HyClone) dye exclusion. Where
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indicated, PBMC were assayed either “fresh” (immediately following isolation) or
following thawing of cryopreserved samples (resuspended at 10x106/mL in freezing
media and cryopreserved in liquid nitrogen).

Cryopreserved samples were thawed in a 37ºC water bath, added drop-wise into a total
volume of cold 10mL of R-30 media, centrifuged, washed again with R-10 media and
rested overnight in R-10 media at 2x106 cells/mL prior to assay. Cell viability as
determined by trypan blue exclusion was required to be >80% for sample use (but was
typically >95% both immediately after thawing and after overnight resting). Typical
recovery was approximately 85%.

2.2.2.2 Cervical cell and lavage collection and processing
Cervical mononuclear cells (CMC) were collected by cervical cytobrush and speculum
scraping. Both cytobrush and scraper were collected in 5mL of PBS kept on ice. The
PBS, brush and scraper were vortexed vigorously for 30 seconds to dislodge CMCs into
suspension. Mucus and cells remaining on the cytobrush were manually dissociated from
the brush. The cell suspension was filtered through a 100uM nylon cell strainer. Both the
collection tube and filter were washed with PBS. The filtrate was centrifuged at 600xg
for 10 minutes, resuspended, washed with PBS and centrifuged again at 600xg for 10
minutes. The CMCs were resuspended in PBS for immediate assay by flow cytometry.

Cervicovaginal lavage (CVL) samples were collected by washing the ectocervix with
2mL of PBS. Lavages were transferred to 15mL conical tubes and kept on ice during
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transport. Samples cleared of debris by centrifugation at 400xg for 7 minutes and were
frozen at -70ºC for future analysis.

2.2.2.3 HIV Testing and Confirmation
Plasma samples from the Pumwani FSW cohort were tested for HIV serostatus using the
Recombigen (Trinity Biotech) ELISA. All positive samples were confirmed using the
Detect HIV1/2 immunoassay (Adaltis). Samples testing positive in both assays were
considered to be HIV-positive.

2.2.2.4 CD4 count enumeration
CD4+ T cell counts were collected for HIV-positive FSW cohort participants using the
Tritest CD3/CD4/CD8 flow cytometry assay (BD Biosciences). Lymphocyte counts were
multiplied by the percentage of CD4+ T cells to generate the CD4 count.

2.2.2.5 Plasma viral load determination
Plasma viral loads were determined for HIV-positive mothers in the PHT cohort. HIV-1
RNA VL was quantified in plasma using the Gen-Probe Transcription Mediated
Amplification assay, which is sensitive for detection of Kenyan HIV-1 subtypes A, C,
and D (Gen-Probe Incorporated, San Diego, CA).

2.3 General Methods
2.3.1 Flow Cytometry
2.3.1.1 Surface Staining
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PBMC were stained in 96 well V bottom plates, with 1x106 – 2x106 cells/well. Cells were
pelleted by centrifugation at 514xg for 7 minutes and washed with PBS+2% FCS.
Following centrifugation (514xg for 7 minutes) and resuspension, surface marker
antibody cocktail was added to the well and incubated for 30 minutes at 4ºC in the dark.
Cells were washed with PBS+2% FCS and resuspended in 1% paraformaldehyde fixation
buffer (BD Biosciences) or permeabilized for intracellular staining (as in Section 2.3.1.2).
The cell suspension was transferred to 5mL FACS tubes in a volume of 300L for
acquisition on the LSRII flow cytometer. Surface staining of CMC samples was similar
but carried out in 5mL FACS tubes due to increased pellet size. Samples were
resuspended in a final volume of 800L for acquisition.

2.3.1.2 Intracellular cytokine staining
Surface-stained cells were washed with PBS+2% FCS, centrifuged at 600xg for 10
minutes, resuspended in Fixation/Permeabilization buffer (CytoFix/CytoPerm, BD
Biosciences) and incubated at 4ºC in the dark for 20 minutes. Cells were washed in a 1X
solution of Fixation/Permeabilization wash buffer (BD Biosciences) and centrifuged at
600xg for 10 minutes. Resuspended cells were then incubated with intracellular antibody
cocktail prepared in a final volume of 50L of Fixation/Permeabilization wash buffer at
4ºC in the dark for 30 minutes. Cells were washed in Fixation/Permeabilization wash
buffer, pelleted, resuspended and transferred to 5mL FACS tubes for acquisition on the
LSRII flow cytometer.
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2.3.1.3 Viability Assay
To restrict analysis of flow cytometry data to viable cells (particularly in the case of
stimulations and CMCs), a viability dye was included in some panels. The Live/Dead
viability dye (Invitrogen) is an amine-reactive fluorescent dye that binds free amines on
the cell surface (in the case of viable cells) as well as the cell interior of cells with
compromised membrane integrity (in the case of dead cells). Dead cells therefore stain
brightly in the Live/Dead dye channel and can be excluded from analysis. Lyophilized
Live/Dead Red dye was resuspended in 50L DMSO for use. Staining was performed in
in 96 well V-bottom plates (PBMC) or 5mL FACS tubes (CMCs). Reconstituted
Live/Dead dye was added at 1L/test, incubated for 30 minutes at 4ºC and removed by
washing.

2.3.1.4 Compensation
The use of multiple fluorochromes in multiparameter flow cytometry results in overlap of
the emission spectra between some fluorescently conjugated antibodies. To account for
this spillover and remove it from data analysis, the BD FACS Diva software uses an
algorithm to calculate and compensate for the overlap. This requires the analysis of singly
stained populations for each fluorescent marker. Surface and intracellular antibody
compensation were performed using CompBeads (BD Biosciences) that bind either
mouse or rat antibodies. Compensation samples were prepared in 5mL FACS tubes,
where 1 drop of mouse/rat CompBead mix and 1 drop of negative control CompBead mix
were added to up to 400L of PBS+2% FCS. 100L of bead mix was aliquoted per
single stained sample, to which 1L of a single antibody was added. Following
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incubation, the samples were diluted with PBS+2% FCS and acquired on the LSRII flow
cytometer.

Live/Dead viability dye single stained compensation samples were prepared with the use
of ArC Beads (Invitrogen). To prepare ArC bead compensation tubes, 1 drop of ArC
amine bead suspension was aliquoted into a FACS tube. 1L of Live/Dead Red reagent
was added to the bead drop and incubated at room temperature for 30 minutes. After
washing twice with 3mL FACS wash, the beads were resuspended in 300L FACS wash
to which 1 drop of ArC negative beads were added.

2.3.1.5 Data acquisition and analysis
Samples were acquired on the LSRII flow cytometer (BD Biosciences). For T cell and
NK cell phenotyping experiments (Section 5), a minimum of 100,000 lymphocyte gate
events were collected. For iNKT phenotyping and stimulation experiments (Section 7), a
minimum of 200,000 (and maximum of 400,000) lymphocyte gate events were collected.
In the case of CMC samples (Section 6), the entire tube was acquired.

Gating of cell populations was determined by fluorescence minus one (FMO) controls, in
which a sample labelled with all antibodies except the antibody of interest is used to
determine the background fluorescence in that channel. Data was acquired and
compensated using BD FACS Diva software (v6.1.2, BD Biosiences) and was analysed
with FlowJo software (v7.5, Tree Star Inc.).
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2.3.2 Cytokine/Chemokine bead arrays
Concentrations of cytokines and chemokines in plasma, cervicalvaginal lavage (CVL)
and cell culture supernatant samples were quantified using Milliplex MAP bead array kits
(Millipore). Analytes are described in detail in chapter specific method sections. Samples
were processed according to manufacturer instructions, as described below.

Lyophilized human cytokine standard (containing standards of all analytes of interest)
was prepared by reconstituting with 250L ddH2O, vortexing and incubating for 10
minutes. Five-fold serial dilutions were prepared in assay buffer. High and low
concentration quality control samples were reconstituted in 250L ddH2O, vortexed and
incubated for 10 minutes. 60L of individual, antibody-immobilized beads were
combined and brought to a total volume of 3mL with bead diluent.

200L of 1X wash buffer was added to each well of the 96-well plate and incubated for
10 minutes at room temperature on a plate shaker. Wash buffer was decanted. 25L of
standard, quality control or assay buffer (background) were added to appropriate wells.
An additional 25L of matrix solution (human serum matrix, PBS or cell culture media,
depending on the sample type) was added to these wells. 25L of sample was added to
sample wells in addition to 25L of assay buffer, for a total volume of 50L in all wells.
Finally, 25L of mixed beads was added to each well, and the plate was incubated on a
plate shaker at room temperature for 2 hours (plasma or cell culture supernatant samples)
or overnight at 4ºC (CVL samples).
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The plate was washed twice with wash buffer using the ELx405 (Biotek) plate washer.
25L of detection antibodies were added to each well, and the plate was incubated on a
plate shaker for 1 hour at room temperature. 25L of streptavidin-phycoerythrin was
added to each well, and the plate was incubated for 30 minutes at room temperature on a
plate shaker. The plate was washed twice and wells were resuspended in 150L of sheath
fluid on a plate shaker for 5 minutes.

Data were acquired on a Bio-Plex 200 (Bio-Rad) and analysed with Bioplex Manager
software (version 5.0, Bio-Rad). Standard curves for each analyte were generated using 5
parameter logistic regressions. Sensitivities for each analyte are listed in section specific
methods. Wells were excluded if fewer than 40 bead events were collected.

2.3.3 Soluble LAG-3 ELISA
Soluble LAG-3 (sLAG-3) concentrations were quantified in plasma samples by an
optimized sandwich ELISA assay. 96-well, flat bottom, polystyrene ELISA plates
(Corning, 25805-96, NY) were coated with 100L of 5g/mL anti-human LAG-3
antibody 11E3 (Enzo Life Sciences) diluted in ELISA coating buffer. Plates were
incubated overnight at 4ºC in a humid container.

Plates were then washed six times with 300L ELISA wash buffer using a microplate
washer (ELx405, Biotek). Wells were blocked with 300L ELISA blocking buffer for 2
hours at room temperature in a humid container. After six washes, samples and standards
were added to the plate. 100L of undiluted plasma was added in duplicate for each
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sample. A 10-point standard curve was generated using doubling dilutions of
recombinant human LAG-3-Fc (Enzo Life Sciences) from 8ng/mL to 15.6pg/mL.
Samples and standards were incubated overnight at 4ºC in a humid container.

Plates were washed six times. 100L of 0.5g/mL anti-human LAG-3 17B4-biotin
detection antibody was added to each well. Plates were incubated for 1 hour at room
temperature and washed six times. 100L of a 1:5000 dilution of Streptavidin-HRP
(Invitrogen) was added to each well and incubated for 30 minutes. After washing six
times, 100L of super sensitive tetramethyl benzidine (TMB) was added to each well.
Colour development was monitored visually and by a SpectraMax Plus
spectrophotometer (Molecular Devices) at 650nm at 5, 8, 15, 20 and 30 minutes. To stop
the development reaction, 50L of a 3% HCL solution was added to each well. The
optical density (OD) was then measured at 450nm (usually after 30 minutes of
development).

Data was analysed with SoftMax Pro software (version 3.1.2, molecular devices). All
optical densities were background-subtracted based on the average OD of blank wells.
The standard curve was generated using 4 point logistic regression, and fit of the
regression curve to the data points was required to have an r value of >0.995. The
concentration of sLAG-3 in sample wells was determined by interpolation from the
standard curve.
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2.4 Association of GNB3 825 Genotype with HIV Acquisition and Disease
Progression
2.4.1 DNA Extraction
Template DNA for PCR amplification and genotyping was extracted from biological
samples using the QIAmp DNA Mini kit (Qiagen) according to manufacturer’s protocols.
DNA was extracted from maternal serum samples from the PHT cohort (Body Fluids
protocol) and children’s dried bloodspots (Bloodspot Protocol).

Portions of dried bloodspots on filter paper were placed in 1.5mL eppendorf tubes and
incubated with 180L of Buffer ATL (kit) at 85ºC for 10 minutes, then briefly pulse
centrifuged. 20L of Proteinase K (Qiagen) was added to each tube. Tubes were vortexed
and incubated at 56ºC for 1 hour. 200L of Buffer AL (kit) was then added to each tube,
mixed by vortexing and incubated for 10 minutes at 70ºC. Serum samples were prepared
by adding 200L of sample/5x106 lymphocytes to a 1.5mL eppendorf tube containing
20L of Proteinase K. 200L of Buffer AL was added to each tube, vortexed for 15
seconds and incubated at 56ºC for 10 minutes.

For both sample types, 200L of ethanol was added to the sample and mixed by
vortexing. The samples were then transferred to a QIAmp Spin Column and centrifuged
at 6000xg for 1 minute. The column was then transferred to a fresh collection tube and
the filtrate discarded. 500L of Buffer AW1 was added to each column. The columns
were spun at 6000xg for 1 minute, and the filtrate again discarded. 500L of Buffer AW2
was added to each column, which was then spun at 20,000xg for 3 minutes. After
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discarding the filtrate, 200L of Buffer AE was added to the column. The samples were
incubated for 1 minute at room temperature, then spun at 6,000xg for 1 minute. The
eluted solution of template DNA was frozen at <-20ºC for PCR amplification.

2.4.2 Genotyping and PCR
Genotyping of the GNB3 C825T SNP (rs5443, Gene ID 2784, accession NC_000012.11,
6949375 - 6956564) was performed by PCR amplification and Sanger sequencing. The
PCR reaction consisted of ddH20, MgCl2, equal concentrations of dATP, dGTP, dCTP,
dTTP (Invitrogen), forward and reverse primers (Invitrogen) (Table 3), Taq polymerase
(Invitrogen) and template DNA. Following the first round of amplification, 2L of
product was used as template for the second round of amplification.

Table 2.1. Primers used to amplify and sequence the GNB3 825 locus
Primer

Sequence (5’-3’)

Outer – Forward
Outer – Reverse
Inner – Forward
Inner – Reverse
Sequencing – Forward
Sequencing - Reverse

GCTGCCCAGGTCTGATCCCT
CCAGTGACAAGGGACAGCAGTAAG
TGACCCACTTGCCACCCGTGC
GCAGCAGCCAGGGCTGGC
CAGTTCTTCCCCAATGGAGAGG
GGCTGGCCCTTACCCACACG

Annealing
Temperature
(Ta)
60ºC
60ºC
60ºC
60ºC
55ºC
55ºC

PCR products were purified using Montage PCR filter units (EMD Millipore). The entire
volume of the PCR reaction was added to the filter unit containing 450L of TE (pH 8.0)
buffer. The columns were spun at 3300rpm for 15 minutes (or until dry). To elute the
DNA, ddH20 was added, the column inverted and placed in a fresh 1.5mL eppendorf tube
and centrifuged at 3300rpm for 2 minutes.
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Purified products were sequenced in both directions by Sanger sequencing. Template
DNA was incubated with BigDye terminator mix v3.1 (Invitrogen) and either the forward
or reverse sequencing primer (Table 3). PCR products were precipitated by adding
NaOAC and EtOH to each sample for 3 hours in the dark. Tubes or plates were then spun
at 4000rpm for 1 hour, the supernatant discarded, and 70% EtOH added to each well.
Samples were spun at 4000rpm for 10 minutes, supernatants discarded and the EtOH
wash repeated. Excess EtOH was removed by incubating the samples on a thermocycler
at 90ºC. Samples were resuspended in HiDi formamide, vortexed and spun down prior to
sequencing. Sequencing products were resolved on an ABI3100 sequencer and data was
analysed in Sequencher (Gene Codes Corporation). Genotypes were only assigned when
both the forward and reverse sequences were identical.

2.4.3 Cytokine/Chemokine Bead Array Analytes
Concentrations of cytokines and chemokines in plasma samples were quantified using
Milliplex MAP bead array kits (Millipore) as described in Section 2.3.2. The Human
Cytokine/Chemokine bead panel included the following analytes (with given
sensitivities): MIP-14.8pg/mL), SDF-1 (55.8pg/mL) and TRAIL (3.5pg/mL).

2.4.3 Statistical Analysis
Comparison of GNB3 genotype frequency by HIV infection status and assessment of
Hardy-Weinberg equilibrium were performed by chi-square analysis. Comparison of HIV
acquisition rate and disease progression rate between GNB3 genotypes was performed by
Cox Proportional Hazard regression. In both cases, the survival analysis was also
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performed with adjustment for CD4 868 genotype. To assess the rate of disease
progression among all HIV+ cohort participants, progression rate was adjusted for
baseline CD4 count. Determination of CD4 decline and viral load increase over time in
PHT cohort mothers was performed by linear mixed modeling. Expression of immune
activation markers was analysed by Kruskal-Wallis test (non-parametric) and ANCOVA
(parametric). The ANCOVA test is similar to the ANOVA, but includes a single covariate in the analysis to remove the impact of one confounding variable. In this case,
CD4 count was used as a covariant to compare immune activation levels in HIV-infected
women while controlling for disease progression. Results were analysed in GraphPad
Prism (version 4), SPSS (version 16), SAS and STATA (version 11). Differences in all
cases were considered to be statistically significant at a p value <0.05.

2.5 Impact of GNB3 825 Genotype on RNA splicing and immune activation
2.5.1 RNA extraction, purification and concentration
RNA was extracted from whole PBMC samples that were previously cryopreserved.
PBMC were thawed as described in Section 2.2.2.1. The PBMC were spun down for 4
minutes, resuspended in 1mL of Trizol (Invitrogen) and incubated for 5 minutes at room
temperature. 0.2mL chloroform was added and samples were shaken vigorously for 15
seconds. After incubating at room temperature for 2 minutes, samples were spun for 15
minutes at 4ºC at 12,000xg. The upper aqueous phase containing the RNA was removed
and transferred to a fresh eppendorf tube. 0.5mL isopropyl alcohol and 20ug glycogen
was added to each sample, which was then incubated for 10 minutes at room temperature.
Tubes were spun at 12,000xg for 10 minutes at 4ºC. The supernatant was removed and
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75% EtOH added to wash the RNA pellet. Tubes were vortexed, spun at 7,500xg for 5
minutes at 4ºC and the pellet air dried. The sample was resuspended in 75uL RNAse-free
ddH2O by incubating at 55ºC for 10 minutes and was cooled at 4ºC for 5 minutes.

RNA samples were purified using the RNeasy MinElute kit (Qiagen) according to
manufacturer’s protocols. Briefly, RNA samples were incubated with DNAseI and RDD
buffer for 10 minutes at room temperature to remove contaminating DNA prior to RNA
clean up protocol. 100% EtOH was then added to each sample and mixed. The mixture
was transferred to an RNeasy MinElute spin column and centrifuged at 8,000xg for 15
seconds. The column was transferred to a fresh eppendorf tube and RPE buffer was
added prior to spinning at 8,000xg for 15 seconds. 80% EtOH was added to each tube,
which was then spun at 8,000xg for 2 minutes. The column was transferred to a new
eppendorf tube, the lid opened, and the column spun at full speed for 5 minutes. The
column was then transferred to a fresh eppendorf tube, 14L of RNase-free ddH2O
added to the column, and the sample spun at full speed for 1 minute to collect the eluted
RNA.

2.5.2 RNA Exon Microarrays
RNA isolated as described in section 2.5.1 was used as the sample for the Affymetrix
Human ST 1.0 exon microarray assay. RNA concentration in each sample was
determined by Nanodrop (Thermo Scientific). Samples with RNA concentrations greater
than 350g/L were diluted to a final concentration of 350g/L in ddH2O. RNA
samples were applied to the Affymetrix Human ST 1.0 exon array chips and processed on
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the GeneChip Fluidics Station at the DNA Core facility of the National Microbiology
Laboratory according to Affymetrix protocols. Expression data was exported, normalized
and analysed using the Partek Genomics Suite software.

2.5.3 cDNA preparation
RNA samples prepared in section 2.5.1 were utilized as templates for cDNA generation
using the QantiTect RT kit (Qiagen) according to manufacturer’s protocol. Briefly, RNA
template was incubated with gDNA Wipeout buffer and RNase-free ddH2O for 5 minutes
at 42ºC to degrade genomic DNA. The entire volume of the RNA sample was then
incubated with QuantiScript Reverse Transcriptase enzyme, RT buffer and RT primer
mix for 20 minutes at 42ºC. Enzyme activity was halted by incubated the sample for 3
minutes at 95ºC. Samples were then either frozen at -80ºC or used for qRT-PCR
reactions.

2.5.4 Quantitative Real-Time PCR (qRT-PCR)
LAG-3 (Gene ID 3902, accession NC_000012.11, 6881670 - 6887621) cDNA abundance
was quantified by qRT-PCR compared to the expression of 18S rRNA, which is
commonly used as a housekeeping gene known to be consistent between samples from
the FSW cohort. Specificity of the primers and generation of the appropriately sized PCR
product was confirmed by gel electrophoresis.

A standard curve of cDNA was generated in order to quantify the relative abundance of
LAG-3 and 18S rRNA expression. PBMC isolated from healthy local donors was
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stimulated overnight with PHA, RNA extracted as in Section 2.5.1, and cDNA generated
as in Section 2.5.3. 2g of cDNA was generated, and then serially 10-fold diluted. cDNA
samples/standards were incubated with forward and reverse primers (Table 4), ddH2O
and QuantiTect SYBR Green PCR master mix containing HotStarTaq DNA polymerase,
QuantiTect SYBR Green PCR buffer, dNTP mix (including dUTP), SYBR Green I, ROX
passive reference dye and MgCl2 (Qiagen). Reactions were performed using the Roche
LightCycler System 1.5 (Roche). Samples were run in duplicate with negative controls
(no RNA template). Transcript abundance was expressed as a concentration derived from
the standard curve, and LAG-3 expression was normalized to 18S rRNA expression for
each sample.

Table 2.2. Primers used to amplify LAG-3 cDNA.
Primer
Sequence (5’ – 3’)
Exon 2/3 Forward
TGGCAGCATCAGCCAGAC
Exon 2/3 Reverse
GCAGCCATAGCGAGAACTCC
Exon 6 Forward
GCTTTGTGAGGTGACTCCAG
Exon 6 Reverse
GGGCTAGACAGCTCTGTGAAC

2.5.5 Statistical Analysis
The Partek Analysis Suite provides p values describing differences in expression and
splicing of RNA transcripts between specified groups. These uncorrected p values,
however, are not adjusted for the extremely large number of comparisons generated in a
whole transcriptome, exon-by-exon microarray, and are, as such, subject to a high degree
of type I error. While there are numerous sophisticated statistical methods that can be
used to properly weight and adjust p values generated by microarray experiments, the use
of the exon array in this thesis was primarily as a hypothesis-generating tool, with any
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results requiring independent confirmation at the RNA and protein level. As such, no p
values are presented for the Partek splicing/expression analysis. LAG-3 expression
quantified by qRT-PCR was analysed by Mann-Whitney test in GraphPad prism version
4.0 (GraphPad software). P values of <0.05 were considered to be statistically significant.

2.6 Expression of LAG-3 during HIV infection
2.6.1 Flow cytometry panels
Freshly isolated PBMC were surface stained to determine the expression of LAG-3,
activation and exhaustion markers ex vivo. 1x106 cells were stained and fixed, and
100,000 lymphocyte events were collected on the BD LSRII flow cytometer. The panels
used to identify and phenotype lymphocyte subsets are shown in Table 5.

Table 2.3. Flow cytometry panels used to phenotype fresh PBMC for LAG-3 expression
and immune activation/exhaustion.
Lymphocyte Subset Panel
Activation/Exhaustion Panel
Fluorochrome
Marker
Clone
Source
Marker
Clone
Source
FITC
LAG-3
17B4
Enzo Life
LAG-3
17B4
Enzo Life
Science
Science
PE
iNKT
6B11
BD
PD-1
MIH4
BD
PE-Cy5
CD69
FN50
BD
CD69
FN50
BD
Pacific Blue
CD3
UCHT1
BD
CD3
UCHT1
BD
V500
CD8
SK1
BD
CD8
SK1
BD
APC
CD56
B159
BD
Tim-3
344823
R&D
Alexa700
CD4
RPA-T4
BD
CD4
RPABD
T4
APC-H7
CD16
3G8
BD
HLA DR
L243
BD

2.6.2 Cytokine/Chemokine Bead Array Analytes
Concentrations of cytokines and chemokines in plasma samples were quantified using
Milliplex MAP bead array kits (Millipore). The Human Cytokine/Chemokine bead panel
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included the following analytes (with given limits of detection): IFN2 (7.2pg/mL),
IFN2.4pg/mL), IL-4 (0.6pg/mL), IL-6 (0.4pg/mL), IL-10 (0.5pg/mL), MIP14.8pg/mL), sCD40L (9.9pg/mL) and TNF1.6pg/mL). The standard curve for the
Human Cytokine/Chemokine panel analytes was composed of six 5-fold dilutions
ranging from 10,000pg/mL to 3.2pg/mL. For the analysis of plasma samples, the standard
curve, background and quality control wells were incubated with human serum matrix
(Millipore), which was prepared by reconstitution in 1mL ddH2O and incubation for 10
minutes.

2.6.3 Antigen-specific stimulations
To compare LAG-3 expression on bulk and antigen-specific T cells, PBMC were
stimulated with 2 HIV Gag peptide pools. PBMC samples were cryopreserved and later
thawed, as described in Section 2.2.2.1. PBMC were cultured at 2x106/mL in 24-well
tissue culture plates at 1mL/well. T cells were stimulated with HIV Gag A and/or HIV
Gag B peptide pools at a concentration of 2ug/peptide/mL for 10 hours. Detection of
cytokine production following stimulation requires the inhibition of golgi transport
through the addition of GolgiPlug (containing brefeldin A) and GolgiStop (containing
monensin) (BD Biosciences), which were added to culture at 1uL/mL and 0.66uL/mL,
respectively, 2 hours post-stimulation. Unstimulated control wells were used to calculate
background cytokine production.
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2.6.4 Statistical Analysis
Comparisons of flow cytometry and cytokine bead array data were performed by MannWhitney or Kruskal-Wallis test (non-parametric, continuous variables). Where
appropriate, Dunn’s post-test was used to determine inter-group differences following a
significant Kruskal-Wallis test. Correlations between continuous variables were
performed using Spearman correlation. Trend lines displayed on graphs with significant
correlations were derived by linear regression. All statistical analyses were performed in
GraphPad Prism, version 4.0 (GraphPad Software). P values of <0.05 were considered to
be statistically significant. Correlations were described as ‘weak’ if the rho value was less
than 0.5.

2.7 Expression of LAG-3 at the genital mucosa
2.7.1 Flow Cytometry Panels
Freshly isolated PBMC and CMC were surface stained to phenotype LAG-3+ iNKT and
T cells ex vivo (Table 6). 2x106 PBMC were stained and fixed, and 400,000 lymphocyte
events (for PBMC, all events for CMC) were collected on the BD LSRII flow cytometer.
CMCs were processed as described in Section 2.2.2.2. All cells isolated were surface
stained, and the entire tube was acquired on the LSRII flow cytometer.
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Table 2.4. CMC ex vivo flow cytometry panel.
Ex vivo iNKT Phenotype Panel
Fluorochrome
Marker
Clone
Source
FITC
LAG-3
17B4
Enzo Life Sciences
PE
iNKT
6B11
BD
ECD
Live/Dead
-Invitrogen
PE-Cy5
CD40L
TRAP1
BD
PE-Cy7
CCR5
2D7/CCR5
BD
Brilliant Violet 421
PD-1
EH12.2H7
Biolegend
V500
CD8
RPA-T8
BD
APC
CD69
FN50
BD
Alexa700
CD3
UCHT1
BD
APC-H7
CD4
RPA-T4
BD

2.7.2 Cytokine/Chemokine Bead Array Analytes
Concentrations of cytokines and chemokines in plasma samples were quantified using
Milliplex MAP bead array kits (Millipore). The Human Cytokine/Chemokine magnetic
bead panel included the following analytes (with given limits of detection): interferon
(IFN)-2 (4.8pg/mL), interleukin (IL)-15 (1.7 pg/mL), IL-1(12.6 pg/mL), IL-8 (0.7
pg/mL), IFN-induced protein (IP)-10 (14.0 pg/mL), monocyte chemotactic protein
(MCP)-1 (3.4 pg/mL), macrophage inflammatory protein (MIP)-1 pg/mL), MIP1 pg/mL) and sCD40L (9.9 pg/mL). The Human Th17 magnetic bead panel
included the following analytes: IL-1 pg/mL), IL-2 (9 pg/mL), IL-6 (2.9 pg/mL),
IL-10 (0.5 pg/mL), IL-12p70 (2.2 pg/mL), IFN pg/mL), tumor necrosis factor
(TNF) pg/mL), IL-23 (169 pg/mL), MIP3 pg/mL), IL-17A (2.8 pg/mL), IL17F (16 pg/mL), IL-17E (186 pg/mL) and IL-22 (32 pg/mL).
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The standard curve for the Human Cytokine/Chemokine panel analytes was composed of
six 5-fold dilutions ranging from 10,000pg/mL to 3.2pg/mL. The standard curve for the
Th17 panel analytes was composed of six 4-fold dilutions as follows: 100ng/mL to
20pg/mL (IL-17F), 40,000 pg/mL to 10pg/mL (IFN), 5,000pg/mL to 1 pg/mL (IL-10),
20,000pg/mL to 5pg/mL (MIP3, IL-12p70, IL-1), 50,000pg/mL to 12pg/mL (IL-17A,
IL-2), 150ng/mL to 40pg/mL (IL-22), 1500ng/mL to 300pg/mL (IL-23), 10,000pg/mL to
2.5pg/mL (IL-6, TNF), 2,000ng/mL to 480pg/mL (IL-17E).

Identical kits were used for both plasma and CVL samples. For the analysis of plasma
samples, the standard curve, background and quality control wells were incubated with
human serum matrix (Millipore), which was prepared by reconstitution in 1mL ddH2O
and incubation for 10 minutes. For the analysis of CVL samples, the standard curve,
background and quality control wells were incubated with PBS to reflect the composition
of the CVL sample. CVL samples were run in duplicate and plates were incubated
overnight at 4ºC.

2.7.3 Statistical Analysis
Comparisons of flow cytometry and cytokine bead array data were performed by
Wilcoxon Rank Sum test/Friedman test (non-parametric, paired, continuous variables) or
Chi square/Fisher’s exact test (dichotomous variables). Where appropriate, Dunn’s posttest was used to determine inter-group differences following a significant Friedman test.
Correlations between continuous variables were performed using Spearman correlation.
Trend lines displayed on graphs with significant correlations were derived by linear
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regression. All statistical analysis was performed in GraphPad Prism, version 6.0
(GraphPad Software). P values of <0.05 were considered to be statistically significant.
Correlations were described as ‘weak’ if the rho value was less than 0.5.

2.8 Function of LAG-3 expression on iNKT cells
2.8.1 Stimulations
PBMC samples were cryopreserved and later thawed, as described in 2.2.2.1. To assess
iNKT cytokine production, PBMC were stimulated with lipid antigen (GalCer) or the
positive control PMA/Io. PBMC were cultured at 2x106/mL in 24-well tissue culture
plates at 1mL/well. To quantify cytokine secretion, PBMC were stimulated for 6 hours
(with 25ng/mL PMA and 500ng/mL Io) or 10 hours (with 100ng/mL GalCer).
Detection of cytokine production following stimulation requires the inhibition of golgi
transport through the addition of GolgiPlug (containing brefeldin A) and GolgiStop
(containing monensin) (BD Biosciences), which are added to culture at 1uL/mL and
0.66uL/mL, respectively, 2 hours post-stimulation. TCR-mediated activation of iNKT
cells results in rapid and sustained TCR downregulation. As the iNKT population is
identified using a TCR-specific antibody (6B11-PE), TCR downregulation prevents
identification of the entire activated iNKT population. To limit this issue, the 6B11-PE
antibody was added to all culture wells at the time of stimulation, similarly to the
protocols used for tetramer-based identification of antigen-specific T cells.

Due to limitations in the number of channels available for multicolour flow cytometry,
analysis of iNKT cytokine production by flow cytometry was limited to IFN and TNF.
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To quantify the production of other iNKT cytokines and chemokines, cell culture
supernatants were harvested for Milliplex bead array analysis. PBMC were cultured as
above and stimulated with 100ng/mL GalCer (or unstimulated control) for 24 hours, at
which point supernatants were harvested and stored at -80ºC. Additionally, supernatants
were collected from the 5 day unstimulated and GalCer-stimulated proliferation
cultures, and stored at -80ºC.

2.8.2 Flow cytometry panels
2x106 PBMC were surface stained with an iNKT phenotype panel, as shown in Table 7.
The remaining PBMC were stimulated as described in 2.8.4. Following stimulation,
2x106 PBMC were stained for surface expression of LAG-3 and PD-1 and intracellular
cytokine production or proliferation. The panel for ICS is shown in Table 8. In all cases,
between 2x105 and 4x105 lymphocyte events were collected per sample on the BD LSRII
flow cytometer. Samples with fewer than 30 iNKT gate events were excluded from
analysis.

Table 2.5. Flow cytometry panel for iNKT phenotyping of PBMC.
Ex vivo iNKT Phenotype Panel
Fluorochrome
Marker
Clone
Source
FITC
LAG-3
17B4
Enzo Life Science
PE
iNKT
6B11
BD
ECD
Live/Dead
-Invitrogen
PE-Cy5
CD40L
TRAP1
BD
PE-Cy7
CCR5
2D7/CCR5
BD
Brilliant Violet 421
PD-1
EH12.2H7
Biolegend
V500
CD8
RPA-T8
BD
APC
CD69
FN50
BD
Alexa700
CD3
UCHT1
BD
APC-H7
CD4
RPA-T4
BD
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Table 2.6. Flow cytometry panel for ICS quantification following iNKT stimulation.
Fluorochrome
FITC
PE
ECD
PE-Cy5
PE-Cy7
Brilliant Violet 421
V500
APC
Alexa700
APC-H7

Marker
LAG-3
iNKT
Live/Dead
CD3
TNF
PD-1
CD8
CD69
IFN
CD4

ICS Panel
Clone
Source
17B4
Enzo Life Science
6B11
BD
-Invitrogen
UCHT1
BD
MAb11
BD
EH12.2H7
Biolegend
RPA-T8
BD
FN50
BD
B27
BD
RPA-T4
BD

2.8.3 Cytokine/Chemokine Bead Array Analytes
Plasma samples were analysed with the kits described in section 2.7.2.

Cell culture supernatants from the iNKT GalCer stimulations were analysed for
expression of the following analytes (with corresponding sensitivities): IFN (0.8pg/mL),
IL-4 (4.5pg/mL), IL-10 (1.1pg/mL), IL-13 (1.3pg/mL), IL-17 (0.7pg/mL), IP-10
(8.6pg/mL), IL-12p70 (0.6pg/mL), MIP-1 (2.9pg/mL), MIP-1 (3.0pg/mL) and TNF
(0.7pg/mL). Plates quantifying cytokines in cell culture supernatants used R10 media as
the matrix for standard, control and background wells. Culture supernatant samples were
run in duplicate and plates were incubated at room temperature for 2 hours.

2.8.4 Soluble LAG-3 ELISA
Soluble LAG-3 was quantified in cell culture supernatant samples as in section 2.3.3,
with minor modifications. As the culture supernatants are composed primarily of RPMI
media with FCS, the recombinant LAG-3 standard was diluted in R10 media, rather than
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PBS. In all other respects, the ELISA protocol and data analysis followed that described
for the detection of sLAG-3 in plasma samples.

2.8.5 Statistical Analysis
Comparisons of flow cytometry, ELISA and cytokine bead array data were performed by
Kruskal-Wallis test (non-parametric, continuous variables) or Chi square/Fisher’s exact
test (dichotomous variables). Where appropriate, Dunn’s post-test was used to determine
inter-group differences following a significant Friedman test. Correlations between
continuous variables were performed using Spearman correlation. Trend lines displayed
on graphs with significant correlations were derived by linear regression. All statistical
analysis was performed in GraphPad Prism, version 6.0 (GraphPad Software). p values of
<0.05 were considered to be statistically significant. Correlations were described as
‘weak’ if the rho value was less than 0.5.
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3. Association of GNB3 825 Genotype with HIV Acquisition and Disease Progression
3.1 Rationale
The GNB3 825 SNP has previously been associated with differential rates of HIV
progression and response to highly active antiretroviral therapy (HAART) in Caucasian
cohorts (161, 162). The impact of GNB3 genotype on HIV acquisition and progression
among African cohorts has not been assessed, and is of interest for several reasons. First,
the frequency of the GNB3 825T allele in African populations is extremely high (~80%)
(174) and could, therefore, have a substantial impact on HIV progression based on the
hazard ratios for progression to AIDS reported in the Caucasian cohort. Although the
effect of genetic variability is often population-dependent (151), the associations between
GNB3 825 genotype and disease susceptibility are particularly disparate among
Caucasian, Asian and African populations (175), with detailed study of GNB3 genotypes
in African populations representing an important gap in knowledge.

Second, the GNB3 gene is located near the CD4 C868T SNP that we have previously
reported to be associated with HIV acquisition and disease progression in a high-risk
Kenyan cohort (142). It is therefore conceivable that linkage between GNB3 and CD4
SNPs could contribute to the observed epidemiological effect of CD4 868T genotype.
Therefore, we assessed the impact of GNB3 genotype on HIV acquisition, rate of disease
progression and response to ART in two Kenyan cohorts: high-risk commercial sex
workers (FSW cohort) and HIV+ mothers and children (perinatal HIV transmission
(PHT) cohort). The results of this study are also reported in the publication by Juno et al,
Retrovirology, 2012 (443).
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3.2 Hypothesis
The GNB3 825TT genotype is associated with an elevated risk of HIV acquisition and
disease progression, but more rapid response to ART, compared to the GNB3 825CC/CT
genotype due to elevated peripheral blood T cell activation.

3.3 Objectives
1) Genotype participants in the FSW and PHT cohorts for GNB3 825 allele and
compare risk of HIV acquisition, rate of disease progression and response to ART
between participants with the GNB3 825TT and 825CC/CT genotypes.
2) Quantify the expression of T cell activation markers and plasma levels of CCR5 and
CXCR4 ligands among participants with GNB3 825TT and 825CC/CT genotypes.

3.4 Results
3.4.1 Study Populations
GNB3 825 genotyping was performed among participants enrolled in two Kenyan
cohorts. 1031 participants from the Majengo commercial sex worker cohort (FSW
cohort), including both HIV-N and HIV+ high-risk women, were genotyped at the GNB3
825, and in some cases, the CD4 868, locus (Table 3.1). In the low-risk perinatal HIV
transmission cohort (PHT cohort), 395 HIV+ women and 395 HIV-N or HIV+ infants
were genotyped at the GNB3 825 locus. Events of mother-to-child HIV transmission
(whether in utero, intrapartum or postpartum) were recorded, in addition to monitoring of
maternal viral load and CD4 count (Table 3.2).
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Table 3.1 GNB3 C825T genotype frequency for HIV-1 negative and HIV-1 positive
individuals in the FSW cohort.
GNB3 825 Genotype
HIV-N (n=349)
HIV+ (n=682)
*
CC (homozygous wildtype) 15 (4.3%)
27 (4.0%)*
*
CT (heterozygous)
124 (35.5%)
206 (30.2%)*
TT (homozygous variant)
210 (60.2%)*
449 (65.8%)*
CT Frequency
0.355
0.302
p for HWE
0.904
0.942
C allele frequency
0.22
0.19
T allele frequency
0.78
0.81
*
Data are no. (%) of subjects
For the comparison of genotype frequency between HIV-N and HIV+ subjects, p=0.19
(chi squared test). HWE, Hardy-Weinberg equilibrium.

Table 3.2 Characteristics of mothers and transmission events in the PHT cohort.
Parameter
Median (IQR) or Number (%)
N, data available
Age
25 (22-28)
390
Deaths
14 (4%)
395
CD4 Count, Month 1
555 (387-745)
329
Plasma HIV Viral Load,
4.79 (4.17-5.35)
376
Month 1 (log10 copies/mL)
GNB3 825 genotype
CC 98 (24.9%); CT 94 (23.9%);
393
frequency
TT 201 (51.1%)
Total number of HIV79 (20%)
393
a
infected infants
In utero transmission events b
24 (31%)e
79
e
Peripartum transmission
39 (49%)
79
events c
Breastmilk transmission
16 (20%)e
79
d
events
IQR, Inter-quartile range; a percentage of HIV-infected infants with mothers with
genotype data; b transmission occurring within 48hrs of birth; c transmission occurring
more than 48hrs after birth but prior to 1 month of age; d transmission occurring between
1 month of age and 1 year of age; e percentage of all HIV-infected infants
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3.4.2 HIV Acquisition in the FSW cohort
GNB3 825 genotype frequency was compared between HIV-N (n=349) and HIV+
(n=682) FSW cohort participants. There was no significant difference between
825CC/CT and 825TT genotype frequency based on serostatus (p=0.19, Chi squared)
(Table 3.1). Among all participants, GNB3 825 genotypes were in Hardy-Weinberg
equilibrium (HIV-N subjects p=0.904, HIV+ subjects p=0.942, Chi squared) (Table 3.1).

Cox regression survival analysis of the time to seroconversion among 277 HIV-N
participants with known dates of seroconversion (n=99 GNB3 825CC/CT, n=178 GNB3
825TT) demonstrated no significant impact of GNB3 825 genotype on risk of HIV
acquisition (Hazard Ratio (HR) 1.313, 95% CI 0.910, 1.895, p=0.15, Cox proportional
hazard analysis) (Figure 3.1). Despite the proximity of the GNB3 gene to the CD4 C868T
SNP on chromosome 12, analysis of linkage disequilibrium using LOD score (logarithm
of odds) between the GNB3 825 and CD4 868 SNPs demonstrated no significant linkage
between genotypes (LOD = 1.14, D’ = 0.338, r2 =0.0060). Accordingly, inclusion of CD4
868 genotype in the survival analysis of seroconversion did not affect the relative risk of
seroconversion between GNB3 825 genotype groups.
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Figure 3.1 Kaplan-Meier survival analysis of time from enrolment to seroconversion
in FSW cohort participants. 277 individuals with a known date of seroconversion were
included in this analysis: 99 GNB3 825CC/CT and 178 GNB3 825TT. There was no
difference in time to seroconversion as determined by Cox proportional hazard regression
(Hazard Ratio (HR) 1.313, 95% CI 0.910, 1.895, p=0.15). Icons between drops in the
lines represent the end of an individual's data set (censoring event).
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3.4.3 HIV Acquisition in the Perinatal HIV transmission cohort
We also analysed GNB3 825 genotype with respect to maternal HIV-1 transmission rates
either in utero, peripartum or via breastmilk in a low-risk Kenyan perinatal HIV
transmission cohort (PHT) for which both viral load and CD4 count data were available.
The overall risk of mother-to-child transmission was not associated with infant GNB3
genotype in an unadjusted model (HR 1.23, 95% CI: 0.76, 1.98, p=0.40) or following
adjustment for maternal viral load (p=0.51). Subgroup analysis of in utero, peripartum
and breastmilk transmission events revealed no effect of 825 genotype on in utero
transmission (Odds ratio (OR) 0.89, 95% CI: 0.38, 2.07, p=0.78 unadjusted; OR 1.00,
95% CI 0.41, 2.44, p=1.00 adjusted for maternal viral load) or peripartum transmission
(OR 0.94, 95% CI 0.47, 1.87, p=0.85 unadjusted; OR 0.84, 95% CI 0.40, 1.73, p=0.63
adjusted), but did show a trend toward an increased risk of breastmilk transmission in the
TT genotype group (OR 8.35, 95% CI 1.09, 64.13, p=0.04 unadjusted; OR 7.41, 95% CI
0.94, 58.2, p=0.06 adjusted). This was not accompanied by a significant difference in
maternal breastmilk viral load (p=0.54), plasma viral load at delivery (p=0.22) or
cervicovaginal viral load (p=0.46) between CC/CT and TT mothers.

3.4.4 HIV Progression in the FSW cohort
Given that Caucasian HIV-positive patients with the GNB3 825TT genotype were
reported to exhibit accelerated disease progression and to respond more favourably to
ART than CC or CT genotypes [7, 8], we assessed HIV disease progression in both the
FSW and PHT cohorts. Within the FSW cohort, 73 genotyped participants seroconverted
after their enrolment and returned for at least one follow-up visit (n=21 GNB3
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825CC/CT, n=52 GNB3 825TT). Among those participants, survival analysis of time to
CD4 counts of <350 cells/L did not show any significant effect of the GNB3 825
genotype, nor was there any interaction with the CD4 868 genotype (HR 0.665, 95% CI
0.369, 1.198, p=0.1742, Cox proportional hazard analysis) (Figure 3.2A). Given the
relatively small sample size of seroconverter patients, we also analysed disease
progression among 146 women who were HIV+ with CD4 counts >500 cells/L at the
time of recruitment (n=48 GNB3 825CC/CT, n=98 GNB3 825TT). Because the
seroconversion dates for these women were not known, the time to CD4 <350 cells/L
and CD4 <250 cells/L was adjusted for baseline CD4 count. After adjustment, there was
no significant difference in time to progression in 825 CC/CT patients compared to 825
TT patients, nor was there any interaction with CD4 genotype (CD4<350: HR=0.956,
95% CI 0.619, 1.477, p=0.8397; CD4<250: HR=0.966, 95% CI 0.594, 1.570, p=0.8879,
Cox proportional hazard analysis) (Figure 3.2B).

3.4.5 HIV Progression in the PHT cohort
Although infant HIV progression data were not available for the transmission events in
the PHT cohort, maternal data regarding progression to CD4 <350 cells/L, monthly rate
of CD4 decline, death and viral load were available. CD4 decline to <350 cells/L among
262 subjects (n=125 GNB3 825CC/CT, n=137 GNB3 825TT ) did not significantly differ
between 825TT and 825CC/CT genotypes before or after adjustment for baseline CD4
count (HR=0.75, 95% CI 0.47, 1.19, p=0.22 adjusted) (Figure 3.3). Overall risk of death
was not affected by GNB3 genotype (HR=1.94, 95% CI 0.46, 8.18, p=0.36).
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Figure 3.2 Kaplan-Meier survival analysis of HIV disease progression to CD4 count
<350 cells/L across GNB3 genotypes. (A) Survival analysis for 73 FSW cohort
participants who seroconverted during follow-up: 21 GNB3 825CC/CT subjects and 52
GNB3 825TT subjects. There were no significant differences in time to CD4 <350
cells/L as determined by Cox proportional hazard analysis (HR 0.665, 95% CI 0.369,
1.198, p=0.1742). (B) Survival analysis for 146 HIV-1-positive FSW cohort subjects: 48
GNB3 825CC/CT subjects and 98 GNB3 825TT subjects. Following adjustment for
baseline CD4 count, there were no significant differences in time to CD4 <350 cells/L
as determined by Cox proportional hazard analysis (HR=0.956, 95% CI 0.619, 1.477,
p=0.8397).
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Figure 3.3 Kaplan-Meier survival analysis of HIV disease progression to CD4 count
<350 cells/L among 262 PHT cohort HIV-1-positive mothers. 125 GNB3 825CC/CT
subjects and 137 GNB3 825TT subjects. Following adjustment for baseline CD4 count,
there were no significant differences in time to CD4 <350 as determined by Cox
proportional hazard analysis (HR=0.75, 95% CI 0.47, 1.19, p=0.22).
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Linear mixed modeling (LMM) analysis of CD4 loss over two years of follow-up
demonstrated a trend toward slower CD4 decline among 825TT genotype mothers,
although the difference was only an average of 2.82 cells per month (9.46 cells/month
among 825 CC/CT versus 6.64 cells/month among 825TT) (p=0.08, LMM). Similar
modeling of viral load change over time did not reveal any significant effect of GNB3
genotype on viral load increase (p=0.5, LMM).

3.4.6 Response to ARV therapy in the FSW cohort
A number of HIV+ FSW cohort participants with available GNB3 genotypes initiated
antiretroviral therapy between January 2005 and January 2012. Because GNB3 genotype
was previously reported to influence CD4 recovery following ART initiation (161), we
compared the CD4 count at time of ARV initiation and CD4 recovery 1 year after postinitiation between GNB3 genotype groups.

CD4 counts at ART initiation and 1 year post-initiation were available for 30 CC/CT and
64 TT genotype participants. CD4 counts at the time of ARV initiation did not differ
significantly between GNB3 CC/CT (median=192.5 cells/L) and TT (median=198.5
cells/L) genotype groups (Figure 3.4A) (p=0.925, Mann-Whitney test). Among all
participants, CD4 counts increased significantly between baseline (median=196 cells/L)
and one year of ART (median=302 cells/L) (p<0.0001, Wilcoxon test), and 75 of 94
participants demonstrated an increase in CD4 count over 1 year of follow-up.
Absolute CD4 counts following 1 year of ART did not differ between GNB3 genotype
groups (CC/CT median=317.5 cells/L, TT median=299 cells/L, p=0.668, Mann-

87

Whitney test) (Figure 3.4B). The change in CD4 count from baseline (baseline subtracted
values) was also similar between CC/CT and TT groups (CC/CT median=94 cells/mL, TT
median=93.5 cells/L, p=0.879, Mann-Whitney test) (Figure 3.4C), as was the percent
change in CD4 count from baseline (CC/CT median=33.58%, TT median=44.39%,
p=0.624, Mann-Whitney test) (Figure 3.4D). A comparison of the proportion of
individuals exhibiting an increase in CD4 count following ART revealed no significant
differences between genotype groups (p=0.594, Fisher’s exact test) (Figure 3.4E).

3.4.7 Immune activation among HIV-N subjects
The potential for GNB3 genotype to influence lymphocyte chemotaxis, cellular
activation, apoptotic pathways and CD4 counts [18] could have important implications
for HIV-1 disease progression, which can be driven by increasing immune activation and
apoptosis [4]. The only data available describing T cell immune activation in subjects
with varying GNB3 genotypes is reported in an assessment of healthy Caucasian
individuals [20]. No differences in HLA DR expression on T cells was observed, and
although bulk CD4 counts were shown to be increased in Caucasian subjects, the study
did not measure any CD4+ T cell subsets such as regulatory T cells (Tregs).

Cross-sectional measurements of ex vivo T cell expression of CD69, HLA-DR and CD38,
and Treg proportion in GNB3-genotyped women from the FSW cohort were available
from several previously published studies (114, 444). We therefore compared immune
activation between GNB3 genotypes groups in both HIV-N and HIV+ participants.
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Figure 3.4 CD4 recovery following ART initiation among GNB3 825 CC/CT and TT
FSW cohort participants. (A) CD4 counts at time of ART initiation were similar
between GNB3 825 CC/CT (n=30) and TT (n=64) groups. (B) CD4 counts 1 year postART initiation were similar between genotype groups. (C) The change in CD4 count over
one year of ART did not differ between genotype groups. (D) The change in CD4 count
over one year of ART, expressed as a percentage of baseline CD4 count, did not differ
between genotype groups. (E) The proportion of participants exhibiting an increase in
CD4 count during one year of ART was similar between genotype groups. In (A) through
(D), median and interquartile range are indicated.
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In healthy women, no differences in expression of CD69 (acute activation), HLA-DR or
CD38 (chronic activation) were observed between CC/CT and TT genotypes on either
CD4+ or CD8+ T cells (p>0.1 for all, Mann-Whitney) (Figure 3.5A, B). Expression
patterns of HLA-DR and CD38 were confirmed to be similar in a second cross-sectional
study (p>0.1 for all, Mann-Whitney). There were also no differences in Treg frequency,
expressed as a percentage of CD4+ T cells (p=0.96, Mann-Whitney) (Figure 3.5A, B).

Although activated CD4+ T cells are generally considered to be prime targets for HIV-1
infection and replication, cellular susceptibility to HIV-1 infection requires the
expression of either the CCR5 (in early infection) or CXCR4 (in late infection) coreceptor. To more specifically characterize T cell susceptibility to infection, we compared
the percentage of cells expressing either CXCR4 or CCR5 between GNB3 genotypes, but
found no differences between 825 CC/CT and TT groups (p>0.1 for both, MannWhitney) (Figure 3.5C). As most infecting viruses utilize the CCR5 co-receptor, we also
compared the density of CCR5 expression on CD4+ T cells (as measured by median
fluorescence intensity) (Figure 3.5C) and the activation state of CD4+CCR5+ cells (as
measured by CD69 and HLA DR expression) (Figure 3.5D). No differences in any of
these parameters were observed between genotype groups (p>0.1 for all, Mann-Whitney).

3.4.8 Immune activation among HIV+ subjects
In HIV+ women, expression of CD69, HLA-DR and CD38 did not differ between GNB3
genotype groups on either CD4+ or CD8+ T cells, before or after adjustment for CD4
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count (p>0.1 for all, Mann-Whitny; p>0.1 for all, ANCOVA (Analysis of Co-Variance)
with CD4 count as covariate) (Figure 3.6A, B). Comparison of HLA-DR expression
between genotypes was replicated in 4 cross-sectional studies, and CD38 expression was
assessed in 3 replicate studies. Additionally, we compared the expression of IL-7R
(CD127) and Fas (CD95), both known correlates of HIV-1 disease progression [21, 22],
between genotype groups. Expression of both markers did not differ between GNB3
genotypes, either before or after adjustment for CD4 count (p>0.1 for all, Mann-Whitney
and ANCOVA) (Figure 3.6A, B). Finally, the proportion of Tregs expressed as a
percentage of CD3+ cells was also similar between genotype groups (p=0.91, MannWhitney) (Figure 3.6A).

3.4.9 Plasma chemokine expression
To complement the cell surface marker data, we assessed plasma concentrations of three
cytokines/chemokines of interest: SDF-1, MIP-1 and TRAIL. Given that 825TT
patients are known to exhibit enhanced SDF-1-mediated chemotaxis, we wondered
whether plasma chemokine levels might vary between GNB3 genotype during infection.
Additionally, some evidence points to lower levels of lymphocyte apoptosis in 825TT
patients, leading us to assess plasma levels of the cleaved form of TNF-related apoptosisinducing ligand (TRAIL, CD253). There were no significant differences in plasma
TRAIL, SDF-1 or MIP-1 levels between CC/CT and TT genotypes (Mann-Whitney,
p=0.31, p=0.14 and p=0.88 respectively, Mann-Whitney) (Figure 3.7). Subgroup analysis
based on ARV treatment status did not reveal any further differences in protein
concentration between genotypes.
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Figure 3.5 Expression of ex vivo cell surface markers measured by flow cytometry
among HIV-1-negative subjects. (A) Expression of CD69, HLA-DR, CD38 and
regulatory T cells (Tregs; defined as CD3+CD4+CD25+FOXP3+) among HIV-1negative FSW cohort subjects. Values are expressed as a percentage of the parental CD4+
or CD8+ T cell population. CD38 and HLA-DR plots are representative of two distinct
studies. There were no significant differences in expression levels between GNB3
825CC/CT and 825TT groups. (B) Expression of HIV-1 co-receptors CCR5 and CXCR4
expressed as a percentage of the parental CD4+ T cell population. There were no
significant differences in expression levels or CCR5 median fluorescence intensity (MFI)
between GNB3 825CC/CT and 825TT groups. (C) Expression of activation markers
CD69 and HLA DR on CD4+CCR5+ T cells. There were no significant differences in
expression levels between GNB3 825CC/CT and 825TT groups. Median and interquartile
range are shown for all plots.
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Figure 3.6 Expression of ex vivo cell surface markers among HIV+ subjects.
Expression of IL-7R(n=5 CC/CT, 18 TT), Fas (n=5 CC/CT, 18 TT), Treg (n=5 CC/CT,
18 TT), CD69 (n=9 CC/CT, 20 TT), HLA-DR (n=14 CC/CT, 31 TT), and CD38 (n=14
CC/CT, 31 TT) was among HIV+ FSW cohort participants. Values are expressed as a
percentage of the parental (A) CD4+ or (B) CD8+ T cell population, as indicated, except
Tregs, which are presented as % of CD3+ cells. Median and interquartile range are
shown. There were no significant differences in expression levels between GNB3
825CC/CT and 825TT groups.
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Figure 3.7 Quantification of plasma cytokine/chemokine levels between HIV+
participants with differing GNB3 genotypes. Plasma SDF-1, MIP-1 and TRAIL
concentrations were quantified by Milliplex bead assay among HIV+ women of the FSW
cohort. No significant differences in concentration between GNB3 825CC/CT and 825TT
groups.
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3.5 Summary
This study aimed to determine whether GNB3 825 genotype is associated with altered
risk of HIV acquisition/disease progression, response to ART or peripheral blood
immune activation in two Kenyan cohorts. GNB3 genotype had no impact on the risk of
HIV acquisition in either cohort, nor did it affect the rate of disease progression. CD4
recovery following initiation of ART was similar between genotype groups. Immune
activation levels did not differ based on GNB3 genotype. Overall, there was no
significant impact of GNB3 genotype on any of the epidemiological or biological
parameters analysed, thereby refuting the hypothesis.
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4. Impact of GNB3 825 Genotype on RNA splicing and immune activation
4.1 Rationale
Despite the numerous studies reporting epidemiological associations between GNB3 825
genotype and disease susceptibility and immune function, the mechanism of action of the
825T allele remains controversial (166). Although the C825T SNP is a silent mutation, it
is found in strong linkage disequilibrium with additional intronic GNB3 SNPs that,
together, are predicted to promote alternative mRNA splicing and the generation of two
splice variants, Gb3s and Gb3s2 (160, 163). Given the lack of evidence demonstrating
G3s and G3s2 protein expression (168), assessment of the functional impact of the
825T allele is generally determined at the mRNA level. To confirm that the GNB3 825TT
genotype is associated with splice variant production, we aimed to confirm GNB3 RNA
splicing at previously described loci in PBMC from FSW cohort participants.

4.2 Hypothesis
Cohort participants with the GNB3 825TT genotype exhibit GNB3 RNA splicing
characteristic of the Gb3s and Gb3s2 transcripts, but exhibit normal expression of other
genes at the GNB3 locus.

4.3 Objectives
1. Quantify exon-by-exon RNA expression of GNB3 and neighbouring genes (LAG-3,
CD4, etc.) using RNA exon microarrays and compare between GNB3 genotypes.
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4.4 Results
4.4.1 GNB3 exon array mRNA expression
To confirm whether the presence of the GNB3 825TT genotype was associated with
mRNA splicing as described by Siffert et al (163, 164) in the FSW cohort, we took
advantage of exon microarray technology. Unlike conventional RNA microarrays, which
use probesets targeting the 3’ end of RNA transcripts to detect total transcript levels,
exon microarrays contain probesets targeting multiple intronic and exonic sequences
within each RNA transcript. The Affymetrix GeneChip Human Exon 1.0 ST Array
included probesets located within the deletions described for both Gb3s and Gb3s2, and
should, therefore, be able to detect splicing events in GNB3 825TT individuals.

It is important to note that the extremely large number of statistical comparisons
performed when comparing the expression of multiple probes for thousands of genes
requires sophisticated statistical analysis to adjust the p values appropriately for inflated
type I error. Because the analysis of the exon array samples for this study was a sub-study
nested within the design of the main array analysis, p values are not presented for the
exon array data. Instead, p values unaffected by multiple comparisons are presented for
the qRT-PCR confirmation of specific RNA expression patterns for individual genes.

PBMC RNA was isolated from 46 FSW cohort participants, including 23 HIV-N (2
825CC, 3 825CT and 18 TT) and 23 HIV+ (5 825CC, 7 CT and 11 TT) women. GNB3
transcript expression levels were similar between 825CC and 825TT genotype groups
(Figure 4.1). In particular, RNA expression detected by probesets located in the Gb3s/s2
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deletion sequences was virtually identical between GNB3 genotypes (Figure 4.1,
indicated by arrows). Based on the exon array results, there was no evidence to suggest
the occurrence of Gb3s/s2 splicing among GNB3 825TT participant PBMCs.

4.4.2 Expression of genes at the GNB3-CD4 locus
Because the exon microarray data also contained expression data for genes surrounding
the CD4-GNB3 genetic locus, we investigated whether GNB3 genotype was associated
with differential expression or splicing of any other neighbouring genes. Genes located
on chromosome 12p13 near GNB3/CD4 include G protein coupled receptor 162
(GPR162), leprecan-like 2 (LEPREL2), cell division cycle associated 3 (CDCA3),
parathymosin (PTMS), lymphocyte activation gene 3 (LAG-3, CD223) and myeloid
leukemia factor 2 (MLF2) (Figure 4.2A). There were no consistent differences in
expression and splicing of CDCA3, LEPREL2, GPR162, PTMS or MLF2 in probesets
covering known splicing regions (Figure 4.2B-D, Figure 4.3A-C).
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Figure 4.1 GNB3 RNA transcript expression in FSW cohort participants. GNB3
expression levels were similar between GNB3 825CC (n=7) and 85TT (n=29) genotype
groups. Probesets located within sequences previously reported to be deleted during
Gb3s/s2 splicing are indicated by arrows.
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Figure 4.2 RNA expression of genes at the CD4/GNB3 locus. (A) Genes located near
GNB3 and CD4 on chromosome 12p13 include cell division cycle associated 3
(CDCA3), leprecan-like 2 (LEPREL2), G protein coupled receptor 162 (GPR162),
lymphocyte activation gene 3 (LAG-3, CD223), parathymosin (PTMS), and myeloid
leukemia factor 2 (MLF2). Map obtained from NCBI gene database Map Viewer
(http://www.ncbi.nlm.nih.gov/gene). Expression of (B) CDCA3, (C) LEPREL2, and (D)
GPR162 were similar between GNB3 825CC (n=7, red) and 825TT (n=29, blue) groups.
Exons are depicted as grey blocks, while introns are contained in the intervening spaces.
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Figure 4.3 RNA expression of genes at the CD4/GNB3 locus. Expression of (A) CD4,
(B) parathymosin (PTMS), and (C) myeloid leukemia factor 2 (MLF2) were similar
between GNB3 825CC (n=7, red) and 825TT (n=29, blue) groups.
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4.4.3 LAG-3 exon array mRNA expression
Unlike other genes at the GNB3/CD4 locus, LAG-3 3’ exon expression appeared to differ
between GNB3 825CC and 825TT groups (Figure 4.4A). Indeed, when the probesets
were restricted to exonic sequences and all 3 GNB3 genotype groups included, there
appeared to be a dose-dependent effect of the 825T allele on 3’ LAG-3 exon expression
(Figure 4.4B).

This expression pattern was maintained when analysis was restricted to HIV+
participants only (Figure 4.5A), and, furthermore, 3’ LAG-3 exon expression appeared to
be higher among HIV+ participants compared to HIV-N participants (Figure 4.5B).
Differential expression of the 3’ portion of the LAG-3 transcript is biologically plausible,
as LAG-3 is known to be expressed in both a full-length cell surface bound form, as well
as several truncated, soluble forms (Figure 4.6). Furthermore, linkage between the GNB3
825 SNP and polymorphisms in LAG-3 that could regulate LAG-3 splicing are possible.
According to the NCBI SNP database for LAG-3, the intron between exons 4 and 5
contains 12 SNPs, and the intron between exons 3 and 4 contains 24 SNPs and
insertions/deletions. There are no nonsense mutations currently identified in exons 3 or 4
that would result in a truncated protein product. To confirm the exon array results, the
expression of LAG-3 exon 2/3 and exon 6 was compared between genotype groups
relative to 18S RNA expression by qRT-PCR. While exon 2/3 expression was similar
between GNB3 825CC (n=5) and 825TT (n=6) groups (p=0.424, Mann-Whitney), exon 6
expression was significantly higher among 825CC individuals (p=0.030, Mann-Whitney)
(Figure 4.6).
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Figure 4.4 Expression of lymphocyte activation gene 3 (LAG-3) RNA between GNB3
genotype groups. (A) GNB3 genotype appeared to influence the expression of the 3’ end
of the LAG-3 RNA transcript (n=7 GNB3 825CC, red; n=29 GNB3 825TT, blue). (B)
Restricting analysis to the probsets specific to exonic sequences of the LAG-3 transcript
revealed differential expression of the 3’ exons across GNB3 825CC (n=7, red), GNB3
825CT (n=10, blue) and GNB3 825TT (n=29, green) groups.
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Figure 4.5 LAG-3 transcript expression and HIV status. (A) Among only HIV+
participants, differences remained in LAG-3 transcript expression between GNB3
genotype groups (n=5 GNB3 825CC, red; n=7 GNB3 825CT, blue; n=11 GNB3 825TT,
green). (B) Compared to HIV-N participants (red, blue and green lines, n=23), HIV+
participants (greyscale lines, n=23) generally exhibited increased expression of 3’ LAG-3
exons.
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Figure 4.6 qRT-PCR validation of LAG-3 transcript expression. qRT-PCR
quantification of LAG-3 mRNA expression revealed similar levels of exon 2/3
expression between GNB3 825CC (n=5) and GNB3 825TT (n=6) groups (p=0.424, MannWhitney), but significantly higher expression of exon 6 among GNB3 825CC participants
(p=0.030, Mann-Whitney). LAG-3 mRNA expression for each individual was normalized
to 18S mRNA levels.
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4.5 Summary
Contrary to the hypothesis, splicing events in the regions corresponding to Gb3s and
Gb3s2 were not detected among GNB3 825TT genotype participants. This observation is
consistent with the lack of epidemiological association between GNB3 genotype and HIV
acquisition and progression described in Section 3. Although the splicing and expression
of the majority of genes surrounding the GNB3 locus were similar between GNB3
genotype groups, LAG-3 splicing differed between GNB3 825CC, CT and TT individuals,
as well as between HIV serostatus groups. The differences in LAG-3 splicing were
confirmed by qRT-PCR. Given the potential modulation of LAG-3 expression during
HIV infection, assessment of LAG-3 expression on lymphocyte subsets was carried out
in Chapter 5. Overall, there was no evidence to suggest that the GNB3 825T allele is
associated with the production of Gb3s and Gb3s2 splice variants previously reported by
Siffert et al.
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5. Expression of LAG-3 during HIV infection
5.1 Rationale
Given that LAG-3 mRNA was found to be differentially expressed between HIV-N and
HIV+ participants of the FSW cohort, we aimed to confirm whether LAG-3 protein
expression was similarly increased during chronic HIV infection. Although very little
published data was available describing the expression of LAG-3 during HIV infection,
LAG-3 has previously been shown to be expressed on activated T cells and NK cells, as
well as invariant NKT subsets. Furthermore, the extracellular domains of LAG-3 can be
secreted as soluble LAG-3 (sLAG-3) and quantified in human plasma. As LAG-3 was
reported to play an important role in mediating immune exhaustion during chronic
LCMV infection in mice, it was possible that LAG-3 was upregulated during chronic
HIV infection in a manner similar to that reported for the T cell exhaustion markers PD-1
and Tim-3. We therefore sought to determine the relative expression of sLAG-3 in
plasma and surface LAG-3 on T cell, NK cell and iNKT cell subsets among healthy and
HIV-infected FSW cohort participants.

5.2 Hypothesis
HIV infection is associated with elevated lymphocyte LAG-3 expression due to chronic
immune activation, and decreased sLAG-3 expression due to loss of CD4+ T cells. ART
restores total LAG-3 expression to levels characteristic of HIV-uninfected women.
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5.3 Objectives
1. Quantify LAG-3 expression on CD4+ and CD8+ T cells, CD56hiCD16-,
CD56dimCD16+ and CD56-CD16+ NK cells, and CD4+, CD8+ and double negative
(CD4-CD8-) iNKT cells of HIV+ and healthy participants of the FSW cohort.
2. Quantify sLAG-3 expression in plasma among HIV+ and healthy cohort participants.
3. Correlate surface LAG-3 and sLAG-3 expression with CD4 count, T cell activation
and plasma cytokine/chemokine expression among HIV+ participants.

5.4 Results
5.4.1 Study Populations
To broadly determine which lymphocyte subsets expressed LAG-3 among healthy and
HIV-infected individuals, PBMC samples were collected from 90 participants of the
FSW cohort for ex vivo phenotyping. 10 HIV-N, 40 HIV+ ART naïve and 40 HIV+
ART-experienced women were recruited for this study (Table 5.1). A subsequent, smaller
study recruited 35 women to follow up on the observations of the first screening study
and to investigate the function of LAG-3 on iNKT cells during HIV infection (iNKT
function study). PBMC samples were collected from 17 HIV-N, 9 HIV+ ART naïve and
17 HIV+ ART-experienced women (Table 5.2). Analysis of a subset of these data is
described in this chapter (sections 5.4.3.3 – 5.4.3.5), while the bulk of the assays
performed on these samples are described in Chapters 6 and 7.
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Table 5.1 Characteristics of subjects included in the ex vivo LAG-3 screening study.
p Value**
HIV-N
HIV+ ART Naïve
HIV+ ART
Experienced
*
Age, years
31.5 (28.75, 41)
37 (32.5, 41)
40 (34, 45.25)
0.164
Duration of sex
9 (5.25, 13.5)
7 (5, 14)
11.5 (5, 19)
0.552
*
work, years
CD4 Count*
-428 (369.3, 632.3)
354 (245, 481)
0.011
Duration of
--2.14 (1.16, 3.64)
-ART, years*
*
Data are presented as median (IQR)
**
Groups were compared by Kruskal-Wallis test (age, duration of sex work) or MannWhitney test (CD4 count)

Table 5.2 Characteristics of subjects included in the iNKT function study.
HIV-N
HIV+ ART
HIV+ ART
p
Naïve
Experienced
Value**
Age, years*
40 (34, 44.5)
35 (29, 41)
40 (34.5, 44)
0.522
Duration of sex work, 10 (6.5, 12)
9 (5, 14)
11 (8, 20)
0.324
years*
CD4 Count*
-475.5 (321, 618) 526.5 (407, 698)
0.297
Duration of ART,
--3 (3, 5.5)
-*
years
*
Data are presented as median (IQR)
**
Groups were compared by Kruskal-Wallis test (age, duration of sex work) or MannWhitney test (CD4 count)
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5.4.2 Quantification of surface LAG-3 expression
LAG-3 expression was assessed simultaneously on multiple lymphocyte subsets
including conventional T cells (CD4+ and CD8+), iNKT cells (CD3+6B11+) and NK
cells (CD56hiCD16-, CD56dimCD16+ and CD56-CD16+). The gating strategy for each
subset is shown in Figure 5.1. The monoclonal antibody 17B4 was used throughout this
thesis for the detection of surface LAG-3 expression. The generation and specificity of
this antibody has been described in the literature (388, 445), and this clone is the most
widely used antibody in studies of LAG-3 expression by flow cytometry. For the
remainder of the thesis, cell surface-associated LAG-3 expression will be referred to as
LAG-3, and soluble LAG-3 will be referred to exclusively as sLAG-3.

5.4.3 Ex vivo LAG-3 expression on T lymphocytes
5.4.3.1 LAG-3 expression on CD4+ and CD8+ T cells
LAG-3 was expressed at very low levels on both CD4+ and CD8+ T cells among all
participants in the study (Figure 5.2A) (n=10 HIV-N, 35 HIV+, 36 HIV+ ART). Despite
the low levels of expression, HIV+ ART experienced participants demonstrated
significantly higher levels of LAG-3 expression compared to healthy controls (p=0.0170
for CD4, Kruskal-Wallis, Dunn’s post-test p<0.05 for HIV+ ART versus HIV-N;
p=0.0183 for CD8, post-test p<0.05 for HIV+ ART versus HIV-) (Figure 5.2B, Table
5.3). Analysis of CD4+ and CD8+ T cell LAG-3 expression within each individual
revealed significantly greater LAG-3 expression on the CD8+ T cell subset (p=0.0195
for HIV-N, p<0.0001 for HIV+, p<0.0001 for HIV+ ART, Wilcoxon test) (Figure 5.2C).
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Viral load determination is not performed as the standard of care in Kenya. Instead, CD4
count and CD8+ T cell activation (measured by HLA DR expression) were used as
surrogates of disease progression. LAG-3 expression on CD4+ T cells did not correlate
with CD4 count among either group of HIV+ participants (r=-0.0809, p=0.5058 for all
HIV+; r=0.0647, p=0.7163 for HIV+ ART naïve; r=-0.0434, p=0.8015 for HIV+ ART
experienced, Spearman) (Figure 5.3A). Similarly, CD8+ T cell LAG-3 expression was
unrelated to CD4 count (r=0.0302, p=0.8043 for all HIV+; r=0.1728, p=0.3284 for HIV+
ART naïve; r=0.0177, p=0.9183 for HIV+ ART experienced, Spearman) (Figure 5.3A).

In addition to CD8+ T cell activation being an indicator of disease progression, LAG-3 is
reported to be expressed primarily on activated T cells. We therefore assessed the
correlation between LAG-3 expression and CD4+ and CD8+ T cell activation (Table
5.4). LAG-3 expression did not correlate with HLA DR expression on any cell subset
among any HIV+ groups (p>0.1 for all, Spearman). Notably, LAG-3 expression on both
CD4+ and CD8+ T cells significantly correlated with CD69 expression on each subset,
respectively (r=0.5598, p=0.0029 for CD4+ T cells; r=0.4016, p=0.0420 for CD8+ T
cells, Spearman) (Figure 5.3B).
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Table 5.3 Summary of ex vivo LAG-3 expression on lymphocyte subsets among HIV-N and HIV+ participants.
Median % LAG-3+ (fold change vs HIV-N)
Post-test
Lymphocyte Subset
p value*
differences**
HIV-N
HIV+
HIV+ ART
CD3+CD4+

0.14

0.16 (1.1)

0.225 (1.6)

0.017

HIV-N vs ART

CD3+CD8+

0.165

0.24 (1.5)

0.34 (2.1)

0.0183

HIV-N vs ART

CD3-CD56hiCD16-

0.565

1.32 (2.3)

1.695 (3.0)

0.0134

HIV-N vs ART

CD3-CD56dimCD16+

1.085

1.27 (1.2)

1.79 (1.6)

0.0368

HIV-N vs ART
(Mann-Whitney)

CD3-CD56-CD16+

2.45

2.72 (1.1)

3.32 (1.4)

0.1474

--

CD3+6B11+ (iNKT)

4.195

9.835 (2.3)

11.16 (2.7)

0.0274

HIV-N vs ART

*

Groups compared by Kruskal-Wallis test
Post-test p<0.05 by Dunn’s post-test, or Mann-Whitney in the event that no Dunn’s post-tests were significant, following a
significant Kruskal-Wallis test
**
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Figure 5.1 Representative ex vivo staining of PBMC samples to identify lymphocyte
populations. Singlets were identified by FSC-area (FSC-A) versus FSC-height (FSC-H)
gating, followed by lymphocyte gating based on forward and side scatter. CD3+ and
CD3- subsets were identified by histogram gating. iNKT cells were identified as
CD3+6B11+, while conventional T cells were identified as CD3+6B11- and further
subgated based on CD4 and CD8 expression. NK cells were gated as CD56hiCD16-,
CD56dimCD16+ or CD56-CD16+ within the CD3- population. Data from ML3290 (HIV+
ART experienced) are shown.
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Figure 5.2 Ex vivo LAG-3 expression on CD4+ and CD8+ T cell subsets. (A)
Representative staining of LAG-3 on CD4+ and CD8+ T cells from HIV-N (ML3501) ,
HIV+ (ML2732) and HIV+ ART experienced (ML2680) participants. (B) LAG-3
expression was significantly higher on both CD4+ and CD8+ T cells among HIV+ ART
participants compared to healthy controls. (C) When compared within each individual,
LAG-3 expression was significantly higher on CD8+ T cells compared to CD4+ T cells
among all participant groups. *p<0.05, ****p<0.0001
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Figure 5.3 Correlates of LAG-3 expression on CD4+ and CD8+ T cells. (A)
Representative staining of T cell activation markers HLA DR and CD69 on CD4+ and
CD8+ T cell populations. Data are shown from HIV-N (ML3512), HIV+ (ML3215) and
HIV+ ART (ML3356) individuals. (B) LAG-3 expression on CD4+ and CD8+ T cell
subsets did not correlate with CD4 count among HIV+ participants (n=70). (C) On both
CD4+ and CD8+ T cells, LAG-3 expression significantly correlated with CD69
expression among all HIV+ participants (n=26). Trend line derived from linear regression
is shown.
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Table 5.4 Correlations between LAG-3 expression and CD4+ and CD8+ T cell
activation.
Subset 1
Subset 2
Population
n
Spearman r
All HIV+
70
0.0631
%CD4+HLA DR+
HIV+
34
-0.0246
HIV+ ART
36
0.1615
All HIV+
70
-0.0962
%CD4+
%CD8+HLA DR+
HIV+
34
-0.0433
LAG-3+
HIV+ ART
36
-0.0732
All HIV+
26
0.5598
%CD4+CD69+
HIV+
12
0.4982
HIV+ ART
14
0.3789
All HIV+
70
-0.1124
%CD8+HLA DR+
HIV+
34
-0.1006
HIV+ ART
36
-0.0310
%CD8+
LAG-3+
All HIV+
26
0.4016
%CD8+CD69+
HIV+
12
0.3404
HIV+ ART
14
0.4026
p values≤0.1 (trend) are indicated in bold.

p value
0.6010
0.8882
0.3466
0.4245
0.8049
0.6712
0.0029
0.1016
0.1811
0.3507
0.5651
0.8576
0.0420
0.2770
0.1535
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As described above, the strongest differences in LAG-3 expression on both T cell subsets
were observed between healthy controls and HIV+ ART experienced participants.
Although viral load data was unavailable to demonstrate viral suppression among the
ART group, CD8+ HLA DR expression was significantly decreased among ART
recipients compared to the ART naïve group, suggesting a control of immune activation
among this population (p=0.0058, post-test p<0.05 for HIV-N versus HIV+, p<0.05 for
HIV+ versus HIV+ ART, Kruskal-Wallis) (Figure 5.4A). Despite this, LAG-3 expression
did not correlate with duration of ART (r=-0.0348, p=0.8404 for CD4+ LAG-3;
r=-0.0043, p=0.9801 for CD8+ LAG-3, Spearman) (Figure 5.4B) nor did it differ among
participants with CD4 reconstitution to CD4 counts above or below 350 cells/L
(p=0.5887 for CD4+ LAG-3; p=0.9688 for CD8+ LAG-3, Mann-Whitney) (Figure 5.4C).
Finally, LAG-3 was similar between groups when participants were stratified based on
CD8+ HLA DR expression above or below the median expression level of the entire
ART experienced group (p=0.7815 for CD4+ LAG-3; p=0.8305 for CD8+ LAG-3
expression, Mann-Whitney) (Figure 5.4D).

In summary, LAG-3 was poorly expressed on CD4+ and CD8+ T cells among all
participants, despite a statistically significant elevation during HIV infection. LAG3 expression did not correlate with any measures of disease progression or ART.
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Figure 5.4 Relationship between LAG-3 expression and ART duration and CD4
reconstitution. (A) ARV therapy was associated with a significant reduction in CD8+
HLA DR expression compared to HIV+ ART naïve participants. (B) ART duration did
not correlate with LAG-3 expression on either CD4+ or CD8+ T cells. (C) LAG-3
expression among HIV+ ART subjects did not differ when stratified by CD4 count above
(n=17) or below (n=19) 350 cells/L. (D) LAG-3 expression was similar between HIV+
ART participants who exhibited higher (n=15) or lower (n=21) than the median %CD8+
HLA DR+. *p<0.05
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5.4.3.2 Comparison of LAG-3 and PD-1 expression
The PD-1 antibody used in the LAG-3 screening study produced poor signal and was
therefore not included in data analysis. Excellent PD-1 staining was generated, however,
in the surface panel of the iNKT function study. We therefore compared PD-1 and LAG3 expression on CD8+ T cells from the 15 HIV-N, 8 HIV+ and 17 HIV+ ART
participants of that study. Representative PD-1 staining is shown in Figure 5.5A.

Due to the relatively small sample size, the HIV+ and HIV+ ART groups were combined
for most analyses. Both PD-1 and LAG-3 were expressed at higher levels on CD8+ T
cells among HIV+ participants compared to healthy controls (p=0.0425 for PD-1,
p=0.0475 for LAG-3, Mann-Whitney) (Figure 5.5B, C). LAG-3 expression did not
correlate with PD-1 expression on CD8+ T cells (r=0.0077, p=0.9709, Spearman) (Figure
5.5D). CD8+LAG-3+ T cells, however, expressed significantly more PD-1 than the bulk
CD8+ T cell population (p<0.0001, Wilcoxon test) (Figure 5.5E, F), indicating that LAG3 tends to be co-expressed with PD-1 during HIV infection.

5.4.3.3 LAG-3 expression on antigen-specific T cells
Although studies published following the FSW cohort LAG-3 screening study also found
low levels of T cell LAG-3 expression during chronic infection on both bulk and HIVspecific T cells (380, 436), we could not rule out an enrichment of LAG-3 expression on
HIV-specific CTLs among the FSW cohort. Samples from 7 HIV+ ART-experienced
enrollees in the iNKT function study had sufficient cells to perform stimulations with
HIV gag peptide pools to identify gag-specific CD8+ T cell responses. Although ARV
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therapy can suppress antigen-specific responses, robust IFN and TNF responses (>2fold above background) were detected after 10 hours of stimulation in these participants
(Figure 5.6). 5 participants responded to only one of the two gag peptide pools, while 2
participants responded to both pools.

Consistent with the current literature, PD-1 expression on Gag-specific CD8+ T cells
(CD8+IFN+) was significantly elevated compared to the bulk CD8+ T cell population
(p=0.0039, Wilcoxon test) (Figure 5.7A). In contrast, there was no significant difference
between LAG-3 expression on CD8+IFN+ T cells and bulk CD8+ T cells (p=0.2031,
Wilcoxon test) (Figure 5.7B) among the same participants. Furthermore, the
simultaneous measurement of both IFN and TNF following peptide stimulation allows
for the identification of both dual-positive and single-positive cytokine-expressing cells.
When comparing the expression of PD-1 and LAG-3 on double-positive
(CD8+IFN+TNF+) versus single-positive (CD8+IFN+TNF-) cells, PD-1 expression
was significantly elevated on the CD8+IFN+TNF- subset (p=0.0273, Wilcoxon test)
(Figure 5.7C). LAG-3 expression, however, did not significantly differ between singleand double-positive antigen-specific cells (p>0.999, Wilcoxon test) (Figure 5.7D).

In summary, there was no evidence to suggest that LAG-3 expression was enriched
on HIV-specific T cells among participants of this cohort. LAG-3 was co-expressed,
however, with PD-1 on CD8+ T cells.
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Figure 5.5 Relationship between LAG-3 and PD-1 expression on CD8+ T cells. (A)
Representative staining of PD-1 on CD8+ T cells among HIV-N (ML2505), HIV+
(ML3013) and HIV+ ART (ML2169) participants. (B) PD-1 expression is significantly
increased among HIV+ participants compared to healthy controls. (C) LAG-3 expression
on CD8+ T cells is significantly increased among HIV+ subjects compared to healthy
controls. (D) PD-1 expression does not correlate with LAG-3 expression on CD8+ T
cells. (E) Representative staining of LAG-3 on CD8+ T cells, and PD-1 expression on
CD8+LAG-3+ T cells (data shown from ML2169). (F) PD-1 expression is significantly
higher among CD8+LAG-3+ T cells compared to bulk CD8+ T cells. *p<0.05,
****p<0.0001
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Figure 5.6 Representative staining of HIV gag-specific CD8+ T cell responses. Singlets were identified by FSC-area (FSC-A)
versus FSC-height (FSC-H) gating, followed by lymphocyte gating based on forward and side scatter. Live cells were identified by
Live/Dead Red staining. T cells were gated as CD3+CD8+ (hi or lo). The CD3 gate was expanded to include some antigen-specific
populations which were CD3lo compared to bulk T cells. Expression of IFN and TNF was measured by intracellular staining, and
PD-1 and LAG-3 by surface staining. Plots from both media control and gag peptide pool stimulation are shown. Data from ML1932
(HIV+, ART experienced) are shown.

122

Figure 5.7 Expression of LAG-3 and PD-1 on antigen-specific T cell populations. (A)
PD-1 expression is significantly enriched on HIV gag-specific CD8+ T cells (measured
by IFN expression) compared to the bulk CD8+ population. (B) LAG-3 expression is
similar between bulk CD8+ and gag-specific CD8+ populations. (C) PD-1 expression is
preferentially associated with IFN+TNF- gag-specific CD8 responses compared to
dual-positive cells. (D) LAG-3 expression is similar between single- and dual-positive
gag-specific T cells. *p<0.05, **p<0.01
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5.4.3.4 LAG-3 expression and GNB3 825 genotype
The exon array analysis of GNB3 and LAG-3 RNA splicing described in section 4.4
suggested that LAG-3 mRNA was differentially spliced between GNB3 genotype groups.
The differences in expression were observed at the 3’ end of the transcript, which
encodes the transmembrane domain and cytoplasmic tail present in cell surface LAG-3.
We therefore compared T lymphocyte surface LAG-3 expression between GNB3 825
genotype groups in an attempt to confirm the exon array results. Due to significant
differences in LAG-3 expression during HIV infection, analysis was restricted to HIV+
participants (n=17 CC/CT, 35 TT). There were no significant differences in LAG-3
expression between GNB3 genotype groups for any lymphocyte subset analysed (CD4+,
CD8+, iNKT, CD56dimCD16+, CD56hiCD16-) (p>0.1 for all, Mann-Whitney) (Figure
5.8A-E).

5.4.4 LAG-3 expression on NK cells
Human NK cell subsets are commonly defined as CD56hiCD16- and CD56dimCD16+, with
a dysfunctional CD56-CD16+ population accumulating during chronic HIV infection
(446) (Figure 5.9A). In this study, there was no statistically significant change in the
frequency of any NK subset as a percentage of total CD3- lymphocytes, including the
CD56-CD16+ population, between any disease status groups (n=10 HIV-, 35 HIV+, 36
HIV+ ART) (p>0.1 for all, Kruskal-Wallis test) (Figure 5.9B). Furthermore, the CD56CD16+ NK population was not expanded as a relative proportion of the total NK
population in either HIV-infected group (p=0.51, Kruskal-Wallis test) (Figure 5.9C).
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Figure 5.8. Comparison of surface LAG-3 expression between GNB3 825 genotypes.
Among HIV+ participants (n=17 CC/CT, 35 TT), there was no difference in LAG-3
expression between GNB3 genotype groups on (A) CD4+ T cells, (B) CD8+ T cells, (C)
iNKT cells, (D) CD56dimCD16+ NK cells, or (E) CD56hiCD16- NK cells.
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LAG-3 expression was detected at low levels on all NK subsets (Figure 5.10A).
Expression was significantly higher on the CD56dimCD16+ and CD56hiCD16- NK subsets
among HIV+ ART experienced women compared to healthy controls (CD56dimCD16+:
p=0.0368, Kruskal-Wallis test, post-test p=0.0151 for HIV+ ART versus HIV-N (MannWhitney), p=0.799 for HIV+ versus HIV-N (Mann-Whitney); CD56hiCD16-: p=0.0134,
Kruskal-Wallis test, post-test p<0.05 for HIV+ ART versus HIV-N) (Figure 5.10B, Table
5.3). There was no difference in LAG-3 expression across groups on the CD56-CD16+
subset (p=0.1474, Kruskal-Wallis).

Intra-participant comparison of LAG-3 expression across NK subsets revealed
significantly higher LAG-3 expression on the CD56-CD16+ NK subset compared to
either the CD56dim or CD16hi populations. The differences remained significant for both
healthy (p=0.0004, post-test p<0.05 for CD56- versus CD56dim, p<0.01 for CD56versus CD56hi, Friedman) and HIV+/ART participants (p<0.0001, post-test p<0.0001 for
CD56- versus both CD56dim and CD56hi, Friedman) (Figure 5.10C). A parametric
ANOVA test for linear trend demonstrated a significant decline in LAG-3 expression
across NK cell subsets with increasing CD56 expression (CD56- > CD56dim > CD56hi)
(p<0.0001, ANOVA test for linear trend).

CD4 count did not correlate with LAG-3 expression on any NK cell subset, regardless of
whether all HIV+ participants were grouped together or stratified based on ARV
treatment (p>0.1 for all, Spearman correlation) (Table 5.5, Figure 5.11A). Similarly,
LAG-3 expression among ART experienced participants did not vary according to
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duration of therapy for any NK subset (r=-0.0904, p=0.6002 for CD56dimCD16+;
r=-0.2105, p=0.2178 for CD56hiCD16-; r=-0.0810, p=0.6387 for CD56-CD16+,
Spearman) (Figure 5.11B). When stratified based on recovery of CD4 count to greater or
less than 350 cells/L, ART-experienced participants exhibited similar levels of LAG-3
on all NK subsets (p=0.7013 for CD56dimCD16+; p=0.7845 for CD56hiCD16-; p=0.9563
for CD56-CD16+, Mann-Whitney) (Figure 5.11C).

Due to limitations in the number of channels available for a single flow cytometry panel,
the only phenotypic marker assessed on NK cells was the acute activation marker CD69.
Among all HIV+ participants, LAG-3 expression significantly correlated with CD69
expression on CD56dimCD16+ NK cells, but not CD56hiCD16- or CD56-CD16+ NK
subsets (n= 21 HIV+, 7 HIV+ ART) (r=0.4155, p=0.0311 for CD56dimCD16+; r=-0.1512,
p=0.4426 for CD56hiCD16-; r=0.1402, p=0.4946 for CD56-CD16+, Spearman) (Figure
5.12A). Although LAG-3 and CD69 expression were positively correlated on the
CD56dimCD16+ subset, the two surface markers were not co-expressed; LAG-3+CD69cells were significantly more frequent than LAG-3-CD69+ cells, which formed only a
minor population in HIV+ individuals (p<0.0001, Wilcoxon) (Figure 5.12B). These
results may indicate differences in the temporal expression of LAG-3 and CD69,
whereby LAG-3 may be upregulated following peak CD69 expression.
In summary, LAG-3 expression was elevated on both CD56dim and C56hi NK cell
subsets during HIV infection. Like its expression on T cells, NK LAG-3 expression
did not correlate with disease progression or ART duration. Interestingly, LAG-3
expression was highest on CD56- anergic NK cells among healthy women.
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Figure 5.9. NK cell populations among HIV+ participants. (A) Representative
staining of NK cell subpopulations (ML3290, HIV+ ART experienced). (B) NK subset
frequencies were unchanged by HIV infection status. (C) The CD56-CD16+ population
was not significantly expanded as a proportion of the total NK population among HIV+
participants.
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Figure 5.10 LAG-3 expression on NK cell subsets. (A) Representative staining of
LAG-3 expression on CD56dimCD16+ NK cells among HIV-N (ML2971), HIV+
(ML3013) and HIV+ ART (ML2585) participants. (B) LAG-3 expression is significantly
increased among HIV+ ART participants on both the CD56dimCD16+ and
CD56hiCD16- NK subsets. (C) LAG-3 expression was significantly higher on CD56CD16+ NK cells compared to either the CD56dim or CD56hi populations, regardless of
HIV serostatus. *p<0.05, **p<0.01 ****p<0.0001
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Table 5.5. Correlations between NK subset LAG-3 expression and CD4 count among
HIV+ participants.
NK Subset
Population
Spearman r
p value
All HIV+
-0.0496
0.6837
dim
+
CD56 CD16
HIV+ ART Naïve
0.1163
0.5125
HIV+ ART experienced
-0.0294
0.8648
All HIV+
-0.1266
0.2965
CD56hiCD16HIV+ ART Naïve
0.0797
0.6542
HIV+ ART experienced
-0.2208
0.1956
All HIV+
-0.0180
0.8822
CD56-CD16+
HIV+ ART Naïve
0.1612
0.3624
HIV+ ART experienced
-0.0393
0.8201
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Figure 5.11. Relationship between NK LAG-3 expression and CD4 count and ARV
therapy. (A) Among all HIV+ participants, CD4 count did not correlate with LAG-3
expression on any NK subset (n=70). (B) Among participants on ART, LAG-3
expression did not correlate with duration of ARV therapy on any NK subset (n=36). (C)
LAG-3 expression on NK subsets did not differ between participants on ART with CD4
counts above or below 350 cells/L (n=17 <350 cells/L, 19 >350 cells/L).
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Figure 5.12. Relationship between LAG-3 and CD69 expression on NK subsets. (A)
LAG-3 expression significantly correlated with CD69 expression on only the
CD56dimCD16+ NK subset among all HIV+ participants. Trend line derived from linear
regression. (B) Representative staining of LAG-3 and CD69 co-expression on
CD56dimCD16+ NK cells. (C) LAG-3 and CD69 were not co-expressed on
CD56dimCD16+ NK cells, with LAG-3+ cells being significantly more likely to be CD69than CD69+. ****p<0.0001
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5.4.5 LAG-3 expression on iNKT cells
Human iNKT population frequencies are highly variable, ranging from <0.01% of CD3+
T cells to >1% in published reports (271, 447). An iNKT population was detected using
the 6B11 antibody specific to the iNKT TCR (Figure 5.13A). These frequencies are
comparable to those observed in the FSW cohort in this study (Figure 5.13B). Overall,
iNKT frequencies were similar between HIV-, HIV+ and HIV+ ART experienced
participants (p=0.914, Kruskal-Wallis test) (Figure 5.13B).

Similar to the depletion of conventional CD4+ T cells during chronic HIV infection, the
proportion of CD4+ iNKT cells was reduced in both HIV+ and HIV+ ART experienced
participants compared to healthy controls (n=8 HIV-, 34 HV+, 34 HIV+ ART) (Figure
5.13C) (p=0.0012, Kruskal-Wallis test, post-test p<0.01 for healthy vs. HIV+, p<0.001
for healthy vs. HIV+ ART experienced). There was no significant difference in the
frequency of CD4+ iNKTs between ART naïve and experienced participants, suggesting
a lack of iNKT reconstitution following ARV therapy. The proportionate decrease in
CD4+ iNKT cells was associated with an inflated proportion of CD8+ iNKT cells, while
the frequency of DN iNKTs remained similar across groups (Figure 5.13C) (p=0.0005 for
CD8+ iNKT frequency, Kruskal-Wallis test, post-test p<0.01 for healthy vs. HIV+,
p<0.001 for healthy vs. HIV+ ART experienced). There was no difference in the
frequency of double negative (CD4-CD8-. DN) iNKT cells between groups (p=0.9247,
Kruskal-Wallis).
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LAG-3 expression was detected at low levels on iNKTs among healthy women, and was
significantly elevated during chronic HIV infection among ART experienced participants
(p=0.0274, post-test p<0.05 for HIV-N versus HIV+ ART, Kruskal-Wallis) (Figure
5.14A,B, Table 5.3). LAG-3 median fluorescence intensity (MFI) was similar across
groups, but exhibited a trend of increasing intensity between HIV-, HIV+ and HIV+ ART
groups (p=0.085, Kruskal-Wallis) (Figure 5.14C).

Analysis of iNKT subset phenotypes is limited by the low number of iNKT cells acquired
by flow cytometry. Quantification of LAG-3 expression on CD4+, CD8+ and DN iNKT
subsets was therefore restricted to samples with >20 events collected in each subset gate,
and should be interpreted with caution. Analysis did suggest, however, that LAG-3
expression was primarily increased on the CD4+ iNKT subset among HIV+ ART
experienced individuals rather than the CD8+ or DN subsets (CD4+ iNKT n=8 HIV-N,
26 HIV+, 25 HIV+ ART; CD8+ iNKT n=4 HIV-N, 28 HIV+, 27 HIV+ ART; DN iNKT
n=7 HIV-N, 27 HIV+, 28 HIV+ ART) (CD4+ iNKT p=0.029, post-test p<0.05 HIV-N
versus HIV+ ART; CD8+ iNKT p=0.978; DN iNKT p=0.099, Kruskal-Wallis) (Figure
5.14D).
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Figure 5.13. iNKT population frequency and subset proportions. (A) Representative
staining of iNKT cells (CD3+6B11+) and subgating into CD4+, CD8+ and double
negative (DN) subsets. Data are shown from ML2197 (HIV+ ART). (B) iNKT
population frequency was similar across HIV-, HIV+ and HIV+ ART groups. (C) Both
HIV+ groups exhibited significantly decreased proportions of CD4+ iNKTs and
increased proportions of CD8+ iNKTs compared to healthy controls. **p<0.01,
***p<0.001.
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Figure 5.14. LAG-3 expression on iNKT subsets. (A) Representative staining of LAG3 on CD3+6B11+ iNKT cells among HIV-N (ML2644), HIV+ (ML2312) and HIV+
ART (ML2197) participants. (B) LAG-3 expression is significantly increased on iNKT
cells among the HIV+ ART group compared to healthy controls. (C) LAG-3 MFI was
similar across all groups, regardless of HIV status. (D) Increased LAG-3 expression
among HIV+ ART participants was primarily restricted to the CD4+ iNKT subset, which
exhibited significantly greater LAG-3 expression compared to healthy controls. *p<0.05.
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LAG-3 expression on the bulk iNKT subset did not correlate with CD4 count among
HIV+ participants, whether grouped together or stratified by ART use (r=0.0255,
p=0.8374 for all HIV+; r=0.1035, p=0.5667 for HIV+ ART naïve; r=0.0396, p=0.8241
for HIV+ ART experienced, Spearman) (Figure 5.15A). ART duration did not correlate
with LAG-3 expression (r=-0.0076, p=0.9658, Spearman) (Figure 5.15B), nor did LAG-3
expression differ between individuals with CD4 reconstitution above 350 cells/L
(p=0.7139, Mann-Whitney) (Figure 5.15C). Among all HIV+ participants, iNKT LAG-3
expression significantly correlated with iNKT activation measured by CD69 expression
(n=11 HIV+, 11 HIV+ ART) (r=0.4507, p=0.0353, Spearman) (Figure 5.15D).
In summary, CD4+ iNKT cells were depleted during HIV infection and not restored
by ART. LAG-3 expression was elevated on iNKT cells among HIV+ women, but
did not correlate with measures of disease progression.
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Figure 5.15. Correlates of iNKT LAG-3 expression. (A) LAG-3 expression did not
correlate with CD4 count among HIV+ participants. (B) ART duration did not correlate
with LAG-3 expression, nor did LAG-3 expression differ when participants were
stratified based on CD4 reconstitution above or below 350 cells/L. (C) Representative
staining of CD69 on iNKT cells (ML2197 is shown). CD69 expression significantly
correlated with LAG-3 expression on iNKT cells among HIV+ participants. Trend line
derived from linear regression.
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5.4.6 LAG-3 expression and plasma cytokine/chemokine expression
The lack of correlation between LAG-3 expression and any correlates of disease
progression or treatment (chronic T cell activation, CD4 count, duration of ART) was
unexpected, and notably distinct from the expression patterns of other exhaustion markers
during HIV infection. We therefore wondered whether LAG-3 expression might instead
be regulated by specific cytokines/chemokines, or be specifically associated with levels
of Th1 or Th2-like cytokines. Some published data indicates that LAG-3 expression is
IFN dependent (405), while murine data strongly associates LAG-3 expression with
Treg cells that produce IL-10 (402). To determine whether LAG-3 expression was
associated with a proinflammatory (IL-6, TNF), Th2 (IL-4) or regulatory (IL-10)
plasma cytokine environment, cytokine bead arrays were used to measure 8 plasma
cytokines/chemokines (IFN2, IFN, IL-4, IL-6, IL-10, MIP-1, sCD40L, and TNF) in
7 HIV-, 31 HIV+ and 30 HIV+ ART participants. IFN2 was included as an output of
innate immune activation, while sCD40L is commonly associated with immune
activation. IL-4 and IL-6 were detected in only 5 and 3 samples, respectively, and were
therefore excluded from further analysis. Median concentrations of each analyte and the
number of participants with detectable levels of each cytokine/chemokine are given in
Table 5.6.

LAG-3 expression on CD4+ and CD8+ T cells, all three NK cell subsets and iNKT cells
was correlated with the concentration of each cytokine/chemokine among all HIV+
participants, as well as ART naïve and ART experienced subjects separately. No
significant correlations were found (p>0.05 for all, Spearman). Because IFN and IL-10
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were detectable in less than half of HIV+ participants, correlations were also performed
including only participants with plasma concentrations above the limit of detection.
Among all HIV+ participants with detectable levels of cytokine, CD8+ T cell LAG-3
expression trended toward a positive correlation with plasma IFN (n=22, r=0.4113,
p=0.0572, Spearman) (Table 5.7, Figure 5.16A). iNKT LAG-3 expression exhibited a
weak negative correlation with plasma IL-10 concentrations (n=22) among all HIV+
participants, as well as ART experienced participants (r=-0.4291, p=0.0463 for all HIV+;
r=-0.6210, p=0.0438 for HIV+ ART) (Table 5.7, Figure 5.16B,C).

In summary, plasma cytokines/chemokines appeared to be poor predictors of LAG3 expression on all lymphocyte subsets studied.
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Table 5.6. Concentrations of plasma cytokines and chemokines in HIV-N and HIV+
participants.
HIVHIV+
HIV+ ART
Analyte Median
N
Median
N
Median
N
(pg/mL) Detected (pg/mL) Detected (pg/mL) Detected
20.10
5
36.04
27
38.15
28
IFN2
1.20*
3
1.20*
12
1.20*
10
IFN
IL-10
0.25*
1
0.25*
12
0.25*
11
5
23.66
26
23.83
27
MIP-1 7.50
sCD40L 4045
7
3873
31
3185
30
6.43
6
9.44
26
7.05
28
TNF
*indicates value midway between limit of detection and 0pg/mL.
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Table 5.7. Correlations between plasma cytokines/chemokines and CD8+ T cell LAG-3 expression among participants with
detectable cytokine/chemokine expression.
All HIV+
HIV+
HIV+ ART
Lymphocyte
Analyte
Spearman p value
Spearman
p value
Spearman
p value
Subset
rho
rho
rho
CD3+CD8+
0.4445
0.1482
0.2884
0.4196
0.4113
0.0572
CD3+CD4+
0.3257
0.1390
0.2008
0.5279
0.3697
0.2957
IFN
CD56dimCD16+
0.3420
0.1193
0.3937
0.2049
0.2614
0.4622
(n=22)
hi
CD56 CD16
0.3320
0.1312
0.3908
0.2084
0.2121
0.5603
iNKT
-0.1644
0.4647
-0.3722
0.2010
-0.1515
0.6821
CD3+CD8+
-0.0565
0.8028
-0.2968
0.3258
-0.2673
0.3986
CD3+CD4+
0.0043
0.9849
-0.3506
0.2486
-0.0961
0.7610
IL-10
CD56dimCD16+
-0.0408
0.8571
-0.1119
0.6809
-0.2494
0.4376
(n=23)
hi
CD56 CD16
0.1172
0.6036
-0.0561
0.8034
0.0776
0.8218
iNKT
-0.1819
0.5337
-0.4291
0.0463
-0.6210
0.0438
Correlations with p≤0.1 are highlighted in bold.
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Figure 5.16. Correlations between lymphocyte LAG-3 expression and plasma
cytokine/chemokine concentrations. (A) LAG-3 expression on CD8+ T cells trended
toward positively correlating with plasma IFN concentrations among HIV+ participants
with detectable IFN (n=22). (B) Among HIV+ participants with detectable IL-10, LAG3 expression on iNKTs negatively correlated with plasma IL-10 (n=22). (C) The
correlation between iNKT LAG-3 and plasma IL-10 remained significant among HIV+
ART participants (n=11).
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5.4.7 Soluble LAG-3 expression in plasma
Plasma samples with sufficient volume to quantify sLAG-3 by in-house ELISA were
available from participants of the iNKT function study. sLAG-3 was detected in all
plasma samples (n=17 HIV-, 9 HIV+, 17 HIV+ ART). One sample read above the upper
limit of detection of the assay, and was assigned an arbitrary value for the purpose of
statistical analysis (because non-parametric statistics rank all values, the highest value
receives the same rank regardless of the actual concentration). sLAG-3 concentrations
were highly variable between individuals, and only trended toward exhibiting differences
based on HIV status (p=0.1077, Kruskal-Wallis) (Figure 5.17A).

Interestingly, sLAG-3 significantly inversely correlated with CD4 count among the 17
HIV+ participants for whom CD4 counts were available (r=-0.5735, p=0.0179,
Spearman) (Figure 5.17B). Plasma cytokine/chemokine concentrations were also
available for these participants. Because the conditions under which sLAG-3 is generated
are unknown, the relationship between sLAG-3 concentration and other soluble immune
mediators (cytokines/chemokines) was assessed. Analytes included IL-8, IL-15, sCD40L,
IP-10, MCP-1, MIP-1, MIP-1, IL-1, IFN2, IL-17F, IFN, IL-10, MIP-3, IL12p70, IL-17A, IL-22, IL-1, IL-2, IL-23, IL-6, IL-17E, and TNF. IL-1, IL-2, IL-17E,
IL-1a, IL-10, MIP-1a and IL-15 were not detectable in the samples, and were not
included in future analyses (median concentrations are reported in Appendix 10.3).

Among all HIV+ participants, sLAG-3 correlated with IP-10 (r=0.8353, p<0.0001,
Spearman) and IL-23 (r=-0.5438, p=0.0168) (Figure 5.17C). When sub-grouped based on
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ART status, no significant relationship remained with IL-23, but the correlation between
sLAG-3 and IP-10 remained significant in both groups (r=0.9048, p=0.0046 for HIV+
ART naïve; r=0.8407, p=0.0006 for HIV+ ART, Spearman) (Figure 5.18A).
Interestingly, although IP-10 concentration was significantly elevated in the HIV+ ART
naïve group compared to healthy controls (p=0.0243, Kruskal-Wallis, post-test p<0.05)
(Figure 5.18B), CD4 count only trended toward an inversely correlation with IP-10 levels
(r=-0.4289, p=0.0873, Spearman) (Figure 5.18C). Plasma sLAG-3 was therefore a
stronger correlate of CD4 decline than IP-10 concentration in this study.
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Figure 5.17. Quantification of plasma sLAG-3 in healthy and HIV+ participants of
the iNKT function study. (A) Plasma sLAG-3 concentrations trended toward an
increase among HIV+ ART naïve participants compared to healthy controls. (B) sLAG-3
inversely correlated with CD4 count among all HIV+ participants (n=17). (C) Plasma
sLAG-3 significantly correlated with plasma IP-10 (n=21) and IL-23 (n=17)
concentration among all HIV+ participants.
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Figure 5.18. Relationship between sLAG-3, plasma IP-10 and CD4 count among
HIV+ women. (A) The correlation between IP-10 and sLAG-3 was maintained among
HIV+ ART naïve (n=8) and HIV+ ART experienced (n=13) participants. Dashed line
indicates upper limit of sLAG-3 ELISA. (B) Plasma IP-10 concentrations were
significantly elevated among HIV+ ART naïve women compared to healthy controls. (C)
CD4 count trended toward an inverse correlation with plasma IP-10 concentration among
all HIV+ participants. *p<0.05

147

5.5 Summary
The aim of this study was to identify lymphocyte subsets expressing high levels of LAG3 during chronic HIV infection. LAG-3 expression was significantly increased among
HIV+ participants on CD4+ and CD8+ T cells, CD56dimCD16+ and CD56hiCD16- NK
cells and iNKT cells. LAG-3 expression did not correlate with CD4 count or chronic
immune activation on any cell subsets examined, nor was it decreased among participants
receiving ART. On both NK and iNKT cells, LAG-3 expression correlated with acute
activation marker CD69. The largest differences in LAG-3 expression between healthy
and HIV-infected participants, as well as the highest proportion of LAG-3-expressing
cells were observed on the iNKT subset. Overall, these results suggest that LAG-3
expression is increased on iNKT cells during chronic HIV infection, where it could
contribute to iNKT exhaustion. Although LAG-3 expression did not correlate with
plasma cytokines/chemokines, sLAG-3 concentration was related to both CD4 count and
plasma IP-10 concentration. Surprisingly, sLAG-3 was a stronger correlate of CD4
decline during HIV infection than IP-10, which was a previously identified predictor of
HIV disease progression.
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6. Expression of LAG-3 at the genital mucosa
6.1 Rationale
Although LAG-3 is poorly expressed by the majority of resting PBMC in healthy
individuals, it is known to be expressed following T cell and NK cell activation.
Lymphocytes isolated from the female genital tract are typically more activated than
those derived from peripheral blood, but the expression of exhaustion/activation markers
such as LAG-3 and PD-1 at the genital mucosa have not been extensively described in
either healthy or HIV+ individuals. Similarly, whether sLAG-3 is detectable in cervical
vaginal lavage (CVL) is unknown. Given our lab’s recent data suggesting that induction
of an immunoregulatory environment at the genital tract may protect against HIV
infection and that activated T cell subsets are depleted at the FGT following HIV
infection, we assessed the expression of cell surface and soluble LAG-3 at the female
genital mucosa in healthy and HIV+ participants.

6.2 Hypothesis
LAG-3 expression at the female genital mucosa is associated with lymphocyte activation
and a pro-inflammatory cytokine environment. Due to increased activation of cervical T
cells, LAG-3 expression is therefore elevated at the genital mucosa compared to the
systemic compartment.
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6.3 Objectives
1. Quantify T cell surface expression of LAG-3 and markers of immune activation
(CD69) and exhaustion (PD-1) in PBMC and CMC samples and compare between
healthy and HIV+ individuals.
2. Quantify expression of sLAG-3 and cytokines/chemokines in plasma and CVL
samples from healthy and HIV+ individuals.

6.4 Results
6.4.1 Study Population
Mucosal LAG-3 expression was assessed in cervical scrapings collected from participants
of the FSW cohort. A total of 37 women were recruited. Phenotypic analysis of cervical
mononuclear cells derived from cytobrush samples is notoriously difficult, and samples
often contain poor lymphocyte populations not suitable for flow cytometry. Samples were
only included in this study if a viable, CD3+ lymphocyte population could be identified
upon gating (see Figure 6.1) and therefore a total of 6 HIV-negative and 5 HIV+
participants (1 of whom was receiving ART) were included in the final analysis. The
characteristics of these individuals, including age, duration of follow-up, CD4 count and
presence of sexually transmitted infections are described in Table 6.1.
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Table 6.1. Demographics of participants in the mucosal phenotyping study.
HIVHIV+ ART
HIV+ ART
Negative
Naïve
Experienced
(n=6)
(n=4)
(n=1)
*
Age, years
37.5
34.0
42
Duration of Sex Work,
11.0
8.0
8.0
years*
CD4 Count*
-481.5
658
Duration of ART, years
--3
Chlamydia/Gonorrhea
0
0
0
Syphillis Serology
0
0
0
**
Contraceptive Use
None 0
1
0
Condom 2
1
1
Depo-Provera 3
0
0
Other 1
2
0
*
Data are presented as the median
**
Data are presented as the number of participants in each category
***
p value from Mann-Whitney test comparing HIV-N with all HIV+

p Value ***
0.567
0.357
---------
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Figure 6.1. Representative staining of T cell subsets in CMC and PBMC samples. Singlets were identified by FSC-area (FSC-A)
versus FSC-height (FSC-H) gating, followed by lymphocyte gating based on forward and side scatter. Live cells were identified by
Live/Dead Red staining. T cells were gated as CD3+6B11(iNKT)- lymphocytes. CD4+, CD8+ and DN CD3+ subsets were identified
and subsequently evaluated for expression of PD-1, LAG-3, CD69 and CCR5. Data from ML2002 (HIV-N) are shown.
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6.4.2 T cell LAG-3 expression – PBMC versus CMC
Consistent with previous evaluation of T cell LAG-3 expression (Section 5.4.3), ex vivo
LAG-3 expression was negligible on PBMC-derived CD4+ and CD8+ T cells. In contrast
to PBMC, LAG-3 was significantly more likely to be expressed on both CD4+ and CD8+
T cells derived from the FGT (p=0.0273 for CD4+, p=0.0039 for CD8+, Wilcoxon)
(Figure 6.2A,B). LAG-3 MFI was also significantly greater on the CMC CD8+ T cell
population compared to PBMC, and trended toward a higher MFI on the CD4+ CMC
subset (p=0.0645 for CD4+, p=0.0039 for CD8+, Wilcoxon) (Figure 6.2A,B), indicating
greater per-cell expression of LAG-3 at the FGT. The increased expression of LAG-3
was generally consistent across all participants, regardless of HIV status.

While PBMC CD4+:CD8+ T cell ratios are largely consistent between healthy
individuals, the T cell composition among CMCs can vary greatly between participants,
with some samples containing the presence of a large double negative (DN) T cell
population (Figure 6.1). Similar to the CD4+ and CD8+ populations, LAG-3 expression
was significantly higher on mucosal DN T cells compared to systemic DN T cells
(p=0.0020 for proportion, p=0.0098 for MFI, Wilcoxon) (Figure 6.2C). Surprisingly,
LAG-3 expression was significantly higher on the DNT subset compared to the CD4+ T
cell subset in both CMCs and PBMCs (Friedman p=0.0112, post-test p<0.01 for CMC,
Friedman p=0.0002, post-test p<0.001 for PBMC) (Figure 6.2D).
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Figure 6.2. LAG-3 expression on mucosal and systemic T lymphocyte subsets. (A)
The proportion of LAG-3+ cells on both CD8+ and CD4+ subsets and LAG-3 MFI on
CD8+ T cells were significantly increased among CMC compared to PBMC (n=10).
LAG-3 MFI on CD4+ T cells trended toward increased levels on CMC compared to
PBMC. (B) Representative differences in expression of LAG-3 on mucosal and systemic
CD3+ T lymphocytes. Data from ML2002 is shown. (C) LAG-3 is expressed on double
negative (DN) T cells in both PBMC and CMC and is expressed at a significantly higher
proportion and MFI in CMCs compared to PBMCs. (D) When contrasted across T
lymphocyte subsets, LAG-3 expression is significantly enriched on DN T cells compared
to CD4+ T cells at both the systemic and genital mucosal compartments. *p<0.05,
**p<0.01, ***p<0.001.
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6.4.3 CVL cytokine/chemokine expression and LAG-3
The cytokine/chemokine milieu at the FGT impacts the recruitment of T cells to the
genital mucosa and can provide important information about HIV susceptibility (118). To
determine whether mucosal LAG-3 expression was associated with a pro-inflammatory
or Th17-biased immune environment, CVL levels of cytokines/chemokines were
quantified by cytokine bead array. The elevation of LAG-3 expression at the FGT could
be associated with chemokine-induced T cell migration, or elevated immune activation
due to a pro-inflammatory cytokine environment. As previously described, T cell LAG-3
expression may be induced by IL-12 and IFN. Additionally, Th17 responses at the FGT
are known to be related to susceptibility to HIV infection (294), so IL-17, IL-22 and IL23 were included in the panel. Pro-inflammatory cytokines measured included IL-8,
MCP-1, MIP-3, IL-1, IL-6 and TNF. Chemokines included MIP-1 and MIP-1.
NK, and to some extent NKT, cells can be regulated by IL-15. Analytes measured
therefore included IL-8, IL-15, sCD40L, IP-10, MCP-1, MIP-1, MIP-1, IL-1, IFN2,
IL-17F, IFN, IL-10, MIP-3, IL-12p70, IL-17A, IL-22, IL-1, IL-2, IL-23, IL-6, IL17E, and TNF. IL-15, IL-17F, IFN, IL-10, IL-12p70, IL-17A, IL-22, IL-2, IL-23, and
IL-17E were not detectable in CVL, and were not included in future analyses.

CVL cytokines and chemokines did not appear to be major predictors of LAG-3
expression at the genital mucosa. Only IL-8, IP-10, MCP-1 and IL-1 were detected
above the limit of detection in more than half of the samples, and of those, none
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correlated with LAG-3 expression on bulk CD3+ T cells, CD4+ T cells, CD8+ T cells or
DN T cells (Table 6.2).

6.4.4 Double Negative T cell phenotypes at the FGT
The DN T cell population at the genital mucosa is not well characterized. Notably, the
frequency of DN T cells at the genital tract was significantly higher than in matched
peripheral blood samples (p=0.0098, Wilcoxon) (Figure 6.3A). Among the participants of
this study, DN T cells trended toward increased expression of activation marker CD69
(p=0.0576, Friedman) and CCR5 (p=0.0867, Friedman) compared to the conventional T
cell subsets (Figure 6.3B). To assess whether DN T cell recruitment to, or activation at,
the genital mucosa is related to a proinflammatory or regulatory cytokine environment,
we correlated DN T cell frequency and activation with cytokine/chemokine
concentrations in the CVL. DN T cell frequency, which is highly variable between
individuals, did not correlate with any CVL cytokines or chemokines (Figure 6.3C). DN
T cell activation (as measured by CD69 expression) did not correlate with most CVL
cytokines or chemokines – only a correlation with IL-1 concentration was detected
(p=0.0456, r=-0.646) (Figure 6.3D).

6.4.5 T cell PD-1 expression – PBMC versus CMC
Use of the Brilliant Violet 421 fluorochrome allows for the discrimination of PD-1dim and
PD-1hi populations in both CMC and PBMC samples (Figure 6.1). The relative
proportion of PD-1 dim versus high cells varies according to CD8+ T cell memory subset
(448). In contrast to LAG-3, the PD-1dim population was significantly elevated only on
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the CD8+ CMC T cell subset compared to PBMC (p=0.0195, Wilcoxon), although there
was also a trend toward increased PD-1 expression on the mucosal CD4+ subset
(p=0.0645, Wilcoxon) (Figure 6.4A,B). The PD-1hi population was significantly enriched
both CD4+ and CD8+ mucosal T cells compared to the periphery (p=0.0137 for CD8+,
p=0.0488 for CD4+, Wilcoxon) (Figure 6.4A). Interestingly, PD-1 expression was not
elevated on FGT-derived DN T cells compared to the systemic DN T population
(p=0.7695 for PD-1dim, p=0.1602 for PD-1hi, Wilcoxon) (Figure 6.4C). A comparison of
the PD-1dim population between T lymphocyte subsets demonstrated no differences
among PBMC subsets and significantly decreased expression on DN T cells compared to
CD8+ T cells at the mucosa (Friedman p=0.3159 for PBMC, Friedman p=0.0112, posttest p<0.01 for CMC) (Figure 6.4D).

Similarly, the PD-1hi population was significantly lower among DN T cells compared to
CD4+ T cells within CMCs (Friedman p=0.0008, post-test p<0.01), while PD-1hi
expression differed only between CD4+ and CD8+ T cells in the periphery (Friedman
p=0.0034, post-test p<0.01) (Figure 6.5A,B). The decreased PD-1 expression on DN T
cells at the FGT compared to other T cell subsets stands in direct contrast to the
enrichment of LAG-3 on this lymphocyte population.

Due to its relatively low expression on ex vivo PBMC, LAG-3 exhibited the highest fold
change in expression between CMCs and PBMCs compared to PD-1hi and PD-1dim
populations (Figure 6.5C). On DN T cells, the fold change in LAG-3 expression was
significantly greater than the PD-1dim population (Friedman p=0.0179, post-test p<0.05),
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but a similar trend was observed for both CD8+ and CD4+ T cell subsets (Friedman
p=0.0665 for CD8+, p=0.0781 for CD4+).
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Table 6.2. Correlations between cervical vaginal lavage cytokines/chemokines and T
lymphocyte LAG-3 expression. IQR, inter-quartile range.
N Detectible
Spearman p value
Cytokine/
Median [IQR]
(Total
Chemokine
(pg/mL)
CD3+ CD4+ CD8+
DN
n=11)
IL-8

6

400.1 [213.2, 1089]

0.297

0.242

0.919

0.419

sCD40L

3

4.95 [4.95, 12.5]

-

-

-

-

IP-10

8

120.5 [60.71, 285.3]

0.272

0.380

0.613

0.407

MCP-1

9

12.73 [4.499, 34.08]

0.707

0.133

0.537

0.235

MIP-1

4

3.10 [3.10, 10.06]

-

-

-

-

MIP-1

4

2.4 [2.4, 9.141]

-

-

-

-

IL-1

8

58.34 [10.95, 137.0]

0.299

0.506

0.110

0.204

IFN2

3

2.4 [2.4, 7.255]

-

-

-

-
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Figure 6.3. Characteristics of mucosal double negative (DN) T cells. (A) DN T cell frequency was significantly higher among
CMC samples compared to matched PBMC samples. (B) DN T cells exhibited a trend toward increased expression of activation
marker CD69 compared to CD4+ and CD8+ T lymphocyte subsets. CCR5 expression was similar across lymphocyte subsets. (C) DN
T cell frequency at the genital mucosa did not correlate with CVL cytokines or chemokines. Representative plots for IP-10 and IL-1
are shown. (D) DN T cell activation (CD69 expression) only weakly correlated with CVL IL-1 concentration.

160

6.4.6 T cell LAG-3 expression – HIV+ vs HIV-N CMC
The number of participants with suitable CMC lymphocyte populations was
underpowered to rigorously assess differences in LAG-3 or PD-1 expression between
HIV-N and HIV+ participants, but we performed a preliminary comparison of LAG-3
expression on CD4+, CD8+ and DNT cells between these groups. HIV status did not
significantly affect LAG-3 or PD-1 expression on any subset (Figure 6.6).

6.4.7 Co-expression of LAG-3 and phenotypic markers
Given that LAG-3 is known to be expressed on activated T cells in the periphery, we
assessed the relationship between LAG-3 expression and T cell activation and HIV
susceptibility using the markers CD69 and CCR5, as well as PD-1. Overall, there was no
correlation between LAG-3 expression and CD69 or CCR5 expression (p=0.2483 for
CD69, p=0.1142 for CCR5, Spearman) (Figure 6.7A), regardless of whether bulk CD3+
T cells were analysed or the CD4+, CD8+ or DN T cell subsets analysed separately.

On a per-cell basis, however, CD3+LAG-3+ T cells were more likely co-express CD69
and CCR5 than CD3+LAG-3- T cells (p=0.0186 for CD69, p=0.0020 for CCR5,
Wilcoxon) (Figure 6.7B,C). Due to low cell numbers when CMC samples are sub-gated
into CD3+CD4+LAG-3+CD69+ populations, analysis of the CD4+ T cell population
should be interpreted with caution. Within the CD4+ T cells, however, LAG-3+ cells
trended toward being more likely to co-express both CD69 and CCR5 (p=0.0645 for
CD69, p=0.0840 for CCR5, Wilcoxon) (Figure 6.7D).
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Figure 6.4. PD-1 expression on mucosal T lymphocyte subsets. (A) The proportions of
CD8+ PD-1dim, CD8+ PD-1hi and CD4+ PD-1hi cells were significantly increased at the
genital mucosa compared to PBMC (n=10). (B) Representative differences in expression
of PD-1 on mucosal and systemic CD3+ T lymphocytes. (C) PD-1 is expressed on double
negative (DN) T cells but did not differ between systemic and mucosal compartments.
*p<0.05
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Figure 6.5 PD-1 expression across mucosal and systemic T lymphocyte subsets.
(A) When contrasted across T lymphocyte subsets, PD-1 expression is significantly
reduced on DN T cells compared to CD8+ or CD4+ T cells at the systemic and genital
mucosal compartments. (B) Representative differences in expression of PD-1 across
lymphocyte subsets. (C) LAG-3 exhibits the greatest fold change in expression between
CMCs and PBMCs on all three T cell subsets. Staining data shown is from ML2002.
*p<0.05, **p<0.01.
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Figure 6.6. LAG-3 and PD-1 expression among HIV+ participants. There were no
significant differences in either LAG-3 or PD-1 expression on either the CD8+, CD4+ or
DN T cell subsets between HIV-N (n=6) or HIV-infected (n=5) women.
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Unlike CD69 and CCR5, LAG-3 expression was not associated with PD-1 expression on
any T lymphocyte subsets. LAG-3 did not correlate with the frequency of the PD-1dim or
PD-1hi populations on bulk CD3+ T cells (p=0.4854 for PD-1dim, p=0.3713 for PD-1hi,
Spearman) (Figure 6.8A) or on CD8+, CD4+ or DN T cell subsets, nor was there any
significant difference in PD-1 expression between LAG-3+ and LAG-3- CD3+ T cell
populations (Figure 6.8B). Indeed, co-expression of LAG-3 and PD-1 was highly variable
between individuals (Figure 6.8C). While LAG-3 expression was often preferentially
associated with the PD-1hi, PD-1dim or PD-1- subset across different individuals, it was
rarely distributed evenly across all three (Figure 6.8C).

6.4.8 iNKT cells in CMC
Given the relatively high expression of LAG-3 on iNKT cells compared conventional T
cells in the periphery, as well as the tissue-homing phenotype of peripheral blood iNKT
cells and the recent description of gut-resident iNKT subsets, we aimed to identify an
iNKT population among CMCs. Although strong and consistent iNKT 6B11 antibody
staining was observed among PMBCs, no 6B11+ lymphocyte population was observed
among CMCs from any participant in this study (Figure 6.9).
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Figure 6.7. Co-expression of LAG-3, CD69 and CCR5. (A) CD3+ T cell LAG-3
expression was not correlated with either CD69 or CCR5 expression on mucosal T cells.
(B) CD3+LAG-3+ mucosal T cells are significantly more likely to express CD69 and
CCR5 compared to CD3+LAG-3- T cells. (C) Representative staining of LAG-3, CD69
and CCR5 co-expression. Data from ML2002 are shown. (D) When restricted to the
CD4+ T cell subset, LAG-3+ cells trended toward being more likely to co-express CD69
and CCR5 compared to LAG-3- cells. *p<0.05, **p<0.01.
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Figure 6.8. Co-expression of PD-1 and LAG-3 on mucosal T lymphocytes. (A) LAG3 expression on CD3+ lymphocytes did not correlate with proportion of either the PD1dim or PD-1hi populations. (B) CD3+LAG-3+ T cells were no more or less likely to be
PD-1dim or PD-1hi than CD3+LAG-3- T cells at the genital mucosa. (C) Co-expression of
LAG-3 and PD-1 exhibited highly variable patterns between individuals. Data from
ML2002, 2540 and 4029 are shown.
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Figure 6.9. Lack of iNKT TCR among CMCs. Staining of PBMCs for the iNKT TCR
(antibody 6B11) reveals a distinct CD3+6B11+ iNKT population. No such population
was observed in any CMC sample from the study participants. Representative data from
ML2002 (HIV-N) are shown.
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6.4.9 Soluble LAG-3 expression in CVL
Concentrations of cytokines/chemokines at the FGT as measured in cervical vaginal
lavage (CVL) can be important markers of mucosal inflammation and HIV susceptibility.
Detection of sLAG-3 in serum/plasma has been described in several cohorts as well as
elsewhere in this thesis, but quantification of sLAG-3 protein in CVL has never been
reported. Using the in-house ELISA that detects sLAG-3 in plasma and cell culture
supernatant, we assessed sLAG-3 secretion in CVL from 35 women recruited for the
study described in chapter 7. The in-house ELISA was optimized to use a 10-point
standard curve with doubling dilutions from 8ng/mL to 16pg/mL.

While plasma and culture supernatant samples routinely read on the linear portion of the
standard curve, 33/35 (94%) CVL samples read below the 16pg/mL standard. The two
samples with detectible readings read at the low end of the standard curve (ML3373,
38pg/mL and ML3531, 44pg/mL). Although ML3373 is HIV+, ML3531 is uninfected,
making a link between HIV infection and sLAG-3 detection unlikely.

6.5 Summary
The aim of this study was to determine whether LAG-3 expression was enriched at the
female genital mucosa compared to peripheral blood. LAG-3 expression was indeed
significantly higher among CD4+, CD8+ and DN T cells derived from CMC samples
compared to PBMC lymphocytes. In both the mucosal and systemic compartments,
LAG-3 expression was highest on DN T cells, in contrast to PD-1. Although LAG-3 and
PD-1 were not consistently co-expressed on mucosal T cells, LAG-3+ cells were
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significantly more likely to express CD69 and CCR5 compared to LAG-3- cells. This
suggests that LAG-3 may be a marker of HIV-susceptible cells at the genital tract.
Soluble LAG-3 was not detectible in most CVL samples collected, and was not
associated with the presence of HIV infection. Overall, these data support a role for
LAG-3 in regulating mucosal immunity in healthy and HIV+ women.
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7. Association of LAG-3 expression with iNKT cytokine production
7.1 Rationale
The most striking impact of HIV infection on peripheral blood lymphocyte LAG-3
expression was observed on the iNKT subset (as demonstrated in 5.4.5). Although the
inhibitory activity of LAG-3 following expression on activated T cells has been
previously described, the function of other inhibitory receptors such as Tim-3 on T cells
and NK cells is not always consistent. Given the positive association between LAG-3
expression and iNKT activation as measured by CD69 expression, it remained unclear
whether LAG-3 upregulation could contribute to the dysfunction of the iNKT subset
reported during chronic infection. A previous study reported increased expression of PD1 on iNKT cells among HIV+ individuals, but found that PD-1 expression was not
associated with iNKT cytokine production, and blockade of PD-1 signaling failed to
reverse defects in iNKT cytokine production or proliferation (338). We therefore sought
to clarify the expression kinetics of LAG-3 following iNKT activation and the impact of
LAG-3 and PD-1 expression on iNKT cytokine production and proliferation.

7.2 Hypothesis
Both LAG-3 and PD-1 are elevated on iNKT cells derived from HIV-infected women,
but only LAG-3 regulates iNKT cytokine production. ART does not restore the
phenotype or function of iNKT cells to that of HIV-uninfected participants.
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7.3 Objectives
1. Quantify iNKT phenotype and cytokine secretion following GalCer and
PMA/Ionomycin stimulation.
2. Correlate surface LAG-3 expression with GalCer-induced expression of IFN and
TNF among healthy and HIV+ individuals.
3. Correlate surface LAG-3 expression with GalCer-induced cytokine/chemokine
secretion in 5 day PBMC cultures

7.4 Results
7.4.1 Study Population
iNKT phenotype and function was assessed in participants from the FSW cohort. A total
of 17 HIV-uninfected, 9 HIV+ ART naïve, and 17 HIV+ ART experienced women were
recruited. The characteristics of these groups, including age, duration of sex work, CD4
count and duration of ART are described in Table 7.1.
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Table 7.1. Characteristics of subjects included in the iNKT function study.
Variable*

HIVHIV+ ART
HIV+ ART
p
Negative
Naïve
Experienced
Value**
Age, years
40 (34, 44.5)
35 (29, 41)
40 (34.5, 44)
0.522
Duration of sex work
10 (6.5, 12)
9 (5, 14)
11 (8, 20)
0.324
CD4 Count
-475.5 (321, 618) 526.5 (407, 698)
0.297
Duration of ART
--3 (3, 5.5)
-*
Data are presented as median (IQR)
**
Groups were compared by Kruskal-Wallis test (age, duration of sex work) or MannWhitney test (CD4 count)
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7.4.2 Ex vivo iNKT LAG-3 and PD-1 expression
Ex vivo iNKT expression of LAG-3 and PD-1 were determined by flow cytometry
(Figure 7.1). Consistent with previous observations, LAG-3 expression was elevated on
the iNKT subset during HIV infection (p=0.008, Kruskal-Wallis), with post-tests
revealing significant differences between the HIV-N and HIV+ ART experienced groups
(p<0.01) (Figure 7.2A). In contrast, PD-1 expression was similar across groups, with only
a trend toward decreased PD-1 expression in the HIV+ ART experienced group that did
not reach statistical significance (p=0.085) (Figure 7.2A). Among all participants, iNKT
LAG-3 expression inversely correlated with PD-1 expression (p=0.017, r=-0.3815,
Spearman’s), a relationship that persisted as a trend among HIV-infected women
(p=0.098, Spearman’s) (Figure 7.2B).

The relationship between PD-1 and LAG-3 expression, and even PD-1 expression itself,
on iNKT cells was distinct from the conventional CD8+ T cell subset. PD-1 expression
on the iNKT subset was significantly higher than on CD8+ T cells among all participants
(p<0.0001, Wilcoxon) or when stratified by HIV status (p<0.0001 for both HIV-N and all
HIV+, Wilcoxon) (Figure 7.2C). Unlike the iNKT subset, PD-1 expression was
significantly elevated on CD8+ T cells among HIV+ ART naïve participants compared to
healthy controls (p=0.016, Mann Whitney) and no correlation between CD8+ T cell
LAG-3 and PD-1 expression was observed among HIV+ participants (p=0.971,
Spearman’s) (Figure 7.2D).
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Among HIV+ participants, iNKT LAG-3 expression did not correlate with CD4 count
(p=0.9148, Spearman’s), while iNKT PD-1 expression trended toward an inverse
correlation with CD4 count (p=0.059, Spearman’s) (Figure 7.2E).

7.4.3 Correlations between plasma cytokine/chemokine milieu, soluble LAG-3 and iNKT
surface LAG-3 and PD-1 expression
To determine whether iNKT phenotype reflected pro-inflammatory or Th17-biased
immune environments, plasma levels of cytokines/chemokines were quantified by
cytokine bead array. Analytes measured included IL-8, IL-15, sCD40L, IP-10, MCP-1,
MIP-1, MIP-1, IL-1, IFN2, IL-17F, IFN, IL-10, MIP-3, IL-12p70, IL-17A, IL22, IL-1, IL-2, IL-23, IL-6, IL-17E, and TNF. IL-1, IL-2, IL-17E, IL-10, IL-1,
MIP-1 and IL-15 were not detectible in the samples, and were not included in future
analyses (median concentrations are reported in Appendix 10.3)

Plasma cytokines and chemokines did not appear to be major predictors of LAG-3 or PD1 expression on the iNKT subset. Among all participants, ex vivo iNKT LAG-3
expression only weakly negatively correlated with IL-8 concentration (r=-0.429,
p=0.009) (Figure 7.3A). Among all HIV-infected participants, no correlations reached
significance; when restricted to HIV+ ART experienced subjects, iNKT LAG-3
correlated with sCD40L concentration (r=0.593, p=0.036) (Figure 7.3B). PD-1 did not
correlate with any of the analytes, regardless of whether analysis included all participants,
HIV+ participants, or HIV+ ART experienced participants only.
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Figure 7.1. Representative staining of LAG-3 and PD-1 on iNKT cells of thawed
PBMC samples. Singlets were identified by FSC-A versus FCS-H gating, followed by
gating on the lymphocyte population. Dead cells were excluded by Live/Dead viability
staining. iNKT cells were gated as CD3+6B11+. iNKT cells were phenotyped for LAG-3
and PD-1 expression. Data from ML2041 (HIV+ ART experienced) are shown.
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Figure 7.2. iNKT LAG-3 and PD-1 expression. (A) iNKT LAG-3 expression was significantly elevated among HIV+ ART
participants compared to healthy controls (n=15 HIV-, 9 HIV+, 15 HIV+ ART). PD-1 expression was similar across groups, but
trended toward decreased expression among HIV+ ART women. (B) LAG-3 expression inversely correlated with PD-1 expression on
iNKT cells among all participants (n=39), and exhibited a similar trend among HIV-infected women (n=24). (C) PD-1 expression was
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significantly elevated on iNKTs compared to conventional CD8+ T cells among both healthy (n=15) and HIV-infected (n=24) women.
(D) Unlike the iNKT subset, PD-1 expression on CD8+ T cells was significantly elevated among HIV+ ART naïve women (n=9)
compared to healthy controls (n=17), and did not correlate with LAG-3 expression. (E) iNKT LAG-3 expression did not correlate with
CD4 count among HIV infected women (n=20), while PD-1 expression trended toward an inverse correlation with CD4 count.
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sLAG-3 in plasma was quantified by in-house ELISA, and comparisons between groups
were presented in section 5.4.7. Among HIV+ participants, plasma sLAG-3 did not
correlate with iNKT LAG-3 or PD-1 expression (p=0.2949 and 0.8423, respectively,
Spearman) (Figure 7.3C), nor did it correlate with iNKT frequency (0.4362, Spearman),
suggesting that iNKT cells are not a significant source of plasma sLAG-3 during
infection. Among HIV-N participants, however, sLAG-3 showed a trend toward
correlation with iNKT LAG-3 expression that did not reach statistical significance
(p=0.081, r=0.4679) (Figure 7.3D).

In summary, participants in this study demonstrated elevated levels of LAG-3, but
not PD-1, during HIV infection and treatment. iNKT PD-1 expression was not
associated with any plasma cytokines or chemokines, although iNKT LAG-3
expression did correlate with sCD40L concentrations among ART participants.

7.4.3 iNKT stimulations – Intracellular cytokine staining
To assess iNKT cytokine production, PBMC from HIV-, HIV+ and HIV+ ART
experienced participants were stimulated with the iNKT lipid antigen GalCer or
PMA/Io. IFN and TNF were measured by intracellular flow cytometry (Figure 7.4).

Following stimulation with GalCer, HIV status significantly affected IFN production
by iNKT cells (p=0.029, Kruskal-Wallis) (Figure 7.5A), with HIV+ ART naïve
participants producing significantly less IFN compared to healthy controls (p<0.05,
Dunn’s post-test). IFN production was only partially restored among the HIV+ ART
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group, as the median %IFN+ cells remained lower than that of healthy controls (2.43%
for HIV+ ART compared to 6.82% for HIV-N and 2.06% for HIV+). TNF production
was more similar across subject groups, with only a trend toward differences in cytokine
production based on HIV status (p=0.052, Kruskal-Wallis) (Figure 7.5B). Similar to the
results observed for IFN, the HIV+ ART naïve group exhibited the lowest median
cytokine production (1.29% TNF+ for HIV+ ART naïve compared to 4.79% for HIV-N
and 5.62% for HIV+ ART).

Inclusion of both TNF and IFN in the same flow cytometry panel allows for the
identification of single- and double-positive cytokine expressing cells. While the
frequency of TNF+IFN- cells was similar across all groups, HIV+ ART naïve
participants responded to stimulation with significantly fewer double positive
TNF+IFN+ cells than healthy controls (p=0.035, Kruskal-Wallis, post-test p<0.05)
(Figure 7.5C). Similarly, the HIV+ ART group exhibited significantly fewer TNFIFN+ cells in response to lipid stimulation compared to uninfected women (p=0.040
Kruskal-Wallis, Mann Whitney post-test p=0.020). HIV+ women also trended toward
reduced single-positive IFN-producing cells (p=0.091, Mann Whitney post-test) (Figure
7.5C).
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Figure 7.3. Relationship between iNKT phenotype and plasma protein
concentrations. (A) Ex vivo iNKT LAG-3 expression inversely correlated with plasma
IL-8 concentrations among all participants (n=36). (B) Among HIV+ ART women, iNKT
LAG-3 expression positively correlated with plasma sCD40L concentration (n=13). (C)
Among all participants, plasma sLAG-3 concentration did not correlate with iNKT LAG3 expression (n=38). The upper limit of the sLAG-3 ELISA is denoted by a dashed line.
(D) Among HIV-N women, plasma sLAG-3 concentration trended toward a positive
correlation with iNKT LAG-3 expression (n=15).
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Figure 7.4. Representative surface and cytokine staining of iNKT stimulations.
Singlets were identified by FSC-A versus FCS-H gating, followed by gating on the
lymphocyte population. Aberrant fluorescence signals were excluded by gating on FITC
fluorescence over time. Dead cells were excluded by Live/Dead viability staining. iNKT
cells were gated as CD3+6B11+. Intracellular staining of IFN and TNF and surface
staining of LAG-3 and PD-1 is shown for media (negative control), PMA/ionomycin and
GalCer stimulations. Data from ML2296 (HIV-) are shown for this example.
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Figure 7.5. iNKT cytokine responses to GalCer stimulation. (A) IFN production
was significantly reduced among HIV+ participants compared to healthy controls (n=16
HIV-, 7 HIV+, 11 HIV+ ART). (B) TNF production was similar across participant
groups. (C) Polyfunctional analysis of GalCer responses revealed significant decreases
in IFN+TNF+ and single-positive IFN-expressing cells among HIV-infected
participants compared to healthy controls. * indicates p<0.05.
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Ex vivo LAG-3 expression was associated with iNKT IFN, but not TNF, secretion
among HIV-infected participants. Both bulk IFN production and single-positive TNFIFN+ cell frequencies inversely correlated with iNKT LAG-3 expression (p=0.026,
r=-0.5218, and p=0.0028, r=-0.6622, respectively, Spearman’s) (Figure 7.6A). In
contrast, LAG-3 expression did not correlate with bulk TNF, TNF+IFN- or
TNF+IFN+ responses (Figure 7.6B). Ex vivo PD-1 expression did not significantly
correlate with either bulk IFN or TNF cytokine production following stimulation
(p=0.7652 and 0.8162, respectively, Spearman) (Figure 7.6C).

PMA/Io stimulation induced stronger cytokine responses compared to GalCer among
all participant groups. Interestingly, IFN secretion in response to PMA/Io stimulation
varied significantly among groups (p=0.046, Kruskal-Wallis) (Figure 7.7A). Although no
significant inter-group differences were detected by Dunn’s post-test, Mann Whitney
comparison of each group demonstrated significantly lower IFN production among both
the HIV+ ART naïve and HIV+ ART groups compared to healthy controls (p=0.032 and
0.047, respectively). In contrast, PMA-induced TNF secretion was similar among all
groups (p=0.260, Krusal-Wallis) (Figure 7.7A). Analysis of polyfunctional responses to
PMA/Io stimulation revealed no significant differences between participant groups other
than a trend toward reduced TNF-IFN+ cell frequency among HIV-infected
participants (p=0.053, Kruskal-Wallis) (Figure 7.6B). Ex vivo LAG-3 expression did not
correlate with either bulk IFN or TNF production (Figure 7.7C).
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Figure 7.6. Relationship between ex vivo iNKT LAG-3 expression and GalCerinduced cytokine production. (A) LAG-3 expression inversely correlated with bulk
IFN production and single positive IFN+TNF- iNKT cells among HIV-infected
participants (n=18). Trend lines derived from linear regression. (B) LAG-3 expression
was not associated with bulk TNF production, TNF+IFN- expressing cells or
TNF+IFN+ iNKT cells. (C) PD-1 expression was not associated with either IFN or
TNF production by iNKT cells.
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Figure 7.7. PMA/Io-induced iNKT responses. (A) PMA/Io-induced IFN production
was significantly reduced among HIV+ (n=8) and HIV+ ART (n=12) groups compared to
healthy controls (n=16), while TNF production was similar across groups. (B)
Polyfunctional analysis of cytokine responses revealed no significant differences in
cytokine production across groups. (C) LAG-3 expression did not correlate with either
IFN or TNF production in response to PMA/Io stimulation among HIV-infected
women (n=20).
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In summary, GalCer stimulation revealed defects in IFN and TNF production
by iNKT cells during HIV infection, while PMA stimulation demonstrated only
defects in IFN. Baseline LAG-3 expression on iNKT cells inversely correlated with
IFN production in response to GalCer stimulation.

7.4.4 iNKT stimulations – Culture supernatant cytokines and chemokines
Although intracellular cytokine staining allows for the identification of individual
cytokine-producing cells and their associated phenotype, the number of
cytokines/chemokines analysed is limited by number of fluorescent channels available;
this is especially pertinent in the case of iNKT cells, which require a high number of
phenotypic markers for identification. Literature suggests, however, that iNKT cells can
produce an extremely broad array of cytokines/chemokines upon stimulation (228), and it
is largely unknown whether HIV infection skews the iNKT cytokine repertoire beyond a
reduction in IFN production.

We therefore collected cell culture supernatants from 24hr and 5 day iNKT GalCer
stimulations and quantified the expression of IFN, IL-4, IL-10, IL-12p70, IL-13, IL-17,
IP-10, MIP-1, MIP-1, and TNF. IL-12 is known to play an important role in iNKT
activation. With the exception of the IFN-induced protein IP-10, all other analytes have
been reported to be expressed by activated iNKT cells. IL-12p70 was not detected in any
samples, and is therefore not included in any analyses.

187

At 24 hours, very few analytes were elevated in the GalCer-stimulated cultures relative
to the unstimulated controls (Table 7.2). The most commonly expressed analytes were
IL-10, MIP-1 and TNF. Comparison of cytokine levels between groups revealed no
significant differences in expression in any of these analytes (Table 7.2).

Detection of above-background cytokine expression at 5 days post-stimulation was
possible for all analytes. IL-17 was expressed by a minority of participants in each group,
and was excluded from further analysis. The proportion of subjects in each group
demonstrating above-background expression is reported in Table 7.3. There were
significant differences in the proportion of individuals with above-background IP-10
responses across groups and a trend toward differences in TNF expression (p=0.016 and
0.104, respectively, Chi square) (Table 7.3, Figure 7.8A). In both cases, the HIV+ ART
experienced group was less likely to exhibit the cytokine/chemokine response compared
to the HIV-N and HIV+ ART naïve groups.

The background-subtracted concentration of each analyte is reported in Table 7.3;
significant differences across groups were detected for IFN, IL-13 and IP-10 (p=0.009,
0.031 and 0.004, respectively, Kruskal-Wallis) (Figure 7.8B). Post-tests revealed that
inter-group differences were primarily significant for the HIV-N versus HIV+ ART
experienced group comparisons (p<0.01, <0.05, <0.01, respectively, Dunn’s post-test)
(Table 7.3).
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Table 7.2. Number of subjects with above-background cytokine responses to GalCer at
24 hours post-stimulation.
HIV+ ART
HIV-Negative
HIV+ ART
KruskalAnalyte*
Experienced
(n=15)
Naïve (n=9)
Wallis p
(n=16)
1
1
4
IFN
IL-4
3
2
0
IL-10
11 (19.09; 0.0, 71.73) 4 (0.0; 0.0, 46.64) 9 (1.62; 0.0, 191.4)
0.633
IL-13
1
0
4
IL-17
1
1
1
IP-10
1
1
1
6 (0.0; 0.0, 50.93)
2 (0.0; 0.0, 39.39)
7 (0.0; 0.0, 383.1)
0.546
MIP-1
6 (0.0; 0.0, 1.40)
2 (0.0; 0.0, 6.01)
8 (0.0; 0.0, 16.71)
0.443
TNF
*
Analytes with above-background expression for >1 participant in each group present
include the median concentration (pg/mL); IQR in parentheses.
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Given that iNKT cytokine secretion can contribute to NK, B and T cell activation, these
cell types likely contributed to the cytokine/chemokine milieu by 5 days post-stimulation.
If the iNKT subset contributed substantially to cytokine/chemokine production, however,
then iNKT frequency should correlate with cytokine expression. Indeed, ex vivo iNKT
frequency significantly correlated with background-subtracted expression of all analytes
except IL-10 (Table 7.4, Figure 7.8C).

Among participants with supernatant data available, iNKT frequency was significantly
reduced among HIV+ ART participants compared to healthy controls (p=0.015, KruskalWallis, post-test p<0.05) (Figure 7.9A). Background-subtracted analyte concentrations
were therefore adjusted for iNKT frequency, as well as to account for the correlation
between most analyte concentrations and cell frequency. Following adjustment,
significant differences in IFN (p=0.026, Kruskal-Wallis) and IP-10 (0.014, KruskalWallis) remained, as well as a trend toward differences in IL-13 (p=0.095, KruskalWallis) expression (Table 7.5, Figure 7.9B).
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Table 7.3. Above-background cytokine responses to GalCer at 5 days post-stimulation.
HIV+ ART
HIV-Negative
HIV+ ART Naïve
Analyte
Experienced
p value** Post-test differences***
(n=15)
(n=8)
(n=14)
N Detectible
13
7
8
0.122
IFN
Concentration*
262.1 (75.87, 1940)
34.97 (4.83, 142.7)
2.275, (0.0, 124.8)
0.009
HIV-N vs HIV+ ART
N Detectible
7
3
2
0.166
IL-4
*
Concentration
0.0 (0.0, 21.9)
0.0 (0.0, 6.69)
0.0 (0.0, 0.18)
0.134
N Detectible
4
2
6
0.570
IL-10
*
Concentration
0.0 (0.0, 5.31)
0.0 (0.0, 4.25)
0.0 (0.0, 13.8)
0.664
N Detectible
11
5
6
0.243
IL-13
Concentration*
197.9 (0.0, 424.9)
8.26 (0.11, 77.2)
0.0 (0.0, 25.45)
0.031
HIV-N vs HIV+ ART
N Detectible
11
6
5
0.016
IP-10
Concentration*
1453 (785.8, 5764)
329.3 (24.5, 5351)
0.0 (0.0, 409.6)
0.004
HIV-N vs HIV+ ART
N Detectible
6
4
4
0.435
MIP-1
*
Concentration
0.0 (0.0, 163)
37.2 (0.0, 158.5)
0.0 (0.0, 75.6)
0.486
N Detectible
8
4
4
0.435
MIP-1
*
Concentration
15.11 (0.0, 366.9)
35.06 (0.0, 165.1)
0.0 (0.0, 104.6)
0.328
N Detectible
10
7
6
0.104
TNF
Concentration*
21.7 (0.0, 310.7)
20.2 (4.74, 115.1)
0.065 (0.0, 140.2)
0.475
*
Data are presented as median (IQR) in pg/mL
**
p values obtained from Chi squared tests for N detectible data, Kruskal-Wallis tests for concentration comparisons
***
Dunn’s post-test comparisons with p<0.05 are indicated for each significant Kruskal-Wallis result
Statistical tests with p≤0.1 (trend) are indicated in bold.
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Figure 7.8. Cytokine/chemokine responses 5 days post-GalCer stimulation among
HIV-, HIV+ and HIV+ ART experienced participants. (A) The proportion of
participants with IP-10 responses differed significantly across groups (n=15 HIV-, 8
HIV+, 14 HIV+ ART), while the presence of TNF responses trended toward inter-group
differences. ART-experienced participants were the least likely to exhibit a response. (B)
The supernatant concentrations of IFN, IL-13 and IP-10 were significantly reduced
among HIV-infected participants, particularly HIV+ ART individuals. (C) Correlation of
ex vivo iNKT frequency with IFN, IL-13 and TNF concentration among all
participants (n=37).
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Table 7.4. Correlation between ex vivo iNKT frequency and background-subtracted
cytokine/chemokine expression.
All participants (n=37)
Analyte
Spearman rho
p value
0.6122
< 0.0001
IFN
IL-4
0.3354
0.0424
IL-10
0.02461
0.8850
IL-13
0.6002
< 0.0001
IP-10
0.5119
0.0023
0.3791
0.0247
MIP-1
0.4469
0.0056
MIP-1
0.6009
<0.0001
TNF
Statistical tests with p<0.05 are indicated in bold.
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In addition to differences in absolute levels of cytokine production, some studies have
described iNKT cytokine production by expressing the contribution of each analyte as a
proportion of the total cytokine production by a group (343). In this analysis, the
concentration of each analyte was summed across all members of a group, and expressed
as a percent of the total cytokines produced by that group (Figure 7.10). In the HIV-N
group, the cytokine milieu is dominated by IP-10, IFN and IL-13 expression. In contrast,
the HIV+ ART naïve group demonstrated a relative expansion in the contribution of IP10, MIP-1 and MIP-1 to the total cytokine environment. Although the relative
proportions of IFN and IL-13 were somewhat restored in the ART experienced group,
there was a strong expansion in the contribution of IL-10, MIP-1, MIP-1 and TNF to
the total cytokine/chemokine environment that did not reflect either the HIV-N or HIV+
ART naïve groups.

Correlations between cytokines/chemokines overall and within each infection group
revealed differing patterns of iNKT function (Table 7.6). Among all participants, there
were strong correlations between IFN and the IFN-induced protein IP-10 (p<0.0001,
Spearman), as well as MIP-1 and MIP-1(p<0.0001, Spearman). In fact, MIP-1 and
MIP-1 expression were both tightly correlated and generally co-expressed among all
participants. Notably, IFN, IL-13 and IL-4 significantly correlated together within the
HIV-N participants, while significant correlations within the HIV+ ART experienced
group revolved primarily among TNF and MIP-1/MIP-1.
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Table 7.5. Differences in background subtracted cytokine/chemokine concentrations
adjusted for ex vivo iNKT frequency at 5 days post-GalCer stimulation.
Analyte
p value*
Post-test significance**
0.026
HIV-N vs HIV+ ART
IFN
IL-4
0.279
IL-10
0.636
IL-13
0.095
IP-10
0.014
HIV-N vs HIV+ ART
0.513
MIP-1
0.328
MIP-1
0.663
TNF
*
p values obtained from Kruskal-Wallis tests
**
Dunn’s post-test comparisons with p<0.05 are indicated for each significant KruskalWallis result
Statistical tests with p≤0.1 (trend) or <0.05 (significant) are indicated in bold.
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Figure 7.9. Background-subtracted GalCer responses adjusted for iNKT
frequency. (A) Ex vivo iNKT frequency was significantly reduced among HIV+ ART
participants compared to healthy controls (n=15 HIV-, n=8 HIV+, n=14 HIV+ ART). (B)
After adjustment for ex vivo iNKT frequency, expression of IFN and IP-10 remained
significantly different between groups, while IL-13 trended toward decreased levels
among HIV+ ART participants.
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Figure 7.10. Proportional cytokine/chemokine expression following GalCer
stimulation. The proportional contribution of each analyte to total cytokine/chemokine
expression among participant groups is shown.
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Table 7.6. Correlations between backround subtracted day 5 GalCer-induced cytokines and chemokines*.
Analyte
IFN

IFN

Spearman rho -p value

IL-4

IL-10

IL-13

IP-10

0.4936
0.0019

0.2131
0.2054

0.6190
< 0.0001

0.7665
< 0.0001

MIP-1

MIP-1

0.3021
0.0778

0.5023
0.0015

TNF
0.5912
0.0001

IL-4

Spearman rho
-0.1443 0.4552
-0.0026
0.1800
0.2229
0.3531
p value
0.3942 0.0046
0.9881
0.2864
0.1847
0.0438
IL-10
Spearman rho
-0.2449
-0.0059
0.2224
0.3598
0.4081
p value
0.1440
0.9741
0.1858
0.0337
0.0122
IL-13
Spearman rho
-0.2538
0.3851
0.3943
0.6112
p value
0.1412
0.0269
0.0157
< 0.0001
IP-10
Spearman rho
-0.0297
0.2193
0.4247
p value
0.8742
0.2201
0.0138
Spearman rho
-0.8312
0.5919
MIP-1
p value
< 0.0001 0.0002
Spearman
rho
-0.7181
MIP-1
p value
< 0.0001
Spearman
rho
-TNF
p value
* Red shading indicates a correlation within the HIV-N group of p<0.05, horizontal bars indicate a correlation within the HIV+ group
of p<0.05, and vertical shading indicates a correlation within the HIV+ ART group of p<0.05.
Statistical tests with p≤0.1 (trend) or p<0.05 (significant) are indicated in bold.
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Ex vivo iNKT LAG-3 expression inversely correlated with IFN and IP-10 concentrations
(p=0.0029 and 0.0099, respectively, Spearman), and trended toward inverse correlations
with IL-13 and TNF (p=0.0663 and 0.0998, respectively, Spearman) among all
participants (Table 7.7). Among HIV-infected women, there was a significant inverse
correlation between LAG-3 and TNF (p=0.0181, Spearman) and a trend with IL-13
(p=0.0747, Spearman). In contrast, PD-1 positively correlated with IFN, IL-4 and IP-10
concentrations among all participants (p=0.015, 0.002 and 0.0120, respectively,
Spearman) (Table 7.7). Within the HIV-infected participants, PD-1 significantly
correlated with IL-4 production (p=0.0289, Spearman) and trended toward a correlation
with IL-13 (p=0.0514, Spearman).

In summary, HIV infection resulted in the perturbation of multiple cytokines and
chemokines induced by GalCer. IFN, IP-10 and IL-13 responses were altered
during HIV infection, and the cytokine/chemokine profile was not restored by ART.
HIV infection also altered which cytokines and chemokines were correlated in
response to GalCer stimulation.
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Table 7.7. Correlations between ex vivo iNKT LAG-3 and PD-1 expression with 5 day
post-GalCer stimulation cytokine production.
iNKT %LAG-3+
iNKT %PD-1+
Analyte

All
Participants

HIV+

All
Participants

HIV+

Spearman rho
-0.4066
0.3494
-0.5016
0.4199
p value
0.1695
0.2407
0.0029
0.0150
Spearman rho
-0.2284
-0.3323
IL-4
0.5182
0.6135
p value
0.2010
0.1935
0.0020
0.0289
Spearman rho
0.1876
-0.2568
-0.1462
-0.0508
IL-10
p value
0.2958
0.2549
0.4169
0.6525
Spearman rho
0.2127
IL-13
-0.3235
-0.5117
0.5551
p value
0.2347
0.0663
0.0747
0.0514
Spearman rho
-0.3939
0.3222
IP-10
-0.4711
0.4604
p value
0.2632
0.3610
0.0099
0.0120
-0.2739
-0.2053
0.06706
-0.08039
MIP-1 Spearman rho
p value
0.1359
0.3871
0.7200
0.6422
-0.2873
-0.4017
0.1179
-0.02604
MIP-1 Spearman rho
p value
0.1050
0.1206
0.5133
0.7972
Spearman rho
0.1324
0.2176
-0.2915
-0.6407
TNF
p value
0.4628
0.4698
0.0998
0.0181
Statistical tests with p≤0.1 (trend) or p<0.05 (significant) are indicated in bold.
IFN
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7.4.5 sLAG-3 in culture supernatant
sLAG-3 concentrations in cell culture supernatant were quantified by in-house ELISA.
Following 5 days of GalCer stimulation, sLAG-3 production above background was
detectible in 16/37 samples. Chi square analysis of the proportion of participants
exhibiting above-background sLAG-3 levels showed significant differences between
groups (p=0.0341, Chi square), with HIV+ ART naïve patients being highly unlikely to
produce sLAG-3 in response to stimulation (Figure 7.11A). sLAG-3 concentration varied
significantly across groups (p=0.0299, Kruskal-Wallis), with post-tests demonstrating
significant differences between HIV-N and HIV+ ART naïve groups (p<0.05) (Figure
7.11B). Following adjustment for ex vivo iNKT frequency, significant differences in
sLAG-3 production remained (p=0.04, Kruskal-Wallis, HIV-N vs HIV+ post-test p<0.05)
(Figure 7.11C).

Among all participants, sLAG-3 concentration significantly correlated with all analytes
except IL-10 and IL-4 (Table 7.8, Figure 7.11D). Among HIV-N participants, sLAG-3
significantly correlated with only IFN and TNF (Table 7.8). Similarly, significant
correlations between sLAG-3 and IFN, TNF, MIP-1 and MIP-1 were observed
among the HIV-infected participants (Table 7.8).
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Table 7.8. Correlation between background-subtracted sLAG-3 concentrations at 5 days
post GalCer-stimulation and supernatant cytokines/chemokines.
All participants
HIV-N (n=15)
HIV+ (n=22)
(n=37)
Analyte
Spearman
Spearman
Spearman
p value
p value
p value
rho
rho
rho
0.6952
< 0.0001 0.7469
0.0021
0.5332
0.0106
IFN
IL-4
0.1757
0.2981
0.2576
0.3484
-0.1706
0.4479
IL-10
0.1324
0.4349
0.1191
0.6675
0.2071
0.3552
IL-13
0.4224
0.1173
0.2759
0.2140
0.4508
0.0051
IP-10
0.4423
0.1522
0.5219
0.0018
0.3840
0.0857
0.2741
0.3373
0.4010
0.0170
0.5433
0.0109
MIP-1
0.0005
0.5123
0.0544
0.5891
0.0039
MIP-1 0.5476
0.6402
< 0.0001 0.6154
0.0175
0.6984
0.0003
TNF
Statistical tests with p≤0.1 (trend) or p<0.05 (significant) are indicated in bold.
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Figure 7.11. Detection of sLAG-3 5 days post-GalCer stimulation. (A) The
proportion of subjects exhibiting above-background sLAG-3 production significantly
differed between groups, with HIV+ ART naïve individuals having the lowest proportion
of sLAG-3 producers (n=15 HIV-, 8 HIV+, 14 HIV+ ART). (B) sLAG-3 concentration
was significantly reduced among HIV+ ART naïve participants following stimulation,
whether unadjusted or adjusted for ex vivo iNKT frequency. (C) sLAG-3 concentration
significantly correlated with IFN, TNF and MIP-1 among all participants.
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7.5 Summary
The aim of this study was to characterize iNKT dysfunction during chronic HIV infection
and treatment, and to determine whether elevated iNKT LAG-3 or PD-1 expression was
associated with decreased iNKT cytokine production following lipid stimulation. The
results indicated that iNKT LAG-3 expression was elevated among HIV-infected women
and was not fully restored to baseline following ART. In contrast, PD-1 expression was
not elevated on iNKT cells during chronic infection, unlike its elevation on CD8+ T cells.
iNKT IFN production was impaired among HIV-infected women, and importantly, ex
vivo iNKT LAG-3 expression inversely correlated with IFN production following lipid
stimulation. Interestingly, sLAG-3 concentration in cell culture supernatant positively
correlated with cytokine/chemokine concentrations, in contrast to the inverse correlation
between LAG-3 and supernatant cytokines. These data suggest opposing roles for soluble
and membrane LAG-3 in regulating cellular function. Finally, iNKT cytokine/chemokine
production following long-term lipid stimulation was unique among both HIV-infected
ART naïve and experienced groups compared to healthy controls.
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8. Discussion
An improved understanding of the factors that influence HIV acquisition and disease
progression will improve prevention and treatment strategies. This thesis investigated the
contribution of 2 genes, GNB3 and LAG-3, to HIV susceptibility and progression. Both
genes are located in a gene-rich cluster on chromosome 12 near the CD4 gene. GNB3
contains a well-described SNP at position 825 that was previously reported to influence
HIV progression in a single cohort (449). Within the same gene cluster, LAG-3 encodes
splice variants of soluble and cell-surface inhibitory proteins previously implicated in
mediating immune exhaustion during chronic viral infections. Although other immune
exhaustion markers are known to mediate T lymphocyte dysfunction during chronic HIV
infection, the contribution of LAG-3 was unknown at the time that these studies were
conducted.

The two main hypotheses of this thesis are that (1) GNB3 825TT genotype is
associated with increased risk of HIV acquisition, accelerated disease progression
and increased T cell immune activation in Kenyan cohorts of high- and low-risk
individuals, and that (2) expression of LAG-3 on lymphocyte subsets will be
increased during chronic HIV infection and will correlate with reduced T cell
effector functions.

8.1 GNB3 825 genotype and HIV acquisition and progression
To determine the epidemiological relationship between GNB3 825 genotype and
susceptibility to HIV infection and subsequent disease progression, participants in two
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Kenyan cohorts were genotyped at the GNB3 825 locus. We hypothesized that GNB3
825TT genotype individuals exhibit an increased risk of HIV infection, accelerated
disease progression and increased expression of T cell immune activation markers
in peripheral blood. The results of this study are also described and discussed in (443).

8.1.1 GNB3 genotype does not alter risk of HIV acquisition or rate of disease progression
In addition to previous data suggesting a link between GNB3 genotype and HIV
progression (162), a SNP in the nearby CD4 gene (CD4 C868T) was previously
associated with increased risk of HIV acquisition and disease progression in the FSW
cohort (142). Despite their close proximity, the lack of linkage disequilibrium between
the CD4 and GNB3 SNPs suggests that CD4 genotype is unlikely to confound analysis of
GNB3 825 alleles and also that GNB3 825 genotype does not contribute to the impact of
CD4 genotype on HIV acquisition. Because CD4 genotype data was available for the
FSW cohort, it was nonetheless included in the statistical model to conclusively identify
any impact of GNB3 genotype on HIV acquisition. Contrary to the hypothesis, however,
GNB3 825 genotype was not associated with an increased risk of sexual HIV acquisition
in the high-risk FSW cohort (Figure 3.1), nor did it affect risk of mother-to-child HIV
transmission in the PHT cohort. Furthermore, the rate of disease progression as
determined by CD4 decline (in both cohorts) or viral load increase (in the PHT cohort)
did not differ between GNB3 825 genotype groups (Figure 3.2, 3.3).

Although no published studies have linked GNB3 genotype to HIV susceptibility, Siffert
et al reported accelerated disease progression among GNB3 825TT individuals (162) – an
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observation that is not corroborated by this study. It is unlikely that the endpoints chosen
in the analysis of disease progression affected the outcome of the analysis, as statistical
models included both participants followed from the time of seroconversion as well as all
HIV+ participants (with adjustment for baseline CD4 count), and included endpoints
defined as CD4 < 350, CD4 < 250 and/or death, rate of CD4 decline or viral load increase
over time. The major difference between the Siffert et al study and this thesis is likely the
ethnic composition and gender of the participants. While the impact of ethnicity on GNB3
SNPs and RNA splicing is discussed further in section 8.2, it is plausible that that the
route of HIV acquisition in FSW/PHT cohorts (female genital tract, mother to child)
contributed to the differences between this study and that of Siffert et al.

The absence of an impact of GNB3 genotype on HIV acquisition/progression in this study
does not necessarily imply that GNB3 genotype does not affect HIV susceptibility among
all populations; rather, it underscores the importance of replicating genetic association
studies in populations with disparate allele frequencies (151). Studies of the GNB3 825
SNP in African populations are generally lacking in the literature, but our results, along
with others (175-177), suggest that multiple phenotypes associated with the 825T allele
in Caucasian/Asian populations may not be replicated in African populations, and
reinforce the observation that more diverse studies are required.

It is worthwhile to note that the association of the 825TT genotype with increased risk of
HIV progression is somewhat at odds with reports suggesting a protective effect of the T
allele in infection. The GNB3 825T allele is associated with improved cellular responses
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to Hepatitis B vaccination, and the 825CC genotype confers a poor response to interferon
α/ribavirin therapy in Hepatitis C infection as well as increased risk of infant death due to
infection (164, 165, 169, 170). The 825T allele is therefore consistently associated with
improved or protective immune function, rather than susceptibility to infection.
Furthermore, a detailed mechanism linking GNB3 825 genotype to immune function is
currently lacking. Although the C to T mutation is associated with the production of the
biologically active splice variants Gβ3s and Gβ3s2 (160, 163), data demonstrating
Gβ3s/s2 expression at the protein level in vivo are still lacking.

8.1.2 GNB3 genotype is not associated with differential response to ART
Brockmeyer et al (161) reported that despite achieving lower viral load, GNB3 825TT
individuals receiving antiretroviral therapy (ART) exhibited significantly lower CD4 T
cell counts 16 – 32 weeks post-ART initiation compared to GNB3 825CC/CT individuals.
Analysis of CD4 counts one year after ART initiation among FSW cohort participants
failed to replicate this observation. Regardless of whether final CD4 count, absolute
change in CD4 count or percent change in CD4 count was used as the outcome, FSW
participants of varying GNB3 genotypes responded similarly to ART (Figure 3.4). These
results are generally consistent with the lack of impact of GNB3 genotype on HIV
progression among this cohort and once again underscore the importance of replicating
genetic association studies in diverse populations.
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8.1.3 GNB3 genotype is not associated with increased ex vivo immune activation
As Caucasian GNB3 825T allele carries exhibit enhanced lymphocyte chemotaxis and
proliferation (164), we assessed the impact of GNB3 genotype on cellular immune
activation and plasma cytokine/chemokine levels in healthy and HIV-1-positive FSW
cohort participants. The similar levels of CD4+ and CD8+ T cell immune activation
(measured by CD69, CD38 and HLA DR) between genotype groups for both HIV+ and
HIV-N women confirms and extends a previous report that HLA-DR expression is not
altered across GNB3 genotypes in healthy Caucasians (164) (Figure 3.5, 3.6). Similarly,
expression of CCR5 and activation of CD4+CCR5+ T cells were similar between
genotype groups. Lindemann et al also indicated that healthy Caucasian 825T allele
carriers have increased CD4+ T cell counts (with no differences in B cell or CD8+ T cell
counts), but did not assess the proportion of any CD4+ T cell subpopulations such as
Tregs (164). In the current study, there were no differences in Treg proportion between
GNB3 825CC/CT and TT participants regardless of HIV serostatus (Figures 3.5, 3.6).
This is the first study to quantify immune activation markers among HIV-1-positive
patients with respect to GNB3 genotype.

Expression of IL-7Rα (CD127) and Fas (CD95), two known correlates of HIV disease
progression, was also quantified among HIV+ FSW participants. During HIV infection,
IL-7Rα inversely correlates with immune activation and apoptosis, and positively
correlates with CD4 count (444), while Fas expression positively correlates with disease
progression (450). Neither marker was differentially expressed on CD4+ or CD8+ T cells
between GNB3 genotypes (Figure 3.6). Given the limitations of cross-sectional studies in
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assessing differences between markers correlated with disease progression, all surface
markers were analysed with adjustment for CD4 count. These results are consistent with
the lack of impact of GNB3 genotype on disease progression in this cohort, as discussed
in section 8.1.1.

GNB3 825T allele carriers demonstrate increased SDF-1α-mediated lymphocyte
chemotaxis (164) (a process mediated by G protein signaling); we therefore wondered
whether the CXCR4 ligand SDF-1α or the CCR5 ligand MIP-1β would be differentially
expressed between GNB3 genotypes, particularly during HIV-1 infection. Plasma TRAIL
levels were also assessed due to the previously reported observation of decreased
lymphocyte apoptosis among 825TT individuals (172). No differences in
cytokine/chemokine expression were detected between genotype groups (Figure 3.7).

While these results do not assess the impact of the GNB3 splice variants on intracellular
signaling pathways nor imply that there is no impact of the 825 SNP on signal
transduction, our data do suggest that GNB3 genotype does not have a substantial impact
on HIV co-receptor expression, the activation of bulk or CD4+CCR5+ T cells or plasma
levels of CCR5/CXCR4 ligands. Investigation of these markers in cohorts that do exhibit
an impact of GNB3 genotype on HIV progression may provide further insight into the
mechanism linking GNB3 genotype with HIV disease progression.
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8.1.4 Summary
Given evidence suggesting an important role for G protein signaling through the viral coreceptors in HIV entry and replication (69, 79), and the suggestion that the GNB3 C825T
SNP is associated with altered G protein signaling activity (160, 164), it is, in fact,
biologically plausible for the GNB3 825 SNP to alter cellular permissibility to HIV
infection. Any impact of GNB3 825TT genotype on HIV susceptibility would be
particularly relevant in Africa, where the 825TT genotype is common and HIV
prevalence is high (161, 449). We demonstrated in two distinct Kenyan cohorts that
GNB3 825 genotype is not associated with increased risk of HIV acquisition or
accelerated disease progression, contrary to the initial hypothesis. These cohorts included
multiple modes of HIV transmission (male to female and mother-to-child) and multiple
outcomes of disease progression (CD4 decline, viral load increase). Furthermore, GNB3
825 genotype was not associated with increased ex vivo immune activation or plasma
chemokine concentration in either healthy or HIV+ individuals, contrary to the
hypothesis.

8.1.5 Limitations and Opportunities
Longitudinal studies of disease progression are most powerful when infected individuals
are followed from the time of seroconversion to the defined endpoint. In the FSW cohort,
the number of participants with a known date of seroconversion was limited relative to
the total number of genotyped individuals. Although including participants who were
HIV+ at enrolment and controlling for baseline CD4 count expanded the sample size, the
study would have been strengthened by a larger number of seroconverting participants.
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Cross-sectional studies of immune activation, particularly in the context of HIV infection,
have inherent disadvantages compared to longitudinal studies. To control for disease
progression among HIV+ participants, CD4 count was included as a covariate in the
comparison of T cell activation markers between GNB3 genotypes. Nonetheless,
longitudinal analysis of immune activation during the course of infection would be
preferable, if the data were available. Given the lack of epidemiological evidence to
support a role of GNB3 genotype in HIV infection, however, it is difficult to justify such
a study.

8.2 GNB3 825 genotype and RNA splicing
Epidemiological studies of GNB3 825 genotype in African populations are generally
underrepresented in the literature, and confirmation of GNB3 mRNA splice variant
production associated with the 825T allele (160, 163) in non-Caucasian populations is
lacking entirely. Given the discrepancies between the impact of GNB3 825 genotype on
HIV progression between the Kenyan cohorts described in section 8.1 and Siffert et al’s
cohort (449), we attempted to detect GNB3 mRNA splicing in PBMC collected from
FSW cohort participants. We hypothesized that mRNA isolated from GNB3 825TT
participant PBMCs contains both full-length and truncated GNB3 RNA transcripts.

8.2.1 Splice variant expression and exon array analysis
Exon-specific detection of GNB3 mRNA expression revealed putative splicing
differences between GNB3 825 genotypes, but not in the probe-sets corresponding to the
reported splice sites (Figure 4.1). Although unexpected, an explanation for the lack of

212

GNB3 splicing observed in this cohort may be found in a report of detailed GNB3
haplotypes among various ethnic populations. Rosskopf et al sought to identify additional
GNB3 SNPs that could contribute to the alternate splicing associated with the 825T allele,
based on the large distance between the 825 SNP position and the putative splice site
required to generate the Gb3s transcript (451). In Caucasian populations, the 825T allele
is in tight linkage disequilibrium with five other polymorphisms, including C1429T.
Together, these SNPs were predicted to alter the pre-mRNA folding of the GNB3
transcript, which the authors speculated supported alternative splicing. In African
populations, however, the linkage of the C1429T SNP to C825T is reduced compared to
Caucasian populations, and linkage with an additional SNP at position 5177 (which is
absent in Caucasians) is observed. The authors speculate that a third GNB3 haplotype
may therefore exist in African populations that differs in its ability to promote splice
variant production. This suggestion would be consistent with the unexpected splicing
patterns observed among participants of the FSW cohort.

8.2.2 LAG-3 splicing and expression
Because the exon array data contained expression data for the genes contained within the
GNB3-CD4 locus, we compared expression and splicing of CD4, G protein coupled
receptor 162 (GPR162), leprecan-like 2 (LEPREL2), cell division cycle associated 3
(CDCA3), parathymosin (PTMS), lymphocyte activation gene 3 (LAG-3, CD223) and
myeloid leukemia factor 2 (MLF2) between participants with differing GNB3 genotypes
and/or HIV serostatus. GPR162 encodes a G protein receptor expressed mainly in the
brain, LEPREL2 encodes a collagen hydroxylase with no pre-existing link to immune

213

function, CDCA3 encodes a protein involved in mitosis, PTMS encodes a protein
involved in DNA replication, LAG-3 encodes an inhibitory immune receptor involved in
immune exhaustion, and MLF2 encodes a protein of unknown function. Expression of
CD4 mRNA was similar between GNB3 825 genotype groups, which is consistent with
the observation that CD4 868 genotype was neither linked to GNB3 825 genotype nor
affected CD4 expression on PBMCs (Oyugi, unpublished data). Expression of all other
transcripts except LAG-3 were similar between GNB3 genotype groups (Figures 4.2, 4.3,
4.4), leading us to further investigate the expression and splicing patterns of LAG-3.

LAG-3 exhibited differences in expression of the 3’ end of the RNA transcript between
GNB3 825CC, CT and TT participants (Figure 4.4). Furthermore, LAG-3 expression was
elevated among HIV+ participants compared to HIV-N individuals (Figure 4.5). In both
humans and mice, LAG-3 protein is detectible as either a full-length, membrane bound
protein or a truncated, soluble protein (sLAG-3) in plasma. While murine sLAG-3 is
derived from cleaved surface bound LAG-3 (395, 396), human sLAG-3 is suggested to
derive from several mRNA splice variants. The differentially spliced region of the LAG-3
transcript detected in the PBMC RNA samples corresponds closely to the exons reported
to be deleted from the sLAG-3 splice variants described by Triebel et al. qRT-PCR
amplification of two regions of the LAG-3 transcript in a subset of samples included in
the exon array anlaysis confirmed significant, differential expression of the 3’ end
(Figure 4.6). These results suggest both differential regulation of LAG-3 expression
among GNB3 genotype groups and during chronic HIV infection.
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At the time of this study, relatively little was known about the splicing and expression of
LAG-3 during human health and disease. There is no data regarding linkage between
LAG-3 and GNB3 SNPs or promoter regulatory elements. LAG-3 contains multiple SNPs
resulting in missense mutations, as well as numerous intronic SNPs, that could be
associated with splicing regulation. Understanding the mechanism linking GNB3
genotype to LAG-3 splicing patterns represents an intriguing gap in knowledge, but the
expression of full length and truncated soluble LAG-3 (sLAG-3) during chronic HIV
infection was more relevant to this thesis. Although several microarray experiments
reported upregulation of LAG-3 expression during acute or chronic HIV/SIV infection
(438-440), little data was available regarding LAG-3 protein expression on either
lymphocytes or sLAG-3 levels in plasma. Activated T cells and NK cells were reported
to express LAG-3, but often only following in vitro stimulation (388). We therefore
planned to quantify LAG-3 expression on CD4+ and CD8+ T cells, CD56hiCD16- and
CD56dimCD16+ NK cells and invariant NKT cells among healthy and HIV-infected
participants, as discussed in section 8.3.

8.2.3. Summary
Using both qRT-PCR and exon microarray analysis, we were unable to detect previously
described GNB3 splice variants in PBMC RNA derived from FSW cohort participants, in
contrast to the hypothesis. mRNA splicing and expression of neighbouring genes at the
GNB3 locus were similar between GNB3 genotype groups, with the exception of LAG-3,
which exhibited differences in expression of the 3’ end of the RNA transcript that were
confirmed by qRT-PCR.
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8.2.4 Limitations and Opportunities
A comparison of GNB3 RNA expression among different tissues revealed higher levels
of expression in stimulated T cells and non-immune tissues compared to ex vivo PBMC
(163). The lack of detection of GNB3 splice variants in RNA derived from PBMC
samples could therefore be related to the cellular source of the RNA, rather than a lack of
splicing in all tissues of the participants. Given that this thesis is primarily concerned
with the impact of GNB3 splicing on HIV acquisition, however, unstimulated PBMCderived RNA was a more relevant sample to use in this assay.

8.3 LAG-3 expression on lymphocyte subsets during chronic HIV infection
At the time of these studies, descriptions of LAG-3 expression on lymphocyte subsets
during HIV infection were lacking in the literature; the only two published studies were
inconsistent as to whether LAG-3 expression on T cells was increased (452) or
unchanged (435) during chronic HIV infection. Furthermore, there was no data on
LAG-3 expression on other subsets such as NK cells or iNKT cells, despite evidence that
LAG-3 is expressed on these subsets ex vivo and/or following activation (271). Given its
inhibitory activity on T cell function, LAG-3 could potentially contribute to immune
exhaustion during HIV infection. We therefore performed a screening study of 90
individuals to compare LAG-3 expression on T cells, NK cells and iNKT cells between
healthy, HIV+ and ARV-treated participants. We hypothesized that LAG-3 is
increased among HIV+, but not ART-experienced, individuals, primarily on CD4+
and CD8+ T cells.
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8.3.2 Expression of LAG-3 on T cell subsets
8.3.2.1 LAG-3 is expressed at low levels on bulk CD4+ and CD8+ T cells
Contrary to the hypothesis, T cell LAG-3 expression was very low (<2%) on all subjects
screened in this study (Figure 5.2). Negligible ex vivo LAG-3 expression on PBMC from
healthy individuals is consistent with previous observations in the literature, as well as
more recent studies (380, 388, 445). In contrast to the marked increase of exhaustion
markers such as PD-1 and Tim-3 during HIV infection (377), the statistically significant
increase in LAG-3 expression on T cells observed in this study was small in magnitude.

Subsequent to the collection of data for this study, several other reports examined LAG-3
expression on both bulk and HIV-specific CD4+ and CD8+ T cells. Although bulk CD8+
T cell LAG-3 expression was markedly higher in some individuals than observed in this
study (380), all reports concluded that LAG-3 expression was generally low on antigenspecific T cells, was similar between CD4+ and CD8+ subsets, and did not contribute to
the major populations of exhausted antigen-specific cells (380, 436). The results from this
study are also consistent with studies of LAG-3+ T cells during other human chronic
viral infections, such as HCV (432, 453) and HBV, in which ex vivo LAG-3 expression
was similarly low (~2% of CD4+ and CD8+ T cells) among both healthy and HBVinfected subjects (454).

Among all three study groups, LAG-3 expression was marginally, but significantly,
higher on CD8+ T cells compared to CD4+ T cells (Figure 5.2). This is consistent with
previous observations of ex vivo LAG-3 expression (445); despite a poor understanding
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of the significance of LAG-3 expression on MHC class I-restricted CD8+ T cells, there is
evidence to suggest that LAG-3 function on CD8+ cells may be different than CD4+ cells
(410).

Although the increase in LAG-3+ T cells during chronic infection was small in this
cohort, it is notable that the proportion of LAG-3+ T cells did not decrease among
subjects on ART, and that, in fact, the individuals with the greatest proportion of LAG-3+
T cells were receiving ART (Figure 5.2). This expression pattern differs from those
described for most other exhaustion markers including PD-1, Tim-3, 2B4 and CD160
(433). Although viral load data was not available for participants in this study, expression
of HLA-DR on CD8+ T cells was significantly reduced among the ART group compared
to the HIV+ group (Figure 5.4), suggesting at least some successful control of viral
replication among ART recipients. Interestingly, Yamamoto et al noted that although
bulk CD8+ T cell LAG-3 expression was reduced among ART individuals compared to
ART-naïve patients, LAG-3 expression on CD8+ central memory T cells (the memory
subset with highest LAG-3 expression) was not reduced by ARV therapy (380). The
maintenance of LAG-3 expression during ART may, in fact, be related to the unexpected
lack of correlation between LAG-3 expression and disease progression.

T cell LAG-3 expression did not correlate with CD4 count, nor was it affected by
duration of ART (Figures 5.3, 5.4). Although viral load data is not available for the
participants of this study, there is no evidence to suggest that LAG-3 expression is related
to viral replication or disease progression. Furthermore, the correlations between LAG-3
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expression and T cell activation markers were weak and inconsistent between ART naïve
and experienced groups. Overall, these data suggest that HIV infection does not strongly
alter LAG-3 expression on bulk CD4+ or CD8+ T cell subsets.

8.3.2.2 Ex vivo LAG-3 expression is associated with PD-1+ T cells
As LAG-3 expression was unexpectedly low among HIV+ study participants, we sought
to confirm that another exhaustion marker, PD-1, would be upregulated among cohort
participants in a manner consistent with the numerous published reports of PD-1
expression. Indeed, CD8+ T cell PD-1 expression was significantly increased among
HIV+ participants on the bulk CD8+ T cell population (Figure 5.5) and was further
enriched on antigen-specific CD8+ T cells (Figure 5.7) (further discussed below in
section 8.3.2.3) in a manner consistent with previous reports (374). The lack of
correlation between LAG-3 and PD-1 expression suggests that LAG-3 is not driven by
the same factors known to promote PD-1 upregulation (immune activation, viral load,
CD4 depletion). The increased expression of PD-1 on LAG-3+ cells, however, suggests
some relationship between the two markers. Several studies now suggest that some PD-1
expression reflects T cell activation or differentiation rather than exhaustion (455),
suggesting that LAG-3+PD-1+ T cells may simply mark a recently activated T cell
population.

8.3.2.3 LAG-3 expression is low on HIV-specific T cells
Despite the similarities in LAG-3 expression on bulk CD4+ and CD8+ T cells in HIVuninfected and HIV+ participants, exhaustion markers are often strongly enriched on
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HIV-specific T cells. Although data from other cohorts suggests that LAG-3 expression
is remarkably low on antigen specific cells (436), we sought to confirm that the low
levels of LAG-3 staining on ex vivo T cells were not confined to HIV-specific T cells.
Despite the limitation that only samples from ARV-treated participants were available for
HIV peptide stimulations, gag-specific CD8+ T cell responses were readily identified by
IFN and TNF expression. The relationship between PD-1 expression and gag-specific
responses was consistent with known literature: PD-1 expression was highly enriched on
antigen-specific cells and its expression was elevated on monofunctional (exhausted)
IFN+TNF- cells compared to polyfunctional IFN+TNF+ gag-specific cells (Figure
5.7).

In contrast, LAG-3 was not significantly enriched on gag-specific T cells, nor was there
any significant difference in cytokine expression between LAG-3+ and LAG-3- antigen
specific cells (Figure 5.7). Given these disparities, LAG-3 does not appear to contribute
to inhibitory receptor accumulation and suppression of cytokine secretion on HIVspecific T cells in the same manner as PD-1. These results are intriguing, considering the
consistency with which other inhibitory markers accumulate on antigen-specific T cells
during chronic HIV infection and appear to inhibit cytokine production/proliferation. The
regulation of LAG-3 expression on T cells during human chronic viral infection remains
to be well defined, and represents an ongoing gap in knowledge.
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8.3.3 Lymphocyte LAG-3 expression and GNB3 825 genotype
Based on the differences in 3’ LAG-3 transcript expression identified by the exon array
analysis between GNB3 genotype groups, we compared surface LAG-3 expression
between HIV+ participants of varying 825 genotypes. LAG-3 expression was similar on
all lymphocyte subsets studied (5.8). These results highlight the importance of
confirming RNA expression changes at the protein level. Although this analysis cannot
rule out an impact of plasma sLAG-3, the exon array specifically detected expression
differences in the transmembrane/cytoplasmic tail region of the LAG-3 transcript, which
would reflect only the full-length LAG-3 protein. It is possible that LAG-3 expression on
cell subsets not analysed by flow cytometry (i.e. monocytes) could confound the results.

The regulation of LAG-3 expression in humans is not well understood. In mice, T cells
contain large stores of intracellular LAG-3 that can be rapidly mobilized upon T cell
activation (456). Pre-formed stores of intracellular LAG-3 could argue against a direct
link between LAG-3 RNA transcription and subsequent protein production, making it
difficult to directly link the exon array data with surface protein expression data. High
quantities of intracellular LAG-3 would also confound any relationship between surface
protein and RNA expression levels.

8.3.4 LAG-3 expression is increased on NK cells during HIV infection and treatment
In this screening study, LAG-3 expression was increased among HIV+/ART individuals
compared to healthy participants on both the CD56hiCD16- and CD56dimCD16+ subsets.
LAG-3 expression did not correlate with CD4 count on either NK subset, but positively
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correlated with expression of acute activation marker CD69 on the CD56dimCD16+
subset. Expression of LAG-3 on CD56-CD16+ “dysfunctional” NK cells was similar
between healthy and HIV-infected groups (Figure 5.10).

Although LAG-3 is known to be expressed on activated NK cells, little is known about its
function or regulation in a subset-specific manner. In this cohort, the fold change in
LAG-3 expression between HIV-N and HIV+ groups was greatest among CD56hiCD16NK cells. This CD56hi population is typically described as the ‘immunoregulatory’,
cytokine-producing, NK subset. In contrast, the CD56dim NK subset is highly cytotoxic,
and LAG-3 is reported to have no impact on human NK cytotoxicity (418). The
correlation between LAG-3 and acute activation marker CD69 raises the possibility that
LAG-3 expression on this subset is indicative of increased NK activation during chronic
HIV infection.

To date, no published data has demonstrated whether LAG-3 expression on CD56hiCD16NK cells is associated with reduced cytokine production. Although the inhibitory activity
of LAG-3 on T cell cytokine production has been demonstrated, the function of inhibitory
surface receptors on different cell types is not necessarily consistent. The expression of
exhaustion marker Tim-3 is differentially regulated between NK cell subsets and can
display both inhibitory and activating functions depending on the cell subset (457, 458).
In contrast, PD-1 expression on NK cells inhibits NK proliferation, similar to its effect on
T cell proliferation (459). The lack of correlation between LAG-3 and CD69 expression
on this subset suggests that the increased LAG-3 expression among HIV+ groups may
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not be due primarily to increased cellular activation. Further studies will be required to
determine whether increased LAG-3 expression is associated with reduced cytokine
production by this subset during chronic HIV infection.

It is worthwhile to note that among both HIV-N and HIV+ participants, LAG-3
expression was significantly increased on the CD56-CD16+ NK subset relative to both
other NK subsets. Indeed, among healthy individuals, LAG-3 expression declined
between NK subsets with increasing CD56 expression (CD56- > CD56dim > CD56hi)
(Figure 5.10). Any contribution of LAG-3 to the reduction in cytokine production among
CD56- NK cells is unknown; it is currently unclear whether these NK cells exhibit
molecular signatures of exhaustion similar to exhausted T cells, or whether their
functional responses are skewed toward a chemokine-biased response (446). It is also
possible that rather than mediating the repressed function of this subset, LAG-3
expression could mark NK differentiation/maturation stages in a manner similar to that of
Tim-3 (457).

The consistent expression of LAG-3 between HIV+ and ART individuals in this study is
similar to the maintenance of LAG-3 expression on the other lymphocyte subsets studied
(Figure 5.11). Following initiation of ART, the NK subset often remains highly activated
(460) and dysfunctional (461), thus providing a potential explanation for the maintenance
of NK cell LAG-3 expression. Continual innate immune activation and dysfunction
during suppressive antiretroviral therapy remains a challenge to successful treatment of
HIV infection, and the contribution of LAG-3 to this dysfunctional phenotype remains a
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significant gap in knowledge for future research.

8.3.5 LAG-3 expression is increased on iNKT cells during chronic HIV infection and
treatment
The frequency of iNKT cells was highly variable among participants of the screening
study, but the CD4+ iNKT subset was significantly depleted among HIV+ and ART
individuals compared to healthy subjects (Figure 5.13). LAG-3 expression on total iNKT
cells was significantly higher among the HIV+ ART group compared to the healthy
subjects. While subset-specific LAG-3 expression was difficult to quantify due to the
small size of the iNKT population, LAG-3 expression on the CD4+ iNKT subset was
significantly increased among HIV+ ART individuals compared to healthy controls
(Figure 5.14).

The depletion of iNKT cells during chronic HIV infection, particularly the CD4+ subset,
has been described in multiple cohorts in the literature (243, 332, 333). The kinetics and
success of CD4+ iNKT rebound during ARV, however, remain controversial and vary
from cohort to cohort (332, 335, 338). Only one other study has reported on iNKT
frequencies in an African cohort, where Mureithi et al observed CD4+ iNKT depletion
that was reversed upon ARV treatment (243). Without viral load data, it is difficult to
determine whether the lack of iNKT reconstitution among the ART group in this study is
related to failure of viral suppression.

The expression of LAG-3 on iNKT cells during HIV infection has not been previously
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described. In healthy individuals, LAG-3 is expressed at detectible, but low levels, and
inversely correlates with the frequency of the CD8+ iNKT subset, suggesting a regulatory
or homeostatic role for its basal expression (271). In this study, LAG-3 was similarly
expressed at low, and varying, levels on CD4+, CD8+ and DN iNKT subsets among
healthy subjects. In this study, we report for the first time, that LAG-3 expression was
significantly increased among HIV+ ART subjects compared to uninfected individuals.
The fold change increase in LAG-3 expression among both HIV+ groups compared to
controls was larger than that observed for most T cell and NK cell subsets. Although
modulation of LAG-3 expression on human iNKT cells has not been described in the
literature, the correlation between CD69 and LAG-3 expression suggests that iNKT
activation induces LAG-3 expression in a similar manner to that reported for both T and
NK cells (Figure 5.15).

HIV does not encode any foreign lipid antigens capable of activating iNKT cells in a
CD1d-dependent manner. The most plausible mechanism by which iNKT cells could
become activated during chronic HIV infection is through increased plasma
concentrations of LPS derived from microbial translocation through the depleted gut
mucosa. LPS is capable of activating iNKT cells via TLR signaling on APCs, and can
also drive accumulation and CD1d presentation of endogenous iNKT antigen -GlcCer
(220).

The maintenance of high LAG-3 expression among ART participants could be related to
several factors. First, in this cohort, there was no reconstitution of the CD4+ iNKT subset
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among the ART group, which may reflect continued iNKT dysfunction related to
continuous high LAG-3 expression. Second, no data is currently available to describe the
impact of lipid dysregulation during ART on iNKT function. Many ARV drugs cause
side effects involving lipid metabolism (462), and mouse models indicate that lipid
imbalances, including hyperlipidemia, can result in chronic iNKT activation and anergy
(463). It is therefore possible that mechanisms resulting in increased LAG-3 expression
among the HIV+ and ART groups are, in fact, distinct.

While the function of LAG-3 on human iNKT cell has not been demonstrated, a single
report in mice demonstrated that GalCer stimulation can result in LAG-3 upregulation
on hepatic iNKT cells (420). Given the lack of data describing the functional impact of
human LAG-3 expression on the iNKT subset, this study was unable to determine
whether increased levels of cell surface LAG-3 simply represented iNKT activation
during chronic infection, or whether the expression of this inhibitory receptor contributed
to loss of iNKT cytokine producing/proliferative capacity during infection. These issues
are addressed in Section 8.4.

8.3.6 Relationship between LAG-3 expression and plasma cytokines/chemokines
Correlation of LAG-3 expression on all lymphocyte subsets with plasma cytokines and
chemokines revealed little about factors potentially promoting LAG-3 expression. No
significant correlations were identified when all participants were included in the
analysis; rather, weak correlations were observed when samples were restricted to those
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with above-background cytokine levels.

The trend toward a correlation between CD8+ LAG-3 expression and plasma IFN
among HIV+ participants was not reflected among the HIV+ ART naïve or ART treated
groups separately, and exhibited a relatively low r2 value. Although IFN has been
reported to influence LAG-3 expression (405), plasma IFN levels measured by cytokine
bead array are consistently quite low. The weak correlation between iNKT LAG-3 and
plasma IL-10 levels was observed both among all HIV+ participants and HIV+ ART
participants only. As with IFN, plasma IL-10 concentrations were quite low among
these individuals (Figure 5.16). While iNKT cells can produce IL-10, iNKT activity also
modulate other IL-10 producing lymphocytes, including Tregs, making it difficult to
conclude that plasma IL-10 levels would be directly influenced by LAG-3-mediated
iNKT dysfunction.

8.3.7 Detection of sLAG-3 in plasma
sLAG-3 was quantified in plasma samples by in-house ELISA. In contrast to surface
LAG-3 expression, sLAG-3 concentrations were highly variable across participants in
plasma did not significantly differ between HIV-N and HIV+ participants.

Among HIV+ participants, however, sLAG-3 consistently correlated with IP-10 and
patient CD4 count (Figures 5.17, 5.18). Notably, IP-10 is a chemotactic protein induced
by IFN, providing a potential link to IFN-induced LAG-3 expression. Although IFN
was only reported to induce cell surface LAG-3 expression (405), rapid cleavage of
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surface LAG-3 could influence plasma sLAG-3 concentrations. Despite the lack of
correlation between plasma IFN and sLAG-3, IFN levels measured in plasma by bead
array are extremely low. The inverse relationship between CD4 count and sLAG-3 also
argues against CD4+ T cells as a dominant source of plasma sLAG-3 during infection.

In this study, IP-10 levels were significantly higher amongst HIV+ ART naïve
participants compared to healthy controls, and there was a trend toward an inverse
correlation between CD4 count and IP-10 concentration among all HIV+ subjects. This is
consistent with numerous studies demonstrating that IP-10 inversely correlates with CD4
count, is reflective of systemic immune activation and is an independent and sensitive
predictor of disease progression and viral load (464-468). Given the relationships
between sLAG-3, IP-10 and CD4 count, sLAG-3 expression might therefore, like IP-10,
be reflective of immune activation and disease progression during infection. It is
important to note that despite the known value of IP-10 in predicting disease progression,
sLAG-3 was, in fact, a stronger correlate of CD4 count compared to IP-10 in this study.
Evaluation of sLAG-3 expression in a larger cohort of samples is therefore warranted to
determine the value of sLAG-3 as a predictor of progression.

8.3.8 Limitations and Opportunities
During this initial screening study, LAG-3 expression was assessed only on bulk CD4+
and CD8+ T cells, not HIV-specific cells. Although expression of exhaustion markers
PD-1 and Tim-3 are most strongly upregulated on antigen-specific T cells during HIV
infection, studies have also demonstrated increased expression on the bulk T cell
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population, particularly in the case of Tim-3. Although we stimulated T cell samples with
HIV gag peptide pools, there were limitations to the samples available for analysis. First,
recall antigen responses to CEF peptide pools were generally undetectable in HIV+
participants, preventing a direct comparison LAG-3 expression on recall antigen- and
HIV-specific T cells. Second, the comparison between LAG-3 and PD-1 expression on
HIV-specific T cells would have been more informative in HIV+ ART naïve participants,
given the reported decrease in PD-1 expression following ART. We were, nonetheless,
able to detect differences in polyfunctional cytokine production between PD-1+ and PD1- cells, even in the ART experienced participants. Given subsequent studies
demonstrating negligible expression of LAG-3 on antigen-specific CD4+ and CD8+ cells
and the overall low levels of expression observed in this thesis, however, it is likely that
these results are representative of LAG-3 expression in ART naïve cohort participants.

The lack of viral load data available for the participants of this screening study limits the
ability to correlate LAG-3 expression with disease progression. Although LAG-3
expression did not correlate with CD4 count or T cell immune activation, a correlation
with viral load is possible, given a previous study demonstrating increased LAG-3
expression among HIV+ individuals with uncontrolled viremia.

The description of LAG-3 expression on CD3-CD56-CD16- NK cells is limited by the
gating strategy used to identify this subset. The most stringent phenotypic definition of
this subset requires additional markers (CD19-CD4-CD14-CD11c-) that were not
included in this study. Given the increased in LAG-3 expression on this NK subset
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relative to other NK populations even among HIV-N participants, future studies should
further investigate the relationship between LAG-3 expression and expansion/function of
CD56- NK cells in a more stringent manner.

The expression of LAG-3 on CD4+, CD8+ and DN iNKT subsets was limited by the
number of events collected in the iNKT gate. As a result, the sample size available to
compare LAG-3 expression between healthy and HIV+ groups was reduced compared to
the total number of individuals screened. Individuals with <20 events in the subset gate
were excluded in an effort to maintain the quality of the data, but the small sample size
remains a limitation of this study.

8.4 LAG-3 expression at the female genital tract (FGT) mucosa
While LAG-3 engagement inhibits CD3-TCR signaling and inhibits effector and
proliferative functions (411, 412), unique MHC class II signaling pathways are also
induced that result in APC maturation and activation and the production of IL-12 and
TNF-α (422-425, 427). LAG-3 expression at the genital mucosa could, therefore, play an
important role in antigen processing and innate immune responses to sexually transmitted
infections and normal flora. Conversely, T lymphocyte LAG-3 expression has also been
proposed to limit macrophage and DC differentiation and antigen presentation at sites of
inflammation (428), as well as inhibiting alloresponses among PBMC (419), making it an
intriguing candidate for the modulation of immune activation at the genital mucosa, an
issue of importance during HIV exposure.
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Overall, little data is available to clarify the regulation and function of inhibitory markers
at mucosal sites. PD-1 expression is generally increased on mucosal lymphocytes in the
gut and rectal mucosa compared to peripheral blood (469, 470), but the impact of that
expression on immune dysfunction/activation during HIV transmission and infection is
unknown. Given the increased activation of genital tract T cells compared to peripheral
blood, and evidence that PD-1 and LAG-3 mark distinct T cell populations (471, 472),
we compared LAG-3 and PD-1 expression on ectocervical T lymphocyte subsets. We
hypothesized that: (1) cell surface expression of LAG-3 would be increased on CD4+
and CD8+ T cells from the female genital tract compared to peripheral blood, (2) T
cell surface expression of LAG-3 would be increased in HIV+ individuals compared
to healthy controls and would correlate with acute T cell activation marker CD69,
and (3) sLAG-3 would be detectible in CVL samples and would be decreased among
HIV+ individuals.

8.4.1 LAG-3 and PD-1 expression on cervical mononuclear cells
This is the first study to report increased expression of LAG-3 at the female genital tract
(FGT) compared to peripheral blood, but it is consistent with previous observations of
increased exhaustion/activation marker expression among mucosal tissues (469, 470).
Interestingly, LAG-3 expression was significantly higher across all T cell subsets (CD4+,
CD8+ and CD4-CD8-, or double negative (DN) subsets), whereas PD-1 expression was
only significantly increased on the CD8+ subset (Figures 6.2, 6.4, 6.5). Furthermore, the
low ex vivo expression of LAG-3 on PBMC resulted in a significantly higher fold
upregulation of LAG-3 at the mucosa compared to PD-1, particularly among DN T cells.
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In the context of ex vivo T cell activity, LAG-3 may therefore play a far greater
regulatory role at mucosal sites than in peripheral blood, a function which has not been
previously explored.

The observed enrichment of LAG-3 expression on DN T cells in both PBMC and CMC is
the first report of LAG-3 expression on this cell subset. Interestingly, PD-1 expression
was reduced on DN T cells compared to CD4+ and CD8+ subsets at the FGT,
demonstrating that not all activation/exhaustion markers are similarly enriched on this
population (Figures 6.2, 6.5). In peripheral blood, DN T cells are composed primarily of
 T cells but also include a minor population of  T cells. This study was unable to
differentiate between these two cell types in either the FGT or peripheral blood, although
the inclusion of the 6B11 iNKT marker in the flow panel allows for the exclusion of DN
iNKT cells from the DN T cell population, which is a frequent confounder in studies of
peripheral T cells (473).

Peripheral blood DN T cells can compensate for lost CD4+ T cell help during chronic
HIV infection (195), and the frequency of DN T cells in early infection negatively
correlates with T cell immune activation later in infection (474). Additionally, the DN T
cell population may contain a high proportion of the infected and virus-producing cells in
HIV+ individuals (359). Interestingly,  TCR-expressing DN T cells are associated with
a regulatory/suppressive phenotype and function (including TGF-1 and IL-10 secretion)
mediated via cell-contact dependent mechanisms (193, 194), and may act to limit
immune activation during HIV/SIV infection (195, 474). While the surface molecules
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involved in DN T cell suppressive activity remain unknown, expression of the common
Treg marker CTLA-4 is not detected on this susbset (193, 194). Given its role in
mediating murine Treg suppression, it is plausible that LAG-3 could contribute to a
regulatory DNT cell phenotype in PBMC.

To date, the DN T cell population at the FGT has not been described (despite reports of
high proportions of DN T cells in murine genital tract samples (475)) but foreskin was
recently reported to contain a significantly larger double negative (DN) T cell population
than matched PBMC (196). This is consistent with the high proportions of DN T cells
observed at the FGT in this study. It is unknown whether FGT DN T cells express
predominantly  or  TCRs, or whether they exhibit any regulatory functions similar to
peripheral blood DN T cells. Although difficult, mitogenic and antigenic stimulation of
CMCs to identify DN T cell cytokine production, as well as further phenotypic
characterization, will be crucial to understand the function of this mucosal cell subset.

Factors correlating with LAG-3 expression on mucosal lymphocytes were difficult to
identify in this study. No cytokines or chemokines in cervical-vaginal lavage correlated
with LAG-3 expression, which is consistent with the lack of correlation between
peripheral blood LAG-3 expression and plasma cytokines/chemokine reported elsewhere
in this thesis. LAG-3+ T cells, however, do co-express CD69 and CCR5, both of which
are expressed on activated T cells (Figure 6.7). This observation is consistent with the
upregulation of LAG-3 following T cell activation, but also suggests that LAG-3
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expression may be preferentially associated with cells that are susceptible to HIV
infection (activated and expressing the R5 tropic viral co-receptor). Whether LAG-3
engagement on CD4+LAG-3+CD69+CCR5+ T cells could inhibit viral replication is
unknown, but points to a need for further phenotyping of LAG-3+ CD4+ T cells at the
FGT.

8.4.2 Impact of HIV infection on LAG-3 expression
In this study, there was no difference in LAG-3 expression between HIV-N and HIV+
participants (Figure 6.6), but the study was not sufficiently powered to detect such a
difference. Future studies with larger sample sizes will be required to accurately
determine whether HIV infection alters LAG-3 expression. Improved phenotypic
characterization of T cell subsets may also reveal smaller T cell populations where LAG3 is up/downreglated following infection.

8.4.3 Lack of identification of iNKT cells at the FGT
Given that iNKT cells display a tissue-homing phenotype and express the mucosal
homing marker 47 (241, 272), we sought to identify a putative iNKT population
among the CMC samples collected from the FSW cohort. Despite detection of typical
6B11+ T cell populations in matched peripheral blood samples, no 6B11+ populations
were detected among cervical lymphocytes (Figure 6.9). Given that CD1d is expressed at
both the vaginal and cervical epithelium (274, 275), CD1d-restricted cells are likely to be
recruited to the genital tract. The failure to detect cervical iNKT cells in this study may
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be related to several factors: the impact of sex work and the practice of douching among
cohort participants may alter the frequency of the iNKT population, and/or ectocervical
scrapings may simply not be the ideal sampling site to detect iNKT cells in the genital
mucosa.

8.4.4 sLAG-3 expression at the FGT
No attempts to detect sLAG-3 secretion at the FGT have been previously reported.
Despite detection of plasma sLAG-3 in both healthy and HIV+ participants, sLAG-3 was
detected at levels only barely above background in only 2 of 35 lavage samples screened.
It is possible that any secreted sLAG-3 may be sequestered by MHC class II molecules in
the genital tract or trapped in the vaginal mucous. Although the contribution of
metalloprotease cleavage of surface LAG-3 to produce sLAG-3 in humans is unclear, it is
possible that the increased T cell surface LAG-3 expression and reduced detectible
sLAG-3 concentration are related to a reduction in LAG-3 cleavage at the genital tract
compared to peripheral blood.

8.4.5 Limitations and Opportunities
Ectocervical scrapings are notoriously difficult samples from which to obtain viable
lymphocyte populations, and studies are therefore often limited by sample size. Despite
the small sample size of this study, we detected numerous statistically significant
differences in LAG-3 expression compared to matched PBMC samples. The unexpected
observation of LAG-3 expression on the DNT subset requires more intensive study.
Because DNT cells are a heterogeneous subset, detailed phenotypic analysis of the

235

expression of the  TCR,  TCR and NK cell receptors is required. An advantage of
this study was the inclusion of the iNKT marker 6B11, which rules out the potential for
iNKT cell contamination of the DNT gate. Although functional studies of CMCs are even
more difficult than ex vivo phenotyping, short term PMA/Io stimulation of CMCs could
reveal the primary cytokines produced by the DNT subset, in order to give clues as to
whether mucosal DNT cells share a similar immunoregulatory function as PBMC DNT
cells.

Although LAG-3 and PD-1 expression were compared between HIV-N and HIV+
participant groups, this study was not sufficiently powered to detect differences due to
serostatus. A larger sample size would be required to fully assess the impact of HIV
infection on LAG-3 expression, particularly among smaller cell subsets.
The participants of the cohort enrolled in this study engage in commercial sex work and
report frequent douching. The results of this study are therefore not necessarily
representative of all women, especially with respect to douching practices. The inability
to detect iNKT cells among the samples in this study cannot be used to conclude that this
particular subset is absent from the genital tract; replication of these studies in other
populations is required, and collection of biopsies and immunohistochemical staining
may provide different results.

Another limitation of mucosal studies is the impact of the menstrual cycle on
immunological phenotypes. A larger study with targeted recruitment for women at
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similar stages in the menstrual cycle will be better suited to determine whether LAG-3
expression is altered by hormonal changes at the FGT.

8.5 LAG-3 and iNKT function
In Section 3.4.5, we demonstrated that LAG-3 expression was significantly increased on
iNKT cells, particularly the CD4+ subset, among HIV+ and ART experienced
participants compared to healthy individuals. No published reports have specifically
determined the impact of LAG-3 expression on iNKT function in humans. To determine
the impact of LAG-3 expression on the iNKT subset, we stimulated iNKT cells from
healthy and HIV+ individuals to measure cytokine production and proliferation, and
investigated the correlates of LAG-3 expression among plasma cytokines/chemokines.
We hypothesized that (A) iNKT LAG-3 expression correlates with proinflammatory plasma cytokine expression and (B) LAG-3 expression on iNKT cells
negatively correlates with cytokine production.

8.5.1 LAG-3, but not PD-1, is elevated on iNKT cells during HIV infection
The significant elevation of LAG-3 expression on the iNKT subset among HIV-infected
participants is consistent with the previous study described in Chapter 3.4. Surprisingly,
the increase in LAG-3 expression did not correspond to increased PD-1 expression, in
contrast to another report by Moll et al (338) (Figure 7.2). In both cohorts, iNKT PD-1
expression was several-fold higher than T cell PD-1 expression, but PD-1 was more
readily detected on both cell subsets in our cohort. Differences in cohort ethnicity could
contribute to the contrasting observations, but it is also plausible that the use of the
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EH12.2H7 anti-PD-1 clone coupled to the extremely bright Brilliant Violet 421
fluorochrome enabled more sensitive detection of PD-1 expression in this study than
other clones and fluorochromes.

8.5.2 Correlation between plasma cytokines, soluble LAG-3 and iNKT surface-expressed
LAG-3
As disease progression measured by CD4 count does not appear to be a determinant of
iNKT LAG-3 expression, we hypothesized that elevated LAG-3 expression may be
associated with a pro-inflammatory immune milieu. The lack of correlation between
surface LAG-3 (or PD-1) expression and the majority of the selected plasma
cytokines/chemokines suggests that determinants of iNKT LAG-3 expression may either
act outside the periphery (i.e. in lymph nodes or tissues) or may be predominately lipidbased rather than cytokine/chemokine based. The relatively weak correlation between
LAG-3 and IL-8 was statistically significant only among all participants, and was not
reflected within either the HIV-N or HIV+ groups separately.

Among HIV+ participants on ART, iNKT LAG-3 expression correlated with sCD40L
levels (Figure 7.3). Plasma sCD40L likely reflects levels of immune activation during
HIV infection (476), but also correlates with plasma triglyceride and lipoprotein levels
during ART (477) and is strongly implicated in the development of artherosclerosis
(reviewed in (478)). Despite well-documented perturbation of plasma lipids
(hyperlipidemia) and increased cardiovascular risk during ART (462, 479, 480) and a
documented impact of hyperlipidemia on iNKT frequency among HIV-N individuals
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(481), no studies to date have investigated the relationship between lipid levels and iNKT
function/LAG-3 expression during ART.

In addition to surface LAG-3 expression, soluble LAG-3 protein (sLAG-3) is detectible
in plasma and cell culture supernatant. As is documented in mice, regulatory cleavage of
human surface LAG-3 may contribute to sLAG-3 accumulation, but human PBMC are
also reported to generate mRNA splice variants encode sLAG-3 proteins. Production of
sLAG-3 exhibits divergent kinetics from surface LAG-3 expression (482), raising
questions about the cellular source of sLAG-3 and the factors regulating its secretion.
Given that surface LAG-3 expression is negligible on T cells during HIV infection, we
wondered whether iNKT surface LAG-3 expression might be related to plasma sLAG-3
levels. The trend toward a correlation between sLAG-3 and iNKT LAG-3 expression
among HIV-N participants suggests some relationship between surface and soluble LAG3 production at baseline; whether this is due to a contribution of cleaved surface LAG-3
to plasma sLAG-3, or simply an overlap in regulators of surface and sLAG-3 secretion, is
unknown. In contrast, there was no evidence to suggest a relationship between surface
and sLAG-3 during HIV infection, thus highlighting the need to better understand the
regulators and functions of sLAG-3 in health and disease.

8.5.3 iNKT cytokine production during HIV infection and treatment
In order to determine whether LAG-3 expression could negatively impact iNKT function
during chronic infection, we needed to establish whether iNKT cells derived from the
FSW cohort were capable of productively responding to antigenic stimulation. Studies of
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iNKT function during HIV infection and treatment in the literature suffer from
inconsistent protocols and lack of replication in multiple cohorts. Furthermore, only one
functional study has been performed in an African cohort (243), and that study included
data only from PMA-stimulated iNKTs derived from ART-naïve subjects.

iNKT IFN production was significantly altered by HIV status, with HIV+ subjects
exhibiting the lowest mean proportion of IFN+ iNKT cells in response to both PMA/Io
and GalCer stimulation (Figure 7.5, 7.7). Interestingly, the impact of HIV infection on
TNF production was less dramatic than that observed for IFN, suggesting that not all
cytokines may be equally affected by HIV infection. These observations are generally in
agreement other studies that suggest that iNKT cytokine production in response to lipid
stimulation is generally compromised in ART-naïve chronically infected subjects.
Defects in IFN production as measured by flow cytometry have been reported in two
cohorts, while decreased TNF production and proliferation were reported only once
(338, 344). In contrast to TCR-mediated lipid stimulation, iNKT responses to PMA/Io are
generally comparable between healthy and HIV+ groups (243, 344), although we did
observe a significant decrease in PMA-induced IFN production among HIV-infected
participants.

In this study, IFN production among ART-experienced patients did not fully rebound to
levels of the healthy controls, with statistical analysis suggesting they exhibited
intermediate responses between HIV+ ART naïve participants and HIV-uninfected
women. Literature reports of restoration of iNKT function following ART initiation are
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inconsistent. Some studies suggest an improvement of iNKT cytokine production
following ART (336, 483), although one study initiated ART during acute infection and
stimulated iNKT cultures after the depletion of CD8+ T cells, which therefore also
depleted CD8+ iNKT cells, while another included an experimental IL-2 treatment in
combination with ART. Conversely, other studies have failed to find ART-based
improvement of iNKT function (338), or have not differentiated between treated and
untreated subjects (344).

This study is therefore the first to include data on cell-specific IFN and TNF
production in response to both lipid and PMA/Io stimulation, particularly in an African
cohort of predominately clade A HIV infections. We also assessed iNKT-driven cytokine
production in PBMC cultures by multiplex bead array to further expand data regarding
non-Th1 cytokines and chemokines induced by iNKT activation. Due to the experimental
set up optimized for flow cytometry, above-background cytokine expression was not
detected after only 24hrs of GalCer stimulation. By 5 days post-stimulation, however,
cytokine production was quite robust. For all analytes for which a significant difference
in expression was detected, expression was lower or less likely among HIV+ subjects.
Consistent with the ICS data obtained at 10hrs, IFN was the cytokine most affected by
HIV status (Figure 7.8, 7.10).

The background subtracted supernatant cytokine/chemokine levels represent not only
iNKT cytokine/chemokine production, but also protein expression by other cell subsets in
response to iNKT activation. Although the correlation between iNKT frequency and

241

analyte concentration strongly suggests that the measured analyte levels are iNKTinduced (Table 7.4), defects or changes in cytokine profiles cannot be attributed solely to
the iNKT population. In vivo, however, downstream responses to lipid ligand activation
of iNKT cells (mimicked here by GalCer) would include multiple
lymphocyte/monocyte subsets, making the results obtained here relevant to immune
responses during infection.

Overall, several patterns emerged from analysis of cytokine/chemokine expression levels
and correlations. Among HIV-N participants, IFN, IL-13 and IL-4 correlated with each
other (Table 7.6), and IFN and IL-13 were the major cytokines produced in culture after
IP-10. IFN- and IL-4 are hallmark cytokines produced upon GalCer stimulation. IL-13
is produced by activated iNKT cells and directs monocyte to DC differentiation (484).
The loss of IL-13 secretion among HIV+ participants likely reflects the depletion of the
CD4+ iNKT subset, which is reportedly the sole iNKT subset to produce IL-13 (225,
343).

In contrast, cytokine production among HIV+ ART naïve participants was mostly limited
to IP-10 and MIP-1/ production. The reduction in IFN, IL-13 and IL-4 production
reflects defects in both Th1 and Th2 cytokines. Among the ART experienced group, there
was little reconstitution of iNKT function. ART experienced patients were the most likely
to lack above-background cytokine responses for all analytes studied, and never produced
significantly higher levels of any analyte compared the ART naïve group. Cytokine
correlations in the ART experienced group involved mostly TNF and MIP-1/, which
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is consistent with the increased contribution of those analytes to the total
cytokine/chemokine pool produced. These data suggest that in addition to a lack of
reconstitution of iNKT function among ART experienced patients, the cytokine
production profile is altered in comparison to both HIV-N and ART-naïve subjects.

The correlations between sLAG-3 production and cytokine/chemokine concentrations
among all study groups suggest that sLAG-3 may simply be a marker of iNKT activation
(Figure 7.11). There is no evidence that increasing concentrations of sLAG-3 in culture
results in inhibition of cytokine production. The lack of production of sLAG-3 in HIV+
ART naïve, but not ART-treated, participants is distinct compared to other
cytokine/chemokine responses, which were generally absent in the ART treated group.
The production of sLAG-3 by iNKT cells following stimulation has not been described in
the literature, and represents a significant gap in knowledge.

8.5.4 Correlation of LAG-3 and PD-1 expression with iNKT function
In this study, the ex vivo expression of LAG-3 on the iNKT subset inversely correlated
with IFN secretion as measured by ICS following GalCer stimulation (Figure 7.6). The
association of LAG-3, but not PD-1, with iNKT dysfunction during HIV infection is
broadly consistent with a previous study of iNKT PD-1 expression (338). Although PD-1
expression was elevated among HIV-infected subjects in that cohort, its expression did
not correlate with cytokine production or proliferation, and blocking of the PD-1/PD-L1
pathway did not improve proliferation or IFN secretion. Despite the differing PD-1
surface expression, this study did replicate the observation that ex vivo PD-1 expression
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was not correlated with cytokine production or proliferation among HIV+ subjects. To
date, the contribution of other exhaustion markers (Tim-3, CD160, 2B4) to iNKT
function during HIV infection has not been defined. The contribution of Tim-3 to iNKT
inhibition during herpes simplex virus infection was assessed, but found to be not
responsible for the defects in cytokine secretion (485).

The only surface marker previously demonstrated to correlate with iNKT cytokine
production during HIV infection is the costimulatory molecule CD161 (Killer cell lectinlike receptor subfamily B, member 1 (KLRB1); NKR-P1A) (344). CD161 is expressed
by a variable, but generally high, proportion of iNKT cells (344, 486, 487), while its
expression on conventional T cells is associated with IL-17 secretion (488). The function
of CD161 on NK and T cells remains relatively obscure (489, 490), but several studies
now demonstrate a costimulatory function that promotes iNKT proliferation and cytokine
secretion (333, 486, 487). Indeed, CD161+ iNKT cells are more likely to produce IFN
and TNF than CD161- cells in healthy individuals (487, 491). Snyder-Cappione et al’s
association between high CD161 expression and poor iNKT cytokine production is
therefore contrary to the current understanding of CD161 function. It is important to note,
additionally, that this study did not compare CD161 levels between HIV-infected and –
uninfected subjects, nor did it examine the relationship between CD161 expression and
cytokine secretion on a per-cell basis. The current study, however, did not assess CD161
expression and therefore cannot confirm or rule out a contribution of CD161 upregulation
to iNKT dysfunction.
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The lack of correlation between LAG-3 expression and PMA-induced IFN expression,
despite reduced PMA IFN responses among HIV-infected participants, is consistent with
LAG-3 inhibition of TCR signaling pathways. PMA activation of lymphocytes bypasses
the TCR and initiates downstream calcium signaling events; if LAG-3 were to inhibit
iNKT activation via upstream TCR-activated pathways, it would have little impact on
PMA responses. The reducion in IFN production following PMA stimulation does
suggest, however, that additional factors likely contribute to the decreased IFN
production observed by GalCer stimulation of HIV+ participants.

The correlation between LAG-3 expression and supernatant IFN at 5 days poststimulation is consistent with the ICS results described above. It is important to note,
however, that changes in LAG-3 expression during culture, and the contribution of other
PBMC cell subsets to cytokine production make a direct link between LAG-3 expression
and long-term cytokine production difficult. The positive correlations between PD-1
expression and cytokine production also suggest that PD-1 may indicate a more activated,
rather than exhausted, iNKT phenotype.

8.5.5 Limitations and Opportunities
The major limitation of the iNKT stimulation experiments lies in the small sample size of
HIV+ ART-naïve participants. Recruitment of ART-naïve cohort members was much
slower than for healthy and ART experienced participants. This was compounded by the
need to exclude several ART naïve samples from analysis due to low iNKT frequency
and an insufficient number of iNKT events following stimulation. Despite the sample
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size limitation, however, significant differences in iNKT function and phenotype were
still observed, underscoring the relatively strong impact of HIV infection on the iNKT
subset. Issues with iNKT frequency are common among all ex vivo iNKT studies, and the
sample sizes in this study are comparable to those published previously (243, 338, 344).

Identification and stimulation of iNKT cells can be accomplished by a variety of
methods. The iNKT population can be identified using a combination of V24 and V11
antibodies (338), CD1d-GalCer tetramers (344, 492) or the monoclonal antibody 6B11
(248, 272, 493-498), as used in this study. There are advantages and disadvantages to
each method, but 6B11-PE has been identified as an excellent antibody-fluorochrome
combination (499) that strongly overlaps/correlates with tetramer staining (353), and
requires only one fluorescent channel. Lipid-based iNKT stimulation can be performed
using artificial GalCer presentation (344, 500), GalCer-pulsed DC (239) or direct
addition of GalCer to PBMC culture (250, 338, 494, 495, 501). Although addition of
GalCer directly to culture assumes comparable GalCer presentation via CD1d across
all participants, there is no evidence to suggest that CD1d-mediated lipid presentation is
altered in HIV+ PBMC cultures (338, 502). As mentioned above, analysis of the iNKT
subset by flow cytometry must consider the total number of iNKT events collected due to
the low frequency present in peripheral blood. Many published studies do not report the
threshold of events required for analysis, but those that do typically require at least 20-30
events to be collected (344, 500). In general, 300,000-500,000 lymphocyte events are
collected (493, 496), which is consistent with the requirement for this study where
400,000 events were collected and at least 30 iNKT events acquired for analysis.
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There are several notable caveats to the analysis of the cytokine/chemokine
concentrations from the 5 day GalCer stimulation cultures. While GalCer specifically
activates iNKT cells, iNKT cytokine production plays a major role in downstream
activation of other lymphocyte subsets including NK and T cells, making it highly
probable that bystander activation of other cells has contributed to the cytokine
environment of the culture. Nonetheless, the correlation of almost all analytes with ex
vivo iNKT frequency strongly suggests that cytokine production is dependent on iNKT
activation, and that the resulting cytokine/chemokine levels are at least reflective of both
direct and indirect effects of iNKT function. It is possible, however, that the differences
observed between groups are at least partially attributable to defects in NK or T cell
function among HIV+ participants. To complement this study, iNKT cells should be
selected/sorted and stimulated in the absence of other lymphocytes. That data would
more specifically address iNKT dysfunction during HIV infection, and could be
compared to the results obtained from whole PBMC culture. It is important to note,
however, that iNKT cells do not act in isolation in vivo, and that changes in whole PBMC
culture responses to iNKT activation may be more reflective of the outcome of iNKT
activation in vivo during infection.

8.6 General Discussion – Major Findings
8.6.1 GNB3 genotype in Africans
This thesis demonstrated that there is no evidence to link GNB3 825 genotype to risk of
HIV acquisition or disease progression. In the broader context of studies aimed
identifying the impact of this SNP, which alters the expression of a widely and
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constitutively expressed signaling protein, this study provides needed insight into the
population-specific impact of the GNB3 825T allele, particularly among under-studied
African populations. Perhaps one of the most intriguing implications of this work is the
observation that GNB3 RNA splicing may be altered in African individuals. Further
studies of the impact of various SNPs and haplotypes on Gb3s/s2 expression could yield
novel insights into the mechanisms regulating splice variant production in this interesting
splice variant model.

8.6.2 LAG-3 and iNKT cells
The results of this thesis suggest that iNKT cells are not irreversibly exhausted during
chronic HIV infection but may instead be inhibited by increased expression of the
MHCII-binding protein LAG-3. There are three major observations made by this thesis:
first, the lack of LAG-3 expression on conventional T cell subests makes LAG-3 unique
among the cohort of known exhaustion markers; second, the enrichment of LAG-3 on
innate-like lymphocyte subsets suggests a unique role for inhibiting innate immunity
during chronic infection; third, the increased expression of LAG-3 on mucosal
lymphocytes suggests the potential to modulate LAG-3 activity to fine-tune immune
activation at a site of HIV transmission.

The study of ‘exhaustion markers’ in the context of chronic viral infection, particularly
HIV infection and treatment, is currently undergoing a period of upheaval and
controversy. Although the expression of any one of a number of inhibitory markers is
often ascribed to a state of exhaustion, recent data suggests that the functional impact of
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these markers is often more complex and multifactorial than originally assumed. The
function of Tim-3, originally reported to mediate stronger exhaustion than PD-1 (377),
appears to be either inhibitory or costimulatory depending on the cell subset studied (457,
503), and most recently was suggested to play little to no role in T cell function and to
not bind its putative ligand, galectin 9 (504). Even PD-1, the hallmark exhaustion marker,
appears in some circumstances to more accurately mark cellular activation than
exhaustion or inhibition (455, 505-507). Indeed, PD-1+ cells may still undergo
proliferation and exhibit cytotoxic activity during chronic infection (508, 509).

Furthermore, the link between inhibitory surface receptors and immune exhaustion may
be generally restricted to conventional T cells. While elevated T cell Tim-3 expression
can inhibit proliferation, cytotoxicity and cytokine production during infection (377,
510), it may act as a maturation marker on NK cells, where it suppresses cytotoxicity but
either has no impact on or increases cytokine production (457, 458). Similarly, a report of
PD-1 upregulation on iNKT cells during HIV infection found that unlike its impact on T
cells, PD-1 did not mediate inhibition of iNKT IFN production or proliferation.
Disparities between inhibitory and activating activity on T cell and NK cell subsets have
also been reported for CD160 (511-513).

In this context, prior to our study not only was little data available regarding LAG-3
expression during chronic HIV infection, but assessment of its function on non-T cell
subsets was entirely lacking. The observation that LAG-3 expression is low on bulk T
cells but enriched on iNKT, NK and DN T cells (innate and innate-like lymphocytes)
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suggests a unique opportunity to boost immune function during HIV infection. Despite
the success of ART in restoring T cell immunity, we now understand that improvement
of T cell function does not necessarily correlate with restoration of innate immune
responses. The function of innate cell subsets including mucosal associated invariant T
cells (MAIT)(514), NK cells (460, 461),  T cells (515),(516) and iNKT cells (337) are
all either not restored by cART, or only partially restored. Blockade of canonical
inhibitory signaling pathways (PD-1, Tim-3) to restore immune function during HIV
infection is gaining popularity as both a treatment strategy and component of viral
eradication regimens, but there are several important drawbacks to this approach. The
wide expression of these markers on bulk T cell subsets raises the possibility of off-target
effects and the potential to exacerbate autoimmune conditions. Second, the non-inhibitory
effects of these markers on innate cell subsets suggests that blockade is unlikely to boost
innate immune responses even in the context of ART and could, potentially, further
inhibit innate immune function. In contrast, LAG-3 is negligibly expressed by peripheral
T cells, limiting the impact of LAG-3 blockade to cell subsets of interest. Given that this
thesis suggests that LAG-3 retains inhibitory activity on iNKT cells, LAG-3 blockade
could therefore selectively target and restore innate-like lymphocyte function during
chronic infection.

8.6.3 Hypotheses and conclusions
The two major hypotheses of this thesis were that:
1) GNB3 825TT genotype will be associated with increased risk of HIV acquisition
and rapid disease progression compared to the GNB3 825CC/CT genotypes. This
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will be associated with Gb3s RNA splicing and increased expression of immune
activation markers among GNB3 825TT subjects.
2) LAG-3 protein expression will be increased on CD4+ and CD8+ T cells, NK cells
and iNKT cells during chronic HIV infection compared to HIV-N subjects, and
will decrease among subjects receiving ARV therapy. LAG-3 expression will be
correlated with loss of T cell effector function and disease progression.

This thesis disproved the first hypothesis, demonstrating that GNB3 genotype was not
associated with HIV acquisition, disease progression, immune activation or GNB3 RNA
splicing in the Kenyan cohorts studied. Further analysis of GNB3 825T genotype and
HIV infection or replication will be more suited to populations demonstrating a
significant link between GNB3 genotype and HIV progression.

Although LAG-3 expression was significantly higher among T cell, NK and iNKT
subsets in HIV-infected study participants, its expression was relatively low on most
subsets other than iNKT cells. Contrary to the hypothesis, LAG-3 expression remained
high among ARV-treated patients. Importantly, iNKT LAG-3 expression negatively
correlates with iNKT IFN secretion in response to lipid antigen stimulation, suggesting
that LAG-3 may be an important negative regulator of iNKT function during chronic
HIV infection.
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8.7 Future Directions
8.7.1 GNB3 825 Genotype
Given the diversity of cohorts involved in this study of GNB3 825 genotype and HIV
acquisition and progression, it is difficult to justify further investigation into the impact of
the GNB3 825TT genotype on HIV infection in African populations. Given the disparity
between reported epidemiological associations of GNB3 genotype between ethnic groups,
however, further confirmation of the impact of the GNB3 825T allele on HIV progression
in Caucasian cohorts could be considered.

Furthermore, it remains unclear why the presence of the GNB3 825T allele was not
associated with Gb3s and Gb3s2 splice variant production in PBMC from participants in
the FSW cohort. Future studies could aim to confirm whether lymphocytes derived from
African 825TT individuals do indeed exhibit increased SDF-1-mediated chemotaxis as
has been demonstrated in Caucasian populations. GNB3 mRNA splicing patterns could
also be investigated in a low-risk African cohort to better understand whether the effect
of the 825 SNP is consistent among populations with diverse T allele frequencies.

While this thesis demonstrated no differences in baseline immune activation between
individuals of differing GNB3 genotypes, it did not address whether there are differences
in the quantity or quality of HIV-specific T cell responses among GNB3 825TT subjects
compared to GNB3 825CC/CT individuals. Previous studies have demonstrated
differences in T cell responses to vaccination across genotype groups.
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8.7.2 LAG-3 and iNKT function
The studies in this thesis aimed to elucidate the contribution of LAG-3 expression to
iNKT cell dysfunction during HIV infection. The results described here suggest four
major areas of future investigations: (1) the impact of HIV/ART-mediated lipid
perturbation on iNKT function, (2) the impact of elevated iNKT LAG-3 expression on
DC maturation and activation during HIV infection, (3) the contribution of iNKT LAG-3
expression to iNKT anergy in the context of vaccination and infection, and (4) the
presence of iNKT cell populations at the female genital mucosa.

A major gap in current knowledge concerns the impact of lipid modulation during HIV
infection and treatment on iNKT activation and function. There are two major issues that
have yet to be addressed: First, the capacity of viral infection to modify host cell
endogenous lipid production is unknown. A recent study demonstrated that HBV
infection induces phospholipase-mediated production of endogenous lipid antigens that,
when presented by CD1d, activate the iNKT subset and enhance the adaptive immune
response (236). Whether HIV infection of T cells or macrophages similarly results in
perturbation of endogenous lipid production is unknown, but could represent an
additional mechanism by which the iNKT subset may become activated during acute or
chronic HIV infection. Second, the impact of dyslipidemia, a common side effect caused
by ART (517), on iNKT activation has not been investigated. In a mouse model of
dyslipidemia, the iNKT population exhibited an anergic phenotype and high levels of
PD-1 expression, which the authors attributed to chronic iNKT activation due to lipid
dysregulation (463). It is possible that aberrant iNKT responses among ARV-treated
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patients, as observed in this thesis, could be related to abnormal endogenous lipid
presentation in a similar manner.

While the inhibitory effect of LAG-3 expression was determined in a cell-intrinsic
manner for the iNKT subset, it is important to consider the impact of LAG-3 expression
on APCs during iNKT-CD1d interactions. Intriguingly, both LAG-3/MHCII interactions
and iNKT/DC co-culture induce a similar upregulation of CD86 and CD40 and
production of IL-12 and TNF by DCs (422, 423, 484, 518, 519). iNKT-mediated
upregulation of CD80/86 on DCs is independent of CD40/CD40L signaling (520),
making it plausible that LAG-3 expression could be partially responsible for inducing the
maturation program. Under normal circumstances where iNKT LAG-3 expression is low,
iNKT induction of APC-derived IL-12 could induce iNKT LAG-3 upregulation,
promoting further APC maturation and activation. Under conditions of high pre-existing
iNKT LAG-3 expression, however, early LAG-3 engagement could inhibit monocyte-toDC differentiation and DC antigen presentation (428), thereby contributing to DC
dysfunction during chronic HIV infection.

iNKT dysfunction during HIV infection is strikingly similar to the anergic phenotype
exhibited by iNKT cells following TCR stimulation. To date, the development of iNKT
anergy following stimulation has not been tested or demonstrated in humans, despite the
fact that the use of GalCer as a vaccine adjuvant may be detrimental if anergy is
induced. The mediators of murine iNKT anergy are not well understood, and the role of
PD-1 is reported inconsistently and unconvincingly (345, 346, 521-523). Given the high
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induction of LAG-3 expression by GalCer by 5 days post stimulation, the role of LAG3 in mediating iNKT anergy should be examined in conjunction with PD-1, especially in
human PBMC.

Finally, the frequency, phenotype and function of iNKT cells at mucosal sites in humans
are poorly defined. While iNKT populations were not observed in cervical mononuclear
cell preparations from the FSW cohort, 6B11 staining was inconsistently detected in
cervical samples from Winnipeg donors. The combination of the tissue-homing
phenotype of iNKT cells with the demonstrated expression of CD1d in tissues of the FGT
(274, 275) suggests that iNKT cells likely do home to the genital tract. Further
characterization of the iNKT population at the FGT is required, possibly in tissue
biopsies rather than cervical scrapings, to improve cell yield. The impact of the menstrual
cycle must also be further taken into consideration when collecting genital mucosal
samples.

Together, these studies will yield important insights into not only mechanisms of immune
dysfunction during HIV infection and treatment, but also into the function of a cell subset
that is becoming increasingly important in vaccination strategies. The plasticity of iNKT
function and pleiotropic effects of LAG-3 on multiple cell types allows for a unique
opportunity to harness these cells for use in vaccine development and to boost their
function during chronic infections. A better understanding of the function and regulation
of LAG-3 will be crucial in the process of developing immune-boosting therapeutics.
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10. Appendices
10.1 Abbreviations
Acronym
aa
AC
GalCer
AIDS
APC
APOBEC3G
ART
ARV
bp
BSA
CBA
CCR5
CDC
FSW
CTL
CTLA-4
CXCR4
DC
DC-SIGN
DNA
dNTP
EC
ELISA
FCS
GDP
GNB3
GPCR
GRK
GTP
HAART
HESN
HIV
HLA
HRP
HTLV
IDU
IFN
IL
iNKT

Definition
amino acids
adenylyl cyclase
alpha-Galactosylceramide
Acquired Immune Deficiency Syndrome
antigen presenting cell
Apolipoprotein B mRNA editing Enzyme Catalytic peptide-like 3G
Antiretroviral therapy
Antiretroviral
base pairs
bovine serum albumin
cytokine bead array
C-C chemokine receptor 5
centres for disease control
commercial sex worker
cytotoxic T lymphocyte
cytoxic T lymphocyte antigen 4
C-X-C chemokine receptor 4
dendritic cell
Dendritic-Cell-Specific ICAM3-Grabbing Non-integrin
deoxyribonucleic acid
Deoxyribonucleotide Triphosphate
elite controller
enzyme-linked immunosorbent assay
fetal calf serum
guanosine 5'-diphosphate
guanine nucleotide binding protein beta polypeptide 3
G protein coupled receptor
G protein-regulated kinases
guanosine 5'-triphosphate
highly active antiretroviral therapy
HIV-exposed seronegative
Human Immunodeficiency Virus
Human leukocyte antigen
horseradish peroxidase
Human T cell leukemia virus
Intravenous drug use
interferon
interleukin
invariant natural killer T cell
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Io
IQ
IQR
IRF
KIR
LAG-3
LD
LPS
LTNP
LTR
MAPK
MCP
MHC
MIP
ml
MSM
MTCT
NaOH
NFkB
ng
NHP
NK
NKT
PAMP
PBMC
PBS
PCR
PD-1
PDE
PHA
PI3K
PKC
PLC
PMA
PRR
qRT-PCR
RANTES
RhoGEF
RM
RNA
RP
RPM
RT
SDF
SIV

ionomycine
immune quiescence
interquartile range
interferon regulatory factor
killer immunoglobulin-like receptor
lymphocyte activation gene 3
linkage disequilibrium
lipopolysaccharide
long term non-progressor
long terminal repeat
mitogen-activated protein kinase
monocyte chemotactic protein
major histocompatibility complex
macrophage inflammatory protein
millilitre
men who have sex with men
mother-to-child transmission
sodium hydroxide
Nuclear Factor of Kappa light polypeptide gene enhancer in B-cells
nanogram
non-human primate
natural killer
natural killer T cell
pathogen-associated molecular pattern
peripheral blood mononuclear cell
phosphate buffered saline
polymerase chain reaction
programmed death 1
phosphodiesterase
Phytohemagglutinin
phosphatidylinositol-3-kinase
protein kinase C
phospholipase C
Phorbol 12-myristate 13-acetate
pattern recognition receptor
Quantitative Real-Time Reverse Transcriptase PCR
Regulated upon Activation, Normal T-cell Expressed, and Secreted
Rho guanine exhange factors
rhesus macaques
ribonucleic acid
rapid progressor
rotations per minute
reverse transcriptase
stromal derived factor
Simian Immunodeficiency Virus
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SM
SNP
STI
TCR
Tim-3
TLR
TNF
Treg
TRIM5a
ug
ul
UTR
VC
WHO

sooty mangabey
single nucleotide polymorphism
Sexually transmitted infection
T cell receptor
T cell immunoglobulin and mucin domain-containing molecule 3
toll-like receptor
tumor necrosis factor
Regulatory T cell
Tripartite Motif 5 alpha
microgram
microlitre
Untranslated region
viral controller
World Health Organization
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10.2 Gag peptide pool
MGARASVLSGGKLDA
PQDLNTMLNTVGGH
RGNFKGQRRIVKCF
SVLSGGKLDAWEKIR
NTMLNTVGGHQAAM
RIVKCFNCGKEGHIA
GKLDAWEKIRLR
NTVGGHQAAMQMLK
FNCGKEGHIARNCRA
LDAWEKIRLRPGGKK
GHQAAMQMLKDTI
EGHIARNCRAPRKK
KIRLRPGGKKKYRLK
AAMQMLKDTINEEAA
ARNCRAPRKKGCWK
PGGKKKYRLKHLVWA
LKDTINEEAAEWDRL
RAPRKKGCWKCGK
KYRLKHLVWASREL
NEEAAEWDRLHPVHA
RKKGCWKCGKEGHQM
KHLVWASRELERFAL
EWDRLHPVHAGPI
WKCGKEGHQMKDCTER
ASRELERFALNPGLL
RLHPVHAGPIPPGQM
GHQMKDCTERQANFL
ERFALNPGLLETSEG
HAGPIPPGQMREPR
DCTERQANFLGKIW
NPGLLETSEGCQQII
IPPGQMREPRGSDIA
RQANFLGKIWPSNK
ETSEGCQQIIGQL
MREPRGSDIAGTTSTL
FLGKIWPSNKGR
EGCQQIIGQLQPAL
SDIAGTTSTLQEQI
GKIWPSNKGRPGNFL
CQQIIGQLQPAL
GTTSTLQEQIGWM
SNKGRPGNFLQSR
QIIGQLQPALQ
STLQEQIGWMTSNPPI

GRPGNFLQSRPEPTA
IIGQLQPALQTGTEEL
SNPPIPVGEIYKRWI
FLQSRPEPTAPPA
PALQTGTEELRSLY
PVGEIYKRWIILGL
SRPEPTAPPAESFGF
TGTEELRSLYNTVA
IYKRWIILGLNKIVR
TAPPAESFGFGEETT
ELRSLYNTVATLYCV
IILGLNKIVRMYSPV
ESFGFGEETTPSPK
YNTVATLYCVHQKI
NKIVRMYSPVSILDI
FGEETTPSPKQEQK
ATLYCVHQKIEVK
MYSPVSILDIRQGPK
TTPSPKQEQKDK
YCVHQKIEVKDTKEA
SILDIRQGPKEPFR
PSPKQEQKDKEPPLA
KIEVKDTKEALDKI
IRQGPKEPFRDYVDR
EQKDKEPPLASLKSL
KDTKEALDKIEEEQNK
KEPFRDYVDRFFKTL
EPPLASLKSLFGNDPL
LDKIEEEQNKSQQK
DYVDRFFKTLRAEQA
LKSLFGNDPLSQ
EEEQNKSQQKTQQAA
FFKTLRAEQATQEVK
KSQQKTQQAAADTGN
RAEQATQEVKNWM
TQQAAADTGNSSQV
EQATQEVKNWMTETL
AADTGNSSQVSQNY
EVKNWMTETLLVQNA
GNSSQVSQNYPIV
MTETLLVQNANPDCK
SQVSQNYPIVQNL
LVQNANPDCKTILKA
SQNYPIVQNLQGQMV

NPDCKTILKALGPGA
IVQNLQGQMVHQAI
TILKALGPGATLEEM
LQGQMVHQAISPRTL
LGPGATLEEMMTA
VHQAISPRTLNAWVK
GATLEEMMTACQGV
SPRTLNAWVKVIEEK
EEMMTACQGVGGPSH
NAWVKVIEEKAF
ACQGVGGPSHKARVL
WVKVIEEKAFSPEVI
GGPSHKARVLAEAM
EEKAFSPEVIPMFSA
HKARVLAEAMSQV
SPEVIPMFSALSEGA
RVLAEAMSQVTNAAI
PMFSALSEGATPQDL
AMSQVTNAAIMMQR
LSEGATPQDLNTML
VTNAAIMMQRGNFK
ATPQDLNTMLNTV
AIMMQRGNFKGQRRI
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10.3. Supplementary Data.
Table 10.3.1 Median concentrations of plasma cytokines and chemokines.
Analyte

HIV-N (n=14)*

HIV+ (n=9)*

HIV+ ART (n=13)*

IL-8
5.69 (3.37, 7.99)
3.61 (0.35, 5.21)
5.02 (3.58, 5.74)
sCD40L
3621 (2879, 5659)
4404 (3272, 5753)
3954 (2885, 6067)
IP-10
397.0 (331.0, 565.0)
1080 (472.1, 2241)
543.8 (365.3, 852.1)
MCP-1
187.8 (133.2, 222.2) 171.6 (107.4, 242.2) 201.3 (133.0, 266.8)
9.47 (5.55, 16.55)
8.89 (2.40, 17.22)
12.84 (8.77, 21.37)
MIP-1
10.67 (7.37, 13.02)
12.51 (10.33, 19.02)
13.42 (7.97, 20.72)
IFN2
IL-17F
8.0 (8.0, 40.0)
8.0 (8.0, 22.5)
35.0 (8.0, 50.0)
IL-17A
1.40 (1.40, 12.27)
1.40 (1.40, 1.40)
1.40 (1.40, 16.43)
2.47 (1.20, 4.85)
1.92 (1.20, 3.65)
5.90 (1.84, 7.80)
IFN
46.88
(26.50,
62.26)
34.08
(19.38,
38.78)
36.85
(27.99, 54.99)
MIP-3
IL-12p70
3.85 (1.10, 17.68)
6.02 (1.10, 7.35)
10.23 (3.27, 24.70)
IL-22
112.5 (28.25, 163.8)
50.0 (16.0, 75.0)
75.0 (16.0, 160.0)
IL-23
360.0 (84.50, 1329) 207.3 (84.50, 380.0)
1038 (84.5, 1241)
18.61 (14.73, 21.30)
7.48 (7.01, 24.47)
17.14 (11.23, 24.42)
TNF
*Data are presented as median (IQR).
**Intra-group differences were assessed by Kruskal-Wallis test,
***post-test differences determined by Dunn’s post-test.

p value**
0.137
0.911
0.020
0.568
0.377
0.421
0.266
0.170
0.050
0.250
0.153
0.341
0.431
0.336

Post-test
differences***

HIV-N vs HIV+
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