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Abstract

In sub-Saharan Africa, HIV-1 is a significant cause of morbidity and mortality. However, research
remains primarily focused on North American and European population groups, who have
remarkably different genetic backgrounds to individuals from sub-Saharan Africa. HIV-1
controllers represent a model of HIV-1 functional cure, with some individuals able to control viral
replication, and some able to sustain immune function in the presence of high viral loads, both in
the absence of antiretroviral therapy (ART). The chemokine receptors CCRS and CXCR4 are the
major coreceptors HIV-1 utilises to enter cells. The use of alternative coreceptors, such as the
CXCRG6 coreceptor, is thought to contribute to the lower pathogenicity exhibited by the HIV-2 and
SIVsmm strains. Building on previous work conducted in our research unit on these two
coreceptors in South African populations, this thesis firstly describes CCRS5 genetic variants that
associate with HIV-1 control or risk of progressive infection in black South Africans, and then
explores constitutive expression levels of CCRS and CXCR®6 on various peripheral blood immune
cell subsets in the absence of HIV-1 infection in ethnically divergent population groups. The effect
of sex, age, and select CCRS5 and CXCR6 single nucleotide polymorphisms (SNPs) on expression

levels of these two receptors was also investigated.

The CCR5 5’UTR and 3’UTR regions were PCR-amplified and sequenced from genomic DNA
extracted from 145 ART-naive black South African individuals living with HIV-1 (71 HIV-1
controllers — 23 elite controllers, 37 viraemic controllers, 11 high viral load long-term non-
progressors and 74 progressors). Findings confirmed results from other studies in showing that the
CCRS5 HHE haplotype is deleterious for HIV-1 disease progression, and the HHA haplotype and
HHA/HHC genotype associated with protection from HIV-1 disease progression. Novel haplotypes
were characterised, both in the 3’UTR and spanning the CCR5 5’UTR and 3’UTR. Overall,
findings suggest that two CCRS5 promoter SNPs (-2459 G>A and -2135 T>C) and one CCR5 3°’UTR
SNP (+2919 T>G) may be key functional variants with regards to HIV-1 control in black South

Africans.

To gain further insight into the constitutive expression of CCRS and CXCR6 on peripheral blood
immune cells and explore the relationship between select genetic variants and expression,
immunophenotyping by flow cytometry was conducted using whole blood from age- and sex-

matched ethnically distinct South African HIV-uninfected individuals (17 black, 21 white).

v



Expression levels of CCRS and CXCR6 were assessed on CD4+ and CD8+ T cells, B cells,
monocytes and NK cells, and their respective subsets. The effects of age and sex on expression
levels of these two receptors was also investigated. Population-specific differences with regards to
CCRS5 expression on all cell types, except for B cells, were evident. Generally, black South Africans
exhibited a lower expression level of CCRS compared to white South Africans. CXCR6 expression
only differed with regards to percentage of CXCR6-expressing cells, not CXCR6 density (numbers
of cell surface receptors). Black individuals had a lower percentage of CXCR6-expressing CD8+
T cell subsets (naive and effector memory) and a higher percentage of CXCR6-expressing
CD14"CD16" monocytes compared to white individuals. Overall, we found significant population-
specific differences in expression levels of both CCRS and CXCR6, multiple associations with cell
activation (as measured by HLA-DR expression) and CCR5 and CXCR6 expression, and CCRS5

and CXCR6 expression was positively significantly correlated on multiple cell subsets.

Furthermore, both sex and age influenced CCR5 and CXCR6 expression, however results varied
widely across the two population groups studied. Sex differences were only evident in white
individuals; predominantly CXCR6 expression was increased in males compared to females. Age

associations with CCRS5 and CXCR6 expression were also primarily found in white individuals.

Four CCR5-related SNPs that are associated with HIV-1 control in this or other studies
(rs553615728 -4223 C>T SNP, rs1799987 —2459 G>A SNP, rs746492 +2919 T>G SNP and
rs1015164 G>A SNP) were assessed for their potential association with CCRS expression levels.
The +2919 TG genotype significantly associated with a higher percentage of CCR5-expressing
total CD8+ T cells, transitional memory and terminally differentiated CD8+ T cells compared to
the GG genotype. The +2919 GG genotype associated with a lower percentage of CCR5-expressing
B cells compared to the TT and TG+TT genotypes, however, only in white South Africans. The
+2919 TG and TG+TT genotypes associated with significantly higher CCRS density on all CD8+
T cell subsets, except for naive CD8+ T cells, when compared to the GG genotype.

When evaluating two CXCR6 genetic variants previously associated with HIV-1 viraemic control
(rs2234355 G>A and rs2234358 G>T) in relation to CXCR6 expression, possession of the
rs2234355 SNP GA genotype associated with lower CXCR6 expression on select CD4+ and CD8+
T cell subsets as well as on B cells, while possession of the rs2234358 SNP TT genotype associated
with higher CXCR6 expression on multiple cell types, primarily in white South Africans.
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Possession of the -358TT/+355GA genotype combination associated with lower CXCR6

expression on select subsets of CD4+ T cells and monocytes.

In summary, this study provides information on genetic variation in the CCRS gene in a South
African context, describes genetic variants associating with HIV-1 control in black South Africans,
adds novel insight into constitutive CCR5 and CXCR6 expression levels on CD4+ and CD8+ T
cells, B cells, monocytes and NK cells in HIV-1-uninfected black and white South Africans, and
describes the potential associations of select genetic variants and expression. Black and white
individuals differed in their baseline expression levels of CCRS or CXCR6, which was partly
driven by host genetic factors that were explored. This work highlights the importance of
considering effects of ethnicity, age, and sex in any studies addressing any immune molecules in
relation to differential HIV-1 outcomes of infection susceptibility/protection, disease progression,
or HIV-1 virological control on antiretroviral therapy. Although conducted on small numbers of
individuals, these variables clearly influenced constitutive expression of CCRS and CXCR6, and
further population-specific studies are warranted to gain further insights. Findings from this study
have implications for risk of acquisition of HIV-1 infection and for disease progression in people
living with HIV-1. Understanding the role of these molecules is important for informing strategies

for both HIV-1 prevention and HIV cure.
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CHAPTER ONE

1. Introduction

1.1 Classification and distribution of HIV

HIV-1 and HIV-2 are lentiviruses of the family Retroviridae and are the causative agents of
acquired immunodeficiency syndrome (AIDS). HIV is believed to have arisen from multiple
species crossover events of simian immunodeficiency viruses (SIV) from Aftrican primates. It is
widely accepted that SIV from chimpanzees gave rise to HIV-1 group M (Major), the primary virus
group of the original AIDS pandemic, while HIV-2 is closely related to the SIV that infects sooty
mangabeys (1,2) (Figure 1.1). The three other HIV-1 groups are N (New/Non-M/Non-O), O
(Outlier) and P, the newest group of HIV-1 (3).

Sykes’s monkey Sooty mangabey

Chipanzee '

¢

Red-capped
mangabey

Vervet monkey

e e SIVgor
g % Western gorilla @
’Hoest's monkey Mandrill oo

Figure 1.1 - The origin of HIV-1 and HIV-2. Simian immunodeficiency viruses (SIVs) are labelled with a suffix
to denote their primate species of origin (e.g., SIVsmm from sooty mangabeys). Numerous SIVs have crossed
the species barrier to great apes and humans, producing new pathogens. Known examples of cross-species
transmissions and the resulting viruses are highlighted in red. Reproduced from (409).



The spread of HIV-1 group M resulted in different, distinct subtypes in different geographical
regions. There are nine major subtypes (A-D, F-H, J and K) and at least 48 circulating recombinant
forms (CRFs) (4). The origin of HIV-1 was documented near Kinshasa (the present-day
Democratic Republic of Congo) around the 1920s, spreading along a transport network to other
areas in sub-Saharan Africa, West Africa, Europe and the rest of the world (5,6). This global spread
resulted in a geographically defined distribution of genetically distinct viruses (5). For
instance, subtype B is responsible for the majority of HIV-1 transmissions in Europe and America,
and is hypothesised to have arisen from an African strain that spread to Haiti and then to the United
States and other western countries (7). Subtypes A and D are thought to have originated in central
Africa and are the major subtypes of the HIV-1 epidemic in eastern Africa, while subtype C is the

major subtype in southern Africa, which then spread to India and other Asian countries.

1.2 Prevalence and disproportionate burden of HIV-1

Millions of people worldwide continue to be affected by the HIV-1 pandemic. Even with the advent
of antiretroviral therapy (ART), AIDS continues to be a leading cause of morbidity and mortality
in sub-Saharan Africa. According to UNAIDS, 38.4 million people were living with HIV globally
in 2021 (https://www.unaids.org/en/resources/fact-sheet). There is a disproportionate burden of
HIV in sub-Saharan Africa, which carries more than 70% of the global burden of transmission (8).
East and southern Africa account for almost half of new HIV acquisitions globally

(https://www.unaids.org/en/resources/fact-sheet).

Individuals living in sub-Saharan African countries are at an increased risk of acquiring HIV-1,
with women and girls being the most vulnerable. In sub-Saharan Africa, four out of every five new
transmissions among individuals aged 15 to 19 years old are in girls, and young women aged 15—
24 years are twice as likely to be living with HIV than men. Young women also acquire HIV 5-7

years earlier than their male counterparts (8).

Poverty and food insecurity may lead to an increased risk of HIV-1 acquisition because women are
subsequently behaviourally vulnerable to HIV-1 (9). Cultural norms and the financial dependence
of women on their partners might also add to the challenge of insisting on sex with the use of
condoms and other prevention tools. Low economic status has been found to be associated with an
earlier age of first sexual experience, lower use of condoms, having a larger number of sexual

partners and a higher probability of having non-consensual sex (10).



1.3 HIV-1 virology

1.3.1 HIV-1 gene structure and function

In addition to the prototypical retroviral structural genes (gag, pol, env), HIV-1 also encodes
regulatory (tat, rev) and accessory genes (vpr, vpu, vif, nef). A summary of HIV-1 genes and their
functions is shown in Figure 1.2 and an overview of the gene structures of HIV-1 and HIV-2,

SIVsmm and SIVmac is shown in Figure 1.3.
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Figure 1.3 - Genomic organization of HIV-1 and HIV-2 and related primate lentiviruses. Reproduced from
(410).

1.3.2 HIV-1 cell entry and life cycle

HIV is an enveloped virus. During the extracellular phase of the viral life cycle, HIV-1 genetic
material and core proteins are contained within a lipid membrane, the envelope (11). The cells that
HIV and SIV target are mainly determined at the level of entry. CD4+ T cells are commonly
identified as the major HIV target, where HIV infects cells through the combination of the cluster
of differentiation 4 (CD4) receptor and either the C-C chemokine receptor type 5 (CCRS) or C-X-
C chemokine receptor type 4 (CXCR4) coreceptors (12). However, HIV has also been found to
enter other important immune cell types, including macrophages, dendritic cells, Langerhans cells,
B cells, and granulocytes (12). In order to enter a host cell, viruses need to penetrate the plasma

membrane barrier of the target cell which, for enveloped viruses, is achieved by membrane fusion

(11).

Enveloped viruses contain surface glycoproteins that play an essential role in the early events of
viral infection by mediating the attachment of virions to cells and by fusing of the viral and cellular
membranes (11). The HIV viral envelope glycoprotein (Env) is encoded by the HIV-1 env gene.
Env is made up of the homotrimeric protein gpl60 which is cleaved into gpl20 and gp4l
(11,13,14). The trimeric gp120 subunit targets the CD4 T cell receptor. The CD4 receptor binding
to gp120 prompts a conformational change in gp120, exposing the coreceptor (chemokine receptor)

binding site. Binding to the coreceptor prompts an exposure of the hydrophobic gp41 fusion peptide



which inserts into the membrane of the host cell (11). The resulting binding of the viral and host
membranes causes the fusion peptide of each gp41 to fold, forming a six-helix bundle (11,15). The
formation of this bundle drives the viral and host membranes into close proximity, forming a fusion

pore where the virus delivers its contents into the host cell cytoplasm (16).

HIV-1 ribonucleic acid (RNA) and proteins then enter into the cytoplasm of the target cell, where
the HIV-1 RNA is transcribed into complementary DNA (cDNA), and then to double stranded
DNA (dsDNA) (17). This newly synthesised DNA, in association with viral and cellular proteins,
becomes what is termed the pre-integration complex (PIC). Due to the high molecular weight of
the PIC, passive diffusion across the nuclear membrane is unable to occur. HIV-1 instead actively
delivers its DNA into the nucleus with the help of host nuclear import machinery using a process

that requires adenosine triphosphate (ATP) but is independent of cell division (17-19).

The viral DNA subsequently integrates into the host DNA and is termed the proviral DNA. The
HIV-1 proviral DNA is transcribed and translated by the host cell machinery, thereby generating
new virions (20). The viral polyproteins are cleaved by the protease enzyme inside the immature
virion, mature Gag proteins are formed and infectious virions are produced that start the cycle again

(20). A summary of the HIV-1 life cycle can be seen in Figure 1.4.
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Figure 1.4 — lllustration of the HIV-1 replication cycle. The HIV-1 life cycle begins with the fusion of HIV-1
with the host cell and ends with the synthesis of mature, infectious viruses. Source:
https://www.niaid.nih.gov/diseases-conditions/hiv-replication-cycle.

1.3.3 HIV-1 interaction with the immune system

The immune system can be divided into two main arms, the innate immune system and the adaptive
immune system. While the innate immune system is the first line of defense against pathogens and
is classically responsible for non-specific protection against common bacterial/viral infections, the

adaptive immune system provides protection against reinfection with the same pathogen (21,22).



The innate immune system is made up of several different cell types, including natural killer cells,
mast cells, eosinophils, basophils, macrophages, neutrophils and dendritic cells, which are recruited
to sites of infection through the production of cytokines and other chemical factors (23). The
adaptive immune system relies on the generation of diverse antigen-specific receptors on T and B
cells by somatic rearrangement in blast cells (24). When a foreign antigen is detected in the body,
it is presented to the immune system in association with human leukocyte antigen (HLA) class I on
infected cells and class II molecules on antigen presenting cells (25). The adaptive immune
response is then initiated against the specific antigen, which includes the direct targeting and killing
of infected cells by cytotoxic T lymphocytes, and the production of antibodies by stimulated B cells
(24). HIV-1 has an error-prone reverse transcriptase resulting in the frequent acquisition of

mutations in its genome which allows HIV-1 to evade the immune system (26,27).
1.4 Chemokine receptors and chemokines

1.4.1 HIV-1 and chemokine receptor usage

Chemokine receptors are found on the surfaces of many cells and play a central role in the
development and homeostasis of the immune system by promoting cellular migration
by chemotaxis, cell adhesion, and release of mediators of inflammation (28-30). Chemokine
receptors are involved in all protective or destructive immune and inflammatory responses (31).
They are seven-transmembrane G protein-coupled receptors (7TMRs). At the amino acid level,
these 7TMRs are quite diverse and non-conserved, but general characteristics such as their seven
transmembrane properties and a signaling motif in the second intracellular loop are generally

conserved between receptors (32).

When chemokine receptors were identified as necessary coreceptors to allow HIV-1 entry into
target cells, this greatly furthered the understanding of the pathogenesis of HIV-1. HIV-1 viruses
tend to bind to CCRS to establish a primary infection and are termed RS viruses. As the infection
evolves, in more than half of infected individuals, viruses will exhibit a change in receptor usage
to CXCR4 (X4 viruses), which associates with an increased decline in CD4+ T cell count and a
more rapid disease progression (31,33). CXCR4 usage tends to be limited to subtype B strains,
being less common in the subtype C-driven HIV-1 transmissions in sub-Saharan Africa or South

East Asia (34). While the major HIV-1 coreceptors are CCRS and CXCR4, there are many other



coreceptors that have been shown to support HIV-1 infection and replication, including, but not

limited to, CCR2b, CXCR6, GPR1 and GPR15 (35).

1.4.2 Chemokines and ligands

Chemokines are a family of cytokines, which are small proteins important in cell signaling. When
injury or infection occurs, chemokines are involved in the recruitment of different leukocyte cells
to these sites (36). Most chemokine receptors can be recognised by multiple ligands, while a

chemokine ligand can bind to a number of different receptors (37).

Named for how the cysteines within them are arranged, there are two main chemokine ligand
superfamilies (38). In the CC family, the first two cysteines near the amino terminus are located
next to each other and in the CXC family there is one amino acid between them (38). The CXC
chemokines are mainly involved in recruiting neutrophils while the CC chemokines recruit other
leukocytes like monocytes, lymphocytes and basophils (39,40). A summary of chemokine

receptors and their ligands is shown in Figure 1.5.
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Figure 1.5 - Chemokine receptors and their ligands. The receptors for the CXC subclass are shown in blue,
the receptors for the CC subclass are shown in red and the receptors for the minor subclasses (C and
CX3C) are shown in green. MCP-1: monocyte chemoattractant protein 1. SDF-1: stromal derived factor 1.
MEC: mucosae-associated epithelial chemokine. BCA-1: B-cell-attracting chemokine 1. CTACK: cutaneous
T-cell-attracting chemokine. ELC: Epstein—Barr-virus-induced gene 1 ligand chemokine. ENA78: epithelial-
cell-derived neutrophil-activating peptide 78. GCP-2: granulocyte chemotactic protein 2. Gro: growth-
regulated oncogene. IL-8: interleukin 8. IP-10: interferon-inducible protein 10. I-TAC: interferon-inducible T-
cell a chemoattractant. MCP: monocyte chemoattractant protein. MDC: macrophage-derived chemokine.
MEC: mucosae-associated epithelial chemokine. MIG: monokine induced by interferon y. MIP: macrophage
inflammatory protein. NAP-2: neutrophil-activating peptide 2. RANTES: regulated on activation, normal T-
cell expressed and secreted. SDF-1: stromal-cell-derived factor 1. SLC: secondary lymphoid-tissue
chemokine. TARC: thymus and activation-regulated chemokine. TECK: thymus-expressed chemokine.
Reproduced from (37).



1.5 Antiretroviral therapy

The only individuals that have attained complete remission of HIV-1 underwent haematopoietic
stem-cell transplantation procedures using a donor with a homozygous mutation in the HIV
coreceptor CCRS5 (CCR5432) (41) which is not feasible for most individuals living with HIV-1.
Antiretroviral therapy (ART) is currently the only treatment available for individuals living with
HIV-1. Different drugs have been identified that target different stages of HIV-1 replication (Figure
1.6) (42). When HIV-1 is replicating, for every 1000 to 10 000 nucleotides synthesised,
approximately one mutation is generated (43—45). With the HIV-1 genome being approximately
10 000 nucleotides in length, one to ten mutations are introduced into each viral genome with every
replication cycle. These mutations contribute to immune escape and ART resistance. To lessen the
likelihood of HIV-1 developing resistance, three or more different drugs are used together to treat
an infected individual. This is known as combination anti-retroviral therapy (cART) or highly

active anti-retroviral therapy (HAART) (46—49).
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Figure 1.6 — HIV-1 antiretroviral drugs and target stages of HIV-1 life cycle. The various available classes
of antiretroviral drugs inhibit different stages of the HIV-1 life cycle, resulting in a reduction in HIV-1 viral
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While ART has enabled people living with HIV-1 to live long and relatively healthy lives, several
disadvantages remain. These include complicated regimens leading to non-compliance, the need
for lifelong treatment, financial burden, ART resistance and ART side effects including, but not
limited to, gastrointestinal issues, central nervous system problems and haematological
disturbances (50). The ever-increasing number of patients requiring lifelong treatment also places
significant strains on health care systems, especially in developing countries with the highest

burden of HIV-1 (51).

The need for lifelong ART in people living with HIV-1 is due to the fact that ART does not fully
eradicate HIV-1 in infected individuals. Latent viral reservoirs, capable of being activated to
produce infectious viruses, persist in long-living memory CD4+ T cells and immune cells in the
central nervous system (CNS) that contain integrated provirus within host cellular DNA (52-55).

Because these reservoirs are hidden from the immune system, they remain unaffected by ART.

According to UNAIDS, in eastern and southern Africa, there were an estimated 16.2 million people
on ART in 2021. This is more than a three-fold increase from 2010 and represents 67% of all people
living with HIV in southern and east Africa (http://aidsinfo.unaids.org). However, with 670 000
new transmissions in 2021 (http://aidsinfo.unaids.org), there is critical need for research into

preventative and therapeutic treatments including vaccines for HIV-1.

1.6 Natural control of HIV-1

Individuals living with HIV-1 demonstrate significant variation with regards to rate of disease
progression, with some individuals showing rapid disease progression while others remain
asymptomatic for many years. HIV-1 controllers are a small subset of people living with HIV-1
who have a slow disease progression without the use of antiretroviral therapy (ART) (56). In our
study, we have defined HIV-1 controllers as individuals who maintain a CD4+ T cell count greater
than 500 cells/ul of blood without ART. HIV-1 controllers can be subdivided into a number of
subgroups which include elite controllers (ECs; less than 1% of people living with HIV-1 in
previously studied cohorts (57)) who are generally defined as having undetectable viral loads (VL;
<50 RNA copies/ml), viraemic controllers (VCs), generally defined as having low detectable viral
loads (50<VL<2000 RNA copies/ml), and high viral load long-term non-progressors (HVL
LTNPs) who remain healthy for a minimum of 7 years without ART with viral loads exceeding 10

000 RNA copies/ml.
11



The viral load set point (VLS) is a good predictor of disease progression (Figure 1.7) (58—60). After
initial acquisition, the level of HIV-1 viral RNA peaks, with a subsequent decrease until a VLS is
reached, where viral RNA loads are maintained at a fairly constant level for months to years (61).
Individuals with a higher VLS are more likely to have a faster disease progression to AIDS and
consequently death (62,63). Multiple factors, both viral and immunological, have been proposed to

have an influence on an individual’s VLS.
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Figure 1.7 — The categories of individuals with differing rates of HIV-1 disease progression, based on viral
load (RNA copies/ml) and/or CD4+ T cell count (cells/ul). HIV-1 controllers (elite controllers, viraemic
controllers and high viral load long-term non-progressors) maintain healthy CD4+ T cell counts while
progressors experience a marked decline in CD4+ T cell counts along with high HIV-1 viral loads.

HIV viral load levels, however, do not completely explain the rate of CD4+ T cell decline (64,65).
Some individuals maintain low levels of viraemia but still have significant decreases in their CD4+
T cells and even experience AIDS-related events (66). There are also HIV-1 controllers who do not
suppress viral load, yet maintain normal CD4+ T cell counts and do not experience AIDS-related
symptoms. These interesting individuals exhibit low immune activation, a similar phenotype to that
of SIV-infected sooty mangabeys and African green monkeys, who have high viral loads yet show

no AIDS-related events (67). Interestingly, there was a report of an individual living with HIV-1

12



who had a viral load of >150 000 RNA copies/ml yet maintained normal CD4+ T cell counts
without the use of ART for over 10 years (57).

1.7 Models of HIV-1 cure and mechanisms of control

HIV-1 cure encompasses both remission and eradication (68). While eradication refers to the
complete elimination of intact and rebound-competent HIV-1 from an individual’s cells, durable
control is where viral load is undetectable and immune function is retained, mimicking when an

individual is on effective ART (69). This has been reviewed in detail in Deeks et al., 2021 (68).

HIV-1 controllers thus represent an important model of HIV-1 durable control. Since different
mechanisms of control are likely occurring in the different HIV-1 controller subgroups, the
grouping and studying of all controllers as one group may limit the identification of factors that
might be of importance. Further study into how HVL LTNPs and other individuals classified as
HIV-1 controllers naturally control HIV-1 in the presence or absence of viraemia is essential to
determining the correlates of protective immunity, which are important for the rational design of

vaccines and novel therapies.

Intrinsic variability in both HIV-1 and the individual living with HIV-1 contributes to the varying
levels of HIV-1 control (70).

1.7.1 HIV-1 virological fitness

The different HIV-1 subtypes vary in their pathogenicity, viral fitness, and chemokine coreceptor
usage (71). In Thailand, a higher rate of transmission of HIV-1 subtype E viruses compared to
subtype B viruses was observed (72), while in Uganda, there was a significantly higher rate of

transmission with subtype A viruses compared to subtype D viruses (73).

The presence of HIV-1 variants using the CXCR4 coreceptor is associated with an increase in the
rate of decline of CD4+ T cells, accelerated disease progression, and a poor prognosis for survival,
as well as delayed viral suppression if present before starting ART (74). Studies have shown a low
frequency of CXCR4 usage with subtype C strains [63], and an increased presence of CXCR4-
using strains for subtype D HIV-1 [67]. In Uganda, a faster rate of disease progression was
associated with infection with subtype D compared to subtype A (75). This could be attributed to
the preferential CXCR4 usage in subtype D.
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A higher degree of DNA methylation in the HIV 5’-long terminal repeat (LTR) was found in LTNPs
and elite controllers compared to progressors which positively correlated with time of acquisition,
indicating that HIV LTR silencing might be playing a role in reducing the number of replicating
viruses resulting in a delayed progression of disease (76). While it has been hypothesised that
defective viruses may be responsible for the low viral loads sustained by controllers, in the vast
majority of cases the viruses isolated from HIV-1 controllers have been replication-competent,

which suggests that host-mediated control is the main mechanism of viral suppression (77).

1.7.2 Host factors

There are various host factors that have been attributed to the ability of HIV-1 controllers to
suppress viral replication (70,78—-80). However, only a portion of previously studied HIV-1
controllers have an identified protective characteristic (viral and/or host) (81), suggesting that there
are other, as yet undiscovered, factors involved. A variety of genes and gene polymorphisms that
have either a positive or negative effect on infection and disease progression have been identified,
including genes encoding for cytokines, chemokines, chemokine receptors like CCR2 and CCRS,
HLA and intracellular host proteins like tripartite motif-containing protein Sa (TRIMS5a) (82—-84).
Polymorphisms in HLA and in the CCR2-CCRS5 locus have been shown in select cohorts to account
for approximately 25% of the observed variability in viral load (85-87).

Most of the research into mechanisms of control has focused on elite controllers and viral
suppression, but less is known about the mechanisms of control exhibited by viraemic individuals
(viraemic controllers and HVL LTNPs) where virus is still present but CD4+ T cell count is

maintained.

1.8 Chemokines and HIV-1 control

1.8.1 CCR2

CCR?2 is a major receptor for the ligand CCL2, a monocyte chemoattractant protein that mediates
monocyte chemotaxis. CCR2 and CCL2 expression can be induced by HIV infection and/or the
exposure to viral products, as evidenced by the high levels of CCL2 and CCR2 found in individuals
living with HIV-1 (88). The CCL2/CCR2 axis is strongly connected to the increased level of

immune activation and inflammation that is the hallmark of HIV, even in patients on ART (88).
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CCR?2 is an important genetic factor associated with resistance to HIV-1 infection. A mutation in
the CCR2 gene that causes a conservative amino acid change (isoleucine for valine) at position 64
(CCR2-V64I) in the first transmembrane domain of CCR2, significantly correlates with a delayed
progression to AIDS (89). It is therefore important to evaluate polymorphisms in chemokine
ligands and receptors as they may have an impact on HIV-1 transmission and disease progression

through mechanisms beyond viral entry.

The CCR2 and CCRS5 genes share significant sequence homology (73%), likely due to a gene
duplication event (86). Multiple polymorphisms in both CCR2 and CCRS5 are associated with HIV-
1 control. Several variants in CCR2 and CCRS5 exhibit linkage (87) and thus it is unclear which
variant in which gene is conferring the functional effect on HIV-1 progression or acquisition.
Population-specific patterns of CCR2 and CCRS haplotypes might explain disparities in disease
progression (87).

1.8.2 CCRS

CCRS, found on the surface of white blood cells, links the innate and the adaptive immune systems
(90). It plays an important role in the inflammatory immune response by directing cells to sites of
inflammation. CCRS5 is the major coreceptor used by macrophage (M)-tropic and T-tropic strains

of HIV-1 (91) and is generally required by HIV-1 in order to facilitate infection.

1.8.2.1 CCRS ligands

There are multiple ligands of CCRS, of which CCL3, CCL4, CCL5 and CCL8 demonstrate the
most suppressive activities in assays evaluating HIV-1 infection (92). While CCL3 and CCLS5 are
able to bind to other chemokine receptors, CCL4 is recognised as the most specific chemokine for
CCRS. CCL3, CCL4 and CCL5 inhibit replication of RS HIV-1 variants at the point of viral entry
(93,94). Further, significantly higher levels of CCL3 and CCL4 are produced by CD8+ T cells in
asymptomatic people living with HIV-1 compared to individuals that progress to AIDS and to
individuals not living with HIV-1 (93).

1.8.2.2 CCRS expression
Low CCRS5 expression levels correlate with a reduced ability to infect T cells with macrophage-

tropic HIV-1, in vitro (95). Expression levels of CCRS affect numerous aspects of HIV-1
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pathogenesis and outcomes of disease, with low CCRS expression being protective, as individuals
with lower expression levels of CCRS5 have a lower immune activation (96-99). CCRS is mainly
expressed in memory T cells, macrophages, and immature dendritic cells, and is upregulated by
pro-inflammatory cytokines (91,100,101). The differential expression of CCRS5 may in part be
explained by polymorphisms in the cis-regulatory regions of CCR5. The density of coreceptors
(i.e., the mean number of coreceptors at the surface of cells) also contributes to HIV-1 progression
in various ways (98,102—-104). Increased CCRS5 density at the surface of CD4+ T cells and central
memory CD4+ T cells was shown to associate with higher viral loads and faster disease progression
in HIV-1-infected persons and had an effect on the post-entry efficiency of RS HIV-1 infection
(104,105).

1.8.2.3 CCRS genetic polymorphisms

There are many CCRS5 polymorphisms associated with HIV-1 control. One of the most studied
genetic variants implicated in HIV-1 control is the A32 mutation in the CCRS5 gene (CCR5432).
CCR5432 in the homozygous form renders the CCRS5 coreceptor non-functional and CCRS is not
expressed on the cell surface due to a 32 bp deletion in the gene sequence which introduces a
premature stop codon (70). Individuals homozygous for the mutation tend to be resistant to HIV-1
RS viruses because they require the CCRS5 coreceptor to gain entry to CD4+ T cells and
macrophages. People living with HIV-1 that are heterozygous for the CCR5432 polymorphism
have a significantly slower disease progression (106,107). CCR5432 is predominantly found in
populations of European descent and is virtually absent in African, East Asian and American Indian

populations (108), emphasizing the importance of population-specific studies.

There are also nine well-studied CCRS5 promoter haplotypes (HHA, HHB, HHC, HHD, HHE,
HHF*1, HHF*2, HHG*1, HHG*2) affecting CCRS5 expression levels, that have been shown to

have a varying effect on HIV-1 disease progression (109). These haplotypes are defined by seven
CCR5 5’UTR SNPs and the presence/absence of CCR5432 and CCR2-V641(110,111) (Figure 1.8).
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Figure 1.8 - Polymorphisms defining the nine CCR5 haplotypes. Haplotypes are defined based on the
evolution of linked CCR2 and CCR5 mutations, including CCR2-V64/ and the CCR5-2733 A>G, -2554 G>T,
-2459 G>A, -2135 C>T, -2132 C>T, -2086 A>G and -1835 C>T polymorphisms, and the delta-32 deletion
in the open reading frame of CCR5 (CCR5-ORF). Adapted from (411).

The haplotypes have different promoter activities, correlating with differential cell surface CCRS
expression (109,112—-115) and affect rates of HIV-1 disease progression and HIV-1 acquisition
very differently depending on the population studied (116). The protective effect of CCR5 promoter
haplotypes with respect to HIV-1 control may be associated with this reduction in cell surface

CCRS5 levels.

Individual SNPs in the CCRS promoter region have been shown to affect CCRS5 expression levels.
The —2459 G>A SNP (rs1799987) is in complete linkage disequilibrium (LD) with the -2135 T>C
SNP (rs1799988) and is common to the HHE, HHF and HHG haplotypes. The —2459 G>A SNP
(and therefore the -2135 T>C SNP by association) has been associated with the rate of progression

to AIDS, where individuals with the GG genotype exhibit slower disease progression than those
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with the AA genotype (117-119). The -1835 C>T SNP (found in the HHF haplotypes) is an intronic
SNP and is in complete LD with the CCR2-V641 polymorphism (107,120). Possession of these two

polymorphisms was found to be protective with regards to HIV-1 disease progression (120).

Genome wide studies have shown a strong association with HIV-1 outcomes for the rs1015164
(G>A) polymorphism. This SNP has been shown to mark expression of the antisense long non-
coding RNA (IncNRA) CCRS5AS (121). CCR5AS expression levels in CD4+ T cells significantly
positively correlated with levels of CCR5S mRNA expression (r=0.42, p=0.0001) (121). The
rs1015164 SNP had a genome-wide effect independent of other SNPs in the region, including
CCR5432 (p=1.5%10—19) (121). The DNA methylation status of cis-regions in CCRJ, specifically
in intron 2, has also been implicated in HIV-1 control, inversely correlating with CCRS levels on
T cells (115). The rs553615728 -4223 C>T single nucleotide polymorphism (SNP) disrupts a
cytidine phosphate guanidine (CpG) dinucleotide in the cis-region of CCRS5, namely CpG-41, a
binding site where DNA methylation occurs, and has been uniquely found in individuals from

southern Africa (115).

1.8.3 CXCR6

CXCRG6, also known as Bonzo and STRL33, has been identified as a minor coreceptor used by
HIV-1 to enter target cells, in conjunction with CD4. While nearly all HIV-1 strains use CCRS
and/or CXCR4, most low-pathogenicity SIV strains use CXCR6 a major coreceptor (122—124).
Expression of CXCR6 has been detected on a variety of cells including natural killer (NK) cells,
dendritic cells, activated T cells and NKT cells (125,126). CXCR6 is a marker for effector T cells
(127,128) and promotes homing of lymphocytes to extra-lymphoid tissue (129). CXCR6 and its
ligand CXCL16 are thought to play an important role in T cell trafficking and cell to cell contact

during inflammation (130).

NK cells in fetal liver and spleen expressing CXCR6 produced more cytokines and degranulated
more robustly than CXCR6 negative NK cells (131). Interestingly, hepatic CXCR6 positive NK
cells have also been shown to mediate antigen-specific memory responses against haptens, virally
encoded proteins, and viruses (132). It was shown that CXCRG6 positive NK cells upregulated TNF-
related apoptosis-inducing ligand (TRAIL), a key death ligand in hepatitis pathogenesis and that a
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subset of liver-resident NK cells, distinguished by their surface expression of CXCR6, were

adapted for hepatic tolerance and inducible anti-viral immunity (133).

1.8.3.1 CXCRG6 genetic polymorphisms

In a genome-wide association study (GWAS), the CXCR6 rs2234358 polymorphism (G>T),
located 42 base pairs (bp) downstream from the CXCR6 termination codon, was the variant found
to be most significantly associated with HIV-1 control in viraemic individuals (i.e. viraemic
controllers (non-elite controllers); p=2.5 X 1077), independent of the CCR2-CCRS5 locus (130), and
this association was replicated in additional studies, resulting in a genome-wide significance of

p=9.7 X 1070 (134).

In a previous study from our research group investigating this SNP in natural HIV-1 control in
black South Africans, the 152234358 TT genotype was significantly underrepresented in viraemic
controllers compared to both healthy controls and progressors (p=0.001, pronferroni=0.036 and
p=0.006, respectively) (135). Interestingly, in the small HVL LTNP group (n=11), the rs2234358
T allele frequency was higher (72.7%) than in all other study groups, with no individuals in this
group homozygous for the rs2234358 G allele. It has been postulated that the rs2234358 SNP may
affect disease progression either by directly altering CXCR6 expression/function or through

interaction/association with other SNPs in the CXCR6 promoter region (135).

An additional SNP, rs2234355, found in the N-terminus of CXCR6 (CXCR6-E3K), has been
associated with protection from Pneumocystis carinii pneumonia-mediated progression to death
among African Americans living with HIV-1 (136), and with faster virological failure in Caucasian
patients who had initial viral load suppression on ART (137). This SNP is highly prevalent in
African Americans (44%) while being extremely rare in European populations (<1%), again

emphasizing the importance of population specific studies.

Data from our research group showed that CXCR6-E3K SNP heterozygosity was significantly
overrepresented in viraemic controllers when compared to healthy controls and progressors
(p=0.003 and p=3.8x107, respectively) (135). The CXCR6 E3K mutation has been predicted to
result in reduced surface expression of CXCR6 (138), suggesting that CXCR6 expression may be
implicated in HIV-1 control and highlighting the importance of a better understanding of CXCR6

function.
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When investigating the combinatorial effect of the absence of the deleterious rs2234358 TT
genotype and the presence of advantageous rs2234355 heterozygosity (i.e. -358TT/+355GA),
viraemic controllers had a highly significant overrepresentation of -358TT/+355GA compared to
healthy controls and progressors (p=1x107°, pronferroni=3.4x107> and p=2x10"°, pronferroni=6.8x1078,
respectively), suggesting an additive effect of the presence of rs2234355 GA and absence of
1s2234358-TT in natural control of HIV-1 in the presence of detectable viraemia (50>VL<2000
RNA copies/ml plasma) (135).

1.9 Regulation of gene expression

Many polymorphisms in CCRS5 and CXCR®6 that have been associated with HIV-1 control affect
expression levels of these proteins. Regulation of a gene occurs at all levels during the process of
converting DNA into a protein product. The core promoter is generally defined to be the DNA
region that directs the initiation of transcription by RNA polymerase II (139). Regulatory elements
are contained within the promoter sequence and at the transcription start site of a gene (140). A
regulatory sequence acts to modulate the expression of genes (140). Promoter usage has a major
impact on gene expression, with many mammalian genes containing multiple promoters (141).
Alternative promoter use is a common occurrence in humans which can alter expression of the

associated gene at both the mRNA and protein level (141).

In addition, regulation occurs after transcription in the 3’ untranslated region (3’UTR) of the
mRNA, resulting in differing mRNA stability and affecting translation of the mRNA into a protein
(142). The 3'UTR, situated downstream of the protein coding sequence, has been found to be
involved in numerous regulatory processes including transcript cleavage, stability and
polyadenylation, translation and mRNA localization. These regions are thus critical in determining
the fate of an mRNA (143). Regulatory elements within the 3’UTR are mostly expected to function
post-transcriptionally at the mRNA level, but they can also function at the DNA level as distal
enhancers to control transcription (144). To our knowledge, no detailed characterization of the
3’UTR of CCR5 and CXCR6 in the context of HIV-1 control in the presence of viraemia has been

reported.
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1.10 HIV-2 and SIVsmm as models of durable control

1.10.1 HIV-2

Human immunodeficiency virus type 2 (HIV-2) is less pathogenic than HIV-1 and is mostly
confined to West Africa. People living with HIV-2 generally have a longer asymptomatic stage
than people living with HIV-1 (141). HIV-2 has a lower transmissibility and a slower progression
to AIDS (145). A summary of differences between HIV-1 and HIV-2 can be seen in Table 1.1.

HIV-2 shares 30-40% homology with HIV-1 env sequences and 60% homology with HIV-1 in the
gag and pol sequences (146). In a study of infection rates of peripheral blood cells in 14 untreated
individuals living with HIV-2, results showed that HIV-2 had a poor replicative capacity, did not
infect monocytes, and preferentially infected transitional memory CD4+ T cells, with very low

infection in central memory CD4+ T cells (147).

HIV-2 is capable of using a broader range of coreceptors to enter target cells than HIV-1 and is
able to efficiently use CCR5, GPR15 and CXCR6 (148). Interestingly, in a group of HIV-2 infected
individuals, CXCR6 and GPR15 were used more frequently in aviraemic individuals than in
viraemic individuals (148). In LTNPs living with HIV-1 who possess protective HLA-B*27 or
B*57 alleles, central memory CD4+ T cells were found to have a significantly lower infectivity
level than transitional memory CD4+ T cells (149). The preservation of long-lived CD4+ central
memory T cells is integral for long-term immunological memory (150-152). In HIV-2 infected
individuals, transcriptome analysis showed an increased expression of CXCR6 genes in transitional
memory CD4+ T cells compared to central memory CD4+ T cells (p=0.023) and low circulating

HIV-2 reservoirs were mainly distributed in transitional memory CD4+ T cells (147).
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Infectivity
Virulence
Prevalence
Origin

Clinical illness

Plasma viral load

CD4+ T cell count

CD4+ depletion in gut
associated lymphoid
tissue

Vertical transmission

Immune activation

T cell proliferation

Thymopoiesis

T cell apoptosis

Virus-specific CD8+ T
cell response

Selection of cytotoxic T
cell escape variants

Virus-specific CD4+ T
cell response

High
High
Global

Common Chimpanzee
Majority develop AIDS

High in acute phase and
during disease; may be
undetectable in
asymptomatic phase
Decreases during acute
infection, returns to normal
and then declines over time

Massive depletion

Up to 40%

Elevated even when viral
load is undetectable

Increased CD4+ and CD8+
T cell turnover

Reduced
Increased

Vigorous. Gag-specific
response correlates with
reduced viral load

Frequently occurs;
associated with clinical
decline

IFNy response present
throughout infection. IL-2
secretion and proliferation
correlate with LTNP status

Table 1.1 - Comparison of immune response to infection with HIV-1 and HIV-2.

Low
Low
West Africa

Sooty Mangabey

20-25% develop AIDS;
remainder are LTNPs

High in progressors,
undetectable in LTNPs

Normal in LTNPs, reduced
count in progressors

Unknown

<4%

Not elevated in LTNPs,
increased in progressors
and predicts disease
progression

Unknown

Enhanced (maintains CD4+
T cells)

Lower than HIV-1

Vigorous. Magnitude and
Gag peptide specificity
inversely correlate to viral
load

Unknown

IFNy response present in
most patients. IL-2 secretion
and proliferation correlate
with LTNP status

Adapted from (412,413). LTNP: long-term non-progressor, IFNy: intereferon gamma, IL-2: interleukin 2.
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1.10.2 SIV

1.10.2.1 Natural versus non-natural hosts

A key feature of SIV in natural hosts (i.e., sooty mangabeys (SMs) and African green monkeys
(AGMs)) is the lack of clinical disease (67). However, experimental SIV transmission to non—
natural host Asian monkey species (i.e., rhesus macaques (RMs)) results in the development of

illness similar to human AIDS (153).

Similarities between SIV of natural hosts and pathogenic HIV/SIV transmissions of humans and
RMs include the presence of high viremia, a short lifespan of productively infected cells, a
substantial loss of mucosal CD4+ T cells during acute infection, high levels of immune activation

during acute infection and the inability to control virus replication (reviewed by (154)).

Unique features of non-pathogenic SIV include an absence of disease progression in the presence
of high viral loads and high viral replication rates in the intestine, fast healing of virally-induced
inflammation, a lack of microbial translocation, preservation of healthy levels of peripheral CD4+
T cells (155), preferential sparing of central memory CD4+ T cells from direct virus infection
(156,157), a lack of chronic immune activation, rapid control of viral replication in the secondary
lymphoid organs and a lack of viral trapping in follicles (reviewed by (154)). While the depletion
of effector memory CD4+ T cells was shown to be the immediate mechanism behind
immunodeficiency, SIV disease progression was found to be largely determined by the destruction,

failing production, and gradual decline of central memory CD4+ cells (158).

A summary of how disease progression in natural SIV hosts differs from pathogenic HIV/SIV in

humans and rhesus macaques is shown in Table 1.2.
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Table 1.2 - Main features of SIV infection of natural hosts compared to non-natural hosts.

Natural Host Non-Natural Host
mangabe;:x‘trli,can green (Rhes:ls":]n::sa)quesl
monkeys)

AIDS No Yes
Level of peripheral CD4+ T cells Healthy Low
Viral load High High
Virus cytopathicity Yes Yes
Host immune control Ineffective Ineffective
Depletion of mucosal CD4+ T cells Yes, stable Yes, progressive
Mucosal immune dysfunction /microbial translocation No Yes
Chronic immune activation No Yes
Pattern of infected cells Tem >Tcm Tem > Tem
Vertical transmission Rare Frequent

Differences in natural hosts compared to non-natural hosts are bolded. Tem: effector memory T cells, Tcm:
central memory T cells. Adapted from (154).
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1.10.2.2 SIV preferential coreceptor-usage

While CXCR6 is considered a minor coreceptor for HIV-1, it has been shown that CXCR6 is a
major coreceptor in some simian immunodeficiency virus (SIV) hosts, such as sooty mangabeys
(122,159). It is yet to be shown if the use of the CXCR6 coreceptor by multiple primate species
was selected for its ability to allow viral replication in an environment where CCRS may be limited,
or whether this occurred as a consequence of selection for different factors that the CXCR6 gene
may be linked to (123). It has been proposed that this preferential use of CXCR®6 for entry by SIV,
in addition to low CCRS levels in these hosts, may result in virus being redirected to different cell
targets than hosts with CCRS as the main receptor, and that this differential targeting may promote

infection of non-essential cells and limit infection of critical cells (122).

The SIV-1 that macaques acquire (SIVmac; macaques go on to develop AIDS) cannot use species-
matched CXCR6 due to a single amino acid substitution (S31R) in the N-terminus of macaque
CXCR6 (122,160), while the SIV-1 that sooty mangabeys acquire (SIVsmm; sooty mangabeys
maintain healthy CD4+ T cells counts in the presence of very high viraemia and do not develop

AIDS) primarily uses CXCR6 (122).

In sooty mangabey lymphocytes, CXCR6 was found to be restricted to CD4+ effector memory T
cells and was expressed by a distinct sub-population to those expressing CCRS (123). In sooty
mangabeys with SIV, central memory CD4+ T cell reservoirs are limited, thought to be related to
low CCRS5 coreceptor expression (156). Lack of infection of central memory CD4+ T cells seems

to play a role in low pathogenicity models of both HIV and SIV (156,161).

While SIVmac cannot use CXCR6 due to a polymorphism in macaque CXCR6, the reason HIV-1
rarely uses CXCRG6 is due to the viral Env itself (159,162). A study examining the effect of the loss
of CXCR6 coreceptor usage in the setting of HIV-1 and SIV showed that coreceptor sensitivity
was determined by the HIV-1 env gene, with Pro326 in the third variable region (V3) crown
abrogating CXCR6 use (123). This amino acid was found to be absent in monkey SIVs but highly
conserved in SIV of wild chimpanzees (SIVcpz) and HIV-1 (123). Amino acid diversity in the
glycoproteins within Env have been shown to have up to 35% variation between HIV-1 subtypes
and up to 20% variation within the same subtype (163), resulting in small but perhaps significant

structural differences in this protein across the various HIV-1 subtypes (39,164).
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Interestingly, an HIV-1 controller homozygous for CCR5432 was shown to possess virus that was

able to engage alternative viral coreceptors, including CXCR6, in vitro.

1.11 Study rationale

Little is known about the mechanisms of control employed by HVL LTNPs or individuals that
maintain stable CD4+ T cell counts in the presence of viraemia. A complete understanding of the
different molecules that HIV uses to enter immune cells is necessary in order to develop effective

strategies to inhibit the virus at different stages of infection.

The chemokine receptor CCRS is an integral molecule with regards to both the acquisition and
pathogenesis of HIV-1. CCRS expression increases with HIV-1 disease progression and decreases
after the initiation of antiretroviral therapy, further emphasizing its importance with regards to HIV-
1. Describing haplotypes and polymorphisms in CCRJ provides necessary and important baseline
knowledge that could contribute to the understanding of differential expression of this coreceptor

in a South African context.

The distinct differences in pathogenicity between HIV-1 and SIVsmm have provided a unique
opportunity to look for protective viral and host immune mechanisms that contribute to viral
control. The preferential usage of the CXCR6 coreceptor over the CCRS5 coreceptor by SIVsmm
results in a lower pathogenicity of the virus. The fact that CXCR6 polymorphisms have been
associated with HIV-1 control in viraemic individuals suggests that CXCR6 may be of importance

in these specific controllers.

To our knowledge, little is known about the constitutive background expression of CCRS5 and
CXCRG6 in a South African context and how known polymorphisms associate with variations in
expression levels. Previous studies investigating CCRS and CXCR6 with regards to HIV-1 disease
have been mainly conducted in cohorts of European descent (i.e., Caucasian). Although the burden
of HIV-1 is highest in sub-Saharan Africa, people living with HIV-1 in this region remain
understudied compared with populations living with HIV-1 in Europe and the United States of
America. Apart from remarkable differences in host genetic backgrounds, populations from these
different geographical regions are exposed to different HIV subtypes, with sub-Saharan
populations predominantly acquiring HIV-1 subtype C.
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1.12 Aim of study

In summary, the overall aim of this study was to explore coreceptor related factors contributing to
HIV-1 control. We investigated genetic variants in CCRS5 and HIV-1 control in people living with
HIV-1 (controllers and progressors), and assessed CCR5 and CXCR6 constitutive expression
(frequency and density) and the potential association with genetic polymorphisms in individuals
without HIV-1. The effect of ethnicity, cell activation, biological sex and age on these findings is

also described.

1.13 Specific objectives

1. To describe genetic variation in the regulatory regions of CCR5 and to investigate the role
of discovered CCRS variants on HIV-1 control
ii.  To quantitate CCRS and CXCR6 receptor expression in whole blood of South African
healthy controls to describe constitutive expression on different cell types
iii.  To assess the effects of ethnicity and immune activation on CCR5 and CXCR6 expression
levels
iv.  To assess the effects of sex and age on CCR5 and CXCR6 expression levels
v.  To investigate the effect of CCRS5 and CXCR6 variants on cell surface expression of the

respective coreceptors
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CHAPTER TWO

2. Materials and Methods
2.1 Sample population

2.1.1 People living with HIV-1

Participants included black South African ART-naive HIV-1 controllers which comprised of 23
elite controllers (ECs), 37 viraemic controllers (VCs) and 11 high viral load long-term non-
progressors (HVL LTNPs). This study also included 74 ART-naive progressors who required

initiation of ART upon enrolment. Cohort characteristics are described in Table 2.1.

Table 2.1 - Characteristics of study cohort of people living with HIV-1.

Number of Age [years] Gender [% CD4+ T cell count* Viral load* [HIV RNA Years since
participants el female] [cells/ull copies/ml] diagnosis
Group (n) (Mean and range) (Median and IQR) (Median and IQR) (Median and IQR)
ECs 23 48 (27-66) 78.2 693 (588 - 969) <20 15 (8-16)
VCs 37 42 (27-59) 91.9 704 (587 - 910) 598 (135 - 1180) 8(8-15)
HVL LTNPs 11 43 (33-53) 81.8 660 (606 — 749) 22410 (14262 - 77820) 8(8-11)
Progressors 74 45 (30-73) 83.8 177 (145-210) 38444 (19790 — 103314) 6 (1-7)

*CD4+ T cell counts and viral loads of controllers used were from time of enrolment whereas for the
progressors the last CD4+ T cell count and viral load prior to ART initiation was used. ECs: elite controllers,

VCs: viraemic controllers, HVL LTNPs: high viral load long-term non-progressors.

Viral loads (RNA  copies/ml of plasma) were  quantitated using the
COBAS®AmpliPrep/COBAS®Tagman® HIV-1 Test, v2.0 ultrasensitive tests (<20 RNA
copies/ml) (Roche Diagnostic Systems, Inc, New Jersey, USA) and CD4+ T cell counts (cells/ul
of blood) were determined using the FACSCount™ System (Becton Dickinson, San Jose,

California, USA).
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2.1.2 Healthy controls

Healthy black (n=17) and white (n=21) South African individuals not living with HIV-1 were
prospectively recruited from the National Institute for Communicable Diseases campus, Gauteng,
South Africa, as healthy controls. Individuals were born in South Africa and self-classified as either
black or white. Controls were age- and sex-matched. Black South Africans had a median age of 31
years (IQR: 28-43 years) with 52.9% female representation and white South Africans had a median
age of 35 years (IQR: 31-49 years) with 52.4% female representation.

2.1.3 Ethics

Written informed consent was obtained from all individuals participating in this study and ethics
approval (Certificate number M190995; Appendix A) was obtained from the Human Research
Ethics Committee at the University of the Witwatersrand, Johannesburg, South Africa.

2.2 Standard polymerase chain reaction (PCR) amplification of CCR5 S’UTR and 3°’°UTR

Genomic DNA was extracted from either whole blood or buffy coats of patients using the QIAamp
DNA Blood Mini Kit (Qiagen, Hilden, Germany) according to manufacturer’s instructions. Each
region of interest was PCR amplified with primers designed using PrimerW software using the
EXPAND High Fidelity PCR System (Roche, Mannheim, Germany) with cycling conditions
carried out according to manufacturer’s instructions. The mastermix used for all PCR reactions
contained a 300 nM final concentration of each primer, 200 uM final concentration of dNTPs and
1.5 mM final concentration of MgCla. The resulting PCR products were electrophoresed on 1%
agarose gels for larger sized products (>500 bp) and 2% agarose gels for smaller fragments (<500
bp). Fermentas Middle Range Molecular Weight markers (Thermo Fisher Scientific,
Massachusettes, USA) were used for size referencing. The gels were run for 30-40 minutes at 100V.
The PCR amplified products were then purified using either the MSB Spin PCRapace kit
(STRATEC Molecular, Berlin-Buch, Germany) or Agencourt Ampure XP (Beckman Coulter,
Missouri, USA) magnetic separation kit according to manufacturer’s instructions, in preparation

for downstream applications.

29



2.3 Sequencing of CCR5 5’UTR and 3°UTR

Sequencing reactions were set up in 96-well plates using BigDye Terminator version 3.1 Cycle
Sequencing Chemistries (Applied Biosystems, Foster City, CA, USA). Purified PCR amplicons
were used as the DNA template. After cycling, the sequencing reactions were purified using
ethanol-sodium acetate precipitation. Briefly, 35 pl of an ethanol-sodium acetate solution was
added to the sequencing reactions (10 pl) and the plate was centrifuged on a Jouan B4i
Multifunction Centrifuge (Thermo Fisher Scientific, Waltham, MA, USA) at 448¢g for 30 minutes.
The plate was then placed upside down on absorbent paper and centrifuged at 3g for 1 minute.
Subsequently, 70% ethanol (50 ul) was added to each well and the plate was centrifuged at 448¢g
for 5 minutes. Again, the plate was placed upside down in the same manner as described above and
centrifuged at 3g for 1 minute. The plate was then dried for 3 minutes at 63°C on a GeneAMP PCR
System 9700 (Applied Biosystems, Foster City, CA, USA). Dried sequencing pellets were
resuspended in 10 pl of HiDi Formamide (Life Technologies, California, USA). The resuspended
sequenced fragments were subsequently heated at 95°C for 2 minutes and then electrophoresed on
an automated 3100 Genetic Analyser (Applied Biosystems) using Pop6 polymer and a 36cm
capillary array (Life Technologies, California, USA), according to manufacturer’s instructions. The

PCR and sequencing primers used are shown in Table 2.2.
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Table 2.2 - Primers used for PCR and sequencing of CCR5 5’UTR and 3'UTR regions.

Region  Application Primer Primer sequence (5" — 3’)
Forward primer CCAAGCACCAGCAATTAGC
PeR Reverse primer TGCCACCACAGATGAATGTC
E Pd2 ATTCTAGAGCCAAGGTCACG
Eg Pd3 TCCTGCCACCTATGTATC
§ Sequencing Pd4 GGTTAATGTGAAGTCCAGG
Pd5 CTAACAGATTCTGTGTAGTGG
Pd6 GTAACCTCTCAGCTGCTTG
Forward primer CAGTAGCTCTAACAGGTTGGAC
PCR (Amplicon A)
Reverse primer AGATCTCATGTGTGACCTGAAG
Forward primer GAGATCCTGGTTGGTGTTGC
PCR (Amplicon B)
Reverse primer GTAAGTGACCAGGCCATGAC
E UTR-F2 CAGTAGCTCTAACAGGTTGGAC
g ORF-5 GACCCAGTCAGAGTTGTGC
2 ORF-6 AACTCTCCCTTCACTCCG
8 Sequencing ORF-7 GAACCAGGCGAGAGACTTG
UTR-1 CAAGGAGACCACCAACAGC
UTR-2 TGCAGAGCTTGAACACAGTC
UTR-3 TTCTATGAGGCAACCACAGG
UTR-4 GCGCCTTAGGTACTTATTCC

2.4 Sequence analysis

Resulting sequence chromatograms were analysed using Sequencher software version 5.1 (Gene
Codes Corporation, Ann Arbor, Michigan, USA). Imported sequences were aligned to a reference
sequence obtained from the NCBI database (NCBI ref seq NC 000006.12). The numbering of
CCR5 SNPs used in this study is as described by Mummidi et al., 2000 (109), with the first
nucleotide of the translational start site designated as +1 and the nucleotide immediately upstream

from that designated as —1.

2.5 CCRS haplotype assignment

Individuals were assigned previously described CCRS5 haplotypes (HHA, HHB, HHC, HHD, HHE,
HHF*1, HHF*2, HHG*1, HHG*2) based on the presence or absence of seven 5’UTR SNPs at
positions —2733 (rs2856758), —2554 (rs2734648), —2459 (rs1799987), —2135 (rs1799988), —2132
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(rs41469351), —2086 (rs1800023) and —1835 (rs1800024), and the presence/absence of CCR2-
V641 (1s1799864) and CCR5432 (rs333). The polymorphisms defining each haplotype are shown
in Figure 2.1.

CCR2 CCR5
V64l :-2733 -2554 -2459 -2135 -2132 -2086 -1838
A32

Wild type | G A G G T c A c
Mutant A G T A C T G T
HHA
HHB
HHC
HHD
HHE
HHF*1
e - 1
HHG*1
HHG*2

Figure 2.1 - Polymorphisms forming each CCR5 promoter haplotype. The V641 variant is located in the CCR2
gene, while the other variants are located in the CCR5 gene. Colour shaded boxes show the respective SNPs
or indels that form each haplotype.

2.6 Single nucleotide polymorphism (SNP) genotyping

Genomic DNA was extracted from whole blood using the QIAamp DNA Blood Mini Kit (Qiagen,
Hilden, Germany), according to manufacturer’s instructions. For single nucleotide polymorphism
(SNP) genotyping, cycle threshold (Cq) qPCR assays were utilised, except for the +2919 T>G SNP
where a predesigned TagMan™ SNP Genotyping assay was used as described below. For parts of
the study involving people living with HIV-1, individuals were genotyped for the presence/absence
of CCR2-V64I (rs1799864), the CCRS5 -4223 C>T (rs553615728) SNP and CCR5432 (rs333).
Healthy controls were genotyped for variants that have been previously associated with HIV-1
control, namely the CCR2-V641 (rs1799864), CCRS5 -4223 C>T (rs553615728), -2459 G>A
(rs1799987), rs1015164 G>A, +2919 T>G (rs746492) SNPs and CCR5A32 (rs333), and the
CXCRG6 152234355 G>A and rs2234358 G>T SNPs.
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A predesigned TagMan™ SNP Genotyping assay was used to genotype individuals for the CCRS
+2919 T>G SNP (Applied Biosystems, Foster City, CA, USA; catalog number 4351379),
according to manufacturer’s instructions. This assay utilises TagMan 5'-nuclease chemistry to
amplify and detect polymorphisms. Each assay consists of two sequence-specific primers and two
TagMan minor groove binder (MGB) probes with non-fluorescent quenchers (NFQ). One probe is
labeled with VIC dye to detect the wild-type sequence and the second probe is labeled with FAM

dye to detect the minor allele sequence.

For all other genotyping, cycle threshold (Cq) qPCR assays were designed using SYBR Green to
detect the SNP using allele-specific PCR, with two primers used; one specific for the major or wild-
type (WT) allele and one specific for the minor or mutant (Mt) allele of each SNP, and one common
primer in the forward or reverse orientation depending on the orientation of the allele-specific
primers. Thus, for each sample, two reactions were conducted, one with the major allele (WT)
primer and one with the minor allele (Mt) primer. The mispriming of 3’ end primer nucleotides
differentiated between the different genotypes. In order to develop the Cg shift assays, it is required
to have individuals of known genotype at the SNP positions, determined by amplifying and
sequencing the region harbouring the respective SNPs from control samples. The assays were
optimised using two known homozygous WT individuals, two known heterozygous individuals

and two known homozygous Mt individuals for each of the SNPs.

Reactions (final volume of 10 ul) were set up in 96-well plates, with each reaction containing 1x
SYBR Green PCR Master Mix, 10 pmol of each forward and reverse primer, and ~10-50 ng of
genomic DNA as template. The reactions were then run in an Applied Biosystems 7500 Real-Time
PCR system. A no template control (NTC) was included and a melt-curve analysis was performed
to ensure the absence of primer-dimers. Run settings included a holding stage for 10 minutes at 95
°C and a cycling stage including a denaturation step of 95 °C for 15 seconds, an annealing step and
an extension step. Annealing and extension settings were optimised for each SNP assay and are
shown in Table 2.3, along with the primer sequences and SYBR Green reagent used. The primers
were designed using PrimerW software, with some utilizing locked nucleic acid (LNA™) modified
3’ end nucleotides. The CCR2-V641 and CCR5432 allelic discrimination assays were previously
designed (101,165) and some individuals from our cohort were previously genotyped for the CCR5
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-4223 C>T SNP (115). The remaining individuals were genotyped using a Cq qPCR assay as

described above, that was designed using available heterozygotes from the prior genotyping.

Homozygous WT individuals had a resulting Cq shift (i.e., difference in cycle threshold between
the WT reaction and Mt reaction) due to mispriming of the Mt primer in that respective well,
heterozygous individuals resulted in both primers binding optimally, resulting in no Cgq shift, while
homozygous Mt individuals resulted in a shift similar to the homozygous WT individuals, but with
the Mt primer binding optimally (Figure 2.2). Data were analysed using software supplied with the
7500 Real-Time PCR system and the genotype of each sample was recorded.
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Figure 2.2 — Representative Cq shift amplification plots for a WT/WT, WT/Mt and Mt/Mt genotype. WT/WT
represents both alleles being of the ancestral/wild-type, WT/Mt represents one allele being of the
ancestral/wild-type and one allele being of the mutated type, and Mt/Mt represents both alleles being of
the mutated type. Colours representing the WT primer and the Mt primer are shown at the bottom of the
figure.
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9¢

Table 2.3 — Cq qPCR assay primer sequences, run settings and SYBR Green reagent used.

Gene SNP Common primer (5'-3") Allele-specific primers (5'-3") SYBR Green Annealing Extension
(R) TTTGCAGTTTATTAAGATGAGGAIC] Maxima SYBR Green/ROX qPCR master mix 60 °C 72°C
CCR2  rs1799864 (F) AACGAGAGCGGTGAAGAAG
(R) TTTGCAGTTTATTAAGATGAGGA[T] (Fermentas, Ontario, Canada) 40 seconds 1 minute

(R) CCATTTCCTCATCTGTTAAATGACI[G] FastStart Universal SYBR Green Master (Rox) 56 °C 72°C

rs553615728 (F) GTGGAGTAACGCACACTGCAA
(R) CCATTTCCTCATCTGTTAAATGACI[A] (Roche, Basel, Switzerland) 1 minute 1 minute
(F) ACTTCACATTAACCCTGTGT PowerUp™ SYBR® Green Master Mix 58 °C 72°C
rs1799987 (R) TGGTGAGCATCTGTGTGG
(F) ACTTCACATTAACCCTGTGC (Applied Biosystems, Massachusetts, USA) 30 seconds30 seconds
CCR5
(F) CTGCCAGGGGACAATCACCA PowerUp™ SYBR® Green Master Mix 62 °C 72°C
rs1015164 (R) GTGCCAAGCCTCCAGCTCTC
(F) CTGCCAGGGGACAATCACCG (Applied Biosystems, Massachusetts, USA) 15 seconds 1 minute
(F) TGCAGCTCTCATTTTCCATACAGTC FastStart Universal SYBR Green Master (Rox) 58 °C 72°C
CCR5A32 (rs333) (R) GATTCCCGAGTAGCAGATGACC
(F) TGCAGCTCTCATTTTCCATACAGTA (Roche, Basel, Switzerland) 40 seconds30 seconds
(F) CAGAACAGACACCATGGCA[A] Maxima SYBR Green/ROX qPCR master mix 60 °C 72°C
rs2234355 (R) GATATGACCAGCACCAGAGAG
(F) CAGAACAGACACCATGGCA[G] (Fermentas, Ontario, Canada) 40 seconds 1 minute
CXCR6
(F) GCTGCTCTGGAATTTGCAAGIG] Maxima SYBR Green/ROX qPCR master mix 60 °C 72°C
rs2234358 (R) ACCAGCCAGAGTGTCTGATAA
(F) GCTGCTCTGGAATTTGCAAGIT] (Fermentas, Ontario, Canada) 40 seconds 1 minute

Variant base is bolded. Square brackets denote LNA™ modified 3’ end nucleotides. (F) forward orientation, (R) reverse orientation. SNP: single
nucleotide polymorphism.



2.7 Flow cytometry

2.7.1 Panel design

The expression of CCR5 or CXCR6 was analysed on total CD4+ (CD3"CD4") and CD8+
(CD3"CD8") T cells, NK cells (CD3:CD19-CD14CD56'CD16" or °), B cells (CD19+) and
monocytes (CD14+), as well as on naive (CD45ROCCR7°'CD62L"), central memory
(CD45RO"CCR7'CD62L"), transitional memory (CD45RO"CCR7-CD62L"), effector memory
cells (CD45RO"CCR7-CD62L") and terminally differentiated (CD45RO"CCR7-CD62L") CD4+
and CD8+ T cells (166). Antibodies to HLA-DR were included to assess the extent of cell
activation. Antibodies were titrated to determine the optimal volume of antibody to use in the panels
that would allow for the best separation while giving the lowest background. Two panels were
designed, one assessing CXCR6 and one assessing CCRS5 expression, with 12 antibodies used in

each panel. The monoclonal antibodies used are shown in Table 2.4.
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Table 2.4 - Antibodies used in flow cytometry panels.

Antibody Fluorochrome Clone Manufacturer
Anti-CD3 APC-H7 SK7 BD Biosciences
Anti-CD4 BV786 L200 BD Biosciences
Anti-CD8 PerCP SK1 BD Biosciences
Anti-CD19 Alexa Fluor 700  HIB19 BD Biosciences
Anti-CD14 APC M5E2 BD Biosciences
Anti-CD56 BV650 NCAM16.2 BD Biosciences
Anti-CD16 BV711 3G8 BD Biosciences
Anti-CD45RO BV510 UCHLA1 BD Biosciences
Anti-CCR7 FITC 150503 BD Biosciences
Anti-CD62L PE-CF594 DREG-56 BD Biosciences
Anti-HLA-DR PE-Cy5.5 TU36 Invitrogen
Anti-CXCR6 PE KO041E5 BioLegend
Anti-CCR5 PE 2D7 BD Biosciences

2.7.2  Whole blood staining

Whole blood was stained within 1 hour of sample collection. As multiple antibodies conjugated to
Brilliant Violet (BV) fluorochromes were included in the panels, 50 pl of BD Brilliant Stain
Buffer (BD Biosciences, San Jose, California, USA) was first added to 150 pul of whole blood, after
which the antibodies were added. Samples were vortexed and incubated for 15 minutes at room
temperature in the dark. To lyse red blood cells, 2 ml of FACS™ Lysing Solution (BD Biosciences,
San Jose, California, USA), diluted 1:10 in distilled H>O, was added and the samples were
incubated for 10 minutes at room temperature in the dark. Samples were then centrifuged for 5
minutes at 2000 rpm, following which the supernatant was removed. Pellets were washed with 3
ml of FACSFlow™ (BD Biosciences, San Jose, California, USA) and resuspended in 250 ul of
FACSFlow™ for acquisition on a four laser BD LSRFortessa™ X-20 Special Order Research
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Product within 1 hour. Between 500 000 and 1 million total events were acquired per sample in

order to ensure sufficient cells were available for analysis.
2.7.3 Quantitation

PE-labeled antibodies to CCRS5 and CXCR6, together with the commercially available BD
QuantiBRITE™ Beads PE Fluorescence Quantitation Kit system (BD Biosciences, San Jose,
California, USA), were used to quantitate the number of molecules of CCR5/CXCR6 per cell.
Every QuantiBRITE tube contains a pellet of lyophilised beads with four different levels of PE
covalently attached. A linear regression equation can be calculated using the geometric means and
the PE molecules/bead from the QuantiBRITE™ tube. Since the QuantiBRITE™ tube is acquired
at the same instrument settings as the samples, this equation can then be used to convert the
CCR5/CXCR6 geometric means on the cell subsets of interest into the number of PE molecules
bound per cell. QuantiBRITE™ beads with 474, 5 359, 23 843 and 62 336 PE molecules/bead, for

the low, med-low, med-high and high beads respectively, were used for all experiments.

2.7.4 Flow cytometry quality control and standardization

2.7.4.1 CS&T Beads

Before each experiment, BD™ CS&T Beads (BD Biosciences, San Jose, California, USA) were
run for quality control of the instrument’s optics, electronics, and fluidics. The beads assess the
detector performance and measure the sensitivity of each fluorescence detector, which is a measure
of the cytometer’s ability to resolve cells that are dimly stained. The software calculates the bright
bead median, bright beads percentage of robust coefficient of variation (rCV) and instrument
sensitivity for forward scatter (FSC), side scatter (SSC), and each fluorescence parameter, and

compares them to expected values for the bead lot. The rCV measures cytometer alignment.

2.7.4.2 Rainbow beads

When setting up the flow cytometry experiments, the sensitivity of the detectors was optimised for
instrument performance. However, because of daily variations as well as cytometer maintenance
and laser realignment, voltages were adjusted before each experiment to ensure reproducibility.

Mid-range Rainbow Fluorescent Particles (BD Biosciences, San Jose, California, USA) are
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uniform size particles that are dyed with a mix of fluorophores which can be excited from 365 to
650 nm. They produce a single peak, with tight CVs, in each detection channel. When acquiring
the rainbow beads for the first time, a set of baseline target mean fluorescence intensity (MFI)
values was generated. At the start of each subsequent day of acquisition, rainbow beads were
acquired and the voltages were adjusted until the MFI of the rainbow beads was within 10 percent
of the target MFI for each detector. The baseline target MFIs for all detectors in the CCRS and
CXCRG6 panel are shown in Figure 2.3.
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Figure 2.3 - Histograms depicting a signal detection from rainbow beads in all channels used in the CCR5
and CXCR®6 panels. The baseline target values for the respective channels are shown. The excitation laser
wavelength for the respective fluorochromes is shown.

2.7.4.3 Compensation controls

The emission spectra of most fluorochromes is very broad. Therefore, the fluorescent signal from
one fluorochrome can be detected in detectors other than the detector that is supposed to measure
it (primary detector). This is known as spillover or spectral overlap. Compensation corrects for
spectral overlap by mathematically removing the fluorescent signal from all detectors except the

primary detector. Compensation is measured as a percentage.

Compensation controls are single-stained samples for each antibody in the panel. Compensation
is specific for the fluorochrome and not the cell type, so beads can be used for compensation. The
BD™ CompBeads set (BD Biosciences, San Jose, California, USA) was used to perform
compensation before every experiment. This set has one tube containing BD™ CompBeads Anti-

Mouse Ig, k particles which will bind any mouse k light chain immunoglobulin (positive) and
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another tube containing the BD™ CompBeads Negative Control which does not have any capacity
to bind. These compensation beads provide distinct negative (background fluorescence) and
positive stained populations which can be used to calculate compensation. Histograms depicting
unstained and stained compensation beads for all fluorochromes used in the CCR5 and CXCR6

panels are shown in Figure 2.4.

One drop each of negative and positive compensation beads was added to 100 ul of FACSFlow™
in each compensation tube together with the appropriate antibody. Each tube was vortexed and
incubated for 15 minutes at room temperature in the dark, after which 2 ml of FACSFlow™ was
added. The tube was then centrifuged for 5 minutes at 2000 rpm. The supernatant was discarded
and another 2 ml of FACSFlow™ was added before repeating centrifugation. The supernatant was

poured off and 250 ul of FACSFlow™ was added.

”] N “ E | /k‘J\\
CCR5/CXCR6 PE CCR7 FIT-C CD3 APC-H7 CD4 BV786
- 200 1 ‘ 6007 7
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> [ H
o 100 200 i 1 \
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300 - :Z:: 107 ‘/‘ 100 /\\
CD62L PE-CF594 HLA-DR PE-Cy5.5 CD56 BV650 CD8 PerCP

Fluorescence intensity

Figure 2.4 — Representative histograms of unstained (green) and stained (red) compensation beads for
all fluorochromes used in the CCR5 and CXCRG6 panels.
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2.7.5 Gating controls

2.7.5.1 Fluorescence Minus One (FMO) controls

Fluorescence minus one (FMO) controls are gating controls. An FMO control contains cells
stained with all fluorochromes in the panel except one. This ensures thatthe spread of
fluorochromes into the unlabelled channel is identified, and therefore assists in determining the
correct position for the gate. FMO controls were run for both the CXCR6 and the CCRS5 panel and

assisted with gating of cell populations.

2.7.6 Gating strategies

Flow cytometry data were analysed using FlowJo 9.9.6 (Tree Star, San Carlos, California, USA).
The gating strategies quantifying CCRS and CXCR6 expression on CD4+ and CD8+ T cells and
subsets (naive, central memory, transitional memory, effector memory and terminally
differentiated), B cells, monocytes and subsets (CD14"CD16°, CD14*CD16*, CD14"CD16Prieht)
and NK cells and subsets (CD56"¢ht, CD56%™, CD56"CD16", CD56¢CD16*, CD56%™CD16",
CD56ECD16, CD56%mCD16°) are shown in Figures 2.5 — 2.9, respectively.
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Figure 2.5 - Representative gating strategy for naive and memory CD4+ T cell. Singlets were gated using
FSC-A vs FSC-H followed by gating of CD3+ T cells. CD3+ T cells were further gated using low SSC-A vs
low FSC-A. CD4+ cells were divided into four populations based on their differential CCR7 and CD45RO
expression. These populations were subsequently analysed for their CD62L expression to define naive
(CD45ROCCR7*CD62L"), central memory (CD45RO*CCR7*CD62L"), transitional = memory
(CD45RO*CCR7-CD62L"), effector memory (CD45RO*CCR7CD62L") and terminally differentiated
(CD45ROCCR7-CD62L") CD4+ T cells which were then examined for CXCR6 and CCR5 expression. The
FMO controls are shown.
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Figure 2.6 - Representative gating strategy for naive and memory CD8+ T cell subsets. Singlets were gated
using FSC-A vs FSC-H followed by gating of CD3* T cells. CD3+ T cells were further gated using low SSC-
A vs low FSC-A. CD8+ cells were divided into four populations based on their differential CCR7 and
CD45R0 expression. These populations were subsequently analysed for their CD62L expression to define
naive (CD45ROCCR7*CD62L*), central memory (CD45RO*CCR7*CD62L"), transitional memory
(CD45RO*CCR7CD62L*), effector memory (CD45RO*CCR7CD62L) and terminally differentiated
(CD45ROCCR7-CD62L") CD8+ T cells which were then examined for CXCR6 and CCR5 expression. The
FMO controls are shown.

2.7.6.3 B cells
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Figure 2.7 - Representative gating strategy for B cells. Singlets were gated using FSC-A vs FSC-H. B cells
were identified by CD19 gating of CD3- cells, followed by gating on low SSC-A vs low FSC-A. CD19+ B
cells were then examined for CXCR6 and CCRS5 expression. The FMO control is shown.
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Figure 2.9 -
Representative gating
strategy for natural killer
cell subsets. Singlets
were gated using FSC-A
vs FSC-H. Lymphocytes
were gated according to
their SSC-A and FSC-A
properties. CD3-, CD19-,
CD14- and CD56+ cells
were divided into seven
CD56+ NK cell subsets,
based on their differential
expression of CD56 and
CD16, which were then
examined for CXCR6
and CCR5 expression.
FMO controls are shown.



2.8 Assessing the effect of CCR5 and CXCR6 SNPs on expression levels

The CCRS5 -4223 C>T (1s553615728), -2459 G>A (1s1799987), rs1015164 G>A, +2919 T>G
(rs746492) and CXCR6 152234355 G>A and 152234358 G>T polymorphisms were analysed with
regards to expression levels, as measured by flow cytometry, by stratifying individuals’ CCRS and
CXCRG6 expression levels into different CCR5 and CXCR6 genotype groupings to investigate the

potential association of variants and background expression.

2.9 Flow cytometry data analysis

Flow cytometry data was assessed and CCRS or CXCR6 expression analysed both as a measure of
frequency of expression (i.e., percentage expression) and as a measure of density (i.e., number of
molecules/cell — refer to section 2.7.3). Proportions of T cell subsets were determined by
calculating the percentage of CD4+ and CD8+ T cell subsets of an individual’s CD3+ cells. Ratios

of expression were calculated by dividing an individual’s CCRS expression by CXCR6 expression.

2.10 Statistical analyses

The genotypic data generated for polymorphic loci were tested for linkage disequilibrium as well
as deviation from Hardy-Weinberg equilibrium using Haploview version 4.2 software (167).
VassarStats: website for statistical computation (http://vassarstats.net/odds2x2.html) and
Statistica™ software (TIBCO software, Palo Alto, California, USA) was used to compare SNP and
haplotype frequencies between respective groups and to calculate statistical significances and exact
95% confidence intervals (CI) of odds ratios (OR). Corrections for multiple comparisons were
applied using the False Discovery Rate (FDR) and Bonferonni-Dunn tests. Analyses were
performed using GraphPad Prism version 8.0 for Windows (GraphPad Software, San Diego,
California, USA www.graphpad.com). The frequency of each haplotype was calculated by
counting the number of haplotypic alleles and dividing by the total number of alleles. Visual
analysis was used for determining haplotypes across gene regions. Non-parametric Mann-Whitney
U tests were used to compare flow cytometry data between black and white South Africans and
between males and females, and Spearman’s correlation coefficient was used to describe
associations between CCRS5 and CXCR6 expression and participant age and cellular activation
(HLA-DR expression), and to correlate CCRS5 expression with CXCR6 expression. For all

analyses, two-sided tests were used and statistical significance for all analyses was set at p<0.05.
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CHAPTER 3

3. Cis-regulatory genetic variants in the CCR5 gene and natural HIV-1 control in black

South Africans

3.1 Introduction

Unique individuals who are able to either naturally suppress HIV-1 viral load (VL) or maintain
healthy CD4+ T cell counts with higher viral loads, and who exhibit slow progression of the disease
without antiretroviral therapy (ART), are broadly termed HIV-1 controllers. Within this group there
are rare individuals termed elite controllers (ECs) who suppress VL to less than 50 RNA copies/ml
plasma, viraemic controllers (VCs) who tend to have low viral load set-points (generally <2000
RNA copies/ml) with sustained high CD4+ T cell counts, and high viral load long-term non-
progressors (HVL LTNPs) who maintain high CD4+ T-cell counts for prolonged periods without
ART despite high viral loads (generally >10 000 RNA copies/ml), a similar phenotype to SIV-
infected sooty mangabeys (67). A number of factors, including viral, immunological and
environmental, have been proposed to influence the ability of an individual to naturally control
HIV-1 (168), however it is likely that different mechanisms may be responsible for the different

modes of control.

The chemokine receptor CCRS, together with the CD4 receptor, is responsible for allowing HIV-1
entry into the target cell and is well studied with regards to HIV-1 disease. Lower CCRS5 expression
levels have been associated with slower HIV-1 disease progression (96). The differential
expression of CCR5 may be explained by polymorphisms in the cis-regulatory regions of CCRS5
(169). Although the 5’UTR has been extensively studied, surprisingly, little is known about the
genetic variation in the CCR5 3’UTR, a region increasingly shown to be crucial for mRNA

regulation.

One of the most studied genetic variations in CCRS is the A32 mutation (CCR5432), a 32 base pair
deletion that results in non-functional CCRS5 receptors. This variant is predominantly found in
European populations and is virtually absent in African, East Asian, and American Indian
populations (108). The rs553615728 C>T single nucleotide polymorphism (SNP) has been shown
to disrupt a cytidine phosphate guanidine (CpG) dinucleotide in the cis-region of CCRS5, namely
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CpG-41, a binding site where DNA methylation occurs, and is uniquely found in individuals from
southern Africa (115). Additionally, there are nine previously described CCR5 5’UTR haplotypes
(109-111) that have been studied with respect to HIV-1 disease progression (HHA, HHB, HHC,
HHD, HHE, HHF*1, HHF*2, HHG*1, HHG*2). These haplotypes are defined by seven CCRS
5’UTR SNPs and the presence/absence of CCR5432 and a SNP in the coding region of chemokine
receptor CCR2 (CCR2-V64I) (110,111).

This study was therefore conducted to explore the genetic variation in the cis-regulatory regions of
CCRS5 and to explore the role of these variants on HIV-1 control in a population of black South
African controllers and progressors living with HIV-1. This information will help to formulate a
protective and deleterious CCRS genetic signature for black South African individuals living with

HIV-1 and will be useful in informing cure strategies.
3.2  Materials and Methods

3.2.1 Sample population

Refer to Chapter 2, Materials and Methods section 2.1.1. Briefly, black South African ART-naive
elite controllers (n=23), viraemic controllers (n=37), high viral load long-term non-progressors
(n=11) and progressors (who required initiation of ART upon enrolment; n=74) living with HIV-1

were recruited for this study.

3.2.2 Standard polymerase chain reaction (PCR) amplification and sequencing of CCR5
5°UTR and 3’UTR

Refer to Chapter 2, Materials and Methods section 2.2 and 2.3.

3.2.3 Sequence analysis

Refer to Chapter 2, Materials and Methods section 2.4.

3.2.4 CCRS haplotype assignment

Refer to Chapter 2, Materials and Methods section 2.5.

3.2.5 Single nucleotide polymorphism genotyping

Refer to Chapter 2, Materials and Methods section 2.6.
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3.2.6 Linkage disequilibrium (LD) and Hardy-Weinberg equilibrium

The genotypic data generated for polymorphic loci were tested for linkage disequilibrium as well

as deviation from Hardy-Weinberg equilibrium using the Haploview version 4.2 software (167).

3.2.7 Analysis and statistics

Refer to Chapter 2, Materials and Methods section 2.10.
3.3 Results

3.3.1 CCRS5 5°UTR: variability and HIV-1 control

We amplified and sequenced the CCRS5 promoter region and individuals were genotyped for the
CCRS5A32 deletion and the CCR2-V641 polymorphism. Previously defined haplotypes (111,116)
were assigned to the 71 HIV-1 controllers and 74 HIV-1 progressors. The allelic representation and
percentage of these haplotypes in controllers, controller subgroups and progressors is shown in
Figure 3.1. Interestingly, one individual in our study, a viraemic controller, was heterozygous for

the CCR5432 deletion (haplotype HHG*2).

With regards to CCRS promoter haplotypes, the most prominent relationship was seen with respect
to the HHE haplotype. All controller subgroups showed low levels of HHE representation
compared to progressors (21.6%; Figure 3.1), however this was only significant in the VCs (6.8%;
p=0.006; OR=3.81; CI =1.42-10.23) and total controllers (9.2%; p=0.003; OR=2.74; CI=1.37-
5.47). The combination of select CCRS5 haplotypes (i.e., the genotypes) and the presence or absence
of a particular allele (haplotype) collectively influence CCRS expression. HHA/HHC was
significantly overrepresented in the total group of controllers compared to the progressors
(p=0.028; OR=0.19; CI=0.04-0.92) and this was more significant in the VCs compared to the
progressors (p=0.016; OR=0.14; CI=0.03-0.75). The large confidence intervals of these findings
suggest that further study of HHA/HHC in larger cohorts would be helpful to determine true
significance. The HHD/HHG*1 genotype was also overrepresented in the total group of controllers
and VCs compared to the progressors (p=0.054 and p=0.040, respectively). More significantly,
exclusion of ECs, i.e., grouping the VCs + HVL LTNPs (n=48), revealed the HHD/HHG*1
genotype to be overrepresented in this group compared to progressors (8.3% vs 0%; p=0.020). The

53



frequencies of all CCR5 haplotype genotypes detected in the controllers, controller subgroups and

progressors are shown in Table 3.1.

45 1 P=0.065

Allelic frequency (%)

HHA HHB HHC HHD HHE HHF*1 HHF*2 HHG*1 HHG*2

H Controllers n=71 BMECsn=23 HV(Csn=37 MHVLLTNPsn=11 M Progressors n=74
Number of

alleles 142 46 74 22 148

Figure 3.1 — Bar graph showing the allelic frequencies (%) of previously defined CCR5 promoter haplotypes
in black South Africans living with HIV-1.
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Table 3.1 - Genotypic frequencies of CCR5 promoter haplotypes in black South African controllers,
controller subgroups and progressors.

CCR5 haplotype
genotype

Controllers
(n=71)

ECs VCs
(n=23) (n=37) (n=11)

HVL LTNPs

Progressors
(n=74)

HHA/HHA
HHA/HHB
HHAHHC ++
HHA/HHD
HHA/HHE
HHA/HHF*1
HHAHHF*2
HHA/HHG*1
HHB/HHB
HHB/HHC
HHB/HHD
HHB/HHE
HHB/HHF*1
HHB/HHF*2
HHB/HHG*1
HHC/HHC
HHC/HHD
HHC/HHE
HHC/HHF*1
HHC/HHF*2
HHC/HHG*1
HHD/HHD
HHD/HHE
HHD/HHF*1
HHD/HHF*2
HHD/HHG*1 *
HHD/HHG*2
HHE/HHE
HHE/HHF*1
HHE/HHF*2
HHE/HHG*1
HHF*1/HHF*1
HHF*1/HHG*1
HHF*2/HHF*2
HHF*2/HHG*1
HHG*1/HHG*1
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Two 5’UTR SNPs, common to the HHE, HHF and HHG haplotypes (-2459 A and -2135 C alleles),
were in complete linkage disequilibrium in our study population (LD; r?>=1). We hence analysed
the effect of this 2-SNP haplotype (termed 5’UTR-2SNP-hap) alone. Table 3.2 shows results of the
comparison of representation of 5’UTR-2SNP-hap between controller and progressor groups and
Figure 3.2 depicts its genotypic frequency in the respective groups. The minor allele of 5’UTR-
2SNP-hap was significantly underrepresented in the total controller group compared to progressors
(p=0.031; OR=1.72; CI=1.07-2.77). Heterozygosity for 5’UTR-2SNP-hap was significantly less
prevalent in ECs compared to progressors (p=0.016; OR=3.67: CI=1.28-10.47), VCs compared to
progressors (p=0.012; OR=3.38; CI=1.38-8.32) and most significantly in the total controller group
compared to progressors (p=0.003; OR=3.08; CI=1.46-6.49, pronferroni=0.048). Interestingly,
heterozygosity for S’UTR-2SNP-hap was very similar between HVL LTNPs and progressors (55%
vs 59%). Comparison of the 5’UTR-2SNP-hap in the dominant mode (i.e., wild type (WT)/mutant
(Mt) + Mt/Mt) revealed similar results (Table 3.2). The genotypic frequencies of all identified
5’UTR SNPs in the respective groups are shown in Table 3.3.

P=0.003
’ P=0.016
’ P=0.012 ‘
70 7 f 1
60 -
S
>
O
C
()
=)
O
g
w
Controllers ECs VCs HVLLTNPs Progressors

EWT/WT BEWT/Mt EMt/Mt

Figure 3.2 - Bar graph showing the genotypic frequency of 5UTR-2SNP-hap (-2459 G>A and -2135 T>C)
in black South African controllers, controller subgroups (ECs, VCs and HVL LTNPs) and progressors. ECs:
elite controllers, VCs: viraemic controllers, HVL LTNPs: high viral load long-term non-progressors, WT: wild

type, Mt: mutant.
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Table 3.2 - Comparison of the genotypic and allelic representation of CCR5 5’UTR-2SNP-hap (-2459 G>A and -2135 C>T) and CCR5 3'UTR +2919
T>G SNP in controllers, controller subgroups and progressors.

Controllers vs. Progressors ECs vs. Progressors VCs vs. Progressors HVL LTNPs vs. Progressors
Polymorphism OR Cl P OR Cl P OR Cl P OR Cl P

5'UTR-2SNP-hap

5’UTR-2SNP-hap

allelic 1.72 1.07-2.77 0.03 1.94 0.96-3.94 0.087 1.67 0.93-2.98 0.1 1.49 0.59-3.76 0.49
5’UTR-2SNP-hap
heterozygosity 3.08 1.46-6.49  0.003 (0.048%) 3.67 1.28-10.47 0.017 3.38 1.38-8.32 0.012 1.63 0.41-6.47 0.71
(WT/Mt)
5 UTI?-ZSNP-hap 2.86 1.41-5.79  0.003 (0.048%) 3.39 1.28-9.00 0.019 2.95 1.28-6.79 0.017 1.78 0.47-6.78 0.46
dominant mode
3'UTR +2919 SNP
+291:;|;:ﬁCSNP 1.9 1.18-3.09 0.01 1.89 0.93-3.83 0.08 1.83 1.02-3.31 0.06 2.21 0.82-5.95 0.17
+2919T>G SNP
heterozygosity 3.33 1.59-7.00  0.002 (0.032*) 2.75 1.00-7.60 0.06 3.7 1.5-8.92 0.004 3.75 0.95-14.88 0.07
(WT/Mt)
+2919T>G SNP 3.2 1.58-6.48  0.001 (0.016*) 2.85 1.08-7.56 0.04 3.28 1.43-7.57 0.006 3.73 1.02-13.70 0.07

dominant mode

Asterisks indicate p value after Bonferroni correction for multiple comparisons. Other comparisons did not maintain significance after Bonferroni
correction. Shaded blocks indicate significant comparisons. ECs: elite controllers, VCs: viraemic controllers, HVL LTNPs: high viral load long-term
non-progressors, OR: odds ratio, Cl: confidence interval, WT: wild type, Mt: mutant.
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Table 3.3 - Genotypic frequencies of SNPs found in the CCR5 5’UTR and the CCR5 3'UTR in black South African controllers, controller subgroups and
progressors.

CCR5 5'UTR POLYMORPHISMS CCR5 3'UTR POLYMORPHISMS

-2733 2554 2459  -2135  -2132  -2086  -1838 | +1752 +1843 +1846 +2066 +2077 +2225 +2381 +2458 +2772 +2838 +2919
Controllers (n=71)

WT/WT 60 32 34 34 49 52 49 29 49 49 67 53 * 56 * 68 59 66 62 36
WT/Mt 11 31 27 27 20 17 20 33 19 19 4 14~ 12~ 3 10 5 8 27
Mt/Mt 0 8 10 10 2 2 2 9 3 3 0 2* 2* 0 2 0 1 8
ECs (n=23)

WT/WT 20 11 12 12 15 18 18 6 16 16 22 20 16 * 23 20 21 19 11
WT/Mt 3 9 8 8 8 4 5 13 5 5 1 2 4+ 0 2 2 3 10
Mt/Mt 0 3 3 3 0 1 0 4 2 2 0 1 2* 0 1 0 1 2
VCs (n=37)

WT/WT 33 17 18 18 27 27 23 17 27 27 35 26* 31 34 30 35 33 19
WT/Mt 4 16 13 13 8 9 12 16 9 9 2 8* 6 3 6 2 4 13
Mt/Mt 0 4 6 6 2 1 2 4 1 1 0 1* 0 0 1 0 0 5

HVL LTNPs (n=11)

WT/WT 7 3 4 4 7 7 8 6 6 6 10 7 9 11 9 10 10 6
WT/Mt 4 4 6 6 4 4 3 4 5 5 1 4 2 0 2 1 1
Mt/Mt 0 1 1 1 0 0 0 1 0 0 0 0 0 0 0 0 0

Progressors (n=74)

WT/WT 64 36 18 18 55 56 50 32 51 51 70 59 57 67 67 61 63 18
WT/Mt 10 34 44 44 19 17 21 37 22 22 3 15 16 7 7 13 10 45
Mt/Mt 0 4 12 12 0 1 3 5 1 1 0 0 1 0 0 0 1 11

Asterisks indicate incomplete data. For the +2077 SNP, genotypes for two VCs are missing (n=69) and for the +2225 SNP, one EC genotype is missing
(n=70). ECs: elite controllers, VCs: viraemic controllers, HVL LTNPs: high viral load long-term non-progressors, WT: wild type, Mt: mutant.



The CCRS5 -4223 C>T SNP had previously been genotyped for a subset of these individuals (52
controllers and 66 progressors) (115). We developed an allelic discrimination assay and genotyped
the remaining 19 controllers and 8 progressors. Although there is very strong LD between the -
4223 C>T SNP and the HHA haplotype in our study, one individual out of the twelve possessing
the -4223 T allele in the complete cohort (controllers and progressors) did not possess an HHA
haplotype (a progressor). Among controllers, the -4223 C>T SNP was exclusively found in the
non-EC controllers. Furthermore, we noted that three out of five progressors that harboured the -
4223 C>T SNP also possessed the HHE haplotype. Viraemic controllers had significantly higher
representation of the -4223 C>T SNP in the absence of HHE compared to progressors (p=0.04;
OR=0.18; CI=0.03-0.97), and when we compared the non-EC controllers to progressors in the
absence of HHE, this relationship was strengthened (p=0.03; OR=0.16; CI=0.03-0.82).

3.3.2 CCRS5 3’UTR: variability and HIV-1 control

Sequencing the CCR5 3’UTR and analyzing the resulting chromatograms revealed eleven
previously reported variants at positions +1752 (rs41495153), +1843 (rs41418945), +1846
(rs41466044), +2066 (170), +2077 (rs1800874), +2225 (rs41535253), +2381 (rs550958125),
+2458 (rs3188094), +2772 (170), +2838 (rs41512547) and +2919 (rs746492). The genotypic

frequencies of all identified 3’UTR variants in the respective groups are shown in Table 3.3.

A CCR5 3’UTR small insertion or deletion of bases (indel; G insertion) at position +2772 was
identified in HIV-1 uninfected black and Caucasian South African individuals (170). In our study,
this indel was found to be underrepresented in the total controllers compared to progressors
(p=0.08; OR=2.8; CI=0.95-8.36). Additionally, the 3’'UTR +2919 T>G SNP was differentially
represented between controllers and progressors. Table 3.2 shows results of the comparison of
representation of the 3°’UTR +2919 T>G SNP between controller and progressor groups. The minor
allele (G) showed trends of lower representation in both ECs and VCs compared to progressors and
was significantly underrepresented in the total controllers compared to progressors (p=0.01;
OR=1.90; CI=1.18-3.09). Comparison of +2919 T>G genotypes showed heterozygosity (TG) to be
underrepresented in all controller groups compared to progressors, and was significant in the VCs
(p=0.004; OR=3.65; CI=1.50-8.92) and the total group comparison (p=0.002; OR=3.33; CI=1.59-
6.99, pronferroni=0.032). Comparison of the +2919 T>G SNP in the dominant mode (i.e., TG+GG)

revealed the most significant results however, with lower representation in all controller subgroups
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compared to progressors, that were significant in ECs (p=0.04; OR=2.85; CI=1.08-7.56), VCs
(p=0.006; OR=3.28; CI=1.42-7.57), but most significant in the total controller group comparison
with 49.3% representation in the controllers compared to 75.7% in progressors (p=0.001; OR=3.2;
CI=1.58-6.48, pronferron=0.016).

Visual examination of the data revealed obvious linkage between select SNPs in the CCR5 3°’UTR
and were thus analysed as haplotypes. The linkage disequilibrium (LD) plot showing linkage
between the 3’UTR SNPs is shown in Figure 3.3. The polymorphisms making up each haplotype
and the allelic frequency of these haplotypes in controllers, controller subgroups and progressors
is shown in Figure 3.4 A and B, respectively. Linkage patterns between the SNPs in the CCRS5
3’UTR were complex and interesting. The +1843 G>A and +1846 G>A SNPs were in complete
LD (r>=1) and had directional LD with the +1752 G>A SNP (r’=0.4) i.e., they always occurred
with the upstream +1752G>A SNP (3°’UTR-hapl), however the +1752 G>A SNP was found in the
absence of the +1843 G>A and +1846 G>A haplotype. The +2225 T>C SNP also had directional
LD with 3’UTR-hap1 (1?=0.66; 3°UTR Hapla) and the +2838 C>G SNP had directional LD with
3°’UTR-hapla. The +2458 A>C SNP had directional linkage with the +2077 G>T SNP (r>=0.54;
3’UTR-hap2). Except for 7 individuals (6 controllers and 1 progressor), the +2077 G>T SNP never
occurred with 3’UTR-hapla (43/50). When occurring together, the +2066 G>A and +2077 G>T
SNPs were in complete directional LD with the +2772 indel (r*=1; 3’UTR-hap3). The +2381 A>G
SNP had directional linkage with the +1752 SNP G>A (r’>=1; 3’°UTR-hap4).

60



a L =] e A u

l\l\ ll\\l\ | | | ]

A S T \\ / /
Kasgags B E 8 2 8 r =2 2
2

Haplotype key
3UTR-hapl
3UTR-hapla

M 3UTR-hap1b

M 3UTR-hap2
3UTR-hap3

M 3UTR-hapa

Figure 3.3 - Linkage disequilibrium (LD) plot depicting the linkage between CCR5 3'UTR variants. The
numbers in the triangles indicate the r? values, with 0 indicating no linkage and blank red triangles (100)
indicating complete linkage between the respective variants. Polymorphisms making up the various 3’'UTR
haplotypes are marked with coloured boxes at the top of the figure; SNPs not part of the haplotypes are not
marked with coloured boxes.
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+1752 +1843 +1846 +2066 +2077 +2225 +2381 +2458 +2772 +2838 +2919

Wild type G G G G G T A A 5 C T
Mutant A A A A T C G (o G G G
3'UTR-hapl
3'UTR-hapla
3'UTR-haplb
3'UTR-hap2
3'UTR-hap3
3'UTR-hap4

b 25

15

Frequency (%)

3'UTR-hapl 3'UTR-hapla 3'UTR-haplb 3'UTR-hap2 3'UTR-hap3 3'UTR-hap4

H Controllers (n=71) MECs (n=23) VCs (n=37) M HVLLTNPs (n=11) ™ Progressors (n=74)
Number of alleles 142 46 74 22 148

Figure 3.4 — a) CCR5 polymorphisms that form each haplotype. Colour shaded boxes show the respective
SNPs or indels that form each haplotype and b) bar graph showing the allelic frequencies (%) of CCR5 3’'UTR
haplotypes in black South African controllers, controller subgroups (ECs, VCs and HVL LTNPs) and
progressors. ECs: elite controllers, VCs: viraemic controllers, HVL LTNPs: high viral load long-term non-
progressors.

3.3.3 Haplotypes spanning the CCR5 5’UTR and 3°’°UTR

Linkage disequilibrium between SNPs in the CCR5 5’UTR and the CCR5 3’UTR regions was
investigated. Visual analysis and Haploview software revealed fourteen haplotypes spanning the
CCR5 5°’UTR and 3’UTR regions (Figure 3.5). Four of the fourteen haplotypes have previously
been identified: HHA and +1752 G>A SNP, HHE and +2919 T>G SNP, HHF and +2919 T>G
SNP, HHC and +2077 G>T SNP, in order of decreasing frequency (170).
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Figure 3.5 - Polymorphisms that form haplotypes spanning the CCR5 5’UTR and 3'UTR in black South Africans living with HIV-1 (progressors and controllers).
Colour shaded boxes show the respective SNPs or indels that form each haplotype. 3UTR SNPs that have linkage with the same root 5’UTR haplotype are in the

same colour.
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The +2919 T>G SNP showed strong LD with the HHE, HHF*1, HHF*2 and HHG*1 promoter
haplotypes (r?=0.73, D’=0.89). Comparison of individuals having both the HHE haplotype and the
+2919 T>G SNP showed a significant association with HIV-1 progression when comparing
progressors to VCs (p=0.011; OR=3.66; CI=1.36-9.84) and the total group of controllers (p=0.008;
OR=2.61; CI=1.30-5.22). Since the +2919 T>G SNP is in LD with HHE, HHF and HHG, we also
looked at the combinatorial effect of having these high expressing haplotypes together with the
+2919 T>G SNP. The representation of individuals with either HHE and/or HHF and/or HHG*1
together with the 3’UTR +2919 T>G SNP was again overrepresented in progressors when
compared to the total group of controllers (p=0.028; OR=1.80; CI=1.09-2.89), however had a less
significant result than when looking at only the possession of both HHE and the +2919 T>G SNP.

When comparing controllers and progressors who possessed both HHE or HHF*1 or HHF*2 or
HHG*1 and the +2772 -/G indel, the total controllers had significantly lower instances of this
occurring (p=0.009; OR=6.67; CI=1.44-31.02). In addition, when comparing ECs + VCs to
progressors as well as the total controller group to progressors, progressors were more likely to
possess an HHE promoter haplotype, the 3°UTR +2772 insertion and the 3’UTR +2919 T>G SNP
(p=0.042; OR=8.17; CI=1.00-66.43 and p=0.056; OR=4.77; CI=0.99-22.94, respectively).
However, it is necessary to again note the large confidence intervals of these findings, suggesting

that further study in larger cohorts is needed to determine true significance.

3.3.4 Potential markers for HIV-1 disease progression

The variants that were the strongest indicators of HIV-1 progression in our study were the 3’UTR
+2919 T>G SNP in dominant mode (controllers vs progressors: p=0.001, paonferroni=0.016),
heterozygosity for the 3’UTR +2919 T>G SNP (controllers vs progressors: p=0.002,
Pbonferroni=0.032) and heterozygosity for 5S’UTR-2SNP-hap (controllers vs progressors: p=0.003,
Pbonferroni=0.048). A summary of all deleterious associations (controllers vs progressors) is shown

in Figure 3.6.
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Genetic marker

5'UTR-2SNP-hap minor allele 0.031 ——
HHE/HHF*1/HHF*2/HHG*1 and +2919T>G SNP (TG + GG) 0.027 —_——
HHE/HHF*1/HHF*2/HHG*1 allele 0.02 — e
+2919T>G SNP Gallele | ... 001 ——
+2772-/G indel and HHE/HHF*1/HHF*2/HHG*1 06 e—m————— ——————— [31.02)
5'UTR-25NP-hap and +2919T>G SNP (TG+GG) |\ 0.009 ——
HHE and +2919T>G SNP 0.008
5'UTR-2SNP-hap and +2919T>G SNP heterozygosity ...  0.004
HHE | 0.004
HHE/HHF*1/HHF*2/HHG*1 present in at least one copy ... 0.003 v
HHE and +2919T>G SNP heterozygosity | 0.003
5'UTR-2SNP-hap heterozygosity - 0.003 @
+2919T>G SNP heterozygosity . 0.002 *
+2919T>G SNP (TG +GG) | 0.001 >
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 1 2 3 4 5 6 7 8 9 10

p value ® Odds ratio — Confidence interval

Figure 3.6 - Summary of the p values of all significant CCR5 genetic markers predictive of HIV-1
progression in black South Africans (HIV-1 controllers vs progressors). The smaller the p value is, the more
predictive the biomarker. Red bars indicate p values that maintain significant Bonferroni correction. The blue
lines indicate the confidence interval and the red circles indicate the odds ratio for the respective p values.

3.4 Discussion

In this study, we characterised polymorphisms (SNPs and indels) and intragenic haplotypes found
within the cis-regulatory regions of CCRS5 in a group of HIV-1 controllers and progressors.
Previously unreported polymorphisms and haplotypes have been identified and previously defined

haplotypes within the CCR5 gene have been expanded upon.

The -4223 C>T SNP, shown to disrupt the CpG-41 site and to date only found in southern Africans
(115), is more prevalent in individuals with the CCR5 HHA haplotype. Although the -4223 C>T
SNP was associated with protection from HIV-1 acquisition in black South Africans in a previous
study (115), associations did not reach statistical significance in that study or ours. In our study, all
seven controllers with this SNP had at least one HHA haplotype. In the progressors, four of the five
individuals possessing the -4223 T allele had at least one HHA haplotype, however, three of the
five progressors possessing the -4223 T allele also had an HHE haplotype. Although this SNP was
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not significantly overrepresented in controllers compared to progressors, taking into account that
the HHE haplotype has reported high transcriptional promoter activity (112) and could therefore
potentially negate the effect of the -4223 C>T SNP, removing the progressors with an HHE
haplotype we considered a more informative comparison. It is also interesting to note that no ECs
possessed the -4223 T allele, indicating that the -4223 C>T polymorphism may only be helpful in

the presence of higher viraemia.

The distribution of CCR5 gene promoter haplotypes is highly variable amongst ethnic groups. The
various haplotypes have different promoter activity, correlating with differential cell surface CCRS
expression (109,112—115). Joshi et al., 2017 (112) calculated the relative promoter activity (RPA)
of each CCR5 5’UTR haplotype in vitro using a luciferase-based assay and normalizing to the
ancestral HHA haplotype. The combined relative promoter activity based on both alleles was also
calculated. HHA, HHB, HHC and HHD had a low RPA (i.e., low expected CCRS5 expression)
whereas HHE, HHF and HHG had a high RPA (i.e., high expected CCRS expression) (112).

The HHE haplotype has been described as deleterious in the context of HIV-1 control across
multiple ethnicities and studies (116,171-173). In agreement, in this study, HHE was significantly
underrepresented in the total group of controllers compared to progressors as well as in the VCs
compared to the progressors. While the HHE haplotype has been identified as deleterious,
homozygosity for HHE (HHE/HHE) was not shown to associate with disease-modifying effects in
African Americans whereas in Caucasians, HHE homozygosity, but not HHE heterozygosity,
associated with disease acceleration (116). Therefore, it is not only an individual CCRS5 haplotype
that has consequences on HIV-1 disease, but also the combinatorial (additive and/or interactive)

effect of an individual’s CCRS5 genotype.

The CCRS haplotype pair (genotype) in an individual and its relationship to the CCRS levels on
CD4+ T cells is partly related to whether one or both haplotypes have increased or decreased
sensitivity to activation-associated demethylation (115). In our study, only one individual, a
progressor, had the HHE/HHE genotype, indicating that it is a rare genotype in black South
Africans and may not be contributing to HIV-1 disease progression or acquisition. Genotypes with
at least one HHE haplotype, compared with genotypes lacking an HHE haplotype, have been
associated with higher CCRS levels (115).
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In our study, HHA/HHC was significantly overrepresented in the total group of controllers
compared to the progressors as well as in the VCs compared to the progressors. In African
Americans, possession of an HHC haplotype has been associated with disease acceleration (116).
However, if an HHC haplotype was paired with one of the haplotypes that was associated with
protection in African Americans (HHA or HHF*2), the disease-accelerating effects of the HHC
haplotype were negated, as can be seen in our black South African population, where the pairing
of HHA (protective in African Americans) and HHC (deleterious in African Americans) i.e., the
HHA/HHC genotype, was found to be protective (116). The HHA and HHC haplotypes have been
reported to have reduced sensitivity to activation-associated demethylation (115), possibly
revealing a functional cause as to why HHA/HHC may be protective in black South Africans. The
HHD haplotype is found more commonly in ethnic African individuals. In a study on South African
Caucasians and black South Africans, no HHD haplotypes were found in the Caucasian group,
whereas HHD was the third most commonly found haplotype in the black South Africans after the
HHA and HHE haplotypes (170). Possession of the HHD/HHG*1 genotype was found to be

potentially beneficial in HIV-1 control in this study, specifically in viraemic controllers.

It is interesting to note that, while not significant, there was a complete absence of HHF*2, a
relatively prevalent haplotype, in the HVL LTNP group. Since HHF*2 is defined by the presence
of the CCR2-V641 variant, CCR2 may be playing a role in control in this group. HVL LTNPs are a
very unique group in adults (174—-177) and to our knowledge, we have the largest cohort of such
individuals worldwide (n=11). This makes it very difficult to verify the role of HHF*2 in this

method of control of HIV-1 disease in different cohorts.

Several individual SNPs located in the CCR5 promoter have been reported to affect the expression
of CCRS5. The —2459 G>A SNP (rs1799987) is in complete LD with the -2135 T>C SNP
(rs1799988). The —2459 G>A SNP (and therefore the -2135 T>C SNP by association) has been
linked to differences in CCRS expression levels on CDI14+ monocytes (178) and has been
associated with the rate of progression to AIDS (117-119). In our study, the -2459 G>A and -2135
T>C SNPs (5’UTR-2SNP-hap) were significantly underrepresented in controllers compared to
progressors. 5’UTR-2SNP-hap is common to the HHE, HHF and HHG haplotypes (which have
been reported to be high promoter activity haplotypes (109,112)). Individuals heterozygous for
5’UTR-2SNP-hap were significantly less likely to control HIV-1 in total group comparisons as
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well as in ECs and VCs compared to progressors and possession of the minor allele of 5’UTR-
2SNP-hap was significantly underrepresented in controllers when compared to progressors. In a
cohort of self-identified white and black patients, a study observed that black individuals on highly
active anti-retroviral therapy (HAART) with the -2459 G allele achieved virologic success
significantly earlier than individuals with the A allele, and that this association increased with
stronger African ancestry (179). According to the 1000 Genomes Project (1000genomes.org), the
minor allele frequency of this variant is 54% in Caucasians/Europeans and 40% in African

populations.

The 3'UTR plays a major role in gene expression and regulation by influencing the localization,
stability, export, and translation efficiency of an mRNA (180). The linkage patterns in the 3’UTR
were complex, suggesting interesting selection pressures that are likely to have consequential
functional implications that have not yet been elucidated. In the CCR5 3’UTR, the +2919 T>G
SNP G allele was significantly underrepresented in controllers compared to progressors. Possession
of the +2919 T>G SNP in the dominant mode was significantly associated with HIV-1 control. In
addition, the +2919 TG genotype was significantly underrepresented in controllers when compared
to progressors. In order to determine the prevalence of the 3’UTR +2919 T>G SNP in populations
of sub-Saharan African descent, we used data available from the 1000 Genomes Project
(1000genomes.org). Interestingly, the +2919 T>G SNP frequency in the controllers in our study
strongly resembles that of the Yoruba population (minor allele frequency 31%), while the +2919
T>G SNP frequency in the progressors in our study more closely resembles that of the
European/Caucasian population (minor allele frequency 53%), suggesting that the representation
in controllers is more reflective of the background population and that the representation in

progressors is skewed.

The +2919 T>G SNP was in strong LD with the CCRS promoter HHE, HHF*1, HHF*2 and
HHG*1 haplotypes and subsequently 5’UTR-2SNP-hap (common to these haplotypes), thus
begging the question as to which polymorphism is functionally driving the deleterious effect on
HIV-1 control in black South Africans. While possession of the HHE haplotype alone, the HHE
haplotype with the +2919 T>G SNP, or any of the remaining three deleterious haplotypes (HHF*1,
HHF*2, HHG*1) with the +2919 T>G SNP all significantly associated with HIV-1 progression
(p=0.004; p=0.003, pronferroni=0.048; and p=0.027 respectively), there was a stronger association
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with progression when looking at possession of the +2919 T>G SNP in the dominant mode alone
(p=0.001. pronferroni=0.016). To our knowledge, no other studies have associated this SNP with
increased risk of HIV-1 disease acquisition or more rapid progression of HIV-1 in any other

population.

This study further emphasises the need for population specific studies with regards to potential
genetic markers and HIV-1 control. Individuals in sub-Saharan Africa remain markedly
understudied when compared with other populations around the world living with HIV-1. Overall,
our results reproduce other studies with regards to the CCR5 HHE haplotype being deleterious for
HIV-1 disease progression. We found that the HHA haplotype and HHA/HHC genotype associated
with protection from HIV-1 disease progression. We have characterised novel haplotypes in the
3’UTR and spanning the CCR5 5’UTR and 3’UTR. Our results suggest that two CCRS5 promoter
SNPs (-2459 G>A and -2135 T>C) and one CCR5 3’UTR SNP (+2919 T>G) may be key functional
variants with regards to HIV-1 control in black South Africans. It is important to note that only
select comparisons remained significant after Bonferroni correction for multiple comparisons, thus

future work including functional studies will help to reinforce our findings.

We propose that possession of the 3’UTR +2919 T>G SNP in the dominant mode, the strongest
predictor for HIV-1 progression in this study (p=0.001, psonferroni=0.016), can be used as a marker

for accelerated disease progression in black South Africans.
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CHAPTER FOUR

4. CCRS and CXCRG6 expression in two ethnically distinct South African population groups

4.1 Introduction

The chemokine receptor CCRS5 is an integral molecule with regards to both the acquisition and
pathogenesis of HIV-1 (91,99,181). It is the main coreceptor that R5-tropic HIV-1 uses for entry
into target cells (182). CCR5-using viruses are the predominant strains isolated from infected
individuals during the early stages of viral infection and a majority of people living with HIV-1
harbour only CCR5-using viruses throughout the entire course of disease (183). CCRS expression
increases with HIV-1 disease progression and decreases after the initiation of antiretroviral therapy
(184), further emphasizing its importance with regards to HIV-1. Inter-individual variation in
CCRS expression has been attributed to both genetic and environmental influences (185-187). A
well-studied mutation in its homozygous form, CCR5432, confers resistance to HIV-1 acquisition
due to the subsequent lack of cell surface CCRS5 protein, thus making CCRS a target for a functional
HIV-1 cure (188,189). This polymorphism is predominantly found in European populations and is

essentially absent in African, East Asian, and American Indian populations (108).

CCRS is not only a chemokine receptor but also a co-activation molecule expressed at the surface
of T cells, thus CCRS5 may be directly involved in the immune activation seen in individuals living
with HIV-1 (190). Systemic immune activation is a feature of HIV-1 infection and increased T cell
activation is an independent predictor of HIV-1 progression (191,192). The intensity of immune
activation has been directly linked to the level of CCRS expression in people living with HIV-1
(190). CCRS density was found to correlate with, and be predictive of, the immune activation levels

of HIV-1-infected individuals independently of HIV-1 viral load (190).

CXCRG6, also known as Bonzo and STRL33, has been identified as a minor coreceptor used by
HIV-1 to enter target cells in conjunction with CD4. While the chemokine receptor CXCR6 is
considered a minor coreceptor for HIV-1, mediating the fusion of HIV-1 to CD4" T cells and
increasing HIV-1 infectivity (193), CXCR®6 acts as a major coreceptor in some SIV hosts, such as
sooty mangabeys (SIVsmm), who exhibit non-pathogenic disease and an absence of disease
progression (122,159). The preferential usage of CXCR6 over CCRS5 by SIVsmm results in a lower
pathogenicity of the virus as compared to HIV-1 (122,123). It has been proposed that usage of
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CXCRG6 for entry by SIVsmm, in addition to low CCRS levels in these hosts, may result in virus
being redirected to different cell targets compared to hosts with CCRS5 as the main coreceptor, and
that this differential targeting may promote infection of non-essential cells and limit infection of
critical cells (122). Since HVL LTNPs exhibit a similar phenotype to SIV-infected sooty
mangabeys (194), it could be postulated that CXCR6 may be contributing to disease control in
these individuals. Additionally, select polymorphisms in CXYCR6 have been significantly associated
with HIV-1 control in viraemic individuals (134—136). Given that some of these polymorphisms
may be associated with altered CXCR6 expression (134,135,138), a role for CXCR6 expression in
HIV-1 control in HVL LTNPs is plausible and worthy of investigation.

Ethnicity is an important variable with regards to varying expression levels of chemokine receptors
(116,179,187,195). Both historic and recent environmental selective pressures contribute to ethnic
genetic divergence (196). Thus, it is likely that populations will differ with regards to receptor
expression levels. Ethnicity has been implicated in HIV-1 disease progression, with Gag-specific
proliferation of both CD4+ and CD8+ T cells having been more frequently observed in black
individuals compared to individuals from other ethnic groups (197,198). African Americans have
also been shown to have a faster progression to AIDS and a shorter survival time from acquisition
compared to other ethnic groups (199). Greater genetic diversity within the CCRS gene has been
shown in black individuals compared to white, showing 39 mutations exclusive to black individuals

(200).

The CXCR6-3K single nucleotide polymorphism (SNP) is highly prevalent in African Americans
(44%), and is extremely rare in European populations (<1%) (136). Ethnic and population
differences exist with regards to both the level of variability and the frequency of select variants
and haplotype structures in a large number of genes, including CXCR6 (135,201-203). Similarly
to CCRS5 genetics, variation within the CXCR6 gene was found to be greater in black South
Africans compared to white South Africans (135).

Significant progress has been made regarding the role of the chemokine receptor CCRS in
connection with HIV-1 natural control (99). However, to further understand the mechanisms
contributing to varying CCRS5 expression levels and the role of CCR5 and CXCR6 in HIV-1
control, it is necessary to investigate the expression of these receptors in various cell types without

the confounding effect of HIV-1 disease. To our knowledge, no studies have described constitutive
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background expression of CXCR6 in an African context. Furthermore, the relationship between

CCRS and CXCR6 on the same cell types has not to our knowledge been studied.

This study was therefore conducted to investigate CCRS and CXCR6 expression in the absence of
HIV-1 disease in two ethnic population groups in South Africa. We compared background,
constitutive CCRS and CXCR6 expression on CD4+ and CD8+ T cells, CD19+ B cells, CD14+
monocytes and CD56+ NK cells from both black and white healthy HIV-1-uninfected South
Africans. We also examined associations between activated cells and CCRS5 and CXCR6
expression, assessed the ratio of CCRS to CXCR6 expression and lastly, correlated CCRS and

CXCRG6 expression, with the aim of further understanding the role of these two important receptors.
4.2 Materials and Methods

4.2.1 Sample population

Refer to Chapter 2, Materials and Methods section 2.1. Briefly, healthy HIV-1-uninfected South
African individuals (black [n=17] and white [n=21]) were recruited and were age- and sex-

matched.

4.2.2 Flow cytometry

CCRS5 and CXCR6 expression on CD4+ and CD8+ T cells, CD19+ B cells, CD14+ monocytes and
CD56+ NK cells was determined as described in Chapter 2, Materials and Methods section 2.7 and

assessed as described in Materials and Methods section 2.9.

4.2.3 Statistical analyses

Statistical analyses were performed as described in Chapter 2, Materials and Methods section 2.10.
4.3 Results

4.3.1 CCRS and CXCR6 expression differences

The frequency (percentage of CCRS/CXCR6-expressing cells) and density (CCRS5/CXCR6
molecules per cell) of CCR5 and CXCR6 expression was assessed on CD4+ and CD8+ T cells,
CD19+ B cells, CD14+ monocytes and CD56+ NK cells from whole blood samples from study
participants. The gating strategies are shown in Chapter 2, Figures 2.5 - 2.9.
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In the total group (black and white individuals combined), for CCRS, CD8+ T cells had the highest
frequency of CCR5-expressing cells (median: 31.3%), followed by CD4* T cells (median: 12.9%),
NK cells (median: 11.6%), and CD14" monocytes (median: 3.7%), with CD19+ B cells having the
lowest frequency of CCR5-expressing cells (median: 1.3%) (CD8 > CD4 > NK > CD14 > CD19)
(Figure 4.1a). CD8+ T cells also had the highest density of CCRS expression (median: 1130.7
molecules/cell), followed by CD4+ T cells (median: 753.8 molecules/cell), CD14+ monocytes
(median: 613.4 molecules/cell), CD19+ B cells (median: 554.1 molecules/cell) and NK cells had
the lowest CCRS density of subsets studied (median: 384.4 molecules/cell) (CD8 > CD4 > CD14
> CD19 > NK) (Figure 4.1b).

For CXCR6, CD8+ T cells had the highest frequency of CXCR6-expressing cells (median: 9.2%),
followed by NK cells (median: 3.9%), CD4+ T cells (median: 1.9%), and CD19+ B cells (median:
0.7%), with CD14+ monocytes having the lowest frequency of CXCR6-expressing cells (median:
0.5%) (CD8 > NK > CD4 > CD19 > CDI14) (Figure 4.1a). CD14+ monocytes had the highest
density of CXCR6 expression (median: 1528.9 molecules/cell), followed by CD4+ T
cells (median: 880.0 molecules/cell) and CD8+ T cells (median: 828.8 molecules/cell), NK
cells (median: 813.9 molecules/cell) and CD19+ B cells (median: 456.0 molecules/cell) (CD14 >
CD4 > CD8 > NK > CD19) (Figure 4.1b).

Comparison of CCRS expression between the black and white population groups showed that
CCRS5 density was significantly lower on CD8+ T cells of black individuals compared to white
individuals (p=0.014). No differences were seen between populations with regards to the frequency
of CCR5-expressing cells. CXCR6 expression did not differ significantly in frequency or density

between the black and white population groups on any of the cell subsets analysed.
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Figure 4.1 - Graphs showing CCR5 (left) and CXCRG6 (right) expression on lymphocyte subsets in black
and white individuals. The frequency (a) and density (b) of CCR5 and CXCRG6 expression is shown on
CD4+ and CD8+ T cells, CD19+ B cells, CD14+ monocytes and CD56+ natural killer cells. Each symbol
represents an individual. Horizontal lines and error bars represent the median, 25th and 75th percentiles.

4.3.2 T cell memory subset proportions differ between black and white South Africans

The proportions of CD4+ and CD8+ memory T cell subsets for black and white South Africans
were assessed and compared (Figure 4.2a). Black individuals had a strong trend towards a lower
proportion of naive CD4+ T cells compared to white individuals (p=0.051; Figure 4.2a). Black
individuals had a significantly higher proportion of terminally differentiated CD8+ T cells
compared to white individuals (p=0.024; Figure 4.2b).
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Figure 4.2 - Graphs showing T cell subset proportions of (a) total CD4+ T cells and (b) total CD8+ T cells
in black and white South Africans. Each symbol represents an individual. Horizontal lines and error bars
represent the median, 25th and 75th percentiles. CM: central memory, TM: transitional memory, EM:
effector memory, TD: terminally differentiated.

4.3.3 CCRS and CXCR6 expression on cell subsets

CCRS expression was next analysed on phenotypically and functionally different subsets of
CD4+and CD8+T cells (naive, central memory [CM], transitional memory [TM], effector
memory [EM], terminally differentiated [TD]), monocytes (CD14°CD16, CD14"CDI16",
CD14*'CD16 ") and NK cells (CD56Yeh,  CD56%m CD56°CD16%, CDS56E"CD16",
CD56%mCD16%, CD56#"'CD16, CD569mCD16").

CD4+and CD8+ T cell naive and memory subsets were defined based on the differential
expression of CD45R0O, CCR7 and CD62L (Chapter 2, Figures 2.5 and 2.6). Monocytes were
divided into classical (CD14°CD16"), intermediate (CD14"CD16")and non-classical subsets
(CD147CD16"i#) according to differing CD14 and CD16 expression (Chapter 2, Figure 2.8).
CD56+ NK cells were divided into seven different subsets based on the relative expression of CD56
and CD16 (Chapter 2, Figure 2.9).

4.3.3.1 CD4+T cells
The frequency of CCRS5-expressing cells, as well as CCRS density, increased with progressive

CD4+ T cell differentiation up to effector memory CD4+ T cells in both population groups, and
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decreased in terminally differentiated CD4+ T cells (Figure 4.3a). CCRS was minimally expressed
(percentage and density) on naive CD4+ T cells, increasing on central memory CD4+ T cells and
then transitional memory CD4+ T cells, with effector memory CD4+ T cells having the highest
frequency of CCR5-expressing cells, and transitional memory and effector memory CD4+ T cells
having the highest CCRS density (frequency: N < CM < TM < EM > TD; density N < CM <TM
~ EM > TD). The pattern of expression for CXCR6 was similar to CCRS (Figure 4.3).

While no differences were seen between groups with regards to CCRS frequency, black individuals
had significantly lower CCRS density on naive and central memory CD4+ T cells compared to
white individuals (p=0.048 and p=0.018, respectively; Figure 4.3b). CXCR6 expression did not
differ significantly in frequency or density between black and white individuals on any CD4+ T

cell subset (Figure 4.3).
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Figure 4.3 - Graphs showing CCR5 (left) and CXCR®6 (right) expression on CD4+ T lymphocyte subsets in
black and white South African individuals. The (a) frequency and (b) density of CCR5 and CXCR®6
expression is shown on naive, central memory (CM), transitional memory (TM), effector memory (EM), and
terminally differentiated (TD) CD4+ T cell subsets. Each symbol represents an individual. Horizontal lines
and error bars represent the median, 25th and 75th percentiles.
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4.3.3.2 CDS8+T cells

Similarly to that observed for CD4+ T cells, the frequency of CCRS5-expressing cells and CCRS
density differed substantially in the naive and memory CD8+ T cell subsets (N <CM <TM ~ EM
> TD; Figure 4.4a). The frequency of CXCR6-expressing CD8+ T cells also increased with
progressive CD8+ T cell differentiation in both population groups. In the black population group,
naive CD8+ T cells had the lowest expression of CXCR®6, followed by central memory CD8+ T
cells and then transitional memory CD8+ T cells, while effector memory and transitional memory
cells had similar CXCR6 expression (N < CM < TM ~ EM > TD; Figure 4.4a). No significant
differences were seen between groups with regards to CCRS expression. The frequency of CXCR6-
expressing naive CD8+ T cells and effector memory CD8+ T cells was significantly lower in black
compared to white individuals (p=0.031 and p=0.029, respectively; Figure 4.4). CXCR6 density
did not differ significantly between black and white individuals on any CD8+ T cell subset.
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Figure 4.4 — Graphs showing CCR5 (left) and CXCR® (right) expression on CD8+ T lymphocyte subsets in
black and white South African individuals. The (a) frequency and (b) density of CCR5 and CXCRG6 expression
is shown on naive, central memory (CM), transitional memory (TM), effector memory (EM), and terminally
differentiated (TD) CD8+ T cell subsets. Each symbol represents an individual. Horizontal lines and error
bars represent the median, 25th and 75th percentiles.
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4.3.3.3 Monocytes

In both population groups, compared to the CD14"CD16" intermediate and CD14*CD16€" non-
classical subsets, the CD14°CD16" classical monocytes had the lowest frequency of CCRS-
expressing cells (Figure 4.5a). CCRS density was, however, similar on all three monocyte subsets
across population groups (Figure 4.5b). With regards to CXCR6 expression, in both population
groups, the CD14°CD16° monocytes had the lowest frequency of CXCR6-expressing cells,
followed by the CD14*CD16%1¢" monocytes, with the CD14*CD16" monocytes having the highest
frequency of CXCR6-expressing cells (Figure 4.5a). CXCR6 density was similar on all three

monocyte subsets across population groups (Figure 4.5b).

The only significant difference between groups with regards to CCRS expression was a lower
frequency of CCR5-expressing CD14"CDI16" non-classical monocytes in black individuals
compared to white individuals (p=0.015; Figure 4.5a). The frequency of CXCR6-expressing
CD14"CD16" monocytes was significantly higher in the black population than in the white
population group (p=0.003; Figure 4.5b).
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Figure 4.5 — Graphs showing CCR5 (left) and CXCRG (right) expression on monocyte subsets in black and
white South African individuals. The (a) frequency and (b) density of CCR5 and CXCRG6 expression is shown
on CD14*CD16 classical monocytes, CD14*CD16"* intermediate monocytes and CD14*CD16""9" non-
classical monocytes. Each symbol represents an individual. Horizontal lines and error bars represent the
median, 25th and 75th percentiles.

4.3.3.4 NKcells

In the combined group, CCRS had a higher expression (both frequency and density) on CD16- vs
CD16+ NK cell subsets (p<0.0001 for both CD56E"CD16~ vs CD56e"CDI16" and
CD56%mCD16° vs CD56YmCD16" comparisons). Only the frequency of CCR5-expressing
CD56 " and CD56e"CD16" NK cells were higher than on the CD56%™ counterparts (p<0.0001
for both comparisons; Table 4.1).

In the combined group, CXCR6 expression (frequency and density) was higher on CD16- vs
CD16+ NK cell subsets and CD56¢" ys CD56%™ subsets (CCR5 density on CD56#"'CD16"
vs CD56YmCD16" p=0.007; p<0.0001 for all other comparisons; Table 4.1). The
CD56ECD16" NK cell subset thus had the highest frequency and density of CXCR6 expression.
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Black individuals had a significantly higher frequency of CCR5-expressing CD56¢""CD16" NK
cells and a significantly lower frequency of CCR5-expressing CD56%™CD16° NK cells compared
to white individuals (p=0.033 and p=0.011, respectively; Figure 4.6a). There were no significant
differences in the frequency of CXCR6-expressing NK cells or CCR5 and CXCR6 density on any

subset between the two population groups.
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Table 4.1 - Comparison of CCR5 and CXCR6 expression (frequency and density) on CD569" versus

CD56™ and CD16+ versus CD16- subsets of NK cells for the total group.

Frequency Frequency
NK cell subset e %) NK cell subset (e p value
CD56°"o 20.5 CD56™ 10.4 <0.0001
CD56""CD16" 7.9 CcD56°"CD16" 6.0 <0.0001
CD56""CD16° 26.7 CD56°™CD16° 27.2 0.28
CD56""CD16 26.7 CD56""CD16" 7.9 <0.0001
" CD56°™CD16° 27.2 CcD56°™CD16" 6.0 <0.0001
o
8 Density Density
NK cell subset (median NK cell subset (median p value
molecules/cell) molecules/cell)
CD56" o 394.7 CD56%™ 368.4 0.06
CD56""CD16* 324.2 CD56°™CD16" 321.0 0.19
CD56™'9"CD16" 459.5 CD56“™CD16 483.0 0.73
CD56""CD16 459.5 CD56”"9"CD16* 324.2 <0.0001
CD56“™CD16° 483.0 CcD56%™CD16" 321.0 <0.0001
NK cell subset Freq.uency NK cell subset Freq.uency p value
(median %) (median %)
CD56""o" 10,8 CD56™ 33 <0.0001
CD56""CD16* 5,3 CD56“™CD16" 2,2 <0.0001
CD56""CD16° 18,1 CD56“™CD16° 6,8 <0.0001
CD56""CD16 18,1 CD56”9"CD16* 5,3 <0.0001
O CD56°"CD16° 6,8 CD56°™CD16" 2,2 <0.0001
o
Q
5 Density Density
NK cell subset (median NK cell subset (median p value
molecules/cell) molecules/cell)
CD56°"o 989,3 CD56%™ 672,2 <0.0001
CD56""CD16" 693,5 CD56°"CD16" 599,4 0,007
CD56"CD16 1053,9 CD56%™CD16 847,6 <0.0001
CD56""CD16° 1053,9 CD56”""CD16" 693,5 <0.0001
CD56°™CD16° 847,6 CD56°™CD16" 599,4 <0.0001

Orange shading: CD56"9" subset. Green shading: CD56%™ subset. Blue shading: CD16- subset.
Yellow shading: CD16+ subset. Where comparisons are significant, the higher value is bolded.

81



4.3.4 Ratios and correlations: CCRS and CXCR6 expression

The potential relationship between CCRS5 and CXCR6 expression on cells was investigated. The
ratio of CCRS to CXCR6 expression for each individual was calculated and compared between

groups (Figures 4.7 and 4.8) and the correlation of CCR5 and CXCR6 expression on each cell type
was investigated (Table 4.2).

4.3.4.1 Ratio of CCRS to CXCR6 expression

When assessing gross cell subsets, the ratios of CCRS5 to CXCR6 expression did not differ
significantly between population groups (Figure 4.7).
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Figure 4.7 - Graphs showing the ratio of frequency (left) and density (right) of CCR5 to CXCRG6 expression
for the gross subset of (a) CD4+ T cells, (b) CD8+ T cells, (c) B cells, (d) monocytes and (e) NK cells. Each

symbol represents an individual. Horizontal lines and error bars represent the median, 25th and 75th
percentiles.
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However, when investigating the ratio of CCRS to CXCR6 expression on cell subsets, significant
findings emerged (Figure 4.8). The black population had more individuals with a higher ratio of
CCRS5 to CXCR6-expressing effector memory CD8+ T cells (p=0.035) and a lower ratio of CCRS5
to CXCR6 density on transitional memory and effector memory CD8" T cells compared to the
white population (p=0.024 and p=0.004, respectively; Figure 4.8b). The black population had more
individuals with a lower ratio of CCR5 to CXCR6-expressing CD14"CD16" and CD14*CD16right
monocytes compared to the white population (p=0.045 and p=0.008, respectively; Figure 4.8c) and
had more individuals with a higher ratio of CCR5 to CXCR6 expressing CD562"CD16" NK cells
compared to the white population (p=0.0004; Figure 4.8d).
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4.3.4.2 Correlation between CCRS and CXCR6 expression
CCRS5 and CXCR6 expression (frequency and density) on all cell types was correlated to assess the

potential relationship between the two receptors. Results of these analyses are shown in Table 4.2.

On CD4+ T cells, the percentage of CCR5-expressing cells significantly positively correlated with
the percentage of CXCR6-expressing total, central memory and transitional memory CD4+ T cells.
Additionally, there were very strong positive correlations between CCRS and CXCR6 density on
all CD4+ T cell subsets except for terminally differentiated CD4+ T cells. The percentage of CCR5-
expressing cells positively correlated with the percentage of CXCR6-expressing total, naive,
effector memory and terminally differentiated CD8+ T cell subsets and CCRS5 density positively
correlated with CXCR6 density on naive, transitional memory and effector memory CD8+ T cells.
On B cells, only CCR5 and CXCR6 density positively correlated. On NK cells, the percentage of
CCRS-expressing cells positively correlated with the percentage of CXCR6-expressing
CD56'CD16" NK cells and CCRS5 density positively correlated with CXCR6 density on
CD56™e"CD16" NK cells (refer to Table 4.2).
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Table 4.2 - Correlation analyses results for CCR5 versus CXCR6 expression on CD4+ T cells,
CD8+ T cells, B cells, monocytes and NK cells.

CCRS5 vs CXCR6

Frequency Density
Cell type R value p value R value p value
Total CD4+ T cells 0.636 <0.0001 0.487 0.002
Naive  0.296 0.071 0.536 0.0005
CM 0.435 0.006 0.541 0.0005
™ 0.355 0.029 0.518 0.0009
EM  0.225 0.174 0.502 0.001
TD  0.167 0.317 0.291 0.077
Total CD8+ T cells 0.69 <0.0001 0.311 0.057
Naive  0.393 0.015 0.38 0.019
CM  0.186 0.268 0.229 0.166
T™  0.295 0.072 0.372 0.022
EM 0.807 <0.0001 0.371 0.022
D 0.58 <0.0001 0.268 0.104
Total B cells 0.268 0.104 0.501 0.001
Total Monocytes 0.186 0.262 0.247 0.136
CD14'CD16"  -0.056 0.737 0.141 0.4
CD14'CD16*  -0.084 0.617 0.294 0.073
CcD14*CD16°™9"  -0.114 0.494 0.288 0.08
Total NK cells 0.264 0.109 -0.199 0.23
CcD56”9"  0.153 0.358 0.144 0.389
CcD56%™  0.299 0.068 -0.109 0.516
CD56'CD16*  0.424 0.008 0.101 0.547
CD56”9"CD16*  0.226 0.173 0.402 0.012
CcD56%™CD16*  0.342 0.065 0.201 0.226
CcD56™M"cD16™  -0.105 0.532 -0.002 0.991
CcD56%™CD16”  0.222 0.181 -0.027 0.873

Significant results highlighted in red. CM: central memory, TM: transitional memory, EM: effector memory,
TD: terminally differentiated.
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4.3.5 Activated cells, ethnicity and CCRS and CXCR®6 expression

HIV-1 disease progression is linked to increased expression of activation markers and activated
CD4+ T cells have been shown to have elevated levels of CCRS5 expression (204,205). CCRS and
CXCRG6 expression were assessed to determine if there was an increase in expression on activated
cells in our population groups, using HLA-DR as a marker for activation. HLA-DR is a marker for
activation on T cells and NK cells (206,207). HLA-DR is constitutively expressed on B cell and
monocytes. HLA-DR on monocytes is upregulated in HIV-infection and is most expressed on the

intermediate subset (208).

It was initially determined if the percentage of HLA-DR+ cells differed between black and white
South Africans on the gross cell subsets studied (Figure 4.9). Black South Africans had a
significantly lower percentage of HLA-DR+ CD4+ T cells compared to white South Africans
(p=0.008; Figure 4.9a). CCR5 and CXCR6 expression on HLA-DR+ and HLA-DR- cells was

subsequently compared for all cell subsets (Figure 4.10).
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Figure 4.9 - Graphs showing the percentage of HLA-DR+ (a) CD4+ T cells, (b) CD8+ T cells, (c) B cells,
(d) monocytes and (e) NK cells in black and white South Africans. Each symbol represents an individual.
Horizontal lines and error bars represent the median, 25th and 75th percentiles.

4.3.5.1 Expression differences on HLA-DR+ versus HLA-DR- cells

The frequency of CCRS5-expressing CD4+ T cells, CD8+ T cells, CD14+ monocytes and
CD56+ NK cells was significantly higher among HLA-DR+ compared to HLA-DR- cells in both
the black and white population groups (p<0.0001 for all comparisons except CD8+ T cells - black:
p=0.0001, white: p=0.005). The frequency of CXCR6-expressing CD4+T cells,
CD14+ monocytes and CD56+ NK cells was significantly higher in HLA-DR+ compared to HLA-
DR- cells in both the black and white population groups (p<0.0001 for CD4+ T cell and monocyte
comparisons, p=0.045 [black] and p=0.029 [white] for NK cell comparison — refer to Figure 4.10).
The frequency of CXCR6-expressing CD8+ T cells showed no difference between HLA-DR+ and
HLA-DR- subsets.
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CCRS density was significantly higher on HLA-DR+ compared to HLA-DR- CD4+ T cells only
in white individuals (p=0.003; Figure 4.10a), CD14+ monocytes (black: p=0.0001, white:
p<0.0001; Figure 4.10d) and NK cells (p<0.0001 for both population groups; Figure 4.10e).
CXCRG6 density did not differ between HLA-DR+ and HLA-DR- cells on any cell subset.

The percentage of CCRS- and CXCR6-expressing B cells was lower among HLA-DR+ compared
to HLA-DR- cells for both population groups (p<0.0001 for all comparisons except CXCR6 black
individuals [p=0.005]; Figure 4.10c). CCRS density was significantly lower on HLA-DR+ B cells
compared to HLA-DR- B cells in white individuals only (p=0.002).

4.3.5.2 Expression differences between population groups

Black individuals had significantly lower CCRS density on HLA-DR+ CD4+ T cells compared to
white individuals (p=0.007) and had significantly lower CCRS5 density on HLA-DR+ and HLA-
DR- CD8+ T cells compared to white individuals (p=0.023 and p=0.031, respectively; Figure
4.10b). When assessing B cells, black individuals had significantly lower CCRS5 density on HLA-
DR- B cells compared to white individuals (p=0.010; Figure 4.10c). Results from monocytes
showed that compared with white individuals, black individuals had a significantly lower
percentage of CCRS5-expressing HLA-DR- CD14+ monocytes (p=0.046) and significantly lower
CCRS and CXCR6 density on HLA-DR+ monocytes compared to white individuals (p=0.045 and
p=0.009, respectively; Figure 4.10d).
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Figure 4.10 - CCR5 and CXCR®6 expression on HLA-DR* and HLA-DR" lymphocyte subsets in black and
white South African individuals. The frequency (left column) and density (right column) of CCR5 and CXCR6
expression is shown on HLA-DR+ and HLA-DR- (a) CD4+ T cells, (b) CD8+ T cells, (c) CD19+ B cells, (d)
CD14+ monocytes and (e) CD56+ natural killer cells. Each symbol represents an individual. Horizontal lines
and error bars represent the median, 25th and 75th percentiles.
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4.3.5.3 Activated CD4+ and CD8+ T cells correlated with CCRS and CXCR6 expression

To assess the relationship between activation (measured by HLA-DR percentage expression on
both CD4+ and CD8+ T cells) and CCR5 and CXCR6 expression (both as percentage-expressing
cells and density), these variables were correlated. Results are depicted as heatmaps in Figure 4.11
and Figure 4.12. It is interesting to note, upon visual inspection of the heatmaps, that the two
populations showed differences in correlations (positive vs negative) in a number of cell subset

comparisons.

With regards to CCRS expression, HLA-DR expressing CD4+ T cells positively correlated with
percentage of CCRS5-expressing naive CD8+ T cells in black individuals and in the total group
(R=0.542, p=0.025 and R=0.381, p=0.018, respectively) and negatively correlated with percentage
of CCR5-expressing CD56€" NK cells in black individuals (R=-0.498, p=0.042; Figure 4.11).
HLA-DR expressing CD4+ T cells positively correlated with CCRS density on transitional memory
CD4+ T cells in white individuals (R=0.452, p=0.040) and negatively correlated with CCRS5
density on effector memory CD4+ T cells in black individuals (R=-0.551, p=0.022). HLA-DR
expressing CD4+ T cells positively correlated with CCRS density on total CD56+ NK cells (white:
R=0.444, p=0.044; total group: R= 0.438, p=0.006), CD56%™ NK cells (total group: R=0.430,
p=0.007), CD56"CD16" NK cells (white: R=0.476, p=0.029) and CD56%™CD16* NK cells (white:
R=0.553, p=0.009; total group: R=0.381, p=0.018).

Significant negative correlations were observed between HLA-DR+ CD4+ T cells and the
percentage of CXCR6-expressing CD14+CD16+ monocytes in the total group (R=-0.351,
p=0.031) and CXCRG6 density on terminally differentiated CD8+ T cells and total CD56+ NK cells
in black individuals (R=-0.483, p=0.049 and R=-0.586, p=0.013, respectively) and
CD14*CD16€" monocytes in white individuals (R=-0.561, p=0.008). Refer to Figure 4.11.
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Figure 4.11 - Heatmap showing correlations between % HLA-DR+ CD4+ T cells and CCR5 and CXCR6
expression on CD4+ T cells and subsets CD8+ T cells and subsets, CD19+ B cells, CD14+ monocytes
and subsets and CD56+ NK cells and cell subsets. Correlations are shown for both frequency of
expression (left 2 columns) and density (right 2 columns). The darker the colour, the stronger the
correlation. * p<0.05; ** p<0.01; *** p<0.001. CM: central memory, TM: transitional memory, EM: effector
memory, TD: terminally differentiated.
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HLA-DR expressing CD8+ T cells positively correlated with percentage of CCR5-expressing naive
CD4+ T cells (R=0.495, p=0.043), naive CD8+ T cells (black: R=0.498, p=0.042; total group:
R=0.332, p=0.041) and terminally differentiated CD8+ T cells in black individuals (R=0.630,
p=0.007; Figure 4.12). HLA-DR expressing CD8+ T cells also positively correlated with CCRS5
density on total CD4+ T cells (white: R=0.466, p=0.033; total group: R=0.405, p=0.012) and
transitional memory CD4+ T cells in white individuals (R=0.522, p=0.015). In black individuals
only, HLA-DR expressing CD8+ T cells positively correlated with CCRS5 density on CD14+
monocytes (R=0.495, p=0.043), CDI4"CD16" monocytes (R=0.544, p=0.024) and
CD14*CD16" monocytes (R=0.591, p=0.013). HLA-DR expressing CD8+ T cells also
positively correlated with CCRS density on total CD56+ NK cells (white: R=0.515, p=0.017; total
group: R=0.406, p=0.011), CD56"¢"* NK cells (white: R=0.524, p=0.015), CD56%™ NK cells (total
group: R=0.343, p=0.035) and CD56%™CD16" (white: R=0.490, p=0.024).

With regards to CXCR6 expression, HLA-DR expressing CD8+ T cells negatively correlated with
percentage of CXCR6-expressing terminally differentiated CD4+ T cells (white: R=-0.463,
p=0.035; total group: R=-0.327, p=0.045) and B cells in black individuals only (R=-0.608,
p=0.010). HLA-DR expressing CD8+ T cells positively correlated with percentage of CXCR6-
expressing CD56¢"CD16" NK cells (white: R=0.437, p=0.048) and CD56%™CD16" NK cells
(white: R=0.537, p=0.012; total group: R=0.405, p=0.012). In white individuals, HLA-DR
expressing CD8+ T cells negatively correlated with CXCR6 density on CD14*CDI16 it
monocytes (R=-0.445, p=0.043) and positively correlated with CXCR6 density on CD56%™
(R=0.551, p=0.010) and CD56"CD16" NK cells (R=0.505, p=0.019). Refer to Figure 4.12.
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Figure 4.12 - Heatmap showing correlations between % HLA-DR+ CD8+ T cells and CCR5 and CXCR6
expression on CD4+ T cells and subsets CD8+ T cells and subsets, CD19+ B cells, CD14+ monocytes and
subsets and CD56+ NK cells and cell subsets. Correlations are shown for both frequency of expression (left
2 columns) and density (right 2 columns). The darker the colour, the stronger the correlation. * p<0.05; **
p<0.01; *** p<0.001. CM: central memory, TM: transitional memory, EM: effector memory, TD: terminally

differentiated.
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4.3.6 Summary of findings

The majority of significant findings from this portion of the study showed a lower expression of
both CCRS5 and CXCR6 in black individuals compared to white individuals. Interestingly, CXCR6
density did not differ significantly between groups on any cell type. A summary of all significant
population-specific expression differences and correlations of CCR5 and CXCR6 expression is
shown in Figure 4.13. We did not perform corrections for multiple comparisons because of our
small sample size. Therefore, significant results may fall away post correction. Studies with bigger

sample sizes will be beneficial in determining true significance.
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Figure 4.13 - Summary of significant ethnic differences with regards to CCR5 and CXCRG6 expression, ratios
of CCR5 to CXCRG6 expression and correlations of CCR5 and CXCRG6 expression on CD4+ T cell subsets,
CD8+ T cell subsets, B cells, monocyte subsets and NK cell subsets. R values are shown for significant
correlations. CM: central memory, TM: transitional memory, EM: effector memory, TD: terminally
differentiated.
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4.4 Discussion

CCRS5 and CXCR6 expression (frequency and density) was assessed in black and white HIV-1-
uninfected individuals with South African ancestry to provide important reference knowledge with

regards to potential population-specific differences in HIV-1 control.

Here we found significant differences in CCRS5 and CXCR6 expression between healthy black and
white South African individuals, a relationship between CCRS5 and CXCR6 expression on certain
cell subsets, and correlations between HLA-DR+ CD4+ and CD8+ T cells and CCR5 and CXCR6
expression. This work builds on a previous study from our research group (195) which found
striking differences in both cell activation and CCRS expression between South African black and
white healthy controls. In this study, a different healthy cohort was assessed and both CXCR6
expression and CCRS expression was investigated on CD4+ and CD8+ T cells and subsets, CD19+
B cells, CD14+ monocytes and subsets and CD56+ NK cells and subsets.

CCRS expression impacts HIV-1 acquisition and disease progression in multiple ways; it
influences cell entry and infection as an HIV-1 coreceptor and also functions as an important
immune modulatory protein (209,210). Low CCRS5 expression levels correlate with a reduced
ability to infect T cells with macrophage-tropic HIV-1, in vitro (95,105). Central memory CD4+ T
cells with high CCRS density associated with a rapid progression of HIV-1 (100). Increased CCRS5
density at the surface of CD4+ T cells was shown to associate with higher viral loads and faster
disease progression in HIV-1-infected persons and had an effect on the post-entry efficiency of RS
HIV-1 infection (104). While nearly all HIV-1 strains use CCRS5 and/or CXCR4, the low
pathogenic SIVsmm strain uses CXCR6 a major coreceptor (122—-124).

Expression of CXCR6 has been detected on a variety of cells including natural killer (NK),
dendritic, activated T cells and NKT cells (125,126). CXCR®6 is a marker for effector T cells
(127,128) and promotes homing of lymphocytes to extra-lymphoid tissue (129). CXCR6 and its
ligand CXCL16 play an important role in T-cell trafficking and cell to cell contact during

inflammation (130).

Emphasizing the importance of population-specific studies, we found multiple significant
differences in constitutive CCR5 and CXCR6 expression on various cell types between black and

white South Africans.
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T cells

Prior to evaluating CCRS and CXCR6 expression on T cell subsets, differences in proportions of
T cell subsets between black and white South Africans was investigated. There was a trend towards
a significantly smaller proportion of naive CD4+ T cells in black individuals compared to white
individuals. A significantly higher proportion of terminally differentiated CD8+ T cells was seen
in black individuals compared to white individuals. This could potentially result in different

population-specific immune responses.

When analysing gross cell subsets, black and white individuals differed significantly with regards
to CCRS density on CD8+ T cells. This is in agreement with a previous study from our group
assessing a different cohort of South African healthy controls where black South Africans had a
significantly lower CCR5 density on CD8" T cells compared to white South Africans (195).
Assessment of CCRS expression on naive and memory T cell subsets showed that the percentage
of both CCR5-expressing CD4+ and CD8+ T cells increased with progressive T cell differentiation
in both the black and white population groups, which is in line with previously reported findings
where the differentiation state of T cells was shown to influence CCRS5 levels (95,211,212). CCRS5
expression was higher on memory subsets compared to naive subsets in our study. This finding
concurs with other studies that have shown that among memory cells, CCRS5 expression was higher

on effector memory compared to central memory T cells (95,211).

While we did not see a difference between populations with regards to CCRS expression on total
CD4+ T cells (a finding also seen in a previous study from our research group (195), when
evaluating expression on CD4+ T cell naive and memory subsets, some distinct differences were
seen. There was a significantly lower density of CCRS5 on naive and central memory CD4+ T cells

in black individuals compared to white individuals.

In both population groups, there was a higher frequency of CXCR6-expressing CD8+ T cells
compared to CD4+ T cells. This is in agreement with studies that investigated CXCR6 expression
on both human and sooty mangabey T cells (123,126,130). The frequency of both CXCR6-
expressing CD4" and CD8" T cells increased with progressive T cell differentiation in both the
black and white population groups, which is in line with previously reported findings where

CXCR6 expression was shown to be minimal on naive subsets with almost exclusive expression

99



on CD45RO" memory subsets (123,126,213). While no differences in CCR5 expression on CD8+
T cell subsets were seen with regards to ethnicity, we found significant differences in CXCR6
expression between the two population groups. In our study, there was a significantly lower
frequency of CXCR6-expressing naive and effector memory CD8+ T cells in black individuals

compared to white individuals.

The ratio of individuals’ CCR5 to CXCRG6 expression differed between population groups on CD8+
T cell subsets, monocyte subsets and NK cell subsets. It is interesting that both density and
frequency of CCRS5 expression significantly positively correlated with CXCR6 expression on
multiple subsets of CD4+ and CD8+ T cells. This provides insight into the possible relationship
between the two receptors. CC and CXC chemokines have previously been shown to synergise,
increasing leukocyte recruitment to areas of inflammation (214). Synergistic interactions between
chemokines may contribute to the enhancement and modification of inflammatory responses (215).
Since T cells are essential to immune responses, it is likely that differing expression of CCRS and
CXCR6 on these subsets in the different population groups may impact various disease outcomes

depending on ethnicity.
B cells

While we saw a strong trend towards lower CCRS density on B cells in black individuals compared
to white individuals in this study, the 2012 study from our research group showed black individuals
to have both a strongly significant higher frequency of CCR5-expressing B cells and significantly
higher CCRS5 density on B cells compared to white individuals (195). These contrasting results
highlight the importance of validation cohorts, and investigation of CCRS expression on B cells in
a larger cohort of healthy individuals with different ethnic backgrounds would be beneficial to build

on these findings.
Monocytes

In this study, black individuals had a significantly lower frequency of CCRS5-expressing
CD14*CD16 " monocytes compared to white individuals and while not significant, tended to
have lower CCRS5 expression on all monocytes subsets when compared with white individuals.

Similarly, previous work from our research group found that, when excluding individuals with
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CCR5432, a strong trend towards a lower frequency of CCRS-expressing monocytes in black

individuals compared to white individuals was found (195).

There was a strongly significant higher frequency of CXCR6-expressing CD14°CD16" monocytes
in black individuals compared to white individuals. CD14"CD16* monocytes display inflammatory
features and are recruited to sites of infection, where they then stimulate local and migrating
immune cell antiviral function, promote inflammation, and differentiate into macrophages and
dendritic cells (216,217). The inflammation and peripheral immune activation associated with
persistent HIV-1 infection results inan increase of circulating CDI14"CD16" and
CD14*CD16 " monocytes (218,219), with the degree of CD16+ monocyte expansion being
directly linked to the rate of disease progression (220). CD14"CD16" monocytes stimulate antiviral
Th1l immunity in infected tissue (217). When assessing ratios of CCR5 to CXCR6 expression on
monocytes, more black individuals had a lower ratio of percentage of CCRS-expressing
CD14'CD16" and CDI14'CD16" monocytes to CXCR6-expressing CDI14°CD16" and
CD14*CD16 " monocytes compared to white individuals. CCR5 expression did not correlate

with CXCR6 expression (frequency and density) on any monocyte subset.

Monocytes and macrophages critically influence HIV transmission and viral spread occurring early
in HIV-1 infection (220). In addition, chronically infected macrophages may provide a reservoir of
inducible HIV-1 provirus (221). Therefore, differences in CCRS5 and CXCR6 expression on these
cells would likely have an effect on the ability of an individual to control HIV-1. Whether CXCR6
expression on monocytes contributes to the infectivity of monocytes, and the implications thereof
on an HIV-1 reservoir, needs to be investigated further. It is important to determine whether the
higher percentage of CXCR6-expressing CD14°CD16" monocytes seen in black individuals
compared to white individuals is protective in the context of HIV-1 infection through a preferential
persistence of viraemia in CXCR6+ intermediate monocytes compared to CCR5+ monocytes,

which may lead to a less pathogenic outcome, as seen in SIVsmm.
NK cells

The expression of CCRS on NK cells has been found to play a significant role in both chemokinesis
of NK cells in response to cytokines as well as the redistribution of NK cells to areas of active viral

replication (222). Previous work from our research group showed significant population-specific
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differences with regards to CCRS5 expression on NK cells, with all except CD56¢" NK cells
having significantly different frequencies of CCRS5 expressing cells (black individuals had
significantly lower frequencies of CCR5-expressing CD56%, CD56%™ and CD56"CD16" NK cells
compared to white individuals) and all subsets, including total CD56+ NK cells, showing
significant differences with regards to CCRS density (black individuals had higher CCRS density

on all subsets compared to white individuals) (195).

Our study investigated CCR5 expression on these same subsets in addition to CD56"€"CD16",
CD564mCD16", CD56Ye"CD16" and CD564™CD16™ NK cell subsets. Black individuals in our
study had a significantly higher frequency of CCR5-expressing CD56¢"CD16" NK cells and a
significantly lower frequency of CCR5-expressing CD569%mCD16" NK cells compared to white
individuals. Furthermore, we did not find a significant difference between populations with regards
to CCRS expression on total CD56+ NK cells. The results from this study therefore seem to differ
slightly from the results seen in the 2012 study from our research group (195). With regards to
CXCR6 expression, we did not see any significant differences with either CXCR6 frequency or
CXCR6 density on any NK cell subset between population groups.

While CXCR6 expression (both frequency and density) was significantly higher on CD16- and
CDS56%ight compared to CD16+ and CD56%™ NK cell subsets, respectively, CCR5 expression
(frequency and density) was higher on CD16- compared to CD16+ subsets but only the frequency
of CCR5-expressing CD56"¢" and CD56*2"CD16" NK cells was higher than on the CD564™
counterparts. It has been shown that CCRS5 and CXCR6, among other chemokine receptors, were
expressed by higher percentages of CD56¢" NK cells than CD56%™ NK cells (223). Additionally,
it was shown that while there was a higher percentage of CCR5-expressing CD56¢ NK cells
compared to CD56%™ NK cells, CCRS5 density did not differ between subsets (195).

The CD56%™CD16°1¢" NK cells represent at least 90% of all NK cells in peripheral blood and are
therefore the major circulating subset (224). CD56%™CD16" NK cells are more cytotoxic, while
CD56EMCD16™ NK cells express the high-affinity interleukin-2 (IL-2) receptor CD25 and
subsequently exhibit pronounced proliferation after exposure to IL-2 with a resulting production of
greater amounts of cytokines (225). CD56¢" NK cells predominate in lymph nodes and sites of

inflammation (226).
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Our results add to the knowledge that CCRS5 and CXCR6 expression differs according to NK cell
subset and depending on ethnicity. Within the CD56"¢", CD56%™ CD16- and CD16+ NK cell
populations, the difference in CCRS5 and CXCR6 expression levels is likely to contribute to the
differential trafficking capacity of these subsets, which likely influences their functions in both

innate and adaptive immunity.
Immune activation and CCR5

Immune activation is a main driver of AIDS and non-AIDS linked morbidities in the course of
HIV-1 disease, with increased T cell activation being an independent predictor of HIV-1
progression (190-192). In addition, T cell activation can be used to differentiate pathogenic and
non-pathogenic SIV (155). There is a wide range of immune activation levels reported in
individuals (227). CCRS is not only a chemokine receptor but also a co-activation molecule
expressed at the surface of T cells (190). The activation state of CD4+ cells, as measured by HLA-
DR, has been shown to positively correlate with CCRS expression (99,228). With CCRS being
upregulated on NK cells in individuals with HIV-1 viraemia, this indicates that CCRS expression

is modulated by the immune activation accompanying viral infection and inflammation (229).

In our study, the frequency of CCRS5-expressing cells was higher among HLA-DR+ CD4+ and
CD8+ T cell subsets, monocytes and NK cells compared to HLA-DR- subsets across both
population groups, which is in agreement with what has been shown in other studies (228,230).
When comparing populations, black individuals had significantly lower CCRS density on HLA-
DR+ CD4+ T cells, HLA-DR+ and HLA-DR- CD8+ T cells and HLA-DR- B cells, and lower
CCRS and CXCR6 density on HLA-DR+ monocytes compared to white individuals. Black
individuals also had a significantly lower frequency of CCRS5-expressing HLA-DR- monocytes
compared to white individuals. What this may translate to with regards to HIV-1 control in black
individuals compared to white individuals is uncertain, but in a study from our research group
investigating CCRS5 expression and immune quiescence in black South African HIV-1 controllers,
CCRS5 density on HLA-DR+ CD4+ and CD8+ T cells was significantly lower than in healthy
controls (231), implying a protective effect of lower CCRS5 density on these subsets and a potential
increased likelihood of slower disease progression in black individuals compared to white

individuals.
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To assess the relationship between the frequency of HLA-DR-expressing CD4+ and CD8+ T cells
and CCRS5 expression in our population groups, correlation analyses were performed. Notably,
populations differed considerably with regards to correlations of expression on CD4+ T cells and
NK cells where black individuals tended to have negative correlations with HLA-DR+ CD4+ and
CD8+ T cells and expression and white individuals tended to have positive correlations. The
opposite was seen with regards to monocytes and CCRS5 density. There were multiple significant
associations on all cell types except B cells. Significant findings were mostly found with regards
CCRS density. When correlating the frequency of HLA-DR expressing CD4+ T cells with CCRS5
expression, the majority of significant results were in the white population group, whereas when
correlating the frequency of HLA-DR expressing CD8+ T cells with CCRS5 expression, the majority
of findings were in the black population group. Individuals of African descent have been shown to

have increased immune activation (185,187,232-234).

Multiple monocyte and NK cell subsets had a significant association between frequency of HLA-
DR-expressing CD4+ and CD8+ T cells and an increase in CCRS density, most notably on the
CD16+ subsets. Immune activation has been associated with an upregulation of CCRS5 expression

on NK cells (229).
Immune activation and CXCR6

The frequency of CXCR6-expressing cells was higher among HLA-DR+ CD4+ T cells compared
to HLA-DR- subsets (white individuals only) and in HLA-DR+ monocytes and NK cells compared
to HLA-DR- subsets across both population groups, while the frequency of CXCR6-expressing
CD8+ T cells showed no difference between HLA-DR+ and HLA-DR- subsets. CXCR6 density
did not differ between HLA-DR+ and HLA-DR- cells on any cell subset. The percentage of
CXCR6-expressing B cells was lower among HLA-DR+ compared to HLA-DR- expressing cells
for both population groups.

When investigating if activated HLA-DR+ CD4+ and CD8+ T cells correlated with CXCR6
expression, the black and white population groups tended to have different results on multiple cell
types. While activated CD4+ T cells tended to similarly correlate with frequency of CXCR6
expression on monocytes across population groups, when it came to CXCR6 density, in white

individuals, activated CD4+ cells significantly negatively correlated with expression on
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CD14*CD16" monocytes and showed a general pattern of negative correlation with CXCR6
expression, whereas activated CD4" T cells tended to positively correlate with CXCR6 density on
monocytes in black individuals. Activated CD4+ and CD8+ T cells tended to negatively correlate
with CXCR6 expression on NK cells in black individuals and positively correlate with CXCR6

expression on NK cells in white individuals.

Activated CD8+ T cells positively correlated with frequency of CXCR6 expression across both
population groups with multiple significant correlations, primarily in the CD56%™ and CD16"
subsets. It has been shown that CD56%™CD16" NK cells exhibit early and rapid IFN-y production
and cytolytic activity, necessary during the early phases of innate responses (235). The main
findings seen are with regards to CD8+ T cells, monocytes (specifically CD16+ monocytes) and
NK cells (primarily CD56%™ and CD16+ subsets), all cell types implicated in the Thl and
inflammation response. Since CXCR6 is associated with the recruitment of cells to areas of
inflammation (236,237), it is perhaps understandable that CXCR6 expression on these

inflammatory cell types correlates with activated T cells.

The percentage of CXCR6-expressing terminally differentiated CD8+ T cells and the percentage
of CXCR6-expressing NK subsets positively correlated with activated CD8+ T cells in both the
black and white populations, as well as in the combined group. The presence of increased
terminally differentiated T cells during HIV-1 infection are often suggestive of exhaustion, with a
resulting dysregulation of T cell homeostasis and function and a subsequent rapid progression of
HIV disease (238). It has been shown that CXCR6-expressing NK cells upregulate TNF-related
apoptosis-inducing ligand (TRAIL) (133). TRAIL has been found to be involved in the
pathogenesis of HIV-1 by causing CD4+ T cell death and was shown to be higher in the plasma of
people living with HIV-1 compared with uninfected individuals. Additionally, patients on ART
had decreased TRAIL levels in their plasma that correlated with a reduction in viral load (239).
CXCR6-expressing NK cells activated by antigenic exposure are targets of HIV-1 and are depleted
by R5-tropic HIV (125). NK cell activation is increased in people living with HIV-1 who progress
to AIDS, but not in elite and viraemic controllers (240). Hyperactivation of T cells, predominantly

of CD8+ T cells, is a hallmark of chronic HIV-1 infection (241).

A study on black South Africans from Soweto found a general homoegeneity of the group, with

the average level of admixture not hypothesised to significantly affect the outcome of disease
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association studies (242). White individuals in our study, while having a South African nationality,
may have varying ethnic backgrounds contributing to a potential genetic diversity and lack of
homogeneity in this group of controls, which is something to consider. Additionally, while age-
and sex-matched, sociodemographic factors may differ between groups. For example, previous
work from our research group (Shalekoff, unpublished data), demonstrated that significantly more
black South Africans were seropositive for human cytomegalovirus (HCMV) compared to white
individuals. While it is unclear whether the overburden of HCMV in non-white population groups
is due to socioeconomic factors or host genetics, this may have implications for our study findings,
since cellular activation level differences could be attributed to the effect of sociodemographic

factors versus ethnicity alone.

This study gives novel insight into constitutive CCRS5 and CXCR6 expression levels on CD4+ and
CD8+ T cells, B cells, monocytes and NK cells in HIV-1-uninfected black and white South
Africans. While CCR5 and CXCR6 act as coreceptors for HIV-1 and SIV, they are also both
important molecules with regards to chemotaxis and are involved in both immune and
inflammatory responses. It is important to assess differential CCRS and CXCR6 expression on
multiple cell types in healthy individuals without the confounding effect of HIV-1 infection. There
were significant population-specific differences in expression levels of both CCRS5 and CXCR6
and multiple associations with cell activation and CCRS5 and CXCR6 expression. We also found
that CCRS and CXCR6 expression significantly correlated on multiple cell subsets. A deeper
understanding of the causes and implications of the variation seen in CCRS5 and CXCR6 expression
between population groups will help to further gain understanding into the role of CCRS and

CXCRG6, alone and in combination, in HIV-1 control, as well as in other diseases.
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CHAPTER FIVE

5. Influence of sex and age on CCRS and CXCRG6 expression in two ethnically distinct South

African population groups

5.1 Introduction

As outlined in Chapter 4, the CCRS and CXCR6 chemokines are involved in both the acquisition
and progression of HIV-1, HIV-2 and SIV. A variety of factors can affect the expression levels of
chemokines and their associated receptors, including sex and age. Multiple publications have
posited why sex should be considered in pre-clinical, clinical, and population research (243,244).
There are sex differences with regards to symptoms as well as clinical presentations of illness, the
reliability of diagnostic tests, and in the response to treatments (245). There is also sex bias at the
level of epigenetic marking and gene expression (246). Multiple studies have shown an effect of
sex on expression levels of chemokines and cytokines on various cell types in various pathologies
(247-249) and estrogen has been shown to increase CCR1 and CCRS5 expression and decrease

tumour-necrosis factor (TNF) production by CD4+ T cells (250).

Sex differences also impact HIV-1 disease progression (251-253). Females living with HIV-1, in
general, have higher levels of innate and adaptive immune responses than males (254). In SIV-
infected macaques, central memory CD4+ T cells from females differentially regulate a
significantly larger number of genes at day 4 post-infection when compared to males, with female
macaques having significantly higher levels of the CCL2, interferon—inducible T cell alpha
chemoattractant (I-TAC) and macrophage migration inhibitory factor (MIF) cytokines, suggesting
that early innate cytokine responses to SIV is skewed towards a more pro-inflammatory phenotype
in female macaques (255). In general, a larger proportion of HIV-1 controllers are female (256—
258). In a small cardiac study, women were found to have lower CCRS expression in peripheral
blood than men (259). Furthermore, the percentage of CCR5+ CD4+ T cells has been found to be
lower in untreated women living with HIV-1 compared to men, while the density of CCR5 on

CD4+ T cells was lower in HIV-1 uninfected women compared to men (260,261).

Using animal models, expression studies showed that aging could be associated with the expression
of'up to 75% of genes (262). In mice thymocytes, age-associated changes in the expression of genes

involved in T cell receptor signaling, antigen presentation and lymphocyte development and
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function have been identified, including an increased expression of CXCR4 and CXCR6 with age,
and a decrease in CCL25 (263). Aging has been associated with an increased CCRS expression on
T cells in mice and in humans (264,265) and CCRS5 expression was found to be significantly lower

in cord blood from children compared to adults (266-268).

Given the documented differences between sexes and the impact of age on expression levels, the
relationship between sex and age with regards to CCRS5 and CXCR6 expression in two HIV-1
uninfected ethnic population groups in South Africa was investigated. Background, constitutive
CCRS5 and CXCR6 expression on CD4+ and CD8+ T cells, CD19+ B cells, CD14+ monocytes and
CD56+ NK cells from both black and white healthy HIV-1-uninfected South Africans was assessed

and it was determined if sex and age affected expression levels.
5.2 Materials and Methods

5.2.1 Sample population

Refer to Chapter 2, Materials and Methods section 2.1. Briefly, healthy HIV-1-uninfected South

African black (n=17) and white (n=21) individuals were recruited and were age- and sex-matched.

5.2.2 Flow Cytometry

CCRS5 and CXCR6 expression on CD4+ and CD8+ T cells, CD19+ B cells, CD14+ monocytes and
CD56+ NK cells for each individual were determined as described in Chapter 2, Materials and

Methods section 2.7 and assessed as outlined in Materials and Methods section 2.9.

5.2.3 Statistical analyses

Statistical analyses were performed as described in Chapter 2, Materials and Methods section 2.10.
5.3 Results

5.3.1 Sex differences

The influence of sex on CCRS5 and CXCR6 expression on all cell subsets was investigated and a
summary of significant findings can be seen in Figure 5.1. Of the few significant results, p values
were not high enough to survive correction for multiple comparisons. Tables 5.1 — 5.4 show all

results.
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5.3.1.1 CCRS expression and sex

Results noticeably varied depending on the population group studied. The only finding in the black
population group was a higher percentage of CCR5-expressing central memory CD8+ T cells in
males compared to females, which was replicated in the total group findings (p=0.008 and p=0.015,
respectively; Table 5.1). Although not significant in white South Africans, males still had a higher
median percentage of CCRS5-expressing central memory CD8+ T cells (35.7%) compared to
females (23.5%). In the total group, the percentage of CCRS5-expressing terminally differentiated
CD8+ T cells was higher in females compared to males (p=0.019; Table 5.1). While this finding
did not reach significance in the individual population groups, there was a trend towards a higher
percentage of CCRS-expressing terminally differentiated CD8+ T cells in females compared to
males in black and white individuals (p=0.093 and p=0.072, respectively; Table 5.1). Males had a
higher percentage of CCR5-expressing CD56€"CD16- NK cells compared to females in the white
population group (p=0.016; Table 5.1). CCRS5 density did not differ on any cell subset with regards
to sex (Table 5.2).

5.3.1.2 CXCR6 expression and sex

All significant findings assessing age and CXCR6 expression were seen in the white population
group. In white individuals, males had a significantly increased percentage of CXCR6-expressing
B cells (p=0.036; Table 5.3), naive (p=0.024; Table 5.3), transitional memory (p=0.043; Table 5.3)
and effector memory (p=0.029; Table 5.3) CD4+ T cells compared to females, and an increased
CXCR6 density on terminally differentiated CD4+ T cells (p=0.036; Table 5.4). Females had a
significantly increased percentage of CXCR6-expressing transitional memory CD8+ T cells

compared to males (p=0.029).
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Effect of sex on CCR5 and CXCR6 expression

Frequency of Frequency of
Cell subset CCR5- CCRS5 density CXCR6- CXCR6 density
expressing cells expressing cells
Total CD4+ T cells
Naive 1 males
CM
™ 1 males
EM 1 males
™ 1 males
Total CD8+ T cells
Naive
CM 1 males
™ 1 females
EM

™ 1 females
Total CD19+ B cells 1 males

Total CD14+ monocytes
CD14*CD16
cD14*cD16"

CD14*CD16™"

Total CD56+ NK cells

CD56bright

CD56%™

CD56°CD16"

CD56™"CD16*

cDp56%™CD16"*
cbs6™"cp16” . 1 males

CD56°™CD16"

Black individuals and total group
White individuals
Total group

Figure 5.1 - Summary of significant sex effects on CCR5 and CXCR6 expression on total CD4+ T cells
and naive, central memory (CM), transitional memory (TM), effector memory (EM), and terminally
differentiated (TD) CD4+ T cell subsets, total CD8+ T cells and naive, central memory (CM), transitional
memory (TM), effector memory (EM), and terminally differentiated (TD) CD8+ T cell subsets, CD19+ B
cells, total CD14+ monocytes and monocyte subsets and total CD56+ NK cell subsets.
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Table 5.1 - Percentage of CCR5-expressing cells differences by sex.

Median percentage of CCR5-expressing cells

(IQR)
Black South Africans White South Africans Total Group
Female Male Female Male Female Male
Cell subset P value P value P value
(n=9) (n=8) (n=11) (n=10) (n=20) (n=18)
CD4+ T cells
13.4 14.7 12.6 12.6 12.7 13.7
Total CD4+ 0.963 0.557 0.553
(11.9-18.2)  (13.0-15.9) (9.8-14.2) (11.6-15.7) (10.0-16.5)  (11.8-16.0)
0.4 0.5 0.5 0.5 0.5 0.5
Naive 0.370 0.152 0.112
(0.3-0.6) (0.4-0.8) (0.4-0.5) (0.4-0.7) (0.4-0.6) (0.4-0.8)
7.6 8.8 7.6 8.8 7.6 8.8
CM 0.743 0.387 0.331
(6.8-11.1) (7.5-11.9) (6.8-10.2) (8.2-11.9) (6.7-11.3) (8.0-12.0)
™ 38.8 43.8 0.541 37.2 38.6 0.705 38.8 41.0 0.874
(25.9-44.9)  (32.8-48.4) ’ (35.0-44.5)  (28.0-45.4) ’ (33.4-45.9)  (31.9-46.8) ’
EM 62.4 62.2 0.481 60.6 64.7 0.809 61.5 62.9 0.460
(40.1-66.8)  (54.4-68.4) ’ (50.9-68.6)  (51.1-68.9) ’ (47.0-68.4)  (52.6-68.9)
™ 40.0 26.7 0.277 37.8 31.9 0.387 38.9 30.8 0.141
(25.9-46.5)  (10.5-36.1) ' (25.1-51.1)  (25.1-34.8) ’ (24.8-50.9)  (21.1-34.9) ’
CD8+ T cells
27.6 27.5 32.0 32.4 31.8 30.0
Total CD8+ 0.815 0.705 0.393
(24.9-39.9)  (19.7-33.1) (28.5-40.7)  (24.8-35.5) (25.4-41.6)  (22.1-35.5)
0.7 0.8 1.0 1.1 0.8 1.0
Naive 0.606 0.223 0.196
(0.6-1.0) (0.6-1.4) (0.8-1.1) (0.9-1.7) (0.6-1.1) (0.8-1.6)
26.0 37.2 23.5 35.7 25.7 36.4
CM 0.008 0.251 0.015
(24.4-30.2)  (31.6-44.7) (22.7-25.1)  (27.8-39.3) (22.7-33.1)  (31.4-43.4)
™ 74.7 73.7 0.815 72.4 60.2 0.061 74.5 69.8 0.119
(66.1-84.0)  (72.1-76.5) ’ (69.4-80.0)  (47.7-66.6) ’ (66.8-81.3)  (60.2-75.7) ’
EM 74.0 69.7 0.541 81.6 68.2 0.099 79.5 69.7 0.082
(49.3-83.4)  (56.1-76.6) ’ (70.8-86.9)  (54.3-78.7) ’ (61.8-86.7)  (54.0-77.9) ’
52.3 27.3 44.6 35.9 45.6 32.9
D 0.093 0.072 0.019
(32.9=60.1)  (21.1-46.7) (41.8-61.7)  (26.0-46.0) (36.6-60.9)  (23.3-47.7)
CD19+ B cells
1.2 2.0 1.2 1.3 1.2 1.4
Total CD19+ 0.606 0.468 0.534
(1.0-1.5) (1.1-2.6) (1.0-1.3) (0.9-1.6) (1.0-1.3) (1.0-2.2)
CD14+ monocytes
2.5 3.6 4.9 4.4 3.7 3.8
Total CD14+ 0.200 0.251 0.851
(1.7-4.6) (3.0-4.2) (2.8-6.6) (2.0-4.8) (1.9-6.1) (2.5-4.8)
2.2 2.9 4.4 3.7 4.1 3.2
CcD14'CD16" 0.481 0.132 0.409
(1.7-4.4) (2.4-4.4) (3.7-5.3) (1.9-4.3) (2.0-5.3) (2.3-4.4)
8.4 8.6 13.4 9.4 12.0 8.6
cb14*cD16* 0.888 0.197 0.346
(4.2-12.7) (6.1-11.6) (8.4-16.7) (5.5-13.0) (7.0-16.6) (5.8-11.9)
CD14%mCD1 oMM 10.3 9.9 0.888 18.6 12.3 0132 17.0 1.7 0.377
(3.5-17.1) (8.1-13.1) (14.7-23.3)  (10.0-18.6) (9.9-20.1) (8.5-14.6)
CD56+ NK cells
12.4 13.4 11.2 1.1 11.8 1.1
Total CD56+ 0.815 0.918 0.828
(6.4-21.0) (7.2-18.1) (8.0-14.9) (8.9-14.2) (7.3-18.0) (8.2-17.1)
. 33.8 25.8 20.6 19.9 211 20.3
CD56°"9nt 0.963 0.654 0.988
(11.8-36.1)  (14.8-37.1) (17.7-22.8)  (14.7-21.5) (16.5-32.8)  (13.9-32.7)
. 10.8 11.0 10.4 10.4 10.6 10.4
cD56dm 0.606 0.809 0.897
(6.5-20.2) (5.0-17.7) (6.2-13.6) (7.9-12.2) (6.3-15.2) (6.6-14.9)
6.7 9.2 6.8 5.8 6.8 5.8
cD56'CD16" 0.606 0.918 0.828
(5.0-19.3) (3.4-16.1) (2.4-7.2) (4.1-6.6) (3.4-8.7) (3.6-10.7)
. 14.4 12.2 5.8 7.8 71 8.0
cD56"cp16* 0.743 0.863 0.654
(6.9-26.6) (7.5-27.7) (5.0-12.1) (4.9-12.3) (5.2-15.1) (6.1-17.1)
7. 10.4 6. .0 6.8 .0
cD56%™cp16* 9 0 0.673 5 5 0.918 5 0.654
(5.8-24.2) (3.8-17.8) (2.6-7.5) (3.3-6.5) (3.1-9.6) (3.3-9.2)
. 22.9 26.3 23.9 38.8 23.4 36.5
CcD56"cp16” 0.481 0.016 0.067
(13.6-42.6)  (20.8-42.9) (21.0-32.4)  (33.8-41.5) (13.6-33.8)  (23.5-41.5)
dim ~ 19.2 24.3 27.2 36.5 26.3 28.7
CcD56“™CD16 0.481 0.251 0.217
(12.7-28.0) (17.0-29.4) (23.7-36.0) (27.8-46.1) (17.7-30.4) (22.4-38.4)

Where significant differences are observed (p<0.05), the highest value in the comparison is bolded and
shaded.
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Table 5.2 - CCR5 density differences by sex.

Median number of CCR5 molecules

(IQR)
Black South Africans White South Africans Total Group
Female Male Female Male Female Male
Cell subset P value P value P value
(n=9) (n=8) (n=11) (n=10) (n=20) (n=18)
CD4+T cells
681 720 758 805 737 762
Total CD4+ 0.888 0.705 0.806
(564-875) (651-756) (654-846) (686-887) (590-869) (652-807
. 373 307 405 396 382 363
Naive 0.815 0.863 0.740
(274-403) (240-381) (344-454) (351-446) (311-415) (282-410)
668 635 711 789 704 694
CM 0.888 0.918 0.806
(446-777) (546-688) (687-846) (676-836) (651-826) (591-812)
873 786 868 838 870 824
™ 0.277 0.973 0.377
(756-1045) (713-863) (784-1035)  (735-1063) (769-1046) (714-968)
1025 844 837 914 944 889
EM 0.236 0.973 0.409
(793-1115) (719-925) (807-1089)  (769-1099) (792-1130)  (745-1004)
731 546 748 648 740 590
D 0.481 0.251 0.133
(463-897) (526-632) (668-942) (579-917) (611-907) (532-834)
CD8+T cells
1017 971 1369 1219 1256 1034
Total CD8+ 0.963 0.468 0.303
(846-1258)  (883-1053) (1231-1484)  (939-1441) (998-1388)  (897-1257)
. 422 371 388 433 389 406
Naive 0.963 0.863 0.553
(299-439) (330-479) (371-407) (328-538) (353-423) (328-538)
929 849 1106 980 1058 930
CM 0.673 0.468 0.276
(630-1122) (750-938) (962-1236) (778-1096) (840-1179) (737-1060)
1150 1065 1469 1168 1435 1065
™ 0.743 0.085 0.099
(888-1463)  (1033-1225) (1298-1724)  (829-1439) (1097-1550)  (931-1411)
1138 1160 1540 1511 1508 1270
EM 0.888 0.705 0.534
(988-1579)  (1098-1363) (1405-1695)  (926-1731) (1110-1654)  (1006-1568)
684 590 740 714 737 672
D 0.370 0.387 0.251
(545-1006) (552-777) (683-889) (632-759) (649-964) (573-762)
CD19+ B cells
573 589 583 652 578 645
Total CD19+ 0.888 0.605 0.534
(463-633) (437-662) (508-763) (478-875) (465-637) (449-748)
CD14+ monocytes
596 592 726 636 666 601
Total CD14+ 0.673 0.314 0.346
(553-895) (570-701) (601-893) (574-733) (577-908) (572-727)
. } 539 613 615 589 594 607
CD14'cD16 0.423 0.468 0.942
(505-717) (557-677) (555-779) (531-661) (533-755) (543-667)
N . 603 743 792 795 784 761
CD147cD16 0.888 0.557 0.593
(538-992) (717-769) (705-916) (639-820) (596-979) (679-808)
" bright 495 616 759 631 747 622
CD14°™cD16""® 0.743 0.282 0.633
(474-791) (530-777) (623-985) (585-850) (495-970) (554-820)
CD56+ NK cells
365 347 392 413 378 384
Total CD56+ 0.815 0.468 0.675
(296-453) (306-399) (337-468) (381-507) (318-457) (329-459)
bright 338 361 354 416 353 399
CD56°"® 0.673 0.468 0.784
(312-485) (314-413) (330-440) (369-533) (323-463) (323-498)
di 370 366 402 428 377 369
CcD56°™ 0.963 0.863 0.897
(283-402) (307-373) (347-423) (342-479) (333-418) (325-470)
" . 334 297 363 344 349 328
CD56°cD16 0.963 0.605 0.718
(262-390) (278-377) (258-374) (297-389) (262-381) (290-389)
bright 305 331 369 333 342 333
CD56""8"cD16 1.000 0.349 0.478
(261-359) (241-369) (327-417) (281-403) (299-408) (254-383)
di . 302 299 333 335 313 324
CD56°"CD16 0.963 0.468 0.460
(285-329) (242-347) (254-349) (289-375) (260-338) (268-363)
bright . 369 502 405 476 396 476
CD56""¢"'cD16 0.815 0.809 0.675
(346-624) (335-579) (369-548) (348-499) (354-596) (323-544)
dim . 530 417 448 487 487 453
CD56°™cD16 0.541 0.512 0.264
(398-573) (402-498) (409-523) (370-526) (407-573) (384-526)
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Table 5.3 - Percentage of CXCR6-expressing cells differences by sex.

Median percentage CXCR6 expressing cells

(I1QR)
Black South Africans White South Africans Total Group
Female Male Female Male Female Male
Cell subset P value P value P value
(n=9) (n=8) (n=11) (n=10) (n=20) (n=18)
CD4+T cells
1.9 1.9 1.5 2.5 1.6
Total CD4+ 0.963 0.061 2.2 0.105
(1.3-2.2) (1.6-2.9) (1.2-1.8) (2.0-3.0) (1.2-2.0)
4 .3 .2 .4 .3
Naive 0 0 0.074 0 o 0.024 0 0.4 0.613
(0.4-0.8) (0.2-0.3) (0.2-0.3) (0.4-0.5) (0.2-0.5)
1.3 1.0 1.2 1.7 1.2
CM 0.541 0.099 1.3 0.478
(1.0-1.4) (1.0-1.2) (1.0-1.4) (1.3-2.0) (1.0-1.4)
9.0 8.8 6.9 9.0 8.0
™ 0.963 0.043 8.8 0.072
(6.2-11.3) (8.4-9.1) (5.7-8.3) (8.0-10.5) (5.8-9.1)
15.7 15.0 13.0 17.3 13.2
EM 0.963 0.029 16.6 0.141
(9.9-19.2) (10.6-21.3) (8.6-14.3) (14.1-23.7) (8.8-15.8)
5.3 5.5 4.3 6.1 4.8
D 0.370 0.557 6.1 0.874
(3.3-10.0) (1.4-9.1) (3.5-8.7) (5.0-9.9) (3.3-10.1)
CD8+T cells
7.0 8.0 12.4 10.2 10.6
Total CD8+ 1.000 0.152 8.9 0.377
(3.3-12.1) (4.4-10.6) (8.6-16.9) (5.8-12.2) (7.0-15.8)
. 0.4 0.4 0.7 0.8 0.6
Naive 0.963 0.314 0.7 0.460
(0.3-0.7) (0.3-0.7) (0.5-0.8) (0.6-0.9) (0.4-0.8)
4.4 4.0 2.9 3.3 3.3
CcM 0.673 0.468 3.3 0.784
(2.8-5.6) (2.5-5.3) (2.3-3.6) (2.6-3.7) (2.3-4.7)
24.8 20.0 25.0 19.0 25
™ 0.888 0.029 19.0 0.059
(13.4-31.9)  (14.8-35.3) (19.7-45.1)  (12.0-20.7) (18.2-41.1)
241 30.0 47.0 40.5 36.9
EM 0.888 0.314 32.4 0.409
(15.8-53.1) (13.3-38.1) (33.6-70.1) (25.9-54.3) (22.9-59.5)
14.9 6.2 6.6 6.6 10.5
TD 0.277 0.282 6.6 0.087
(3.1-24.2) (3.6-11.7) (5.6-13.5) (3.1-9.8) (4.9-16.9)
CD19+ B cells
0.7 0.5 0.4 0.9 0.6
Total CD19+ 0.236 0.036 0.8 0.346
(0.6-1.2) (0.4-0.8) (0.4-0.7) (0.8-1.0) (0.4-0.8)
CD14+ monocytes
0.4 0.5 0.5 0.5 0.4
Total CD14+ 0.074 0.512 0.5 0.082
(0.3-0.4) (0.5-0.6) (0.3-0.5) (0.4-0.6) (0.3-0.5)
. : 0.5 0.5 0.4 0.5 0.4
CD14"cD16 0.815 0.114 0.5 0.196
(0.4-0.5) (0.4-0.6) (0.3-0.5) (0.5-0.6) (0.4-0.5)
. 1.8 1.5 1.0 1.1 1.4
CD14°cD16 0.888 0.605 1.3 0.806
(1.4-2.0) (1.3-2.3) (0.9-1.4) (0.7-1.3) (1.0-1.9)
CD14%™cp16™e 8 -2 0.673 10 09 0.863 3 1.0 1.000
(1.2-1.7) (0.8-2.0) (0.7-1.9) (0.7-2.4) (0.8-1.7)
CD56+ NK cells
3.4 3.6 4.3 4.0 3.8
Total CD56+ 0.815 0.809 4.0 0.762
(2.3-6.4) (2.4-4.5) (3.5-5.0) (3.3-5.4) (2.8-5.6)
bright 9.1 10.2 14.4 10.9 11.9
CD56°"® 0.276 0.756 10.8 0.613
(4.0-14.2) (9.3-14.6) (9.5-15.5) (10.2-12.6) (8.7-15.5)
dim 3.4 2.9 3.4 3.2 3.4
CD56 0.481 0.809 3.1 0.654
(2.6-4.5) (2.0-3.5) (2.6-4.0) (2.8-4.6) (2.6-4.4)
. 2.7 2.4 2.3 2.1 2.5
CD56°cD16 0.541 0.809 21 0.718
(1.9-4.0) (1.6-3.0) (1.8-3.1) (1.9-3.9) (1.9-3.3)
brght o n t 3.6 4.8 5.3 5.5 5.1
CD56 CD16 0.815 0.605 5.4 0.696
(1.8-7.6) (3.6-6.1) (4.5-6.7) (4.8-7.2) (3.6-7.1)
dim . 2.2 2.2 2.0 2.3 2.1
CD56°™cD16 0.606 0.387 2.3 0.851
(1.7-3.6) (1.7-2.6) (1.7-3.2) (2.0-3.8) (1.7-3.3)
bright ) 11.1 22.8 18.7 17.9 17.2
CD56°"¢"'cD16 0.200 0.863 19.0 0.264
(7.3-19.9) (15.6-30.5) (15.3-22.9) (14.8-22.5) (10.8-22.8)
dim ) 7.1 6.6 6.7 6.4 7.0
CD56°™cD16 0.673 0.973 6.5 0.828
(4.6-10.0) (4.5-9.0) (5.1-8.7) (5.0-9.7) (4.7-9.5)

Where significant differences are observed (p<0.05), the highest value in the comparison is bolded and
shaded.
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Table 5.4 - CXCRG6 density differences by sex.

Median number of CXCR6 molecules

(1QR)
Black South Africans White South Africans Total Group
Female Male Female Male Female Male
Cell subset P value P value P value
(n=9) (n=8) (n=11) (n=10) (n=20) (n=18)
CD4+ T cells
976 819 859 912 874
Total CD4+ 0.370 0.282 893 0.942
(831-1156) (705-1052) (808-900) (857-953) (818-1009)
B 467 427 482 493 474
Naive 0.888 0.282 484 0.534
(429-501) (347-612) (443-540) (474-596) (438-516)
672 609 667 710 670
CM 0.815 0.282 676 0.573
(561-692) (554-699) (576-727) (636-810) (572-721)
875 695 720 761 763
™ 0.200 0.756 759 0.496
(745-1149) (595-901) (637-791) (732-796) (666-936)
729 742 698 865 713
EM 0.888 0.251 771 0.426
(646-990) (684-858) (617-811) (754-893) (630-874)
561 488 587 982 581
D 0.321 0.036 925 0.377
(506-991) (270-956) (445-794) (855-1336) (484-888)
CD8+ T cells
944 680 815 857 829
Total CD8+ 0.236 0.557 796 0.553
(770-1071) (574-1042) (688-856) (690-895) (725-1021)
. 504 429 459 473 462
Naive 0.481 0.314 460 0.806
(448-531) (359-539) (360-481) (450-536) (401-524)
633 557 662 643 633
CM 0.321 0.973 598 0.613
(570-753) (496-705) (535-859) (579-786) (557-831)
794 698 719 701 767
™ 0.200 0.863 701 0.426
(719-1010) (471-806) (626-792) (588-817) (645-829)
785 776 739 725 741
EM 0.743 0.605 760 0.573
(677-954) (554-885) (712-843) (573-803) (687-854)
521 497 519 454 519
TD 0.200 0.197 477 0.063
(514-759) (404-527) (448-531) (367-485) (477-550)
CD19+ B cells
444 428 470 506 456
Total CD19+ 0.606 0.756 450 0.874
(399-457) (385-460) (438-495) (413-525) (424-481)
CD14+ monocytes
1335 1529 1814 1491 1624
Total CD14+ 0.963 0.223 1502 0.393
(1216-1679)  (1171-1688) (1450-2081)  (1369-1684) (1261-1955)
. . 1123 1364 1428 1349 1235
CD147cp16 0.321 0.512 1352 0.851
(1038-1287)  (1133-1478) (1130-2112)  (1181-1477) (1064-1574)
N . 1153 1259 1802 1535 1529
CD14°cD16 0.606 0.654 1327 0.593
(1116-1922)  (1104-1396) (1157-2254)  (1320-1739) (1116-2185)
dim bright 1140 1216 1407 1231 1278
CD14“™cD16""® 0.743 0.863 1231 0.696
(1081-1419)  (725-1598) (1026-1690)  (1046-1777) (1052-1617)
CD56+ NK cells
762 641 846 848 804
Total CD56+ 0.321 0.973 814 0.393
(708-961) (637-739) (705-885) (814-877) (705-942)
brght 1242 925 927 1010 985
CD56°"¢ 0.093 0.426 989 0.426
(910-1331) (838-1024) (893-1034)  (956-1119) (901-1263)
d 760 572 664 700 676
cD56°™ 0.277 0.605 661 0.460
(638-852) (538-665) (585-740) (649-773) (599-798)
NN 740 591 635 668 650
CD56°CD16 0.321 0.557 631 0.654
(560-803) (515-632) (570-716) (611-709) (554-770)
bright 866 619 708 620 732
CD56°""'cD16 0.114 0.654 629 0.141
(647-1074) (490-757) (661-813) (610-850) (651-901)
i 725 549 588 612 603
CD56°™cD16 0.321 0.557 599 0.573
(564-814) (483-621) (566-654) (580-680) (563-732)
bright ) 1040 1015 1029 1199 1034
CD56°"¢"'cD16 0.673 0.282 1135 0.675
(875-1281) (851-1191) (964-1170)  (950-1284) (915-1222)
di . 918 757 864 857 892
CD56°™cD16 0.815 0.809 812 0.675
(669-1083) (725-908) (798-943) (771-1039) (770-1030)

Where significant differences are observed (p<0.05), the highest value in the comparison is bolded and
shaded.
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5.3.2 Age effects

The age range of participants in our study was broad, ranging from 25 to 63 years of age, allowing
us to investigate the relationship between CCRS and CXCR6 expression and age on all cell subsets

studied (Figure 5.2).

5.3.2.1 CCRS expression and age

Older age associated with a significantly lower frequency of CCRS5-expressing CD4+ T cells in
black individuals (R=-0.522, p=0.032) and in the total group (R=-0.355, p=0.029). All other
significant associations were seen in the white population group only and, except for older age
associating with a higher percentage of CCR5-expressing CD8+ T cells (R=0.518, p=0.016), older
age associated with lower CCRS5 expression for all significant findings. Older age strongly
associated with a lower percentage of CCRS-expressing total CD56+ NK cells (R=-0.583,
p=0.006), CD56%™ NK cells (R=-0.600, p=0.004), CD56"CD16" NK cells (-0.639, p=0.002),
CD56EMCD16" NK cells (R=-0.561, p=0.008) and CD569mCD16* NK cells (R=-0.607, p=0.004),
and a lower CCRS5 density on CD56"€" NK cells (R=-0.479, p=0.028) and CD56%™CD16" NK
cells (R=-0.522, p=0.015).

5.3.2.2 CXCR6 expression and age

Again, significant findings were primarily seen in the context of white individuals. Older age
associated with a significantly lower frequency of CXCR6-expressing naive CD4+ T cells (R=-
0.494, p=0.023), CD56"CD16" NK cells (R=-0.589, p=0.005) and CD56%™CD16" NK cells (R=-
0.668, p=0.0009), and associated with a higher percentage of CXCR6-expressing naive CD8+ T
cells (R=0.500, p=0.021). In the total group, older age associated with a significantly lower
frequency of CXCR6-expressing total CD4+ T cells (R=-0.323, p=0.048), effector memory CD4+
T cells (R=-0.355, p=0.029) and CD56%™CD16" NK cells (R=-0.336, p=0.039), and associated
with a higher percentage of CXCR6-expressing naive CD8+ T cells (R=0.487, p=0.002).

With regards to CXCR6 density, all significant findings associated older age with a decreased
density (Figure 5.2). The only finding in black individuals was on effector memory CD4+ T cells
(R=-0.518, p=0.033). In white individuals, older age associated with lower CXCR6 density on
naive CD8+ T cells (R=-0.495, p=0.022), central memory CD8+ T cells (R=-0.533, p=0.013),
CD56'CD16" NK cells (R=-0.471, p=0.031), CD56*¢"CD16* NK cells (R=-0.469, p=0.032) and
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CD56%mCD16" NK cells (R=-0.453, p=0.039). Total group findings were on total CD8+ T cells
(R=-0.366, p=0.024), naive CD8+ T cells (R=-0.437, p=0.006) and central memory CD8+ T cells
(R=-0.387, p=0.016). Interestingly, while age associated with a significantly higher percentage of
CXCR6-expressing naive CD8+ T cells, age associated with a significantly lower CXCR6 density

on these same cells.

5.3.2.3 Comparing CCRS5 and CXCRG6 findings

Upon visual inspection of the heatmap, it is interesting to note some striking differences between
CCRS and CXCR6 findings. Whereas age tended to associate with a higher percentage of CCR5-
expressing monocytes and a higher CCRS density on monocytes across population groups, age
associated with a lower percentage of CXCR6-expressing monocytes and a lower CXCR6 density
on monocytes. On CD8+ T cells, age tended to associate with a higher CCRS density but a lower
CXCRG6 density. A consistent finding was age strongly associating with a lower CCRS and CXCR6

expression (both frequency and density) on NK cell subsets.
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Figure 5.2 - Heatmap showing correlations between age and CCR5 and CXCR®6 expression on (a) total
CD4+ T cells and naive, central memory (CM), transitional memory (TM), effector memory (EM), and
terminally differentiated (TD) CD4+ T cell subsets (b) total CD8+ T cells and naive, central memory (CM),
transitional memory (TM), effector memory (EM), and terminally differentiated (TD) CD8+ T cell subsets,
(c) CD19+ B cells, (d) total CD14+ monocytes and monocyte subsets and (e) total CD56+ NK cell subsets.
Correlations are shown for both frequency of expression (left 2 columns) and density (right 2 columns). The
darker the colour, the stronger the correlation. * p<0.05; ** p<0.01; *** p<0.001. darker the colour, the
stronger the correlation. * p<0.05; ** p<0.01; *** p<0.001.
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5.4 Discussion

Females tend to mount stronger innate and adaptive immune responses than males, which results
in a faster clearance of pathogens, but also contributes to an increased susceptibility to
inflammatory and autoimmune diseases (269). Following stimulation of peripheral blood
mononuclear cells (PBMCs) in vitro, women were found to have a higher number of activated
CD4+ and CD8+ T cells compared to men (270,271). In women, CD4+ and CD8+ T cells had a
significantly higher level of immune activation-associated phenotypes in peripheral blood and in
gut associated lymphoid tissue (271). While HIV-1 loads in untreated women are up to 40% lower
than those in males, the higher immune activation seen in women is linked to the subsequent faster
disease progression and premature aging observed in chronically infected women, compared with

men, for the same level of viral replication (251,272).

Sex differences had a minimal impact on CCRS expression. Where there were differences, results
were population-specific and primarily observed on the CD8+ T cell subsets. No differences were
seen with regards to CCRS density on any cell type. In the total group, females had a higher
frequency of CCR5-expressing terminally differentiated CD8+ T cells compared to males. Since
CCRS5 is an indicator of activation on CD8+ T cells, this finding could be as a result of increased
immune activation seen in women compared to men. However, in black individuals, females had a
significantly lower frequency of CCR5-expressing central memory CD8+ T cells compared to
males, which was also reflected in the total group due to the strength of the finding in the black
population. White females had a significantly lower percentage of CCRS-expressing
CD56™e"CD16 NK cells compared to white males.

Sex differences were observed predominantly in the frequency of CXCR6-expressing cells rather
than CXCRG6 cell density and only in the white population group. Males had a higher frequency of
CXCR6+ CD4+ T cells (naive, transitional memory and effector memory), postulated to be
protective in HIV-2 and SIV pathogenesis (122,123), and had a lower frequency of
CXCRO6+ transitional memory CD8+ T cells compared to females. It has been shown in peripheral
blood that 35-56% of CXCR6+ CD4+ T cells are type 1 helper (Thl) cells and 60-65% of
CXCR6+ CDS8+ T cells are type 1 cytotoxic (Tcl) cells, with very few CXCR6+ cells being type
2 cells (213). Th1 and Tcl cells, as well as NK cells, secrete interferon-y (IFN-y) and Tcl cells kill

target cells by releasing cytotoxic molecules, such as granzymes and perforin, into the
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immunological synapse (273—-277). Almost all CXCR6+ Tcl cells have the cytotoxic effector
phenotype (213). CXCR6+ CD4+ T cells have been shown to be responsible for the production of
the inflammatory Thl and Thl7 effector cytokines, mediating chronic inflammatory responses

(278).

Many studies have failed to address sex differences in HIV-1 acquisition and progression. In this
study, sex differences had an impact on CCRS and CXCR6 expression, however this varied across
the two population groups studied. It would be interesting to know whether these population-
specific sex differences in CCRS and CXCR6 expression translate into differential HIV-1 control

between the two population groups.

Progression to AIDS tends to occur significantly faster in older infected individuals (279,280).
Aging has previously been linked with an increased CCRS expression on T cells in both mice and
humans (264-266,281). In black individuals, aging was associated with a significant decrease in
the frequency of CCR5-expressing CD4+ T cells, which was unexpected. However, due to our
small sample size, it is hard to draw conclusions as to whether this is due to true ethnic differences

without assessing this finding in bigger cohorts.

The percentage of CCRS expression on CD8+ T cells has been shown to increase with age in the
peripheral blood, lymph node, spleen, and mucosal gut-associated lymphoid tissues, likely in
response to antigen exposure, inflammation, or maturation of immune responses(282). In white
individuals, as well as in the total group, aging associated with an increase in the frequency of
CCRS-expressing CD8+ T cells. In agreement, this was also shown previously in a study by our
group in another cohort of healthy controls, however only in the combined black and white

population group (195).

Aging has been found to increase the population of CD56%™CD16* NK cells while decreasing
functional capacity and further contributing to systemic inflammation (283) and a recent study
found a disruption of natural killer cell homing in aging individuals living with or without HIV-1
(284). In our study, only in white individuals, aging strongly significantly associated with a lower
frequency of CCRS5-expressing NK cells (CD56%™ CD56'CD16%, CD56€"CD16" and
CD56%mCD16" NK cells), and with a lower CCR5 density on CD56#" and CD56%™CD16" NK

cells. Since CCRS5 expression on NK cells has been shown to integrally impact chemokinesis of
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NK cells in response to cytokines in addition to redistributing NK cells to areas of active viral
replication (222), the lower CCRS expression seen on NK cells of older individuals in our study
could represent a mechanism of NK cell homing disruption in older individuals. Older individuals
also exhibit decreased NK cell activity, which has been shown to be associated with an increased
incidence and severity of multiple diseases (285,286). How these population-specific results

translate to potential variable HIV-1 control across ethnicities requires further investigation.

In our study, aging affected CXCR6 expression on all cell types except for B cells and
CD14+ monocytes. In both population groups and in the combined group, older age was inclined
to correlate with lower CXCR6 expression except on CD8+ T cells, where older age correlated
with a higher frequency of CXCR6-expressing naive CD8+ T cells (the opposite was seen with
regards to CXCR6 density on CD8+ T cells). This result only reached significance in the white
population group and in the total group. In agreement with these results, circulating
CXCR6+ CD8+ T cells have been shown to significantly increase with advancing age (287). An
increased frequency of CXCR6+ CD8+ T cells in older individuals may be indicative of a pro-
inflammatory phenotype, potentially rendering this group susceptible to hyper-inflammatory
immune responses, harmful with regards to HIV-1 acquisition since lower levels of immune
activation are strongly associated with resistance to HIV in people without HIV-1 who are exposed

to HIV-1 (288,289).

Both CD4+ and the CD8+ T cells of older individuals have been shown to secrete a significantly
larger amount of IFN-y after activation (290). Since it has been shown that 80-90% of CXCR6+
CD8+ T cells were positive for intracellular granzyme A and are efficient in IFN-y production and
these cells are increased with age in our study, it might offer a mechanism for the increased IFN-y
production seen in older individuals (213). Older individuals who acquire HIV-1 have a quicker
disease onset and worse clinical outcomes, which has been associated with increased CCR1, CCR2,
CCR3, CCR4 and CCRS5 expression in PBMCs and CD4+ T cells (264). Perhaps CXCR6 also plays

a role in this phenomenon.

Exclusively in the white population group, there were strongly significant negative correlations
with aging and both the frequency of CXCR6-expressing cells and CXCR6 density on only the
CD16+ subsets of NK cells. Since CD16+ NK cells exhibit IFN-y production and cytolytic activity
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as an immediate innate immune response against pathogens (235), this may translate to a less

effective innate immune response in older individuals, which has been described previously (291).

In humans, the majority of CXCR6-expressing NK cells are found in the liver, and to a lesser extent
in the spleen, bone marrow, and lymph nodes (132,292). Liver disease is a frequent cause of death
among people living with HIV-1 (293-295). It has been shown that the memory response of hepatic
NK cells, specifically to haptens and viruses, depend on CXCR6, allowing hepatic NK cells to
develop adaptive immunity to structurally diverse antigens (132). Evidence is suggestive that older
individuals living with HIV-1 may be at a higher risk of liver disease (296). Although viral hepatitis
is the main contributor to liver-related deaths among people living with HIV-1, the proportion of
liver disease attributed to non-alcoholic fatty liver disease (NAFLD) is increasing (297). NAFLD
seems to follow racial/ethnic disparities, with Africa having the lowest prevalence (298). It would
be interesting to determine if increased liver disease outcomes in older people living with HIV-1 is
directly associated with lower CXCR6 expression on NK cells and if CXCR6 expression could be

contributing to the varying outcomes of liver disease seen with regards to ethnicity.

Age tended to correlate with CCRS5 and CXCR6 expression in similar patterns across cell types,
except on B cells and monocytes, where age tended to positively correlate with CCRS expression
and negatively correlate with CXCR6 expression. While age correlated similarly with percentage
of CCR5 and CXCR6-expressing CD8+ T cells, age tended to positively correlate with CCRS
density and negatively correlate with CXCR6 density on CD8+ T cells.

Many studies have failed to address sex and age differences in HIV-1 acquisition and progression.
In this study, in two ethnically distinct healthy HIV-1 uninfected populations, both sex and age had
an impact on CCR5 and CXCR6 expression, and this varied widely across the two population
groups studied. Whether these population-specific sex and age differences in CCRS5 and CXCR6
expression translates into differential HIV-1 control between the two population groups requires
further investigation. This study emphasises the importance of taking sex and age into consideration

in studies involving disease and disease outcomes.
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CHAPTER SIX

6. Select CCR5 SNPs have varying associations with CCRS expression levels in two

ethnically distinct South African population groups

6.1 Introduction

Expression levels of the chemokine receptor CCRS, which acts as a major HIV-1 coreceptor in
addition to being an integral protein in immunological functioning, affect numerous aspects of
HIV-1 pathogenesis and outcomes of disease. Individuals have highly variable expression levels
of CCRS5 (299), which may in part be explained by polymorphisms in the cis-regulatory regions of
CCRS5. The 1s553615728 -4223 C>T single nucleotide polymorphism (SNP) disrupts a cytidine
phosphate guanidine (CpG) dinucleotide in the cis-region of CCRS5, CpG-41, a binding site where
DNA methylation occurs, and has been uniquely found in individuals from southern Africa (115).
The frequency of the -4223 C>T SNP was found to be greater in long-term non-progressors and
HIV-1 controllers when compared to progressors and this SNP was overrepresented in female sex

workers resisting HIV compared with those who subsequently acquired HIV (115).

The CCRS5 —2459 G>A SNP (rs1799987) has been linked to differences in CCRS expression levels
on CD14+ monocytes, with the density of CCRS5 being lower on unstimulated CD 14+ monocytes
from healthy Caucasian individuals with the —2459 GG and AG genotypes compared to the AA
genotype (178), and the AA genotype has been associated with a faster rate of progression to AIDS
(117-119). In our prior work (Chapter 3), the -2459G>A SNP was significantly underrepresented
in HIV-1 controllers compared to progressors. The -2459 SNP is common to the CCR5 HHE, HHF
and HHG haplotypes (which have been reported to be high promoter activity haplotypes (104,106);
deleterious in the context of HIV-1). In our previous work (Chapter 3), individuals heterozygous
for the -2459 SNP were significantly less likely to control HIV-1 in total group comparisons as
well as in elite controllers and viraemic controllers compared to progressors and possession of the
minor allele was significantly underrepresented in controllers when compared to progressors. In a
cohort of self-identified white and black patients, a study observed that the -2459 G>A SNP had a
strong association with the time taken to achieve virologic success of highly active anti-retroviral
therapy (HAART) in black but not in white patients (p=0.04), and that this association increased
with stronger African ancestry (179).
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The 3'UTR plays a major role in gene expression and regulation by influencing the localization,
stability, export, and translation efficiency of an mRNA (180). In prior work (Chapter 3), we
showed that the 3’UTR rs746492 (+2919) T>G SNP significantly associated with HIV-1 disease
progression (300). The +2919T>G SNP was in strong LD with the CCRS promoter HHE, HHF*1,
HHF*2 and HHG*1 haplotypes (deleterious with regards to HIV-1) and the -2459 SNP (common
to these haplotypes), thus begging the question as to which polymorphism is functionally driving
the deleterious effect on HIV-1 control in black South Africans. We found that the strongest
association with progression was when looking at possession of the +2919T>G SNP in the
dominant mode (p=0.001; pronferroni=0.016). To our knowledge, no other studies have associated

this SNP with increased risk of HIV-1 disease acquisition or more rapid progression of HIV-1.

Genome wide association studies (GWAS) have shown strong associations with HIV-1 outcomes
for the rs1015164 G>A polymorphism. This SNP marks expression of the antisense long non-
coding RNA (IncNRA) CCRS5AS (121). CCR5AS expression levels in CD4+ T cells significantly
positively correlated with levels of CCR5 mRNA expression (117). The rs1015164 SNP had a
genome-wide effect independent of other SNPs in the region, including CCR5432 (121).

This study was thus undertaken to investigate the direct association between CCRS -4223 C>T
(rs553615728), -2459 G>A (rs1799987), +2919 T>G (rs746492) and rs1015164 G>A SNPs and
expression levels of CCR5 on CD4+ and CD8+ T cells, CD19+ B cells, CD14+ monocytes and
CD56+ NK cells in two ethnically distinct South African population groups. It is important to
evaluate polymorphisms in chemokine ligands and receptors as they may have an impact on HIV-
1 disease transmission and progression through mechanisms beyond viral entry. Given that
different ethnicities exhibit remarkable differences in host genetic backgrounds, this will provide
information that may assist with understanding the difference in HIV-1 control mechanisms and

the varying expression levels of CCRS in different population groups.
6.2 Materials and Methods

6.2.1 Sample population

Refer to Chapter 2, Materials and Methods section 2.1. Briefly, black (n=17) and white (n=21)

South Africans without HIV-1 were recruited and were age- and sex-matched.

123



6.2.2 Single nucleotide polymorphism (SNP) genotyping

Individuals were genotyped for CCRS5 -4223 C>T (rs553615728), -2459 G>A (rs1799987), +2919
T>G (rs746492) and rs1015164 G>A SNPs as described in Chapter 2, Materials and Methods

section 2.6.

6.2.3 Flow cytometry

CCRS expression on CD4+ and CD8+ T cells, CD19+ B cells, CD14+ monocytes and CD56+ NK
cells for each individual was determined as described in Chapter 2, Materials and Methods section
2.7 and assessed as outlined in Materials and Methods section 2.9.

6.2.4 Statistical analyses

Statistical analyses were performed as described in Chapter 2, Materials and Methods section 2.10.
6.3 Results

6.3.1 Allelic and genotypic representation of CCR5 SNPs

The frequency of the CCR5 SNPs assessed in this study were represented differently depending on
the population group studied. Genotypic and allelic frequencies for each SNP in black and white
South Africans are shown in Table 6.1.

Table 6.1 - Genotypic and allelic frequencies of the -4223 C>T, -2459 G>A, +2919 T>G and rs1015164
G>A polymorphisms in black and white South Africans.

CCRS5 polymorphism
CCR5-4223 C>T CCR5-2459 G>A CCR5+2919T>G  rs1015164 G>A

Black South Africans (n=34) (n=28) (n=34) (n=34)
Allelic WT 33 17 20 34
Mt 1 11 14 0

(n=17) (n=14) (n=17) (n=17)
WT/WT 16 7 7 17
Genotypic WT/Mt 1 3 6 0
Mt/Mt 0 4 4 0

White South Africans (n=42) (n=36) (n=42) (n=42)
Allelic WT 42 21 24 32
Mt 0 15 18 10

(n=21) (n=18) (n=21) (n=21)
WT/WT 21 8 8 12
Genotypic WT/Mt 0 5 8 8
Mt/Mt 0 5 5 1
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6.3.2 CCR5-4223 C>T SNP and CCRS expression

As expected, due to the extremely low frequency of this SNP and its exclusivity to the southern
African black population, only 1 black individual in our study was heterozygous for the -4223 SNP
and thus association to CCRS5 expression could not be assessed. It is interesting with how rare this
SNP is that it was still found at a frequency of 0.06% in our small sample of black South African
individuals (n=17).

6.3.3 CCR5 -2459 G>A SNP and CCRS expression

As reported on Ensembl’s database (301), the ancestral allele of the CCRS5 -2459 SNP is G. It is a
commonly reported SNP in both European and African population groups. Six individuals (black
n=3; white n=3) were unable to be genotyped with our assay due to indels in the region and so were

excluded from analyses.

A summary of significant associations between the -2459 SNP and CCRS expression can be seen
in Figure 6.1. Results were population-specific. Of note, no results remained significant after

correction for multiple comparisons.

In black individuals, the GG genotype tended to associate with a lower CCRS5 expression compared
to the AA genotype (naive CD8+ T cells, CD14"CD16¢" monocytes and CD56%™CD16° NK
cells) except for total CD4+ T cells and central memory CD8+ T cells where the GG genotype
associated with a higher CCRS expression compared to the GA or AA genotype. In white
individuals, the -2459 GG genotype associated with higher CCRS5 expression on total CD8+ T cells,
transitional memory CD8+ T cells, B cells, and CD56"€"CD16* and CD56°€"CD16° NK cells. In
the total group, the -2459 GG genotype associated with higher CCRS5 expression on total CD4+ T

cells, effector memory CD4+ T cells and central memory CD8+ T cells.
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Figure 6.1 - Summary of significant changes to percentage of CCR5-expressing CD4+ T cells, CD8+ T
cells, B cells, monocytes and NK cells associated with -2459 SNP genotype. T indicates an increased
expression and | indicates a decreased expression associated with the respective genotype. Cell types
with significant expression changes are bolded. p values for significant comparisons are shown. CM:
central memory; TM: transitional memory; EM: effector memory; TD: terminally differentiated.
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6.3.4 CCR5 +2919 T>G SNP and CCRS expression

As reported on Ensembl’s database (301), the ancestral allele of the CCR5 +2919 SNP is T.
However, while we used the T allele as our wild-type reference allele and TT as our wild-type
reference genotype, because the G allele is found in a high frequency in both African and European

population groups (301), we found it informative to carry out analyses by evaluating the effect of

the allele in two modes, i.e., TT vs TG+GG and GG vs TG+TT.

6.3.4.1 Frequency of CCRS expression and the +2919 SNP
The CCR5 +2919 SNP associated with frequency of CCRS expression across both population
groups and across all cell types. A summary of significant associations with the +2919 SNP and

CCRS5 expression (frequency) can be seen in Figure 6.2.

6.3.4.1.1 CD4+ T cells

In black individuals, the +2919 TT genotype associated with a higher percentage of CCRS5-
expressing total CD4+ T cells compared to the GG genotype (p=0.042) and a higher percentage of
CCRS5-expressing effector memory CD4+ T cells compared to the TG genotype and the TG+GG
genotype (p=0.035 and p=0.019, respectively). In the total group, the GG genotype associated with
a significantly lower percentage of CCRS-expressing effector memory and terminally
differentiated CD4+ T cells compared to the TT and TG genotype respectively (p=0.041 and
p=0.033, respectively) and compared to the TG+TT genotype (p=0.049 and p=0.049, respectively).
The strongest significant finding in the total group was the TT genotype associating with a higher
percentage of effector memory CD4+ T cells compared to the TG+GG genotype (p=0.028).
Consistently, the G allele associated with a lower percentage of CCRS expression on CD4+ T cells,

a known protective phenotype.

6.3.4.1.2 CD8&+ T cells

With regards to percentage of CCRS-expressing CD8+ T cells, the +2919 GG genotype
significantly associated with lower CCRS5 expression across all cell subsets in a population-specific
manner, except for central memory CD8+ T cells, where in black individuals only, the TG genotype

associated with lower expression compared to the TT genotype (p=0.005). Also in black
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individuals, the GG genotype associated with a significantly lower percentage of CCR5-expressing
total CD8+ T cells compared to the TG genotype (p=0.010) and this was replicated more strongly
in the total group, both compared to the TG genotype and the TG+TT genotype (p=0.002 and
p=0.0006, respectively).

In white individuals, the GG genotype associated with a lower percentage of CCRS5-expressing
naive CD8+ T cells compared to the TT genotype and the TG+TT genotype (p=0.006 and p=0.011,
respectively). The TG+GG genotype also associated with a lower percentage of CCR5-expressing
naive CD8+ T cells compared to the TT genotype (p=0.030). The GG genotype again associated
with a lower percentage of CCR5-expressing transitional memory CD8+ T cells compared to both
the TG genotype and the TG+TT genotype (p=0.045 and p=0.040, respectively). This finding was
replicated and strengthened in the total group (p=0.007 and p=0.009, respectively). In the total
group, the GG genotype associated with a significantly lower percentage of CCRS5-expressing
effector memory CD8+ T cells (p=0.028). This same pattern was seen in black individuals on
terminally differentiated CD8+ T cells (p=0.010) and in the total group, TG associated with a
significantly higher percentage of CCRS5-expressing terminally differentiated CD8+ T cells
compared to both the TT and GG genotype (p=0.010 and p=0.003, respectively), with a less
significant higher percentage of CCRS5-expressing terminally differentiated CD8+ T cells
associating with the TG+TT genotype compared to the GG genotype (p=0.041).

6.3.4.1.3 Bcells

In white individuals only, the GG genotype significantly associated with a lower percentage of
CCRS-expressing B cells compared to the TT genotype and the TG+TT genotype (p=0.002 and
p=0.006, respectively). Additionally, the TT genotype associated with a significantly higher
percentage of CCR5-expressing B cells compared to the TG+GG genotype (p=0.030).

6.3.4.1.4 Monocytes

Only in the total group analyses, the +2919 TG genotype associated with a significantly higher
percentage of CCRS5-expressing CD14°CD16° monocytes (vs GG; p=0.016), CD14°CDI16"
monocytes and CD14"CD16"€" monocytes (vs TT; p=0.046 and p=0.023, respectively).
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6.3.4.1.5 NK cells

In white South Africans only, the GG genotype associated with a significantly lower percentage of
CCRS5-expressing CD56¢" NK cells compared to the TG and TG+TT genotype (p=0.030 and
p=0.025, respectively.) The GG genotype also associated with a significantly lower percentage of
CCRS5-expressing CD56™E"CD16" NK cells compared to the TT genotype (p=0.030), the TG
genotype (p=0.045) and the TG+TT genotype (p=0.015).
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Figure 6.2 - Summary of significant changes to percentage of CCR5-expressing CD4+ T cells, CD8+ T cells,
B cells, monocytes and NK cells associated with +2919 SNP genotype. T indicates an increased expression
and { indicates a decreased expression associated with the respective genotype. Cell types with significant
expression changes are bolded. p values for significant comparisons are shown. CM: central memory; TM:
transitional memory; EM: effector memory; TD: terminally differentiated.
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6.3.4.1.6 Correction for multiple comparisons

To reduce the rate of type I errors when conducting multiple comparisons, we used the false
discovery rate (FDR) correction to see which comparisons remained significant. For the results that
remained significant after FDR corrections, we also applied the more conservative Bonferroni-
Dunn correction. These results and the q values (FDR-adjusted p values) and adjusted paonferroni

values, where applicable, are shown in Figure 6.3.

All significant associations between the +2919 SNP and CCRS expression in the black population
group, on CD4+ T cell subsets, monocyte subsets and NK cell subsets were lost after multiple

comparison testing.

Remaining significant, in the total group, the TG genotype associated with a significantly higher
percentage of CCRS-expressing total CD8+ T cells and transitional memory CD8+ T cells
compared to the GG genotype (q=0.025/psonferron=0.037 and q=0.034, respectively) and compared
to both the TT and GG genotype for terminally differentiated CD8+ T cells (q=0.039 and q=0.025,
respectively). In white individuals only, the GG genotype significantly associated with a lower
percentage of CCRS-expressing B cells compared to the TT and TG+TT genotypes
(q=0.003/paonferron=0.005 and q=0.012/paonferron=0.012, respectively) and the TG+GG genotype
associated with a lower percentage of CCR5-expressing B cells compared to the TT genotype

(q=0.032).

Overall, the +2919 TG genotype associated with a significantly higher percentage of CCRS5-
expressing total CD8+ T cells, transitional memory and terminally differentiated CD8+ T cells
compared to the GG genotype and the +2919 GG genotype associated with a significantly lower
percentage of CCR5-expressing B cells compared to the TT and TG+TT genotype, only in white
South Africans.
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Figure 6.3 - Summary of significant changes to percentage of CCR5-expressing cells associated with +2919
SNP genotype surviving false discovery rate (FDR) and Bonferroni multiple comparison corrections. T
indicates an increased expression and | indicates a decreased expression associated with the respective
genotype. Cell types with significant expression changes are bolded. g values for post-FDR significant
comparisons are shown. p values in red survived the more conservative Bonferroni correction testing. CM:
central memory; TM: transitional memory; EM: effector memory; TD: terminally differentiated.
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6.3.4.2 CCRS density and the +2919 SNP
The CCR5 +2919 SNP associated with CCRS5 density on CD4+ and CD8+ T cell subsets in white
individuals and in the total group and on NK cell subsets in black individuals. A summary of

significant associations with the +2919 SNP and CCRS5 expression (density) can be seen in Figure

6.4.

6.3.4.2.1 CD4+ T cells

The +2919 GG genotype significantly associated with lower CCRS density on total CD4+ T cells
compared to the TT genotype in the total group (p=0.041) and on transitional memory CD4+ T
cells compared to the TT and TG+TT genotype in white individuals (p=0.045 and p=0.025,

respectively).

6.3.4.2.2 CD&+ T cells

In white individuals and in the total group, the +2919 GG genotype associated with significantly
lower density on every CD8+ T cell subset except naive CD8+ T cells compared to either only the
TG genotype (total group: terminally differentiated), the TG and TG+TT genotype (white: central
memory, effector memory, terminally differentiated) or the TG, TT and TG+TT genotype (white:
total CD8+ T cells, transitional memory; total group: total CD8+ T cells, central memory,

transitional memory, effector memory).

6.3.4.2.3 NK cells

Only in black individuals, the TT genotype associated with significantly higher CCRS5 density on
CD56™e"CD16" NK cells compared to the TG genotype and TG+GG genotype (p=0.008 and
p=0.033, respectively).
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Figure 6.4 - Summary of significant changes to CCR5 density on CD4+ T cells, CD8+ T cells, B cells, monocytes
and NK cells associated with +2919 SNP genotype. T indicates an increased expression and { indicates a
decreased expression associated with the respective genotype. Cell types with significant expression changes
are bolded. p values for significant comparisons are shown. CM: central memory; TM: transitional memory; EM:
effector memory; TD: terminally differentiated.
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6.3.4.2.4 Correction for multiple comparisons

We once again corrected for multiple comparisons using FDR correction to see which comparisons
remained significant. For the results that remained significant after FDR corrections, we also
applied the more conservative Bonferroni-Dunn correction. These results and the q values (FDR-

adjusted p values) and adjusted psonerroni Values, where applicable, are shown in Figure 6.5.

All significant associations between the +2919 SNP and CCRS5 density in the black population

group, on CD4+ T cell subsets and NK cell subsets were lost after multiple comparison testing.

Remaining significant were all of the CD8+ T cell findings where the GG genotype associated with
lower CCRS density compared to the TG and TG+TT genotype (all subsets except naive CD8+ T
cells) and compared to the TT genotype on central memory (white only) and transitional memory
CD8+ T cells (white and total group). There were four comparisons that remained significant after
Bonferroni-Dunn correction: total group TT vs GG on transitional memory CD8+ T cells
(PBonferroni=0.028), white individuals GG vs TG+TT on total CD8+ T cells (paonferron=0.050) and
total group and white individuals GG vs TG+TT on transitional memory CD8+ T cells
(PBonferroni=0.022 and paonferroni=0.009, respectively).

Overall, the +2919 TG and TG+TT genotype associated with significantly higher CCRS density on
all CD8+ T cell subsets except naive CD8+ T cells compared to the GG genotype.
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Figure 6.5 - Summary of significant changes to CCR5 density associated with +2919 SNP genotype
surviving false discovery rate (FDR) and Bonferroni multiple comparison corrections. T indicates an
increased expression and { indicates a decreased expression associated with the respective genotype. Cell
types with significant expression changes are bolded. q values for post-FDR significant comparisons are
shown. p values in red survived the more conservative Bonferroni correction testing. CM: central memory;
TM: transitional memory; EM: effector memory; TD: terminally differentiated.
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A visual representation of the associations between +2919 SNP genotypes and CCRS5 expression

on CD8+ T cells post FDR-correction testing can be seen in Figure 6.6 and Figure 6.7.
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Figure 6.6 - Frequency (left) and density (right) of CCR5 expression according to the +2919 SNP genotypes
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differentiated (TD) CD8+ T cell subsets in white South Africans and in the total group. Each symbol
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Asterisks represent a significant difference between groups, according to FDR testing.
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Figure 6.7 - +2919 SNP genotype (GG vs TG+TT) and CCRS5 density on total, naive, central memory (CM),
transitional memory (TM), effector memory (EM), and terminally differentiated (TD) CD8+ T cell subsets in
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error bars represent the median, 25th and 75th percentiles. Asterisks represent a significant difference
between groups, according to FDR testing.
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6.3.5 CCR5 rs1015164 G>A SNP and CCRS expression

As reported on Ensembl’s database (301), the ancestral allele of the rs1015164 SNP is G. Since the
rs1015164 SNP minor allele was only detected at a frequency of 5% in Africans (n=661) (301), it

is unsurprising that it was not detected in any of the 17 black South Africans in our study.

Because only one individual had the AA genotype, we analysed according to dominant mode i.e.,
GG vs GA+AA. In our study, the rs1015164 SNP did not associate with CCR5 expression

(frequency or density) on any cell type either in white South Africans or in the total group.

6.4 Discussion

In this study, we investigated the association between four individual CCR5 SNPs (-4223 C>T
[rs553615728], -2459 G>A [rs1799987], +2919 T>G [rs746492] and rs1015164 G>A SNPs) and
expression levels of CCR5 on CD4+ and CD8+ T cells, CD19+ B cells, CD14+ monocytes and
CD56+ NK cells in two ethnically distinct South African population groups. Of the four SNPs,
only the +2919 T>G SNP resulted in significant associations after correction for multiple
comparisons testing, with the -4223 SNP not being able to be assessed and the rs1015164 SNP not
associating with CCRS expression at all in our study. The -2459 SNP had population-specific
associations with CCRS expression. The AA genotype has been linked to a higher CCRS density
on CD14+ monocytes of healthy individuals (178) and this finding was replicated in our study on
CD14*CD16 " monocytes. The implication of these findings would need to be assessed further

with a bigger sample size.

In previous work (Chapter 3), we identified that the +2919 T>G SNP in the dominant mode and
+2919 T>G SNP heterozygosity were significantly underrepresented in total controllers and
viraemic controllers compared to progressors. Whereas we found that the +2919 SNP in dominant
mode (TT vs TG+GG) was a strong predictor of HIV-1 progression (Chapter 3), we did not see
any associations with CCRS5 expression in this mode, except for an increased percentage of CCRS5-

expressing B cells in white individuals only.

The majority of significant associations were found when we analysed CCRS5 expression comparing
the GG genotype to the TG+TT genotype (with the GG genotype associating with a lower CCRS5

expression). Interestingly, in this study, even with a small sample size, we found that the +2919
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TG genotype significantly associated with higher CCRS expression (both with regards to frequency

and density) on subsets of CD8+ T cells, however only in white individuals and in the total group.

Ethnic differences seen may be due to the varying linkage disequilibrium (LD) patterns present in
different populations, since different ethnicities exhibit diverse haplotype heterogeneity at multiple
loci (302—305). Whether the sample size of black individuals in this study is too small to result in
significant associations or if this is a population-specific finding needs to be further assessed with

bigger cohorts.

CCRS5 also acts a marker of cellular activation (95,195,205). HIV-1 controllers are more likely to
sustain long-term memory and effector potential CD8+ T cell responses compared to progressors,
allowing for an increased ability to kill infected cells prior to progeny virion production (306,307).
Effector memory CD8+ T cells are characterised by a high cytotoxic capacity (308). As HIV/SIV
disease progresses, HIV-specific CD8+ T cell cytotoxicity decreases considerably until they no
longer exert a suitable antiviral response (309,310). Chronic immune activation as a result of HIV-
1 disease is linked to a faster disease progression to AIDS (311,312). Indeed, one of the greatest
predictors of HIV-1 progression is hyperactivation of T cells (191,192,312). Higher activation
levels of CD8+ T cells are associated with an acceleration of clinical HIV progression and a decline
in CD4+ T cells in ART-naive patients (58,191,313,314). In addition, T cell activation can be used
to differentiate pathogenic and nonpathogenic SIV (155). There is a wide range of immune

activation levels reported in individuals (227).

The majority of our significant findings were with regards to CCRS5 density on CD8+ T cells. There
are a vast number of studies demonstrating the importance of CCRS receptor density in the context
of HIV-1 acquisition and exhibiting that the amount of CCRS expressed on the cell surface directly
influences an individual’s susceptibility to HIV-1 (189,315,316). An increased CCRS density in
people living with HIV-1 is associated with higher viral loads, faster disease progression and poorer

response to antiretroviral treatment (98,102,317).
This study reveals a potential mechanism for our findings in Chapter 3 where we found that CCR5

3’UTR +2919 SNP heterozygosity was overrepresented in progressors compared to HIV-1
controllers, even more strongly than the known deleterious CCR5 HHE haplotype. Further
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assessment of this SNP in bigger cohorts, as well as functional assays to measure expression
variation with the various CCRS5 SNP genotypes, would be beneficial to determine the true
significance of these findings and to determine whether the +2919 SNP is merely a marker of high

CCRS5 expression or a polymorphism driving higher CCRS5 expression.
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CHAPTER SEVEN

7. The CXCRG6 rs2234355 and rs2234358 SNPs associate with altered CXCR6 expression
levels in two ethnically distinct South African population groups in the absence of HIV-
1

7.1 Introduction

Both the HIV-1 pathogen and the host have inherent variability that result in varying outcomes
with regards to HIV-1 acquisition and disease progression (70). It is likely that host-mediated
control is the main mechanism of viral suppression leading to HIV-1 control (77). There are
multiple host genetic factors that have been implicated in HIV-1 control, including CCR5432,
HLA-B*57 and -B*27, and KIR3DLI and KIR3DS1 alleles (87,318-320). Differential gene
expression has also been implicated in HIV-1 control (321). Expression quantitative trait loci
(eQTL) studies have shown convincing relationships between genetic variants and gene expression

(322).

While most HIV-1 strains use CCRS5 and/or CXCR4, lower pathogenicity HIV-2 and SIV strains
use CXCR6 as a major coreceptor (122—124,148). The preferential usage of CXCR6 instead of
CCRS has been hypothesized to be protective, resulting in the steering of virus to cells able to
support viraemia without causing immunodeficiency (123). CXCRG6 is thought to specifically be
protective in the presence of viraemia, with a study showing that in long-term non-progressors
without control of viral load, the CXCR6 gene was strongly and significantly associated with
control (134). The rs2234358 G>T polymorphism gave the strongest signal and this finding was
replicated in three additional independent European studies (323-325). This SNP significantly
associated with HIV-1 control in viraemic controllers (VCs), independent of the CCR2-CCRS5 locus
(134), and the rs2234358 TT genotype was found to be significantly underrepresented in VCs
compared to both healthy controls and progressors (135). The rs2234358 SNP lies within
the CXCR6 gene in a region of chromosome 3 that is rich in genes encoding chemokine receptors,
located 42 base pairs (bp) downstream from the CXCR6 termination codon, and is positioned 422
kb from the CCRS gene (326).

Another SNP implicated in HIV-1 control, the CXCR6 rs2234355 SNP (CXCR6-E3K), located in

the N-terminus of CXCR6, has been associated with increased survival with regards to
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Pneumocystis carinii pneumonia (PCP) progression to death among African Americans living with
HIV-1 (136) and has been shown to associate with faster virological control failure on ART (137).
Interestingly, this SNP is highly prevalent in African Americans (44%) while being extremely rare
in European populations (<1%), emphasizing the importance of population specific studies. In
previous work from our research group, CXCR6-E3K SNP heterozygosity was significantly
overrepresented in black South African VCs when compared to healthy controls and progressors
(135). The CXCR6 E3K mutation has been predicted to result in a reduced surface expression of
CXCR6 (138).

Prior work from our research group revealed that viraemic controllers had a highly significant
overrepresentation of the combination of the absence of the deleterious rs2234358 TT genotype
and the presence of advantageous rs2234355 heterozygosity (i.e., -358TT/+355GA) compared to
healthy controls and progressors, suggesting an additive effect in natural control of HIV-1,

specifically in the presence of detectable viraemia (50>VL<2000 RNA copies/ml plasma) (135).

This study was undertaken to investigate the direct association between the CXCR6 rs2234358 and
1rs2234355 SNPs and expression levels of CXCR6 on CD4+ and CD8+ T cells, CD19" B cells,
CD14+ monocytes and CD56+ NK cells in two ethnically distinct South African population groups,
in the absence of HIV-1 disease. It is important to evaluate polymorphisms in chemokine ligands
and receptors as they may have an impact on HIV-1 disease transmission and progression through
mechanisms beyond viral entry. Given that different ethnicities exhibit remarkable differences in
host genetic backgrounds, this will provide information that may assist with understanding the
difference in HIV-1 control mechanisms and the variable expression levels of CXCR®6 in different

population groups.
7.2 Materials and Methods

7.2.1 Sample population

Refer to Chapter 2, Materials and Methods section 2.1. Briefly, black (n=17) and white (n=21)

South Africans without HIV-1 were recruited and were age- and sex-matched.
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7.2.2 Single nucleotide polymorphism (SNP) genotyping

Individuals were genotyped for the CXCR6 rs2234355 G>A and rs2234358 G>T SNPs as
described in Chapter 2, Materials and Methods section 2.6.

7.2.3 Flow cytometry

CXCR6 expression on CD4+ and CD8+ T cells, CD19+ B cells, CD14+ monocytes and CD56+
NK cells for each individual was determined as described in Chapter 2, Materials and Methods

section 2.7 and was assessed as outlined in Materials and Methods section 2.9.

7.2.4 Statistical analyses

Statistical analyses were performed as described in Chapter 2, Materials and Methods section 2.10.
7.3 Results

7.3.1 CXCRG6 rs2234355 G>A SNP and CXCR6 expression

The CXCR6 152234355 SNP was only detected in the black population group (G: 70.6%, A: 29.4%,
GG: 41.2%, GA: 58.8%, AA: 0%). Because no individuals were homozygous for the minor allele,
possession of the wild-type genotype (GG) was compared to the heterozygous genotype (GA). We
analysed the data in the black population group (n=17) as well as in the total group (n=38; all white
individuals (n=21) were GG/wild-type).

Possession of the GA genotype (n=10) associated with a significantly lower frequency of CXCR6-
expressing effector memory CD4+ T cells in both black individuals and in the total group (p=0.005
and p=0.026, respectively). The GA genotype also significantly associated with lower CXCR6
density on the effector memory CD4+ T cell subset in the black and total group (p=0.033 and
p=0.037, respectively) and on terminally differentiated CD4+ T cells in the total group only
(p=0.028). The GA genotype associated with a significantly lower frequency of CXCR6-expressing
effector memory CD8+ T cells in the total group (p=0.026; p=0.001 excluding outliers). We did
not see any significant associations with this SNP and CXCR6 expression when assessing total
CD4+ or CD8+ T cells, emphasizing the importance of investigating smaller subsets of cells within
a cell type. The GA genotype also associated with a significantly lower percentage of CXCR6-
expressing B cells compared to the GG genotype in black individuals (p=0.043).
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Overall, possession of the rs2234355 SNP GA genotype resulted in lower CXCR6 expression on
select CD4+ and CD8+ T cell subsets as well as on B cells. A summary of findings is shown in
Figure 7.1. Of note is that no p values remained significant upon correction for multiple

comparisons (false discovery rate).
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Figure 7.1 - Summary of CXCR6 expression changes associated with the rs2234355 genotype. T indicates
an increased expression and | indicates a decreased expression associated with the respective genotype.
Cell types with significant expression changes are bolded. p values for significant comparisons are shown.
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7.3.2 CXCR6 rs2234358 G>T SNP and CXCR6 expression

The CXCRG6 12234358 SNP was detected in both black and white individuals in our study. As
reported on Ensembl’s database (292), the ancestral allele is G, while the major allele in Africans
is the T allele. In our study, the T allele was present at a frequency of 41.2% in black individuals
and 69% in white individuals. In a previous study from our research group assessing this SNP in
black and white South Africans (n=41 and n=40, respectively), the T allele was present at a
frequency of 54.9% and 50% respectively, which more closely resembles data from Ensembl (135).
There was a strong skewing towards possession of the TT and GT genotype compared to the GG
genotype in white individuals in our study (TT: 47.6%, GT: 42.9%, GG: 0.1%), which is likely due
to the small sample size in our cohort (n=17). In light of this, the T allele was used as the wild-type
reference allele and TT as the dominant mode genotype (i.e., TT vs GT+GG) when analysing all

data in this portion of the study.

Possession of the TT genotype associated with a significantly higher frequency of CXCR6-
expressing effector memory CD4+ T cells compared to the GT genotype in white individuals
(p=0.013) and compared to those with the GT+GG genotype (p=0.010). On CD8+ T cells, the
152234358 SNP significantly associated with CXCR6 density on multiple CD8+ T cell subsets. In
white individuals, the TT genotype associated with significantly higher CXCR6 density on total
CD8+ T cells and transitional memory CD8+ T cells compared to individuals with the GT+GG
genotype (p=0.029, p=0.005 and p=0.043, respectively). Possession of the TT genotype associated
with higher density on central memory CD8+ T cells compared to the GT genotype in white
individuals (p=0.010) and in the total group (p=0.018) and compared to the GT+GG genotype in
white individuals (p=0.005) and in the total group (p=0.013).

The TT genotype significantly associated with a higher percentage of CXCR6-expressing B cells
compared to the GG genotype in white individuals (p=0.030).

With regards to monocytes, in black individuals, the rs2234358 SNP TT genotype associated with
an increased percentage of CXCR6-expressing CD 14+ monocytes compared to individuals with a
GT genotype (p=0.038). This was the only significant association with the rs2234358 SNP and
CXCR6 expression seen in black individuals. In the total group, possession of the TT genotype
associated with a significantly higher percentage of CXCR6-expressing CD14*CDI16ieht
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monocytes compared to the GT genotype (p=0.041) and a significantly higher CXCR6 density on
CD14"CD16™ monocytes compared to the GG genotype (p=0.033).

On NK cells, the GG genotype significantly associated with a lower percentage of CXCR6-
expressing CD56%™CD16" NK cells compared to both the TT genotype (p=0.030) and the GT
genotype (p=0.036), only in white individuals. The TT genotype associated with significantly
higher CXCR6 density on CD56€" NK cells compared to the GT genotype (p=0.035) and
compared to the GT+GG genotype (p=0.024) and higher CXCR6 density on CD56"CD16" NK
cells compared to the GT genotype (p=0.043).

Overall, possession of the rs2234358 SNP TT genotype resulted in higher CXCR6 expression on
multiple cell types, primarily in white South Africans. A summary of findings is shown in Figure

7.2. Of note is that no p values remained significant upon correction for multiple comparisons.
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Figure 7.2 - Summary of CXCR6 expression changes associated with the rs2234358 genotype. T indicates an
increased expression and  indicates a decreased expression associated with the respective genotype. Cell
types with significant expression changes are bolded. p values for significant comparisons are shown.
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7.3.3 CXCR6 -358TT/+355GA and CXCR6 expression

Because previous work from our research group found significant associations with the
combination of the possession of the rs2234355 GA genotype and the absence of the rs2234358
TT genotype (-358TT/+355GA) (135), this genotypic combination was assessed with regards to
CXCR6 expression in black individuals (possession of -358TT/+355GA: n=7) and in the total
group (i.e., 21 white South Africans and 10 black South Africans not having this genotypic
combination, in addition to the 7 black South Africans possessing this genotypic combination).
Since the rs2234355 SNP was not present in white South Africans in our study, we could not assess

the effect in this population group alone.

In black South Africans and in the total group, individuals with the -358TT/+355GA genotype had
a significantly lower percentage of CXCR6-expressing terminally differentiated CD4+ T cells
(p=0.043 and p=0.019, respectively). In black individuals, possession of the -358TT/+355GA
genotype associated with a significantly lower percentage of CXCR6-expressing CD14+
monocytes and CD14°CD16" monocytes compared to individuals with a different genotype

combination (p=0.019 and p=0.043, respectively).

With regards to CXCR6 density, in black individuals and in the total group, the -358TT/+355GA
genotype combination associated with significantly lower CXCR6 density on effector memory
CD4+ T cells (p=0.043 and p=0.030, respectively). In addition, in the total group, the -
358TT/+355GA genotype combination associated with significantly lower CXCR6 density on
terminally differentiated CD4+ T cells (p=0.013).

Overall, possession of the -358TT/+355GA genotype combination resulted in lower CXCR6
expression on select subsets of CD4+ T cells and monocytes. Of note is that no p values remained

significant upon correction for multiple comparisons.

7.4 Discussion

In this study, we assessed the effects of possession of the CXCR6 rs2234355 and rs2234358 SNPs
on CXCR6 expression in black and white healthy HIV-1 uninfected South Africans. In addition,
we looked at the effect of the -358TT/+355GA genotype combination on CXCR6 expression.
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Because of the population-specific distribution of these SNPs, we were unable to assess all
combinations in both population groups. We investigated the rs2234355 SNP in black South
Africans and in the total group and found strong associations with the possession of the GA
genotype and lower CXCR6 expression, both with regards to frequency and density, on subsets of

CD4+ T cells, CD8+ T cells and NK cells compared to possession of the wild-type GG genotype.

A study showed that in African Americans, while time to AIDS and PCP was similar for all CXCR6
genotypes studied, individuals with the rs2234355 GG or GA genotype had a significantly lower
median survival time from PCP to death and were 5.6 times more likely to die a PCP-mediated

AIDS-related death compared to individuals with the AA genotype (136).

Site-directed mutagenesis of CXCR6 in Chinese hamster ovary (CHO) cells at position 3 in the
CXCR6 sequence (E3Q mutation) resulted in the loss of a negative charge and a subsequent
dramatic loss of CXCR6 cell surface expression (138). When assessing intracellular and
extracellular immunoreactivity and comparing to the wild-type CXCR6, the E3Q mutant exhibited
less than half of the total expression, and proportionally less of the E3Q mutant construct was
trafficked to the surface, with the remainder residing in a large intracellular pool (134). If the
CXCR6 E3K mutant similarly struggles to traffic to the cell surface and HIV-1 utilises CXCR6 as
a coreceptor for viral entry during the later stages of infection, reduced expression of CXCR6

(conferred by the CXCR6 rs2234355 A allele) would be protective (138).

In addition, patients with initial HIV-1 viral load suppression due to HAART showed a faster
virologic failure in the presence of the CXCR6 rs2234355 G allele (133). Previous work from our
research lab indicated that heterozygosity for the CXCR6 rs2234355 SNP (GA genotype) was
likely to contribute towards viraemic control of HIV-1 (135). In our study, the rs2234355 GG
genotype associated with significantly higher CXCR6 expression on multiple cell types compared
to when individuals possessed the A allele, implying that the protective outcomes seen with the GA

genotype may be due to the lower expression conferred by the A allele.

The CXCR6 1s2234358 SNP was the strongest signal in a study looking for genetic variants
affecting HIV-1 long-term non-progressors not controlling viral load i.e., in a controller cohort
excluding elite controllers who were controlling virus to very low levels (134). This association

was replicated in 3 additional independent European studies and was independent of the combined
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CCR2-CCRS5 locus. It is important to note that all participants in these studies were white
individuals of European descent. The attributable risk for the rs2234358 T allele was found to be
very strong, explaining 12% of the prevention of long-term non-progression (134). For comparison,
the attributable risk for CCR5-432 was 5.1% in the original cohort (327). In our study, the
rs2234358 T allele associated with significantly higher CXCR6 expression on multiple cell types,
demonstrating a potential biological reason for the deleterious outcomes found to be associated

with this allele in HIV-1 control.

In a recent study investigating the effect of the CXCRG6 rs2234358 genotype in treatment response
to direct acting antivirals in chronic hepatitis C (HCV) patients in Egypt, the GG genotype and G
allele were associated with a significantly increased risk of not responding to treatment compared
to individuals with the TT genotype or T allele (328). In our study, the rs2234358 TT genotype
associated with increased CXCR6 expression on multiple cell types. It would be interesting to
determine if this increased expression therefore is protective in HCV antiviral response, however,
it is important to mention that downstream effects of SNPs that may be acting as markers may also

be contributing to phenotypic outcomes.

Lastly, previous work from our research group showed a significant overrepresentation of the -
358TT/+355GA genotype combination in viraemic controllers compared to healthy controls and
progressors, suggesting an additive effect of the presence of the protective rs2234355 GA genotype
and the absence of the deleterious rs2234358 TT genotype in natural control of HIV-1 in the
presence of detectable viraemia. This prompted us to assess the association of this genotype with
CXCR6 expression. The -358TT/+355GA genotype combination associated with significantly

lower CXCR6 expression on multiple CD4+ T cell and monocyte subsets.

This study provides important insight into the association of two CXCR6 SNPs (associated with
HIV-1 control in the presence of viraemia) and CXCR6 expression in two distinct HIV-1 uninfected
population groups. Due to the significant associations of the rs2234358 SNP and CXCR6
expression in our study being primarily seen in white individuals, more research is needed to
determine if there is indeed a population-specific mechanism occurring or if a larger sample size
would be helpful in assessing the true significance of this SNP in black individuals. We found that
the rs2234355 SNP GA genotype resulted in lower CXCR6 expression on subsets of CD4+ T cells
and CD8+ T cells and B cells, that the rs2234358 SNP T allele associated with higher CXCR6
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expression on subsets of all cell types in our study and that the -358TT/+355GA genotype
combination associated with significantly lower CXCR6 expression on multiple CD4+ T cell and

monocyte subsets.
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CHAPTER EIGHT

8. Summarising discussion and conclusions

HIV-1 remains a significant cause of morbidity and mortality, most notably in sub-Saharan Africa
(8,329,330). However, research remains primarily focused on North American and European
population groups (331), who have remarkably different genetic backgrounds to individuals from
sub-Saharan Africa, as well as differing circulating HIV-1 subtypes. HIV-1 controllers (HICs)
represent a model of HIV-1 durable control and are thus an important cohort to study. Some
individuals are able to control viral replication (elite controllers and viraemic controllers) and some
are able to sustain immune function in the presence of high viral loads (high viral load long-term
non-progressors). Different mechanisms of control are likely to be employed by these different

controller groups.

While CCRS is one of the major coreceptors HIV-1 uses to enter cells, alternative coreceptor usage
has been implicated in the less pathogenic HIV-2 and SIV strains, with the preferential usage of
the CXCR6 co-receptor shown to be associated with lower pathogenicity (123,124,148). An
increased expression of CXCR6 genes in transitional memory CD4+ T cells compared to central
memory CD4+ T cells, and low circulating HIV-2 reservoirs mainly being distributed in
transitional memory CD4+ T cells, has been described in people living with HIV-2 (147). In sooty
mangabeys, a natural host for SIV infection, CXCR6 has been shown to be restricted to CD4+
effector memory T cells and was expressed by a separate sub-population to cells expressing CCRS5
(123). In sooty mangabeys infected with SIV, central memory CD4+ T cell reservoirs are limited,
potentially due to low CCRS5 coreceptor expression in this cell subset (156). The lack of infection
of central memory CD4+ T cells seems to be a factor in low pathogenicity models of both HIV and
SIV (156,161).

The discernable differences in the pathogenicity of HIV-1 and SIV allows for a unique opportunity
to explore protective viral and host immune mechanisms that may be contributing to viral control.
Since high viral load long-term non-progressors exhibit a similar phenotype to SIV-infected sooty
mangabeys, and CXCR6 polymorphisms have been associated with viraemic HIV-1 control
(134,135), CXCR6 may be of importance in this unique group of controllers. The potential
interplay of CCRS and CXCRG6 therefore requires further study.
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This study was thus undertaken to investigate genetic variants in CCRS and HIV-1 control in people
living with HIV-1 (controllers and progressors), and to assess CCR5 and CXCR6 constitutive
expression and potential association with genetic polymorphisms in HIV-1 uninfected individuals
using various methodologies, including single nucleotide polymorphism (SNP) genotyping, Sanger
sequencing and flow cytometry. The effect of ethnicity, cell activation, sex and age on these

findings was also described.

8.1 CCRS5 polymorphisms associating with HIV-1 natural control in black South Africans

When characterising polymorphisms in the cis-regulatory regions of CCR)5 in black South African
HIV-1 controllers and progressors (Chapter 3), our results reproduced other studies in showing that
the CCR5 HHE haplotype is deleterious with respect to HIV-1 disease progression, and the HHA
haplotype and HHA/HHC genotype associated with protection from HIV-1 disease progression
(112,116,332,333). We characterized novel haplotypes in the 3’UTR as well as haplotypes
spanning the CCR5 5’UTR and 3’UTR. The variant that most strongly associated with HIV-1
progression was the CCRS5 +2919 T>G SNP, both heterozygosity and in the dominant mode. To
our knowledge, no other studies have associated this SNP with increased risk of HIV-1 disease
acquisition or more rapid progression of HIV-1, emphasizing the importance of population-specific
studies (334). Our results suggest that two CCRS5 promoter SNPs (-2459 G>A and -2135 T>C) and
one CCR5 3°’UTR SNP (+2919 T>G) may be key functional variants with regards to HIV-1 control
in black South Africans.

8.2 Differences in proportions of T cells in black and white South Africans

Using flow cytometry, proportions of the different CD4+ and CD8+ T cell subsets (naive, central
memory, transitional memory, effector memory and terminally differentiated) were assessed in the
absence of HIV-1 infection in black and white South Africans. Black individuals had a significantly
higher proportion of terminally differentiated CD8+ T cells compared to white individuals. An
‘immune risk phenotype’ has been identified which includes expansion of terminally differentiated
CD8+ T cells, an inverted CD4+/CD8+ T cell ratio and HCMV positivity, and is a strong predictor
of mortality (335-337). The presence of increased terminally differentiated T cells during HIV-1
disease is often suggestive of exhaustion, with a resulting dysregulation of T cell homeostasis and

function and a subsequent rapid progression of HIV disease (238).
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Terminal differentiation of T cells has been strongly associated with HCMV infection and was
found to be increased in individuals living with HIV-1 on ART (338). People living with HIV-1
are almost universally coinfected with HCMV, with both HCMV and HIV-1 associating with
inflammation and aging (335,339). Whether HCMV accelerates HIV pathogenesis or acts as an
opportunistic pathogen as a result of the general impairment in cellular immune responsiveness
caused by HIV is not yet fully clear (340). While various studies have implicated HCMV as a
contributor to the pathogenesis of AIDS (340-343), its direct effect is difficult to determine since

most adults living with HIV-1 are infected with CMV prior to acquisition of HIV-1.

Ethnicity has previously been linked to HCMV prevalence, with non-white race groups exhibiting
a higher occurrence (344—-346). Previous work from our research group (Shalekoff, unpublished
data), demonstrated that significantly more black South Africans were seropositive for HCMV
compared to white individuals. It is unclear whether the overburden of HCMV in non-white

population groups is due to socioeconomic factors or host genetics.

Regardless, based on ethnicity alone, an increased pool of terminally differentiated CD8+ T cells
in black compared to white South Africans is suggestive of a baseline difference in potential

immune regulation and control of disease.

8.3 CCRS and CXCRG6 constitutive expression differences between black and white South

Africans

Since HIV-1 infection modulates the expression of chemokines (347-349), constitutive expression
levels of CCRS and CXCR6 were assessed in healthy HIV-1 uninfected black and white South
Africans to determine population-specific differences (Chapter 4). CCRS and CXCR6 frequency
(percentage-expressing cells) and density (number of molecules per cell) were measured on CD4+

and CD8+ T cells, B cells, monocytes and natural killer (NK) cells using flow cytometry.

8.3.1 CCRS expression differences

Systemic immune activation is a feature of HIV-1 infection and increased T cell activation is an
independent predictor of HIV-1 progression (191,192). In addition to being an integral molecule in
the entry of RS HIV-1 viruses into target cells, CCRS5 is also a co-activation molecule (190). In

individuals where HAART was either started or stopped, the subsequent change in immune
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activation did not alter CCRS5 density, suggesting that baseline levels of CCRS expression affect
the extent of lymphocyte activation (190).

Data from this study suggests that there are significant population-specific differences in CCRS
expression, with black South Africans predominantly exhibiting a lower expression level of CCRS
compared to white South Africans. Strongly significant findings included a lower percentage of
CCRS5-expressing CD147CD167€" non-classical monocytes and CD56%™CD16- NK cells, and
lower CCRS density on total CD8+ T cells and central memory CD4+ T cells, in black compared

to white individuals.

8.3.1.1 CD14*CD16""e"* monocytes

HIV-1 has been shown to infect monocytes, particularly the CD16+ intermediate and
CD16""e" non-classical monocytes (350,351). Monocytes and macrophages critically influence
HIV transmission and viral spread occurring early in infection and chronically infected
macrophages serve as a reservoir for HIV-1 (220,352-354). CD16 + monocytes dominate in
infectious and inflammatory conditions like HIV (355,356) and are preferentially infected and
retrieved from blood compared to classical monocytes, even when an individual has sustained viral
suppression (350). Further demonstrating the role of CD16+ monocytes as HIV-1 viral reservoirs,
they have been shown to contain HIV-1 viral variants genetically different from sequences found

in resting CD4+ T cells (357).

Tissue macrophages are a major target for HIV-1. While monocyte-derived macrophages (MDM)
are not killed by HIV-1, they have been shown to produce virus in cultures for as long as several
weeks (354). Therefore, MDM have the potential to act as long-lived reservoirs for HIV-1, aiding
in the spread of virus to other tissues (221,353). A direct association has been found between levels
of CCRS5 and the differentiation of monocytes to macrophages, and CCRS expression associated
with monocyte resistance and macrophage susceptibility to HIV-1 infection, providing direct

evidence that CCRS5 functions as a coreceptor for HIV-1 infection of primary macrophages (354).

Black individuals in our study had a lower percentage of CCR5-expressing CD14*CD16ight
monocytes compared to white individuals. These cells are responsible for CD4+ T cell proliferation
and stimulation and stimulate the production of IL-4 by CD4+ T cells (356,358). Additionally, it
was shown that CD14"CD16"#" monocytes are involved in the overproduction of TNFa in ART-
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naive, HIV-infected individuals without viraemic suppression, suggesting that this cell subset

might be a major contributor to the immune hyperactivation of the disease (359,360).

8.3.1.2 CD569™CD16 NK cells

Traditionally, NK cells have been assessed as CD56"€"CD16~ and CD56%™CD16" populations,
with the former being responsible for cytokine production, preferentially concentrating in
secondary lymphoid tissues, and the latter demonstrating enhanced cytotoxicity and occupying
peripheral blood, lungs and areas of inflammation (361-365). CD56%™CD16- NK cells are likely
to be a heterogenous population comprising both maturing and target cell-activated cells (366). The
CD56%mCD16" subset was found to be the dominant NK cell population in melanomas and to
express the largest repertoire of chemokine receptors, including CCRS, implying that this subset is
highly proficient at recruitment into inflamed tissues (367). Ethnic variation of CCRS5 expression
on this subset may thus be indicative of differential trafficking and recruitment depending on the

population studied.

8.3.1.3 CDS8+ T cells

HIV-1 controllers are more likely to sustain long-term memory and effector potential CD8+ T cell
responses compared to progressors, allowing for an increased ability to kill infected cells prior to
progeny virion production (306,307). Effector memory CD8+ T cells are characterized by a high
cytotoxic capacity (308). As HIV/SIV disease progresses, HIV-specific CD8+ T cell cytotoxicity

decreases considerably until cells no longer exert a suitable antiviral response (309,310).

In a study conducted on healthy individuals, a correlation was found between the chemotactic
response of peripheral blood CD8+ T cell to CCL5 and the level of surface CCRS expression (368).
While CCRS density on T cells was found to remain constant over time for a given individual,
inter-individual variation of CCRS5 density was found to vary drastically, which may be an
important personal determinant of T cell migration in multiple biological situations where CCR5-

binding chemokines play a role (368).

8.3.1.4 Central memory CD4+ T cells

The finding of lower CCRS density on central memory CD4+ T cells in black individuals in our

study is noteworthy, since multiple studies have indicated that central memory CD4+ T cells are
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the main T cell subset that correlates to the loss or preservation of CD4 cells in HIV or SIV disease
(150,158,369). CCRS density on CD4+ T cells is an important factor in HIV-1 disease progression,
with high CCRS levels on central memory CD4+ T cells in acute HIV infection associating with
rapid disease progression (370). CCRS5 density was found to correlate with, and be predictive of,
the immune activation levels of people living with HIV-1, independently of HIV-1 viral load (190).
Thus, low CCRS5 expression on central memory CD4+ T cells is protective, resulting in a reduction
of direct viral infection of CD4+ T cells and aiding in the preservation of CD4+ T cell homeostasis

(370).

With constitutively lower CCR5 expression on non-classical monocytes, CD56%mCD16 NK cells,
CD8+ T cells and central memory CD4+ T cells in black compared to white South Africans, there

is likely to be baseline differential immune control of disease exhibited by these ethnic groups.

8.3.1.5 CCRS-CXCR4 co-receptor switching and HIV-1 pathogenesis

While CXCR4 usage tends to be limited to subtype B strains, being less common in the subtype C-
driven HIV-1 transmissions in sub-Saharan Africa (34), the increase in pathogenicity after viruses
switch receptor usage to CXCR4 is an important factor with regards to CD4+ T cell decline and
HIV-1 disease progression (31,33). CCRS density correlates with the immune activation levels of
people living with HIV-1, and CD4+ T cell activation has been shown to predict the emergence of
viral strains that preferentially use CXCR4 (190).

Naive and central memory CD4+ T cells tend to express the highest levels of CXCR4 (371). While
the significance of this is not yet elucidated, it is interesting then that black individuals in our study
constitutively exhibited a significantly lower CCRS density on these subsets compared to white
individuals. Since T cell activation has been shown to precede and independently predict X4-
tropism switching (372), the potentially lower activation state of these subsets in black individuals
may be protective with regards to HIV-1 pathogenesis, in addition to the protective effects of lower

CCRS density with regards to HIV-1 cell entry and CD4+ T cell infection (98,104,370,373).

It is not known whether the major protective effect of low CCRS expression is due to lowered
immune activation or the direct inhibition of HIV-1 cellular entry, however, it is likely that both of

these mechanisms contribute to HIV-1 control. Further study using cloning, flow cytometry and
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viral vector-based assays will be helpful in determining the effect of low expression levels of CCRS

on immune activation and/or viral entry.

8.3.1.6 CCRS5-based cure strategies

Subsequent to a stem cell transplant from a homozygous CCR5432 donor, the ‘Berlin patient’,
Timothy Ray Brown, was functionally cured of HIV-1; his HIV-1 viral load decreased to
undetectable limits (374,375). This case inspired multiple investigations into CCRS as a target for
a functional HIV-1 cure. Researchers have examined the inhibition of extracellular CCRS through
the use of small molecule inhibitors or monoclonal antibodies, in addition to exploring the impact
of preventing CCRS5 expression through various gene editing techniques such as RNA interference,
Transcription Activator-Like Effector Nucleases (TALENS), Zinc Finger Nucleases (ZFN), and
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR), on HIV-1 progression and
acquisition (90). Leronlimab is a monoclonal antibody directed towards CCRS that binds CCRS5
with high affinity, inhibiting HIV-1 entry into CD4+ T cells (376,377). With different ethnicities
exhibiting varied levels of constitutive CCRS expression, such as in this study, the design of these
CCRS5-based cure strategies will need to take ethnicity into account when determining the

effectiveness of these interventions.

8.3.2 CXCRG6 expression differences

CXCRG6 expression only differed between population groups with regards to percentage of CXCR6-
expressing cells, not CXCR6 density, with black individuals having a lower percentage of CXCR6-
expressing CD8+ T cell subsets (naive and effector memory) and a higher percentage of CXCR6-

expressing CD14*CD16" monocytes compared to white individuals.

8.3.2.1 Naive and effector memory CD8+ T cells

During pathogenic lentiviral infection, an increased turnover of naive and memory T cells has been
noted (378-380). In chronic HIV-1 infection, memory CD4+ but not memory CD8+ T cells have
been demonstrated to decrease in number, while both naive CD4+ and naive CD&+ T cells are

depleted, leading to the conclusion that naive T-cell depletion is one of the major hallmarks of HIV

infection (378,381,382).
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The CD8+ T cell response is a central mechanism of viral control present in the majority of HIV-
1 controllers, and the phenotype of these cells, with regards to effector and memory phenotypes
and in level of activation, may therefore differentially impact on viral control (383). In vitro, in
HIV-controllers, the effector memory and terminal effector subpopulations of CD8+ T cells
possessed a high inhibitory potential that suppressed HIV-1 infection, and these subpopulations
responded more rapidly to infection (384). In an SIV model, similar results were described, where
vaccination induced high numbers of effector memory CD8+ T cells, resulting in the establishment

of a controller phenotype (383,385).

CXCR6-expressing CD8+ T cells have been implicated in anti-tumour activity (386—388). CXCR6
has also been shown to be crucial in the development and preservation of protective memory CD8+
T cells in the liver (389). CXCRG6 is crucial for tissue homing T cells that get triggered via locally
expressed CXCL16, the ligand for CXCR6 (390-392). Thus, the ethnicity-based variation of
CXCRG6 expression levels on these cell subsets seen in our study is likely to result in a differential

control of not only HIV-1, but other inflammatory conditions.

8.3.2.2 CD14'CD16" monocytes

As mentioned in Section 8.3.1.1, HIV-1 preferentially infects CD16+ intermediate and
CD16"1e" non-classical monocytes over CD16- monocytes, and CD16+ monocytes act as a viral
reservoir for HIV-1 (350,351,357). CD14"CD16" monocytes express the highest levels of antigen
presentation-related molecules compared to the other monocyte subsets (359,393,394) and express
more CCRS than classical monocytes, likely accounting for their high susceptibility to HIV-1
infection (350,395,396). CD14°CD16" monocytes populations are expanded in individuals with
systemic infections, implying that this subset is integral in the rapid defense against pathogens

(359,397,398).

Since black individuals have a higher percentage of CXCR6-expressing CD14"CD16" monocytes
compared to white individuals in our study, a lower potential for HIV-1 reservoirs in this cell subset
for black individuals might be plausible if diverting HIV-1 from CCR5-expressing CD14°CD16*
monocytes, especially since CCRS5 and CXCR6 expression on monocytes did not correlate in our

study.
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8.4 Relationship between CCRS and CXCR6

To learn more about the relationship between CCRS and CXCR6 in the same individuals and on
the same cell type, we evaluated the ratio of CCR5 to CXCR6 expression (both frequency and
density) and correlated the expression levels of these two coreceptors on the different cell types. It
is important to note that due to the limitation of needing to have PE-labeled antibodies to both
CCRS and CXCR6 in order to quantitate the number of molecules of CCR5/CXCRG6 per cell, CCRS
and CXCR6 could not be assessed on the same flow cytometry panel. We still, however, found it
to be informative to assess the ratio and correlation of expression levels of these two chemokine
receptors in order to gain more understanding with regards to the relationship between CCRS and

CXCRG6 expression.

8.4.1 CCRS and CXCRG6 expression ratios

The ratio of CCRS5 to CXCR6 expression (frequency and density) on each cell subset studied was

calculated for every individual and the medians of the population groups were compared.

The ratio of CCR5 to CXCR6 expression differed most strongly between population groups on
effector memory CD8+ T cells (black South Africans had a lower median ratio of CCRS to CXCR6
density compared to white South Africans), CD14"CD16 2" monocytes (black South Africans had
a lower median ratio of CCR5-expressing to CXCR6-expressing CD14"CD16€" monocytes
compared to white South Africans) and CD56>"CD16" NK cells (black South Africans had a
higher median ratio of CCR5-expressing to CXCR6-expressing CD56€"CD16" NK cells

compared to white South Africans).

Since ratios were calculated with CXCR6 as the denominator, a ratio of >1 indicates higher CCRS5
expression compared to CXCR6 expression. For example, in this study, black South Africans had
CCRS and CXCR6 expression levels on effector memory CD4+ T cells that exhibit less of a
difference while white South Africans have a larger difference between CCRS5 and CXCR6
expression on these cells (with higher CCRS5 expression compared to CXCR6 expression). If more
CXCR6 expression is preferable with regards to HIV-control (as has been seen in SIVsmm and
HIV-2), a lower median ratio would be considered more protective compared to a higher ratio, as
is seen in black individuals in this example, especially if the ratio is <1, signifying a higher CXCR6

expression compared to CCRS expression on that cell type. To our knowledge, there are no other

162



analyses of the ratio of CCRS to CXCR6 expression in the literature, thus making it difficult to

compare and contextualize these findings.

8.4.2 CCRS and CXCRG6 expression correlations

CCRS5 and CXCR6 expression exhibited strong positive correlations on most CD4+ T and CD8+
T cell subsets, B cells and two NK cell subsets (CD56"CD16" and CD56™¢"CD16"). It is
interesting that both the frequency and density of CCRS expression significantly positively
correlated with CXCR6 expression on multiple subsets of CD4+ and CD8+ T cells. This provides
insight into the possible relationship between the two receptors. CC and CXC chemokines have
previously been shown to synergise, increasing leukocyte recruitment to areas of inflammation
(214). Synergistic interactions between chemokines may contribute to the enhancement and
modification of inflammatory responses (215). Since T cells are essential to immune responses, it
is likely that differing expression of CCRS5 and CXCR6 on these subsets in the different population
groups may impact various disease outcomes depending on ethnicity. Studies specifically designed

to assess the complex relationship between these two important coreceptors are needed.

8.5 Activation and effect on CCRS and CXCR®6 expression

As already mentioned, one of the greatest predictors of HIV-1 progression is hyperactivation of T
cells (191,192). It is widely accepted that cell activation results in an increase in CCRS5 expression
(95,205,228). Activated CD4+ cells, defined by expression of HLA-DR, express CCRS at higher
levels than non-activated or HLA-DR- CD4+ cells (95,187,317). CXCR6 expression has been
observed on both activated and unstimulated CD8+ T cells, activated and naive CD4+ T cells, NK
cells, natural killer T (NKT) cells and CD19+ B cells (159,193,399) and has been shown to be
upregulated following T cell activation (236,400,401).

CCRS and CXCR6 expression was evaluated to determine if there was an increase in expression
on activated cells in our population groups, using HLA-DR as a marker for activation. The main
findings indicated that black individuals had significantly lower CCRS5 density on HLA-DR+ CD4+
T cells and significantly lower CXCR6 density on HLA-DR+ monocytes compared to white
individuals. While lower CCRS5 density is known to be protective in the context of HIV-1
acquisition and progression (98,104,105,317,373), the implications of lower CXCR6 density on

activated monocytes is not yet clear. CXCR6 has been shown to promote monocyte infiltration and
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studies have shown that knocking out CXCRG6 results in lower inflammation and lower fibrosis in
organs like the kidney, liver and heart in multiple disease states (359,402,403), therefore it may be
hypothesized that a lower CXCR6 density on activated monocytes is protective against

inflammation induced fibrosis.

8.6 Impact of sex and age on CCRS and CXCRG6 expression

Since a variety of factors can affect the expression levels of chemokines and their associated
receptors, including sex and age, we considered the effect of these variables on CCR5 and CXCR6
expression (Chapter 5). Many studies fail to address sex and age differences in disease acquisition

and progression.

Sex differences have been shown to exert a sizeable effect on outcomes of HIV-1 disease (251—
253). Females living with HIV-1 have been shown to have higher levels of innate and adaptive
immune responses compared to males (254). In macaques infected with SIV-1, central memory
CD4+ T cells from females were found to differentially regulate a significantly larger number of
genes at day 4 post-infection when compared to males, with female macaques having significantly
higher levels of the CCL2, I-TAC and MIF cytokines, suggesting that early innate cytokine
responses to SIV lean towards a more pro-inflammatory phenotype in female macaques (255). In
mice thymocytes, age-associated changes in the expression of genes involved in T cell receptor
signaling, antigen presentation and lymphocyte development and function were identified,

including an increased expression of CXCR4 and CXCR6 with age, and a decrease in CCL25 (263).

In our study, both sex and age affected CCR5 and CXCR6 expression, however results varied
widely across the two population groups studied. Results were population-specific, with sex only
having an effect on CXCR6 expression in white individuals (with predominantly increased CXCR6
expression in males compared to females). The strongest findings were a higher percentage of
CCRS5-expressing central memory CD8+ T cells (in black individuals) and a higher percentage of
CCRS5-expressing CD56"e"CD16° NK cells in males compared to females (in white individuals).

Age also primarily associated with CCR5 and CXCR6 expression in white individuals. Older age
associated with lower CCRS and CXCR6 expression on NK cells, and a higher CXCR6 frequency
but lower CXCR6 density on naive CD8+ T cells. Older age associated with a higher CCRS density
but a lower CXCR6 density on CD8+ T cells. Whereas age tended to associate with higher CCR5
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expression (frequency and density) on monocytes across population groups, increasing age
associated with lower CXCR6 expression (frequency and density) on these cells. A consistent
finding across chemokine receptors was older age strongly associating with lower CCRS and

CXCRG6 expression (frequency and density) on multiple NK cell subsets.

Whether these population-specific sex and age differences in CCRS5 and CXCR6 expression
translates into differential HIV-1 control between the two population groups requires further
investigation, but this study highlights the importance of taking sex and age into consideration in

studies involving disease and disease outcomes.

Overall, we found significant population-specific differences in expression levels of both CCRS5
and CXCR6, found multiple associations with cell activation and CCR5 and CXCR6 expression
and found that CCR5 and CXCR6 expression significantly correlated on multiple cell subsets.
CD8+ T cells and NK cells showed the strongest ethnic differences with regards to CCRS and
CXCR6 expression, therefore further study on these cell types is recommended to determine the
extent to which this is environmentally driven and influenced by host genetics and what the

implications of these findings are on immunological functioning.

8.7 CCRS5 and CXCR6 gene variants and expression

Having established that select CCR5 and CXCR6 variants associated with natural control of HIV-
1 (115,134-136,300,333), their role in expression of these receptors was evaluated using the data

we generated for healthy controls.

8.7.1 CCRS3 variants

Four CCR)5 variants were selected for evaluation based on their association with HIV-1 control
(Chapter 6). The rs553615728 -4223 C>T SNP disrupts a cytidine phosphate guanidine (CpG)
dinucleotide in the cis-region of CCRS, CpG-41, a binding site where DNA methylation occurs,
and is uniquely found in individuals from southern Africa (115). The -4223 C>T SNP associated
with protection from HIV-1 acquisition in black South Africans in a previous study, however,
associations did not reach statistical significance (115). We could not assess the relationship
between the -4223 SNP and CCRS expression due to the low frequency of this SNP in our sample

population.
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The CCR5 promoter rs1799987 —2459 G>A SNP has been linked to differences
in CCRS expression levels on CD14+ monocytes (178) and has been associated with the rate of
progression to AIDS (117-119). The -2459 G>A minor allele is present in the CCR5 HHE, HHF*1,
HHF*2, HHG*1 and HHG*2 promoter haplotypes. Our previous work also indicated that this
variant associated with HIV-1 control (Chapter 3). We found that the -2459 G>A SNP had multiple
associations with CCRS5 expression. However, no results remained significant after correction for
multiple comparisons. The GG genotype tended to associate with an increased CCRS expression
compared to the GA and AA genotype, except on naive CD8+ T cells (frequency), CD14*CD16right
monocytes (density) and CD56%™CD16- NK cells (frequency), which is unexpected because
individuals with the GG genotype have been shown to exhibit slower disease progression than those

with the AA genotype (117-119). Again, results varied across population groups.

The 3’UTR rs746492 +2919 T>G SNP significantly associated with HIV-1 disease progression in
a black South African population (Chapter 3), but has not, to our knowledge, been assessed with
regards to HIV-1 control in other population groups (334). When evaluating the effect of this
variant on CCRS expression, the +2919 TG genotype associated with a significantly higher
percentage of CCRS-expressing total CD8+ T cells, transitional memory and terminally
differentiated CD8+ T cells compared to the GG genotype in the total combined group, and the
+2919 GG genotype associated with a significantly lower percentage of CCRS5-expressing B cells
compared to the TT and TG+TT genotypes in white South Africans. The +2919 TG and TG+TT
genotypes associated with significantly higher CCRS5 density on all CD8+ T cell subsets except
naive CD8+ T cells compared to the GG genotype in white South Africans and the total combined

group.

With the +2919 TG genotype associating with higher CCRS expression (both with regards to
frequency and density) on subsets of CD8+ T cells (only in white individuals and in the total group),
this finding potentially offers a functional reason for the significant overrepresentation of the TG
genotype in HIV-1 progressors compared to controllers reported in this study (Chapter 3). Since
CDS8+ T cells are not known to be reservoirs for HIV-1, the deleterious consequences of higher
CCRS5 expression on these cells could be due to the fact that an increase in CD8+ T cell activation

and exhaustion has been shown to result in inefficient viral control (404).
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Many studies have demonstrated the relevance of CCRS receptor density in the context of HIV-1
infection and that the amount of CCRS expressed on the cell surface directly influences an
individual’s susceptibility to HIV-1 (189,315,316). It is important to note, however, that in our
study, the overrepresentation of the TG genotype in HIV-1 progressors was in black South African
individuals, and the genotype’s significant association with higher CCRS5 expression was only seen
in white individuals and in the total group. This could be due to the small sample size of black
individuals, although the strength of the findings in the white population group even with low
numbers is interesting. The frequency of the TG genotype did not differ significantly between black
and white individuals in our study, suggesting that other factors are likely to be involved in the
significantly lower CCRS density on CD8+ T cells seen in black individuals compared to white

individuals in this study (Chapter 4).

The fourth SNP assessed was the rs1015164 G>A polymorphism that marks expression of the
antisense long non-coding RNA (IncNRA) CCRS5AS, a variant that genome wide association
studies (GWAS) showed had strong associations with HIV-1 outcomes (121). In our cohort, this
variant did not associate with CCRS5 expression in either population group. It is unclear whether
this is due to the small sample size of our cohort or whether this SNP is marking other SNPs that
are contributing functionally to HIV-1 control. For instance, the authors mention that since the
rs1015164 SNP is intergenic and not predicted to be located in a transcription factor binding site,
it is unlikely to be directly responsible for differential CCR5AS expression levels seen in their
study (121). The CCR5AS intronic rs2027820 variant, however, which is in almost perfect LD with
rs1015164 (1>=0.9-1), has been shown to regulate expression of CCR5AS through the differential
binding of activating transcription factor 1 (ATF1) (121).

Our study and the study that showed an association with rs1015164 and CCRS5 expression levels
exhibit multiple differences. In the study by Kulkarni et al., (2019), the effect of the various
genotypes on expression was assessed using qPCR to measure mRNA expression levels, and the
study participants were of Japanese descent infected with HIV-1 subtype B, consisting of 92% male
individuals. Additionally, they did not directly assess the effect of this SNP on CCRS levels, but

evaluated its association with CCR5AS expression levels (121).
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8.7.2 CXCRG6 variants

In Chapter 7, we explored two CXCR6 genetic variants (rs2234355 G>A and 152234358 G>T) and
their association with CXCR6 expression on CD4+ and CD8+ T cells, B cells, monocytes and NK
cells in healthy individuals. The rs2234358 SNP has been associated with HIV-1 control in
viraemic controllers (VCs), independent of the CCR2-CCRS5 locus (405), and the rs2234358 TT
genotype was found to be significantly underrepresented in VCs compared to black South African
healthy controls and progressors (135). In our study, while no associations remained significant
after correction for multiple comparisons, possession of the rs2234355 SNP GA genotype
associated with lower CXCR6 expression on select CD4+ and CD8+ T cell subsets as well as on B
cells, and possession of the rs2234358 SNP TT genotype associated with higher CXCR6 expression

on multiple cell types, primarily in white South Africans.

When examining genotype representation in HIV-1 controllers and progressors, an additive
protective effect of the absence of the ‘deleterious’ 1s2234358 TT genotype and the presence of
‘advantageous’ 1s2234355 heterozygosity (-358TT/+355GA) was found (135). In our study,
possession of the -358TT/+355GA genotype combination associated with lower CXCR6
expression on select subsets of CD4+ T cells and monocytes, seemingly suggesting that a lower
expression of CXCR6 on these subsets may be beneficial in HIV-1 control, such as is the case with
CCRS. It is already well established that higher CCRS expression is deleterious with regards to
HIV-1 acquisition and progression (96,97,317), however, it is not yet determined whether high
CXCRG6 expression is also deleterious in the context of HIV-1. Studies conducted using larger
cohorts will help elucidate the true role of these two variants on CXCR6 expression and ultimately,

HIV-1 control.

8.8 Study limitations

The limitations of our study include the small sample sizes present in each ethnic group studied. In
addition, analyses on peripheral blood may not be reflective of what is happening in the germinal

centers and lymphoid tissue.

The way that we assessed the effect of individual SNPs on expression levels does not take into

account other SNPs in the gene or other distinct genes that may be marked by the SNPs we assessed.
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Therefore, we cannot confidently say that the results we see are indeed due to the specific SNP

studied.

We did not conduct correction for multiple comparisons on the expression data in our study, which
would likely result in a loss of many significant findings - due to the exploratory nature of this
study, we found it informative to include significant results without correcting for multiple
comparisons. We did, however, correct for multiple comparisons for the genetic association
studies, since statistical analysis of genetic association data needs to estimate many effects and test
many hypotheses, resulting in false positives, or the Type I error rate, increasing with each
additional test (406—408). Lastly, CCRS and CXCR6 were not assessed in the same flow cytometry
panel because we wanted to determine the density of these receptors on the cell types studied,

which required separate panels.

8.9 Conclusion and future recommendations

While we are aware of the study limitations, novel insight was gained with regards to CCRS and
CXCR6 in a South African context. We characterized polymorphisms (SNPs and indels) and
intragenic haplotypes within the cis-regulatory regions of CCR5 in black South African HIV-1
controllers and progressors, identified previously unreported polymorphisms and haplotypes and
expanded upon previously defined haplotypes within the CCRS gene, in addition to associating
variants with HIV-1 control. This study also provides further understanding into constitutive CCRS
and CXCR6 expression levels on CD4+ and CD8+ T cells, B cells, monocytes and NK cells in
black and white South Africans without HIV-1, and the potential associations of select genetic
variants with expression. In our study, we illustrated that CXCR6 expression tends to follow a
similar pattern of expression to CCRS, positively correlating with CCRS expression on a number

of cell subsets.

Although our sample sizes are small and findings needs to be validated in larger cohorts, this work
provides important baseline reference data and highlights the necessity of ethnicity-, age- and sex-
specific studies. This study clearly shows that these variables have an effect on constitutive
expression of CCR5 and CXCR6, which would have important implications for individuals in a
disease state. It is therefore our recommendation to consider ethnic and sex differences in the design

of studies assessing HIV-1 infection, as well as in other disease research. CD8+ T cells and NK
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cells were found to exhibit the greatest inter-population variability with regards to expression, SNP
associations and activation effects. Future work including larger sample sizes and the use of
functional assays to assess the direct link between genetic variants and expression would be helpful
to determine population-specific differences and implications on HIV-1 control. Assessing CCRS
and CXCR6 expression in the same flow cytometry panel to determine the relationship between

these two coreceptors on the same cells would additionally provide useful information.

While CCRS5 and CXCR6 act as coreceptors for HIV-1 and SIV, they are also both important
molecules with regards to chemotaxis and are involved in both immune and inflammatory
responses. Ethnic differences with regards to expression of these two molecules thus gives
important insight into potential population driven immune differences, which is applicable for HIV-

1 as well as other diseases.

170



REFERENCES

10.

11.

12.

Gao F, Bailes E, Robertson DL, Chen Y, Rodenburg CM, Michael SF, et al. Origin of HIV-1 in the
chimpanzee Pan troglodytes troglodytes. Nature. 1999 Feb;397(6718):436—41.

Lemey P, Pybus OG, Wang B, Saksena NK, Salemi M, Vandamme AM. Tracing the origin and history of the
HIV-2 epidemic. Proceedings of the National Academy of Sciences [Internet]. 2003 May 27;100(11):6588
LP — 6592. Available from: http://www.pnas.org/content/100/11/6588.abstract

Ndjoyi-Mbiguino A, Zoa-Assoumou S, Mourembou G, Ennaji MM. Chapter 10 - Human Immunodeficiency
Virus: A Brief Review. In: Ennaji MM, editor. Emerging and Reemerging Viral Pathogens [Internet].
Academic Press; 2020. p. 183-200. Available from:
https://www.sciencedirect.com/science/article/pii/B9780128194003000107

Tebit DM, Arts EJ. Tracking a century of global expansion and evolution of HIV to drive understanding and
to combat disease. Lancet Infect Dis [Internet]. 2011 Jan 1;11(1):45-56. Available from:
https://doi.org/10.1016/S1473-3099(10)70186-9

Bbosa N, Kaleebu P, Ssemwanga D. HIV subtype diversity worldwide. Curr Opin HIV AIDS [Internet].
2019;14(3). Available from: https://journals.lww.com/co-
hivandaids/Fulltext/2019/05000/HIV_subtype diversity worldwide.3.aspx

Faria NR, Rambaut A, Suchard MA, Baele G, Bedford T, Ward MJ, et al. The early spread and epidemic
ignition of HIV-1 in human populations. Science (1979) [Internet]. 2014 Oct 3;346(6205):56—61. Available
from: https://doi.org/10.1126/science.1256739

Gilbert MTP, Rambaut A, Wlasiuk G, Spira TJ, Pitchenik AE, Worobey M. The emergence of HIV/AIDS in
the Americas and beyond. Proc Natl Acad Sci U S A. 2007 Nov;104(47):18566—70.

Kharsany ABM, Karim QA. HIV Infection and AIDS in Sub-Saharan Africa: Current Status, Challenges and
Opportunities. Open AIDS J [Internet]. 2016 Apr 8;10:34-48. Available from:
https://pubmed.ncbi.nlm.nih.gov/27347270

Gillespie S, Kadiyala S, Greener R. Is poverty or wealth driving HIV transmission? AIDS [Internet].
2007;21. Available from:

https://journals.lww.com/aidsonline/Fulltext/2007/11007/Is_poverty or wealth driving HIV_transmission_.
2.aspx

Mabala R. From HIV prevention to HIV protection: addressing the vulnerability of girls and young women
in urban areas. Environ Urban [Internet]. 2006 Oct 1;18(2):407-32. Available from:
https://doi.org/10.1177/0956247806069624

Chan DC, Fass D, Berger JM, Kim PS. Core Structure of gp41 from the HIV Envelope Glycoprotein. Cell
[Internet]. 1997 Apr 18;89(2):263-73. Available from: https://doi.org/10.1016/S0092-8674(00)80205-6

Woodham AW, Skeate JG, Sanna AM, Taylor JR, da Silva DM, Cannon PM, et al. Human
Immunodeficiency Virus Immune Cell Receptors, Coreceptors, and Cofactors: Implications for Prevention
and Treatment. AIDS Patient Care STDS [Internet]. 2016 Jul 1;30(7):291-306. Available from:
https://doi.org/10.1089/apc.2016.0100

171



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Gelderblom HR. Assembly and morphology of HIV: potential effect of structure on viral function. Vol. 5,
AIDS (London, England). England; 1991. p. 617-37.

Wilen CB, Tilton JC, Doms RW. HIV: cell binding and entry. Cold Spring Harb Perspect Med [Internet].
2012 Aug 1;2(8):a006866. Available from: https://pubmed.ncbi.nlm.nih.gov/22908191

Weissenhorn W, Dessen A, Harrison SC, Skehel JJ, Wiley DC. Atomic structure of the ectodomain from
HIV-1 gp41. Nature [Internet]. 1997;387(6631):426-30. Available from: https://doi.org/10.1038/387426a0

Melikyan GB. Common principles and intermediates of viral protein-mediated fusion: the HIV-1 paradigm.
Retrovirology [Internet]. 2008 Dec 10;5:111. Available from: https://pubmed.ncbi.nlm.nih.gov/19077194

Jayappa KD, Ao Z, Yao X. The HIV-1 passage from cytoplasm to nucleus: the process involving a complex
exchange between the components of HIV-1 and cellular machinery to access nucleus and successful
integration. Int J Biochem Mol Biol [Internet]. 2012/02/25. 2012;3(1):70-85. Available from:
https://pubmed.ncbi.nlm.nih.gov/22509482

Bukrinsky MI, Sharova N, Dempsey MP, Stanwick TL, Bukrinskaya AG, Haggerty S, et al. Active nuclear
import of human immunodeficiency virus type 1 preintegration complexes. Proc Natl Acad Sci U S A. 1992
Jul;89(14):6580-4.

Greene WC, Peterlin BM. Charting HIV’s remarkable voyage through the cell: Basic science as a passport
to future therapy. Nat Med. 2002 Jul;8(7):673-80.

Barré-Sinoussi F, Ross AL, Delfraissy JF. Past, present and future: 30 years of HIV research. Vol. 11, Nature
reviews. Microbiology. England; 2013. p. 877-83.

Medzhitov R, Janeway C. Innate Immunity. New England Journal of Medicine [Internet]. 2000 Aug
3;343(5):338—44. Available from: https://doi.org/10.1056/NEJM200008033430506

Chaplin DD. Overview of the immune response. J Allergy Clin Immunol [Internet]. 2010 Feb;125(2 Suppl
2):S3-23. Available from: https://pubmed.ncbi.nlm.nih.gov/20176265

Iwasaki A, Medzhitov R. Toll-like receptor control of the adaptive immune responses. Nat Immunol
[Internet]. 2004;5(10):987-95. Available from: https://doi.org/10.1038/ni1112

K. HG, Peter L, Uwe S, Zhong-Qun Y. Innate and Adaptive Immunity in the Pathogenesis of
Atherosclerosis. Circ Res [Internet]. 2002 Aug 23;91(4):281-91. Available from:
https://doi.org/10.1161/01.RES.0000029784.15893.10

Mosaad YM. Clinical Role of Human Leukocyte Antigen in Health and Disease. Scand J Immunol [Internet].
2015 Oct 1;82(4):283-306. Available from: https://doi.org/10.1111/sji.12329

Cuevas JM, Geller R, Garijo R, Lopez-Aldeguer J, Sanjuan R. Extremely High Mutation Rate of HIV-1 In
Vivo. PLoS Biol [Internet]. 2015 Sep 16;13(9):¢1002251. Available from:
https://doi.org/10.1371/journal.pbio.1002251

Roberts JD, Bebenek K, Kunkel TA. The accuracy of reverse transcriptase from HIV-1. Science. 1988
Nov;242(4882):1171-3.

Horuk R. Chemokine receptors and HIV-1: the fusion of two major research fields. Immunol Today
[Internet]. 1999;20(2):89-94. Available from:
http://www.sciencedirect.com/science/article/pii/S0167569998013966

172



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Le Y, Zhou ye, Iribarren P, Wang J. Chemokines and chemokine receptors: their manifold roles in
homeostasis and disease [J]. Cell Mol Immunol. 2004 May 1;1:95-104.

Griffith JW, Sokol CL, Luster AD. Chemokines and Chemokine Receptors: Positioning Cells for Host
Defense and Immunity. Annu Rev Immunol [Internet]. 2014 Mar 21;32(1):659-702. Available from:
https://doi.org/10.1146/annurev-immunol-032713-120145

Hughes CE, Nibbs RJB. A guide to chemokines and their receptors. FEBS J [Internet]. 2018/04/24. 2018
Aug;285(16):2944—71. Available from: https://pubmed.ncbi.nlm.nih.gov/29637711

Atchison RE, Gosling J, Monteclaro FS, Franci C, Digilio L, Charo IF, et al. Multiple extracellular elements
of CCRS5 and HIV-1 entry: dissociation from response to chemokines. Science. 1996 Dec;274(5294):1924—6.

Shen HS, Yin J, Leng F, Teng RF, Xu C, Xia XY, et al. HIV coreceptor tropism determination and
mutational pattern identification. Sci Rep [Internet]. 2016 Feb 17;6:21280. Available from:
https://pubmed.ncbi.nlm.nih.gov/26883082

Pierre F, Marie-Laure C, Stéphanie R, Julie G, Christiane D, Laurence M, et al. Low Frequency of CXCR4-
Using Viruses in Patients at the Time of Primary Non-Subtype-B HIV-1 Infection. J Clin Microbiol
[Internet]. 2010 Oct 1;48(10):3487-91. Available from: https://doi.org/10.1128/JCM.00704-10

Pollakis G, Paxton WA. Use of (alternative) coreceptors for HIV entry. Curr Opin HIV AIDS. 2012
Sep;7(5):440-9.

Furie MB, Randolph GJ. Chemokines and tissue injury. Am J Pathol. 1995 Jun;146(6):1287-301.

Proudfoot AEI. Chemokine receptors: multifaceted therapeutic targets. Nat Rev Immunol [Internet]. 2002
Feb;2(2):106—15. Available from: https://pubmed.ncbi.nlm.nih.gov/11910892

Zlotnik A, Yoshie O, Nomiyama H. The chemokine and chemokine receptor superfamilies and their
molecular evolution. Genome Biol [Internet]. 2006;7(12):243. Available from:
https://pubmed.ncbi.nlm.nih.gov/17201934

Patel MB, Hoffman NG, Swanstrom R. Subtype-specific conformational differences within the V3 region of
subtype B and subtype C human immunodeficiency virus type 1 Env proteins. J Virol. 2008 Jan;82(2):903—
16.

Surmi BK, Hasty AH. The role of chemokines in recruitment of immune cells to the artery wall and adipose
tissue. Vascul Pharmacol [Internet]. 2009/12/21. 2010;52(1-2):27-36. Available from:
https://pubmed.ncbi.nlm.nih.gov/20026286

Gupta RK, Abdul-Jawad S, McCoy LE, Mok HP, Peppa D, Salgado M, et al. HIV-1 remission following
CCRS5A32/A32 haematopoietic stem-cell transplantation. Nature [Internet]. 2019;568(7751):244-8. Available
from: https://doi.org/10.1038/s41586-019-1027-4

Arts EJ, Hazuda DJ. HIV-1 antiretroviral drug therapy. Cold Spring Harb Perspect Med [Internet]. 2012
Apr;2(4):a007161-a007161. Available from: https://pubmed.ncbi.nlm.nih.gov/22474613

Mansky LM, Temin HM. Lower in vivo mutation rate of human immunodeficiency virus type 1 than that
predicted from the fidelity of purified reverse transcriptase. J Virol. 1995 Aug;69(8):5087-94.

173



44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

O’Neil PK, Sun G, Yu H, Ron Y, Dougherty JP, Preston BD. Mutational analysis of HIV-1 long terminal
repeats to explore the relative contribution of reverse transcriptase and RNA polymerase II to viral
mutagenesis. J Biol Chem. 2002 Oct;277(41):38053-61.

Abram ME, Ferris AL, Das K, Quinofies O, Shao W, Tuske S, et al. Mutations in HIV-1 Reverse
Transcriptase Affect the Errors Made in a Single Cycle of Viral Replication. Doms RW, editor. J Virol
[Internet]. 2014 Jul 1;88(13):7589 LP — 7601. Available from: http://jvi.asm.org/content/88/13/7589.abstract

Frost SD, McLean AR. Quasispecies dynamics and the emergence of drug resistance during zidovudine
therapy of HIV infection. AIDS. 1994 Mar;8(3):323-32.

Coffin JM. HIV population dynamics in vivo: implications for genetic variation, pathogenesis, and therapy.
Science. 1995 Jan;267(5197):483-9.

Nowak MA, Bonhoeffer S, Shaw GM, May RM. Anti-viral drug treatment: dynamics of resistance in free
virus and infected cell populations. J Theor Biol. 1997 Jan;184(2):203—-17.

Stengel RF. Mutation and control of the human immunodeficiency virus. Math Biosci. 2008 Jun;213(2):93—
102.

Krikorian SA, Rudorf DC. Drug-Drug Interactions and HIV Therapy: What Should Pharmacists Know? J
Pharm Pract [Internet]. 2005 Aug 1;18(4):278-94. Available from:
https://doi.org/10.1177/0897190005278504

Boulle A, Orrel C, Kaplan R, van Cutsem G, McNally M, Hilderbrand K, et al. Substitutions due to
antiretroviral toxicity or contraindication in the first 3 years of antiretroviral therapy in a large South African
cohort. Antivir Ther. 2007;12(5):753-60.

Chun TW, Stuyver L, Mizell SB, Ehler LA, Mican JA, Baseler M, et al. Presence of an inducible HIV-1
latent reservoir during highly active antiretroviral therapy. Proc Natl Acad Sci U S A [Internet]. 1997 Nov
25;94(24):13193-7. Available from: https://pubmed.ncbi.nlm.nih.gov/9371822

Wong JK, Hezareh M, Giinthard HF, Havlir D v, Ignacio CC, Spina CA, et al. Recovery of Replication-
Competent HIV Despite Prolonged Suppression of Plasma Viremia. Science (1979) [Internet]. 1997 Nov
14;278(5341):1291. Available from: http://science.sciencemag.org/content/278/5341/1291 .abstract

Kulkosky J, Bray S. HAART-Persistent HIV-1 Latent Reservoirs: Their Origin, Mechanisms of Stability and
Potential Strategies for Eradication. Curr HIV Res. 2006 May 1;4:199-208.

Archin NM, Margolis DM. Emerging strategies to deplete the HIV reservoir. Curr Opin Infect Dis. 2014
Feb;27(1):29-35.

Pantaleo G, Menzo S, Vaccarezza M, Graziosi C, Cohen OJ, Demarest JF, et al. Studies in Subjects with
Long-Term Nonprogressive Human Immunodeficiency Virus Infection. New England Journal of Medicine
[Internet]. 1995 Jan 26;332(4):209-16. Available from: https://doi.org/10.1056/NEJM199501263320402

Okulicz JF, Marconi VC, Landrum ML, Wegner S, Weintrob A, Ganesan A, et al. Clinical outcomes of elite
controllers, viremic controllers, and long-term nonprogressors in the US Department of Defense HIV natural
history study. J Infect Dis. 2009 Dec;200(11):1714-23.

174



358.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Deeks SG, Kitchen CMR, Liu L, Guo H, Gascon R, Narvaez AB, et al. Immune activation set point during
early HIV infection predicts subsequent CD4+ T-cell changes independent of viral load. Blood [Internet].
2004 Aug 15;104(4):942—7. Available from: https://doi.org/10.1182/blood-2003-09-3333

Mellors JW, Mufioz A, Giorgi J v, Margolick JB, Tassoni CJ, Gupta P, et al. Plasma viral load and CD4+
lymphocytes as prognostic markers of HIV-1 infection. Ann Intern Med. 1997 Jun;126(12):946-54.

Richardson BA, Mbori-Ngacha D, Lavreys L, John-Stewart GC, Nduati R, Panteleeff DD, et al. Comparison
of human immunodeficiency virus type 1 viral loads in Kenyan women, men, and infants during primary and
early infection. J Virol [Internet]. 2003 Jun;77(12):7120-3. Available from:
https://pubmed.ncbi.nlm.nih.gov/12768032

Kelley CF, Barbour JD, Hecht FM. The relation between symptoms, viral load, and viral load set point in
primary HIV infection. J Acquir Immune Defic Syndr. 2007 Aug;45(4):445-8.

Lavreys L, Baeten JM, Chohan V, McClelland RS, Hassan WM, Richardson BA, et al. Higher set point
plasma viral load and more-severe acute HIV type 1 (HIV-1) illness predict mortality among high-risk HIV-
I-infected African women. Clin Infect Dis. 2006 May;42(9):1333-9.

Koehler RN, Walsh AM, Saathoff E, Tovanabutra S, Arroyo MA, Currier JR, et al. Class | HLA-A*7401 is
associated with protection from HIV-1 acquisition and disease progression in Mbeya, Tanzania. J Infect Dis.
2010 Nov;202(10):1562-6.

Mellors JW, Margolick JB, Phair JP, Rinaldo CR, Detels R, Jacobson LP, et al. Prognostic Value of HIV-1
RNA, CD4 Cell Count, and CD4 Cell Count Slope for Progression to AIDS and Death in Untreated HIV-1
Infection. JAMA [Internet]. 2007 Jun 6;297(21):2346-50. Available from:
https://doi.org/10.1001/jama.297.21.2349

Rodriguez B, Sethi AK, Cheruvu VK, Mackay W, Bosch RJ, Kitahata M, et al. Predictive Value of Plasma
HIV RNA Level on Rate of CD4 T-Cell Decline in Untreated HIV Infection. JAMA [Internet]. 2006 Sep
27;296(12):1498-506. Available from: https://doi.org/10.1001/jama.296.12.1498

Hunt PW, Brenchley J, Sinclair E, McCune JM, Roland M, Page-Shafer K, et al. Relationship between T cell
activation and CD4+ T cell count in HIV-seropositive individuals with undetectable plasma HIV RNA levels
in the absence of therapy. J Infect Dis. 2008 Jan;197(1):126-33.

Silvestri G. AIDS pathogenesis: a tale of two monkeys. J Med Primatol. 2008 Dec;37 Suppl 2:6—12.

Deeks SG, Archin N, Cannon P, Collins S, Jones RB, de Jong MAWP, et al. Research priorities for an HIV
cure: International AIDS Society Global Scientific Strategy 2021. Nat Med [Internet]. 2021;27(12):2085-98.
Available from: https://doi.org/10.1038/s41591-021-01590-5

Lewin SR, Evans VA, Elliott JH, Spire B, Chomont N. Finding a cure for HIV: will it ever be achievable? J
Int AIDS Soc [Internet]. 2011;14(1):4. Available from: https://doi.org/10.1186/1758-2652-14-4

Santa-Marta M, Brito P, Godinho-Santos A, Goncalves J. Host Factors and HIV-1 Replication: Clinical
Evidence and Potential Therapeutic Approaches. Front Immunol [Internet]. 2013;4:343. Available from:
https://www.frontiersin.org/article/10.3389/fimmu.2013.00343

Tscherning C, Alaeus A, Fredriksson R, Bjorndal A, Deng H, Littman DR, et al. Differences in Chemokine
Coreceptor Usage between Genetic Subtypes of HIV-1. Virology [Internet]. 1998;241(2):181-8. Available
from: http://www.sciencedirect.com/science/article/pii/S0042682297989807

175



72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

3.

84.

Foy HM, Kunanusont C, Kreiss JK, Phanuphak P, Raktham S, Pau CP, et al. HIV-1 subtypes and male-to-
female transmission in Thailand. The Lancet [Internet]. 1995 Apr 29 [cited 2020 May 18];345(8957):1078—
83. Available from: https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(95)90818-
8/fulltext#. XsJ5agax6 A.mendeley

Kiwanuka N, Laeyendecker O, Quinn TC, Wawer MJ, Shepherd J, Robb M, et al. HIV-1 subtypes and
differences in heterosexual HIV transmission among HIV-discordant couples in Rakai, Uganda. AIDS
[Internet]. 2009 Nov 27;23(18):2479-84. Available from: https://pubmed.ncbi.nlm.nih.gov/19841572

Gijsbers EF, van Sighem A, Harskamp AM, Welkers MRA, de Wolf F, Brinkman K, et al. The Presence of
CXCR4-Using HIV-1 Prior to Start of Antiretroviral Therapy Is an Independent Predictor of Delayed Viral
Suppression. PLoS One [Internet]. 2013 Oct 1;8(10):¢76255-. Available from:
https://doi.org/10.1371/journal.pone.0076255

Kaleebu P, Nankya IL, Yirrell DL, Shafer LA, Kyosiimire-Lugemwa J, Lule DB, et al. Relation Between
Chemokine Receptor Use, Disease Stage, and HIV-1 Subtypes A and D: Results From a Rural Ugandan
Cohort. JAIDS Journal of Acquired Immune Deficiency Syndromes [Internet]. 2007;45(1). Available from:
https://journals.lww.com/jaids/Fulltext/2007/05010/Relation_Between Chemokine Receptor Use, Disease.
S.aspx

Palacios JA, Pérez-Pifiar T, Toro C, Sanz-Minguela B, Moreno V, Valencia E, et al. Long-Term
Nonprogressor and Elite Controller Patients Who Control Viremia Have a Higher Percentage of Methylation
in Their HIV-1 Proviral Promoters than Aviremic Patients Receiving Highly Active Antiretroviral Therapy. J
Virol [Internet]. 2012 Dec 1;86(23):13081. Available from: http://jvi.asm.org/content/86/23/13081.abstract

Tiemessen CT, Martinson N. Elite controllers: Understanding natural suppressive control of HIV-1 infection.
Continuing Medical Education; Vol 30, No 8 (2012): Immunology [Internet]. 2012; Available from:
http://www.cmej.org.za/index.php/cmej/article/view/2491

Fauci AS. Host factors and the pathogenesis of HIV-induced disease. Nature [Internet].
1996;384(6609):529-34. Available from: https://doi.org/10.1038/384529a0

Deeks SG, Walker BD. Human Immunodeficiency Virus Controllers: Mechanisms of Durable Virus Control
in the Absence of Antiretroviral Therapy. Immunity [Internet]. 2007;27(3):406—16. Available from:
http://www.sciencedirect.com/science/article/pii/S1074761307004141

Buckheit RW, Allen TG, Alme A, Salgado M, O’Connell KA, Huculak S, et al. Host factors dictate control
of viral replication in two HIV-1 controller/chronic progressor transmission pairs. Nat Commun [Internet].
2012;3(1):716. Available from: https://doi.org/10.1038/ncomms1697

Okulicz JF. Elite Controllers and Long-term Nonprogressors: Models for HIV Vaccine Development? Vol. 3,
Journal of AIDS & Clinical Research. OMICS International. 2012.

Heeney JL, Dalgleish AG, Weiss RA. Origins of HIV and the evolution of resistance to AIDS. Science. 2006
Jul;313(5786):462—6.

Nolan D, Gaudieri S, John M, Mallal S. Impact of host genetics on HIV disease progression and treatment:
new conflicts on an ancient battleground. Vol. 18, AIDS (London, England). England; 2004. p. 1231-40.

Naranbhai V, Carrington M. Host genetic variation and HIV disease: from mapping to mechanism.
Immunogenetics [Internet]. 2017/07/10. 2017 Aug;69(8-9):489-98. Available from:
https://pubmed.ncbi.nlm.nih.gov/28695282

176



85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

McLaren PJ, Coulonges C, Bartha I, Lenz TL, Deutsch AJ, Bashirova A, et al. Polymorphisms of large effect
explain the majority of the host genetic contribution to variation of HIV-1 virus load. Proc Natl Acad Sci U S
A. 2015 Nov;112(47):14658—63.

McLaren PJ, Ripke S, Pelak K, Weintrob AC, Patsopoulos NA, Jia X, et al. Fine-mapping classical HLA
variation associated with durable host control of HIV-1 infection in African Americans. Hum Mol Genet.
2012 Oct;21(19):4334-47.

Pereyra F, Jia X, McLaren PJ, Telenti A, de Bakker PIW, Walker BD, et al. The major genetic determinants
of HIV-1 control affect HLA class I peptide presentation. Science. 2010 Dec;330(6010):1551-7.

Covino D, Sabbatucci M, Fantuzzi L. The CCL2/CCR2 Axis in the Pathogenesis of HIV-1 Infection: A New
Cellular Target for Therapy? Curr Drug Targets. 2015 Dec 17;17:76—110.

Ryabov GS, Kazennova E v, Bobkov AF. Frequencies of the CCR2-641 and SDF1-3"A Alleles Associated
with Progression of the HIV-1 Disease in Healthy Individuals from Moscow. Russ J Genet [Internet].
2002;38(2):213-5. Available from: https://doi.org/10.1023/A:1014398430706

Mohamed H, Gurrola T, Berman R, Collins M, Sariyer IK, Nonnemacher MR, et al. Targeting CCRS5 as a
Component of an HIV-1 Therapeutic Strategy. Front Immunol [Internet]. 2022;12. Available from:
https://www.frontiersin.org/articles/10.3389/fimmu.2021.816515

Blanpain C, Libert F, Vassart G, Parmentier M. CCR5 and HIV infection. Recept Channels. 2002;8(1):19—
31.

Blanpain C, Migeotte I, Lee B, Vakili J, Doranz BJ, Govaerts C, et al. CCR5 Binds Multiple CC-
Chemokines: MCP-3 Acts as a Natural Antagonist. Blood [Internet]. 1999 Sep 15;94(6):1899-905. Available
from: https://doi.org/10.1182/blood.V94.6.1899

Cocchi F, DeVico AL, Garzino-Demo A, Arya SK, Gallo RC, Lusso P. Identification of RANTES, MIP-1
alpha, and MIP-1 beta as the major HIV-suppressive factors produced by CD8+ T cells. Science. 1995
Dec;270(5243):1811-5.

Trkola A, Paxton WA, Monard SP, Hoxie JA, Siani MA, Thompson DA, et al. Genetic subtype-independent
inhibition of human immunodeficiency virus type 1 replication by CC and CXC chemokines. J Virol. 1998
Jan;72(1):396-404.

Wu L, Paxton WA, Kassam N, Ruffing N, Rottman JB, Sullivan N, et al. CCRS5 levels and expression pattern
correlate with infectability by macrophage-tropic HIV-1, in vitro. ] Exp Med [Internet]. 1997 May
5;185(9):1681-91. Available from: https://pubmed.ncbi.nlm.nih.gov/9151905

de Roda Husman A, M K, M C, et al. Association between CCR5 Genotype and the Clinical Course of HIV-
1 Infection. Ann Intern Med. 1997;127(10):882-90.

Meijerink H, Indrati AR, van Crevel R, Joosten I, Koenen H, van der Ven AJAM. The number of CCR5
expressing CD4+ T lymphocytes is lower in HIV-infected long-term non-progressors with viral control
compared to normal progressors: a cross-sectional study. BMC Infect Dis. 2014 Dec;14:683.

Reynes J, Portales P, Segondy M, Baillat V, André P, Avinens O, et al. CD4 T cell surface CCRS density as
a host factor in HIV-1 disease progression. AIDS. 2001 Sep;15(13):1627-34.

177



99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Barmania F, Pepper MS. C-C chemokine receptor type five (CCRS5): An emerging target for the control of
HIV infection. Appl Transl Genom. 2013;2:3—16.

Qin S, Rottman JB, Myers P, Kassam N, Weinblatt M, Loetscher M, et al. The chemokine receptors CXCR3
and CCRS mark subsets of T cells associated with certain inflammatory reactions. J Clin Invest. 1998
Feb;101(4):746-54.

Picton AC. HIV-1 Coreceptor CCR5: Gene Characterization and Expression. 2013.

Lelievre JD, Petit F, Perrin L, Mammano F, Arnoult D, Ameisen JC, et al. The density of coreceptors at the
surface of CD4+ T cells contributes to the extent of human immunodeficiency virus type 1 viral replication-
mediated T cell death. AIDS Res Hum Retroviruses. 2004 Nov;20(11):1230-43.

Fiser AL, Vincent T, Brieu N, Lin YL, Portales P, Mettling C, et al. High CD4(+) T-cell surface CXCR4
density as a risk factor for R5 to X4 switch in the course of HIV-1 infection. J Acquir Immune Defic Syndr.
2010 Dec;55(5):529-35.

Lin YL, Mettling C, Portales P, Reynes J, Clot J, Corbeau P. Cell surface CCRS5 density determines the
postentry efficiency of R5 HIV-1 infection. Proc Natl Acad Sci U S A [Internet]. 2002/11/14. 2002 Nov
26;99(24):15590-5. Available from: https://www.ncbi.nlm.nih.gov/pubmed/12434015

Yang X, Jiao Y mei, Wang R, Ji Y xia, Zhang H wei, Zhang Y hong, et al. High CCRS5 Density on Central
Memory CD4+ T Cells in Acute HIV-1 Infection Is Mostly Associated with Rapid Disease Progression.
PLoS One [Internet]. 2012 Nov 21;7(11):e49526. Available from:
https://doi.org/10.1371/journal.pone.0049526

Mulherin SA, O’Brien TR, Ioannidis JP, Goedert JJ, Buchbinder SP, Coutinho RA, et al. Effects of CCR5-
Delta32 and CCR2-641 alleles on HIV-1 disease progression: the protection varies with duration of infection.
AIDS. 2003 Feb;17(3):377-87.

Mummidi S, Ahuja SS, Gonzalez E, Anderson SA, Santiago EN, Stephan KT, et al. Genealogy of the CCR5
locus and chemokine system gene variants associated with altered rates of HIV-1 disease progression. Nat
Med. 1998 Jul;4(7):786-93.

Sabeti PC, Walsh E, Schaftner SF, Varilly P, Fry B, Hutcheson HB, et al. The Case for Selection at CCR5-
A32. PLoS Biol. 2005 Nov;3(11):e378.

Mummidi S, Bamshad M, Ahuja SS, Gonzalez E, Feuillet PM, Begum K, et al. Evolution of Human and
Non-human Primate CC Chemokine Receptor 5 Gene and mRNA: Potential Roles for Haplotype and mRNA
Diversity, Differential Haplotype-Specific Transcriptional Activity, and Altered Transcription Factor
Binding to Polymorphis Nucleotides. Journal of Biological Chemistry. 2000 Jun;275(25):18946-61.

Mangano A, Gonzalez E, Dhanda R, Catano G, Bamshad M, Bock A, et al. Concordance between the CC
Chemokine Receptor 5 Genetic Determinants That Alter Risks of Transmission and Disease Progression in
Children Exposed Perinatally to Human Immunodeficiency Virus. J Infect Dis. 2001 Jun;183(11):1574-85.

Smith MW, Dean M, Carrington M, Winkler C, Huttley GA, Lomb DA, et al. Contrasting Genetic Influence
of CCR2 and CCRS5 Variants on HIV-1 Infection and Disease Progression. Science (1979). 1997
Aug;277(5328):959 LP — 965.

178



112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Joshi A, Punke EB, Sedano M, Beauchamp B, Patel R, Hossenlopp C, et al. CCRS promoter activity
correlates with HIV disease progression by regulating CCRS cell surface expression and CD4 T cell
apoptosis. Sci Rep. 2017;7(1):232.

Jiang D, Mummidi S, Ahuja SK, Jarrett HW. CCRS promoter haplotype transcription complex
characterization. J Health Care Poor Underserved. 2011;22(4 Suppl):73-90.

Liu H, Nakayama EE, Theodorou I, Nagai Y, Likanonsakul S, Wasi C, et al. Polymorphisms in CCR5
chemokine receptor gene in Japan. Int J Immunogenet. 2007 Jun;34(5):325-35.

Gornalusse GG, Mummidi S, Gaitan AA, Jimenez F, Ramsuran V, Picton A, et al. Epigenetic mechanisms,
T-cell activation, and CCRS5 genetics interact to regulate T-cell expression of CCRS, the major HIV-1
coreceptor. Proc Natl Acad Sci U S A. 2015/08/11. 2015 Aug;112(34):E4762-71.

Gonzalez E, Bamshad M, Sato N, Mummidi S, Dhanda R, Catano G, et al. Race-specific HIV-1 disease-
modifying effects associated with CCRS5 haplotypes. Proc Natl Acad Sci U S A. 1999 Oct;96(21):12004-9.

McDermott DH, Zimmerman PA, Guignard F, Kleeberger CA, Leitman SF, Murphy PM. CCRS5 promoter
polymorphism and HIV-1 disease progression. Multicenter AIDS Cohort Study (MACS). Lancet. 1998
Sep;352(9131):866-70.

Clegg AO, Ashton LJ, Biti RA, Badhwar P, Williamson P, Kaldor JM, et al. CCRS promoter polymorphisms,
CCRS 59029A and CCRS 59353C, are under represented in HIV-1-infected long-term non-progressors. The
Australian Long-Term Non-Progressor Study Group. AIDS. 2000 Jan;14(2):103-8.

Knudsen TB, Kristiansen TB, Katzenstein TL, Eugen-Olsen J. Adverse effect of the CCRS promoter -2459A
allele on HIV-1 disease progression. ] Med Virol. 2001 Nov;65(3):441-4.

Kostrikis LG, Huang Y, Moore JP, Wolinsky SM, Zhang L, Guo Y, et al. A chemokine receptor CCR2 allele
delays HIV-1 disease progression and is associated with a CCRS promoter mutation. Nat Med. 1998
Mar;4(3):350-3.

Kulkarni S, Lied A, Kulkarni V, Rucevic M, Martin MP, Walker-Sperling V, et al. CCR5AS IncRNA
variation differentially regulates CCRS, influencing HIV disease outcome. Nat Immunol [Internet].
2019;20(7):824-34. Available from: https://doi.org/10.1038/s41590-019-0406-1

Elliott STC, Wetzel KS, Francella N, Bryan S, Romero DC, Riddick NE, et al. Dualtropic CXCR6/CCRS5
Simian Immunodeficiency Virus (SIV) Infection of Sooty Mangabey Primary Lymphocytes: Distinct
Coreceptor Use in Natural versus Pathogenic Hosts of SIV. J Virol. 2015 Aug;89(18):9252-61.

Wetzel KS, YiY, Yadav A, Bauer AM, Bello EA, Romero DC, et al. Loss of CXCR6 coreceptor usage
characterizes pathogenic lentiviruses. PLoS Pathog. 2018 Apr;14(4):¢1007003.

Wetzel KS, Yi Y, Elliott STC, Romero D, Jacquelin B, Hahn BH, et al. CXCR6-Mediated Simian
Immunodeficiency Virus SIVagmSab Entry into Sabaeus African Green Monkey Lymphocytes Implicates
Widespread Use of Non-CCRS Pathways in Natural Host Infections. J Virol. 2017 Feb;91(4).

Motsinger A, Haas DW, Stanic AK, van Kaer L, Joyce S, Unutmaz D. CD1d-restricted human natural killer
T cells are highly susceptible to human immunodeficiency virus 1 infection. J Exp Med. 2002
Apr;195(7):869-79.

179



126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

Unutmaz D, Xiang W, Sunshine MJ, Campbell J, Butcher E, Littman DR. The primate lentiviral receptor
Bonzo/STRL33 is coordinately regulated with CCRS and its expression pattern is conserved between human
and mouse. J Immunol. 2000 Sep;165(6):3284-92.

Calabresi PA, Yun SH, Allie R, Whartenby KA. Chemokine receptor expression on MBP-reactive T cells:
CXCRG6 is a marker of IFNgamma-producing effector cells. J Neuroimmunol. 2002 Jun;127(1-2):96-105.

Wagner C, Kotsougiani D, Pioch M, Prior B, Wentzensen A, Hinsch GM. T lymphocytes in acute bacterial
infection: increased prevalence of CD11b(+) cells in the peripheral blood and recruitment to the infected site.
Immunology. 2008 Dec;125(4):503-9.

Lee LN, Ronan EO, de Lara C, Franken KLMC, Ottenhoff THM, Tchilian EZ, et al. CXCR®6 is a marker for
protective antigen-specific cells in the lungs after intranasal immunization against Mycobacterium
tuberculosis. Infect Immun. 2011 Aug;79(8):3328-37.

Latta M, Mohan K, Issekutz TB. CXCRG6 is expressed on T cells in both T helper type 1 (Th1) inflammation
and allergen-induced Th2 lung inflammation but is only a weak mediator of chemotaxis. Immunology
[Internet]. 2007/04/16. 2007 Aug;121(4):555-64. Available from:
https://pubmed.ncbi.nlm.nih.gov/17437534

Angelo LS, Bimler LH, Nikzad R, Aviles-Padilla K, Paust S. CXCR6(+) NK Cells in Human Fetal Liver and
Spleen Possess Unique Phenotypic and Functional Capabilities. Front Immunol. 2019;10:469.

Paust S, Gill HS, Wang BZ, Flynn MP, Moseman EA, Senman B, et al. Critical role for the chemokine
receptor CXCR6 in NK cell-mediated antigen-specific memory of haptens and viruses. Nat Immunol
[Internet]. 2010/10/24. 2010 Dec;11(12):1127-35. Available from:
https://pubmed.ncbi.nlm.nih.gov/20972432

Stegmann KA, Robertson F, Hansi N, Gill U, Pallant C, Christophides T, et al. CXCR6 marks a novel subset
of T-bet(lo)Eomes(hi) natural killer cells residing in human liver. Sci Rep. 2016 May;6:26157.

Limou S, Coulonges C, Herbeck JT, van Manen D, An P, le Clerc S, et al. Multiple-cohort genetic
association study reveals CXCR6 as a new chemokine receptor involved in long-term nonprogression to
AIDS. J Infect Dis. 2010 Sep;202(6):908-15.

Picton ACP, Paximadis M, Chaisson RE, Martinson NA, Tiemessen CT. CXCR6 gene characterization in
two ethnically distinct South African populations and association with viraemic disease control in HIV-1-
infected black South African individuals. Clin Immunol. 2017 Jul;180:69-79.

Duggal P, An P, Beaty TH, Strathdee SA, Farzadegan H, Markham RB, et al. Genetic influence of CXCR6
chemokine receptor alleles on PCP-mediated AIDS progression among African Americans. Genes Immun.
2003 Jun;4(4):245-50.

Passam AM, Sourvinos G, Krambovitis E, Miyakis S, Stavrianeas N, Zagoreos I, et al. Polymorphisms of
Cx(3)CRI and CXCR®6 receptors in relation to HAART therapy of HIV type 1 patients. AIDS Res Hum
Retroviruses. 2007 Aug;23(8):1026-32.

Petit SJ, Chayen NE, Pease JE. Site-directed mutagenesis of the chemokine receptor CXCR6 suggests a
novel paradigm for interactions with the ligand CXCL16. Eur J Immunol. 2008 Aug;38(8):2337-50.

Juven-Gershon T, Hsu JY, Theisen JW, Kadonaga JT. The RNA polymerase II core promoter - the gateway
to transcription. Curr Opin Cell Biol. 2008 Jun;20(3):253-9.

180



140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

Narlikar L, Ovcharenko I. Identifying regulatory elements in eukaryotic genomes. Brief Funct Genomic
Proteomic. 2009/06/04. 2009 Jul;8(4):215-30.

Cooper SJ, Trinklein ND, Anton ED, Nguyen L, Myers RM. Comprehensive analysis of transcriptional
promoter structure and function in 1% of the human genome. Genome Res. 2006 Jan;16(1):1-10.

Merritt C, Rasoloson D, Ko D, Seydoux G. 3’ UTRs are the primary regulators of gene expression in the C.
elegans germline. Curr Biol. 2008 Oct;18(19):1476-82.

Barrett LW, Fletcher S, Wilton SD. Regulation of eukaryotic gene expression by the untranslated gene
regions and other non-coding elements. Cell Mol Life Sci. 2012/04/27. 2012 Nov;69(21):3613-34.

Michalova E, Vojtesek B, Hrstka R. The role of the 3’ untranslated region in post-transcriptional regulation
of protein expression in mammalian cells. AU - Matoulkova, Eva. RNA Biol. 2012 May;9(5):563-76.

Nyamweya S, Hegedus A, Jaye A, Rowland-Jones S, Flanagan KL, Macallan DC. Comparing HIV-1 and
HIV-2 infection: Lessons for viral immunopathogenesis. Rev Med Virol. 2013 Jul;23(4):221-40.

Dilley KA, Ni N, Nikolaitchik OA, Chen J, Galli A, Hu WS. Determining the frequency and mechanisms of
HIV-1 and HIV-2 RNA copackaging by single-virion analysis. J Virol [Internet]. 2011/08/17. 2011
Oct;85(20):10499-508. Available from: https://pubmed.ncbi.nlm.nih.gov/21849448

Samri A, Charpentier C, Diallo MS, Bertine M, Even S, Morin V, et al. Limited HIV-2 reservoirs in central-
memory CD4 T-cells associated to CXCR6 co-receptor expression in attenuated HIV-2 infection. PLoS
Pathog [Internet]. 2019 May 16;15(5):e1007758-. Available from:

https://doi.org/10.1371/journal.ppat. 1007758

Blaak H, Boers PHM, Gruters RA, Schuitemaker H, van der Ende ME, Osterhaus ADME. CCRS5, GPR15,
and CXCRG6 are major coreceptors of human immunodeficiency virus type 2 variants isolated from
individuals with and without plasma viremia. J Virol [Internet]. 2005 Feb;79(3):1686—700. Available from:
https://pubmed.ncbi.nlm.nih.gov/15650194

Descours B, Avettand-Fenoel V, Blanc C, Samri A, Mélard A, Supervie V, et al. Immune Responses Driven
by Protective Human Leukocyte Antigen Alleles From Long-term Nonprogressors Are Associated With Low
HIV Reservoir in Central Memory CD4 T Cells. Clinical Infectious Diseases [Internet]. 2012 Mar
22;54(10):1495-503. Available from: https://doi.org/10.1093/cid/cis188

Potter SJ, Lacabaratz C, Lambotte O, Perez-Patrigeon S, Vingert B, Sinet M, et al. Preserved central memory
and activated effector memory CD4+ T-cell subsets in human immunodeficiency virus controllers: an ANRS
EP36 study. J Virol. 2007;81(24):13904-15.

Elrefaci M, McElroy MD, Preas CP, Hoh R, Deeks S, Martin J, et al. Central memory CD4+ T cell responses
in chronic HIV infection are not restored by antiretroviral therapy. The Journal of Immunology.
2004;173(3):2184-9.

Klatt NR, Silvestri G. CD4+ T cells and HIV: A paradoxical Pas de Deux. Sci Transl Med.
2012;4(123):123ps4-123ps4.

Pereira LE, Villinger F, Onlamoon N, Bryan P, Cardona A, Pattanapanysat K, et al. Simian
Immunodeficiency Virus (SIV) Infection Influences the Level and Function of Regulatory T Cells in SIV-
Infected Rhesus Macaques but Not SIV-Infected Sooty Mangabeys. J Virol [Internet]. 2007 May
1;81(9):4445-56. Available from: https://doi.org/10.1128/JV1.00026-07

181



154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

Chahroudi A, Bosinger SE, Vanderford TH, Paiardini M, Silvestri G. Natural STV Hosts: Showing AIDS the
Door. Science (1979) [Internet]. 2012 Mar 9;335(6073):1188-93. Available from:
https://doi.org/10.1126/science.1217550

Silvestri G, Sodora DL, Koup RA, Paiardini M, O’Neil SP, McClure HM, et al. Nonpathogenic SIV infection
of sooty mangabeys is characterized by limited bystander immunopathology despite chronic high-level
viremia. Immunity. 2003 Mar;18(3):441-52.

Paiardini M, Cervasi B, Reyes-Aviles E, Micci L, Ortiz AM, Chahroudi A, et al. Low levels of SIV infection
in sooty mangabey central memory CD4+ T cells are associated with limited CCRS expression. Nat Med
[Internet]. 2011;17(7):830—6. Available from: https://doi.org/10.1038/nm.2395

Klatt NR, Villinger F, Bostik P, Gordon SN, Pereira L, Engram JC, et al. Availability of activated CD4+ T
cells dictates the level of viremia in naturally SIV-infected sooty mangabeys. J Clin Invest.
2008;118(6):2039-49.

Okoye A, Meier-Schellersheim M, Brenchley JM, Hagen SI, Walker JM, Rohankhedkar M, et al. Progressive
CD4+ central-memory T cell decline results in CD4+ effector-memory insufficiency and overt disease in
chronic SIV infection. J Exp Med. 2007;204(9):2171-85.

Deng HK, Unutmaz D, KewalRamani VN, Littman DR. Expression cloning of new receptors used by simian
and human immunodeficiency viruses. Nature. 1997 Jul;388(6639):296-300.

Pohlmann S, Lee B, Meister S, Krumbiegel M, Leslie G, Doms RW, et al. Simian immunodeficiency virus
utilizes human and sooty mangabey but not rhesus macaque STRL33 for efficient entry. J Virol. 2000
Jun;74(11):5075-82.

Okoye AA, Picker LJ. CD4(+) T-cell depletion in HIV infection: mechanisms of immunological failure.
Immunol Rev. 2013 Jul;254(1):54—64.

Alkhatib G, Liao F, Berger EA, Farber JM, Peden KW. A new SIV co-receptor, STRL33. Vol. 388, Nature.
England; 1997. p. 238.

Korber B, Gaschen B, Yusim K, Thakallapally R, Kesmir C, Detours V. Evolutionary and immunological
implications of contemporary HIV-1 variation. Br Med Bull. 2001;58:19-42.

Gray ES, Moore PL, Pantophlet RA, Morris L. N-linked glycan modifications in gp120 of human
immunodeficiency virus type 1 subtype C render partial sensitivity to 2G12 antibody neutralization. J Virol.
2007 Oct;81(19):10769-76.

Loubser SA. The Multiple Roles of HLA in HIV Immunity and Treatment. 2015.

Mahnke YD, Brodie TM, Sallusto F, Roederer M, Lugli E. The who’s who of T-cell differentiation: human
memory T-cell subsets. Eur J Immunol. 2013 Nov;43(11):2797-809.

Barrett JC, Fry B, Maller J, Daly MJ. Haploview: analysis and visualization of LD and haplotype maps.
Bioinformatics. 2005 Jan;21(2):263-5.

Fellay J, Ge D, Shianna K v, Colombo S, Ledergerber B, Cirulli ET, et al. Common Genetic Variation and
the Control of HIV-1 in Humans. PLoS Genet. 2009 Dec;5(12):¢1000791.

182



169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

Menten P, Wuyts A, van Damme J. Macrophage inflammatory protein-1. Cytokine Growth Factor Rev
[Internet]. 2002 Dec 1 [cited 2018 Dec 6];13(6):455-81. Available from:
https://www.sciencedirect.com/science/article/pii/S135961010200045X ?via%3Dihub

Picton ACP, Paximadis M, Tiemessen CT. Genetic variation within the gene encoding the HIV-1 CCR5
coreceptor in two South African populations. Infect Genet Evol. 2010 May;10(4):487-94.

Martin MP, Dean M, Smith MW, Winkler C, Gerrard B, Michael NL, et al. Genetic acceleration of AIDS
progression by a promoter variant of CCRS. Science. 1998 Dec;282(5395):1907—11.

Tang J, Shelton B, Makhatadze NJ, Zhang Y, Schaen M, Louie LG, et al. Distribution of Chemokine
Receptor CCR2 and CCR5Genotypes and Their Relative Contribution to Human Immunodeficiency Virus
Type 1 (HIV-1) Seroconversion, Early HIV-1 RNA Concentration in Plasma, and Later Disease . J Virol.
2002 Jan;76(2):662 LP — 672.

Hladik F, Liu H, Speelmon E, Livingston-Rosanoff D, Wilson S, Sakchalathorn P, et al. Combined effect of
CCRS5-Delta32 heterozygosity and the CCRS promoter polymorphism -2459 A/G on CCRS expression and
resistance to human immunodeficiency virus type 1 transmission. J Virol. 2005 Sep;79(18):11677-84.

Muenchhoff M, Adland E, Karimanzira O, Crowther C, Pace M, Csala A, et al. Nonprogressing HIV-
infected children share fundamental immunological features of nonpathogenic SIV infection. Sci Transl Med.
2016 Sep;8(358):358ral25.

Ssewanyana I, Elrefaci M, Dorsey G, Ruel T, Jones NG, Gasasira A, et al. Profile of T Cell Immune
Responses in HIV-infected Children from Uganda. J Infect Dis. 2007 Dec;196(11):1667-70.

Klatt NR, Bosinger SE, Peck M, Richert-Spuhler LE, Heigele A, Gile JP, et al. Limited HIV Infection of
Central Memory and Stem Cell Memory CD4+ T Cells Is Associated with Lack of Progression in Viremic
Individuals. PLoS Pathog. 2014 Aug;10(8):e1004345.

Goulder P, Deeks SG. HIV control: Is getting there the same as staying there? PLoS Pathog. 2018
Nov;14(11):e1007222.

R Salkowitz J, Bruse S, Meyerson H, Valdez H, Mosier D, Harding C, et al. CCRS promoter polymorphism
determines macrophage CCRS density and magnitude of HIV-1 propagation in vitro. Vol. 108, Clinical
immunology (Orlando, Fla.). 2003. 234-240 p.

Cheruvu VK, Igo Jr RP, Jurevic RJ, Serre D, Zimmerman PA, Rodriguez B, et al. African ancestry
influences CCRS5 -2459G>A genotype-associated virologic success of highly active antiretroviral therapy. J
Acquir Immune Defic Syndr. 2014 May;66(1):102-7.

Mayr C. Regulation by 3’-Untranslated Regions. Annu Rev Genet. 2017 Nov;51(1):171-94.

Lederman MM, Penn-Nicholson A, Cho M, Mosier D. Biology of CCRS and its role in HIV infection and
treatment. JAMA. 2006 Aug;296(7):815-26.

Murphy PM. Viral exploitation and subversion of the immune system through chemokine mimicry. Nat
Immunol [Internet]. 2001;2(2):116-22. Available from: https://doi.org/10.1038/84214

Anderson J, Akkina R. Complete knockdown of CCRS by lentiviral vector-expressed siRNAs and protection
of transgenic macrophages against HIV-1 infection. Gene Ther [Internet]. 2007;14(17):1287-97. Available
from: https://doi.org/10.1038/sj.gt.3302958

183



184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

Giovannetti A, Pierdominici M, Mazzetta F, Salemi S, Marziali M, Kuonen D, et al. T cell responses to
highly active antiretroviral therapy defined by chemokine receptors expression, cytokine production, T cell
receptor repertoire and anti-HIV T-lymphocyte activity. Clin Exp Immunol. 2001 Apr;124(1):21-31.

Clerici M, Butto S, Lukwiya M, Saresella M, Declich S, Trabattoni D, et al. Immune activation in africa is
environmentally-driven and is associated with upregulation of CCRS. Italian-Ugandan AIDS Project. AIDS.
2000 Sep;14(14):2083-92.

Moore JP. Coreceptors: implications for HIV pathogenesis and therapy. Science. 1997 Apr;276(5309):51-2.

Kalinkovich A, Borkow G, Weisman Z, Tsimanis A, Stein M, Bentwich Z. Increased CCR5 and CXCR4
expression in Ethiopians living in Israel: environmental and constitutive factors. Clin Immunol. 2001
Jul;100(1):107-17.

Samson M, Libert F, Doranz BJ, Rucker J, Liesnard C, Farber CM, et al. Resistance to HIV-1 infection in
caucasian individuals bearing mutant alleles of the CCR-5 chemokine receptor gene. Nature. 1996
Aug;382(6593):722-5.

Liu R, Paxton WA, Choe S, Ceradini D, Martin SR, Horuk R, et al. Homozygous defect in HIV-1 coreceptor
accounts for resistance of some multiply-exposed individuals to HIV-1 infection. Cell. 1996 Aug;86(3):367—
77.

Portales P, Psomas KC, Tuaillon E, Mura T, Vendrell JP, Eliaou JF, et al. The intensity of immune activation
is linked to the level of CCRS expression in human immunodeficiency virus type 1-infected persons.
Immunology. 2012 Sep;137(1):89-97.

Giorgi J v, Hultin LE, McKeating JA, Johnson TD, Owens B, Jacobson LP, et al. Shorter survival in
advanced human immunodeficiency virus type 1 infection is more closely associated with T lymphocyte
activation than with plasma virus burden or virus chemokine coreceptor usage. J Infect Dis. 1999
Apr;179(4):859-70.

Sousa AE, Carneiro J, Meier-Schellersheim M, Grossman Z, Victorino RMM. CD4 T cell depletion is linked
directly to immune activation in the pathogenesis of HIV-1 and HIV-2 but only indirectly to the viral load. J
Immunol. 2002 Sep;169(6):3400-6.

Liao F, Alkhatib G, Peden KW, Sharma G, Berger EA, Farber JM. STRL33, A novel chemokine receptor-
like protein, functions as a fusion cofactor for both macrophage-tropic and T cell line-tropic HIV-1. J Exp
Med. 1997 Jun;185(11):2015-23.

Sodora DL, Allan JS, Apetrei C, Brenchley JM, Douek DC, Else JG, et al. Toward an AIDS vaccine: lessons
from natural simian immunodeficiency virus infections of African nonhuman primate hosts. Nat Med. 2009
Aug;15(8):861-5.

Picton ACP, Shalekoff S, Paximadis M, Tiemessen CT. Marked differences in CCRS expression and
activation levels in two South African populations. Immunology [Internet]. 2012 Aug;136(4):397—407.
Available from: https://pubmed.ncbi.nlm.nih.gov/22509959

Akey JM, Zhang G, Zhang K, Jin L, Shriver MD. Interrogating a high-density SNP map for signatures of
natural selection. Genome Res. 2002 Dec;12(12):1805-14.

le Chenadec J, Scott-Algara D, Blanche S, Didier C, Montange T, Viard JP, et al. Gag-Specific CD4 and
CD8 T-Cell Proliferation in Adolescents and Young Adults with Perinatally Acquired HIV-1 Infection Is

184



198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

Associated with Ethnicity — The ANRS-EP38-IMMIP Study. PLoS One [Internet]. 2015 Dec
9;10(12):¢0144706. Available from: https://doi.org/10.1371/journal.pone.0144706

Sharp ER, Barbour JD, Karlsson RK, Jordan KA, Sandberg JK, Wiznia A, et al. Higher frequency of HIV-1-
specific T cell immune responses in African American children vertically infected with HIV-1. J Infect Dis.
2005 Nov;192(10):1772-80.

Murrain M. Differential survival in blacks and Hispanics with AIDS. Ethn Health [Internet]. 1996 Dec
1;1(4):373-82. Available from: https://doi.org/10.1080/13557858.1996.9961806

Barmania F, Potgieter M, Pepper MS. Mutations in C-C chemokine receptor type 5 (CCRS) in South African
individuals. Int J Infect Dis. 2013 Dec;17(12):e1148-53.

Winkler C, An P, O’Brien SJ. Patterns of ethnic diversity among the genes that influence AIDS. Hum Mol
Genet [Internet]. 2004 Apr 1;13(suppl_1):R9-19. Available from: https://doi.org/10.1093/hmg/ddh075

Halagan M, Oliveira DC, Maiers M, Fabreti-Oliveira RA, Moraes MEH, Visentainer JEL, et al. The
distribution of HLA haplotypes in the ethnic groups that make up the Brazilian Bone Marrow Volunteer
Donor Registry (REDOME). Immunogenetics. 2018 Aug;70(8):511-22.

Kimchi-Sarfaty C, Marple AH, Shinar S, Kimchi AM, Scavo D, Roma MI, et al. Ethnicity-related
polymorphisms and haplotypes in the human ABCB1 gene. Pharmacogenomics. 2007 Jan;8(1):29-39.

Fahey JL, Taylor JIMG, Detels R, Hofmann B, Melmed R, Nishanian P, et al. The Prognostic Value of
Cellular and Serologic Markers in Infection with Human Immunodeficiency Virus Type 1. New England
Journal of Medicine [Internet]. 1990 Jan 18;322(3):166—72. Available from:
https://doi.org/10.1056/NEJM199001183220305

Meditz AL, Haas MK, Folkvord JM, Melander K, Young R, McCarter M, et al. HLA-DR+ CD38+ CD4+ T
lymphocytes have elevated CCRS expression and produce the majority of R5-tropic HIV-1 RNA in vivo. J
Virol [Internet]. 2011/08/03. 2011 Oct;85(19):10189-200. Available from:
https://pubmed.ncbi.nlm.nih.gov/21813616

Erokhina SA, Streltsova MA, Kanevskiy LM, Telford WG, Sapozhnikov AM, Kovalenko EI. HLA-DR(+)
NK cells are mostly characterized by less mature phenotype and high functional activity. Immunol Cell Biol.
2018 Feb;96(2):212-28.

Baecher-Allan C, Wolf E, Hafler DA. MHC Class II Expression Identifies Functionally Distinct Human
Regulatory T Cells. The Journal of Immunology [Internet]. 2006 Apr 15;176(8):4622 LP —4631. Available
from: http://www.jimmunol.org/content/176/8/4622.abstract

Prabhu VM, Singh AK, Padwal V, Nagar V, Patil P, Patel V. Monocyte Based Correlates of Immune
Activation and Viremia in HIV-Infected Long-Term Non-Progressors [Internet]. Vol. 10, Frontiers in
Immunology. 2019. p. 2849. Available from: https://www.frontiersin.org/article/10.3389/fimmu.2019.02849

Camargo JF, Quinones MP, Mummidi S, Srinivas S, Gaitan AA, Begum K, et al. CCRS5 expression levels
influence NFAT translocation, IL-2 production, and subsequent signaling events during T lymphocyte
activation. J Immunol. 2009 Jan;182(1):171-82.

Dolan MJ, Kulkarni H, Camargo JF, He W, Smith A, Anaya JM, et al. CCL3L1 and CCRS influence cell-
mediated immunity and affect HIV-AIDS pathogenesis via viral entry-independent mechanisms. Nat
Immunol. 2007 Dec;8(12):1324-36.

185



211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

Bleul CC, Wu L, Hoxie JA, Springer TA, Mackay CR. The HIV coreceptors CXCR4 and CCRS5 are
differentially expressed and regulated on human T lymphocytes. Proc Natl Acad Sci U S A. 1997
Mar;94(5):1925-30.

Fukada K, Sobao Y, Tomiyama H, Oka S, Takiguchi M. Functional Expression of the Chemokine Receptor
CCRS on Virus Epitope-Specific Memory and Effector CD8+ T Cells. The Journal of Immunology
[Internet]. 2002 Mar 1;168(5):2225 LP — 2232. Available from:
http://www.jimmunol.org/content/168/5/2225.abstract

Kim CH, Kunkel EJ, Boisvert J, Johnston B, Campbell JJ, Genovese MC, et al. Bonzo/CXCR6 expression
defines type 1—polarized T-cell subsets with extralymphoid tissue homing potential. J Clin Invest [Internet].
2001 Mar 1;107(5):595-601. Available from: https://doi.org/10.1172/JCI11902

Proudfoot AEI, Uguccioni M. Modulation of Chemokine Responses: Synergy and Cooperativity. Front
Immunol [Internet]. 2016;7. Available from: https://www.frontiersin.org/articles/10.3389/fimmu.2016.00183

Pesaresi M, Bonilla-Pons SA, Sebastian-Perez R, di Vicino U, Alcoverro-Bertran M, Michael R, et al. The
Chemokine Receptors Cer5 and Cxcr6 Enhance Migration of Mesenchymal Stem Cells into the Degenerating
Retina. Molecular Therapy [Internet]. 2021 Feb 3;29(2):804-21. Available from:
https://doi.org/10.1016/j.ymthe.2020.10.026

Mukherjee R, Kanti Barman P, Kumar Thatoi P, Tripathy R, Kumar Das B, Ravindran B. Non-Classical
monocytes display inflammatory features: Validation in Sepsis and Systemic Lupus Erythematous. Sci Rep
[Internet]. 2015;5(1):13886. Available from: https://doi.org/10.1038/srep13886

Iijima N, Mattei LM, Iwasaki A. Recruited inflammatory monocytes stimulate antiviral Thl immunity in
infected tissue. Proceedings of the National Academy of Sciences [Internet]. 2011 Jan 4;108(1):284 LP —
289. Available from: http://www.pnas.org/content/108/1/284.abstract

Thieblemont N, Weiss L, Sadeghi HM, Estcourt C, Haeffner-Cavaillon N. CD14lowCD16high: a cytokine-
producing monocyte subset which expands during human immunodeficiency virus infection. Eur J Immunol.
1995 Dec;25(12):3418-24.

Weber C, Belge KU, von Hundelshausen P, Draude G, Steppich B, Mack M, et al. Differential chemokine
receptor expression and function in human monocyte subpopulations. J Leukoc Biol. 2000 May;67(5):699—
704.

Campbell JH, Hearps AC, Martin GE, Williams KC, Crowe SM. The importance of monocytes and
macrophages in HIV pathogenesis, treatment, and cure. Vol. 28, AIDS (London, England). 2014. p. 2175-87.

Perelson AS, Essunger P, Cao Y, Vesanen M, Hurley A, Saksela K, et al. Decay characteristics of HIV-1-
infected compartments during combination therapy. Nature. 1997 May;387(6629):188-91.

Inngjerdingen M, Damaj B, Maghazachi AA. Expression and regulation of chemokine receptors in human
natural killer cells. Blood [Internet]. 2001 Jan 15;97(2):367—75. Available from:
https://doi.org/10.1182/blood.V97.2.367

Berahovich RD, Lai NL, Wei Z, Lanier LL, Schall TJ. Evidence for NK Cell Subsets Based on Chemokine
Receptor Expressionl. The Journal of Immunology [Internet]. 2006 Dec 1;177(11):7833—40. Available from:
https://doi.org/10.4049/jimmunol.177.11.7833

186



224.  Poli A, Michel T, Thérésine M, Andrés E, Hentges F, Zimmer J. CD56bright natural killer (NK) cells: an
important NK cell subset. Immunology [Internet]. 2009 Apr 1;126(4):458—65. Available from:
https://doi.org/10.1111/j.1365-2567.2008.03027.x

225.  Robertson MJ. Role of chemokines in the biology of natural killer cells. J Leukoc Biol [Internet]. 2002 Feb
1;71(2):173-83. Available from: https://doi.org/10.1189/j1b.71.2.173

226. Chan A, Hong DL, Atzberger A, Kollnberger S, Filer AD, Buckley CD, et al. CD56bright Human NK Cells
Differentiate into CD56dim Cells: Role of Contact with Peripheral Fibroblasts. The Journal of Immunology
[Internet]. 2007 Jul 1;179(1):89—94. Available from: https://doi.org/10.4049/jimmunol.179.1.89

227.  Brodin P, Davis MM. Human immune system variation. Nat Rev Immunol. 2017 Jan;17(1):21-9.

228.  Ostrowski MA, Justement SJ, Catanzaro A, Hallahan CA, Ehler LA, Mizell SB, et al. Expression of
chemokine receptors CXCR4 and CCRS in HIV-1-infected and uninfected individuals. J Immunol. 1998
Sep;161(6):3195-201.

229.  Kottilil S, Shin K, Planta M, McLaughlin M, Hallahan CW, Ghany M, et al. Expression of Chemokine and
Inhibitory Receptors on Natural Killer Cells: Effect of Immune Activation and HIV Viremia. J Infect Dis
[Internet]. 2004 Apr 1;189(7):1193-8. Available from: https://doi.org/10.1086/382090

230. Lee E, Bacchetti P, Milush J, Shao W, Boritz E, Douek D, et al. Memory CD4 + T-Cells Expressing HLA-
DR Contribute to HIV Persistence During Prolonged Antiretroviral Therapy [Internet]. Vol. 10, Frontiers in
Microbiology. 2019. Available from: https://www.frontiersin.org/article/10.3389/fmicb.2019.02214

231.  Picton ACP, Paximadis M, Koor GW, Bharuthram A, Shalekoff S, Lassauniere R, et al. Reduced CCR5
Expression and Immune Quiescence in Black South African HIV-1 Controllers. Front Immunol [Internet].
2021 Dec 20;12:781263. Available from: https://pubmed.ncbi.nlm.nih.gov/34987508

232.  Bentwich Z, Weisman Z, Moroz C, Bar-Yehuda S, Kalinkovich A. Immune dysregulation in Ethiopian
immigrants in Israel: relevance to helminth infections? Clin Exp Immunol. 1996 Feb;103(2):239-43.

233.  Wolday D, Ndungu FM, Gomez-Pérez GP, de Wit TFR. Chronic Immune Activation and CD4+ T Cell
Lymphopenia in Healthy African Individuals: Perspectives for SARS-CoV-2 Vaccine Efficacy [Internet].
Vol. 12, Frontiers in Immunology. 2021. Available from:
https://www.frontiersin.org/article/10.3389/fimmu.2021.693269

234.  Messele T, Abdulkadir M, Fontanet AL, Petros B, Hamann D, Koot M, et al. Reduced naive and increased
activated CD4 and CD8 cells in healthy adult Ethiopians compared with their Dutch counterparts. Clin Exp
Immunol [Internet]. 1999 Mar;115(3):443-50. Available from: https://pubmed.ncbi.nlm.nih.gov/10193416

235. de Maria A, Bozzano F, Cantoni C, Moretta L. Revisiting human natural killer cell subset function revealed
cytolytic CD56(dim)CD16+ NK cells as rapid producers of abundant IFN-gamma on activation. Proc Natl
Acad Sci U S A [Internet]. 2010/12/27. 2011 Jan 11;108(2):728-32. Available from:
https://pubmed.ncbi.nlm.nih.gov/21187373

236.  Sato T, Thorlacius H, Johnston B, Staton TL, Xiang W, Littman DR, et al. Role for CXCR6 in recruitment of
activated CD8+ lymphocytes to inflamed liver. J Immunol. 2005 Jan;174(1):277-83.

237. HuZB, ChenY, Gong YX, Gao M, Zhang Y, Wang GH, et al. Activation of the CXCL16/CXCR6 Pathway
by Inflammation Contributes to Atherosclerosis in Patients with End-stage Renal Disease. Int J Med Sci
[Internet]. 2016 Oct 20;13(11):858—67. Available from: https://pubmed.ncbi.nlm.nih.gov/27877078

187



238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

Sokoya T, Steel HC, Nieuwoudt M, Rossouw TM. HIV as a Cause of Immune Activation and
Immunosenescence. Balistreri CR, editor. Mediators Inflamm. 2017;2017:6825493.

Herbeuval JP, Boasso A, Grivel JC, Hardy AW, Anderson SA, Dolan MJ, et al. TNF-related apoptosis-
inducing ligand (TRAIL) in HIV-1—-infected patients and its in vitro production by antigen-presenting cells.
Blood. 2005;105(6):2458—-64.

Kuri-Cervantes L, de Oca GSM, Avila-Rios S, Hernandez-Juan R, Reyes-Teran G. Activation of NK cells is
associated with HIV-1 disease progression. J Leukoc Biol [Internet]. 2014 Jul 1;96(1):7—-16. Available from:
https://doi.org/10.1189/j1b.0913514

Bastidas S, Graw F, Smith MZ, Kuster H, Giinthard HF, Oxenius A. CD8+ T cells are activated in an
antigen-independent manner in HIV-infected individuals. J Immunol. 2014 Feb;192(4):1732-44.

May A, Hazelhurst S, Li Y, Norris SA, Govind N, Tikly M, et al. Genetic diversity in black South Africans
from Soweto. BMC Genomics [Internet]. 2013;14(1):644. Available from: https://doi.org/10.1186/1471-
2164-14-644

Pardue ML, Wizemann TM. Exploring the biological contributions to human health: does sex matter? 2001;

Legato MJ, Johnson PA, Manson JE. Consideration of sex differences in medicine to improve health care
and patient outcomes. JAMA. 2016;316(18):1865-6.

Rich-Edwards JW, Kaiser UB, Chen GL, Manson JE, Goldstein JM. Sex and Gender Differences Research
Design for Basic, Clinical, and Population Studies: Essentials for Investigators. Endocr Rev [Internet]. 2018
Aug 1;39(4):424-39. Available from: https://doi.org/10.1210/er.2017-00246

Jazin E, Cahill L. Sex differences in molecular neuroscience: from fruit flies to humans. Nat Rev Neurosci.
2010;11(1):9-17.

Mo R, Chen J, Grolleau-Julius A, Murphy HS, Richardson BC, Yung RL. Estrogen Regulates CCR Gene
Expression and Function in T Lymphocytes. The Journal of Immunology [Internet]. 2005 May
15;174(10):6023 LP — 6029. Available from: http://www.jimmunol.org/content/174/10/6023.abstract

Sinha I, Cho BS, Roelofs KJ, Stanley JC, Henke PK, Upchurch Jr GR. Female Gender Attenuates Cytokine
and Chemokine Expression and Leukocyte Recruitment in Experimental Rodent Abdominal Aortic
Aneurysms. Ann N Y Acad Sci [Internet]. 2006 Nov 1;1085(1):367—79. Available from:
https://doi.org/10.1196/annals.1383.027

Leung J, Jayachandran M, Kendall-Thomas J, Behrenbeck T, Araoz P, Miller VM. Pilot study of sex
differences in chemokine/cytokine markers of atherosclerosis in humans. Gend Med [Internet].
2008;5(1):44-52. Available from: http://www.sciencedirect.com/science/article/pii/S1550857908800071

Fish EN. The X-files in immunity: sex-based differences predispose immune responses. Nat Rev Immunol
[Internet]. 2008;8(9):737—44. Available from: https://doi.org/10.1038/nri2394

Addo MM, Altfeld M. Sex-based differences in HIV type 1 pathogenesis. J Infect Dis [Internet]. 2014 Jul
15;209 Suppl(Suppl 3):S86-92. Available from: https://pubmed.ncbi.nlm.nih.gov/24966195

Ziegler S, Altfeld M. Sex differences in HIV-1-mediated immunopathology. Curr Opin HIV AIDS [Internet].
2016 Mar;11(2):209-15. Available from: https://pubmed.ncbi.nlm.nih.gov/26845674

188



253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

Scully EP. Sex Differences in HIV Infection. Curr HIV/AIDS Rep [Internet]. 2018 Apr;15(2):136-46.
Available from: https://pubmed.ncbi.nlm.nih.gov/29504062

Klein SL. Sex influences immune responses to viruses, and efficacy of prophylaxis and treatments for viral
diseases. Bioessays [Internet]. 2012/09/26. 2012 Dec;34(12):1050-9. Available from:
https://pubmed.ncbi.nlm.nih.gov/23012250

George J, Johnson RC, Mattapallil MJ, Renn L, Rabin R, Merrell DS, et al. Gender differences in innate
responses and gene expression profiles in memory CD4 T cells are apparent very early during acute simian
immunodeficiency virus infection. PLoS One [Internet]. 2019 Sep 6;14(9):¢0221159-e0221159. Available
from: https://pubmed.ncbi.nlm.nih.gov/31490965

Yang OO, Cumberland WG, Escobar R, Liao D, Chew KW. Demographics and natural history of HIV-1-
infected spontaneous controllers of viremia. AIDS. 2017 May;31(8):1091-8.

Vieira VA, Zuidewind P, Muenchhoff M, Roider J, Millar J, Clapson M, et al. Strong sex bias in elite control
of paediatric HIV infection. AIDS [Internet]. 2019;33(1). Available from:
https://journals.lww.com/aidsonline/Fulltext/2019/01020/Strong_sex_bias_in_elite control of paediatric HI
V.7.aspx

Crowell TA, Gebo KA, Blankson JN, Korthuis PT, Yehia BR, Rutstein RM, et al. Hospitalization Rates and
Reasons Among HIV Elite Controllers and Persons With Medically Controlled HIV Infection. J Infect Dis
[Internet]. 2014/12/15. 2015 Jun 1;211(11):1692-702. Available from:
https://pubmed.ncbi.nlm.nih.gov/25512624

Nayak A, Morris AA, Sciortino CM, Neill C, Kormos RL, McTiernan C, et al. CCRS Expression is Lower in
Women, and Mediates Sex-Based Differences in Post-LVAD Right Ventricular Failure. The Journal of Heart
and Lung Transplantation [Internet]. 2019 Apr 1;38(4):S232. Available from:
https://doi.org/10.1016/j.healun.2019.01.572

Portales P, Clot J, Corbeau P. Sex differences in HIV-1 viral load due to sex difference in CCRS expression.
Vol. 134, Annals of internal medicine. United States; 2001. p. 81-2.

Meditz AL, Folkvord JM, Lyle NH, Searls K, Lie YS, Coakley EP, et al. CCRS5 expression is reduced in
lymph nodes of HIV type 1-infected women, compared with men, but does not mediate sex-based differences
in viral loads. J Infect Dis [Internet]. 2013/10/31. 2014 Mar;209(6):922-30. Available from:
https://pubmed.ncbi.nlm.nih.gov/24179109

Vinuela A, Snoek LB, Riksen JAG, Kammenga JE. Genome-wide gene expression regulation as a function
of genotype and age in C. elegans. Genome Res. 2010;20(7):929-37.

Lustig A, Carter A, Bertak D, Enika D, Vandanmagsar B, Wood W, et al. Transcriptome analysis of murine
thymocytes reveals age-associated changes in thymic gene expression. Int J Med Sci [Internet]. 2009/02/09.
2009;6(1):51-64. Available from: https://pubmed.ncbi.nlm.nih.gov/19214242

Yung RL, Mo R. Aging Is Associated with Increased Human T Cell CC Chemokine Receptor Gene
Expression. Journal of Interferon & Cytokine Research [Internet]. 2003 Oct 1;23(10):575-82. Available
from: https://doi.org/10.1089/107999003322485071

Mo R, Chen J, Han Y, Bueno-Cannizares C, Misek DE, Lescure PA, et al. T Cell Chemokine Receptor
Expression in Aging. The Journal of Immunology [Internet]. 2003 Jan 15;170(2):895 LP — 904. Available
from: http://www.jimmunol.org/content/170/2/895.abstract

189



266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

Shalekoff S, Gray GE, Tiemessen CT. Age-Related Changes in Expression of CXCR4 and CCRS5 on
Peripheral Blood Leukocytes from Uninfected Infants Born to Human Immunodeficiency Virus Type 1-
Infected Mothers. Clin Diagn Lab Immunol [Internet]. 2004 Jan 1;11(1):229 LP — 234. Available from:
http://cvi.asm.org/content/11/1/229.abstract

Auewarakul P, Sangsiriwut K, Pattanapanyasat K, Wasi C, Lee TH. Age-dependent expression of the HIV-1
coreceptor CCRS on CD4+ lymphocytes in children. Vol. 24, Journal of acquired immune deficiency
syndromes (1999). United States; 2000. p. 285-7.

Mo H, Monard S, Pollack H, Ip J, Rochford G, Wu L, et al. Expression patterns of the HIV type 1
coreceptors CCRS and CXCR4 on CD4+ T cells and monocytes from cord and adult blood. AIDS Res Hum
Retroviruses. 1998 May;14(7):607-17.

Klein SL, Flanagan KL. Sex differences in immune responses. Nat Rev Immunol [Internet].
2016;16(10):626-38. Available from: https://doi.org/10.1038/nri.2016.90

Abdullah M, Chai PS, Chong MY, Tohit ERM, Ramasamy R, Pei CP, et al. Gender effect on in vitro
lymphocyte subset levels of healthy individuals. Cell Immunol. 2012;272(2):214-9.

Sankaran-Walters S, Macal M, Grishina I, Nagy L, Goulart L, Coolidge K, et al. Sex differences matter in
the gut: effect on mucosal immune activation and inflammation. Biol Sex Differ. 2013 May;4(1):10.

Farzadegan H, Hoover DR, Astemborski J, Lyles CM, Margolick JB, Markham RB, et al. Sex differences in
HIV-1 viral load and progression to AIDS. Lancet. 1998 Nov;352(9139):1510-4.

Mosmann TR, Coffman RL. TH1 and TH2 cells: different patterns of lymphokine secretion lead to
different functional properties. Annu Rev Immunol. 1989;7:145-73.

Abbas AK, Murphy KM, Sher A. Functional diversity of helper T lymphocytes. Nature. 1996
Oct;383(6603):787-93.

Mittriicker HW, Visekruna A, Huber M. Heterogeneity in the Differentiation and Function of CD8+ T Cells.
Arch Immunol Ther Exp (Warsz) [Internet]. 2014;62(6):449-58. Available from:
https://doi.org/10.1007/s00005-014-0293-y

Kaech SM, Cui W. Transcriptional control of effector and memory CD8+ T cell differentiation. Nat Rev
Immunol. 2012 Nov;12(11):749-61.

Roff SR, Noon-Song EN, Yamamoto JK. The Significance of Interferon-y in HIV-1 Pathogenesis, Therapy,
and Prophylaxis. Front Immunol [Internet]. 2014 Jan 13;4:498. Available from:
https://pubmed.ncbi.nlm.nih.gov/24454311

Mandai Y, Takahashi D, Hase K, Obata Y, Furusawa Y, Ebisawa M, et al. Distinct Roles for CXCR6+ and
CXCR6— CD4+ T Cells in the Pathogenesis of Chronic Colitis. PLoS One [Internet]. 2013 Jun
19;8(6):65488. Available from: https://doi.org/10.1371/journal.pone.0065488

Heigele A, Joas S, Regensburger K, Kirchhoff F. Increased susceptibility of CD4+ T cells from elderly
individuals to HIV-1 infection and apoptosis is associated with reduced CD4 and enhanced CXCR4 and FAS
surface expression levels. Retrovirology [Internet]. 2015;12(1):86. Available from:
https://doi.org/10.1186/s12977-015-0213-1

190



280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

Jiang H, Xie N, Cao B, Tan L, Fan Y, Zhang F, et al. Determinants of Progression to AIDS and Death
Following HIV Diagnosis: A Retrospective Cohort Study in Wuhan, China. PLoS One [Internet]. 2013 Dec
23;8(12):¢83078. Available from: https://doi.org/10.1371/journal.pone.0083078

Kalayjian RC, Landay A, Pollard RB, Taub DD, Gross BH, Francis IR, et al. Age-related immune
dysfunction in health and in human immunodeficiency virus (HIV) disease: association of age and HIV
infection with naive CD8+ cell depletion, reduced expression of CD28 on CD8+ cells, and reduced thymic
volumes. J Infect Dis. 2003 Jun;187(12):1924-33.

Wang X, Russell-Lodrigue KE, Ratterree MS, Veazey RS, Xu H. Chemokine receptor CCRS5 correlates with
functional CD8(+) T cells in SIV-infected macaques and the potential effects of maraviroc on T-cell
activation. FASEB J. 2019 Aug;33(8):8905-12.

Gounder SS, Abdullah BJJ, Radzuanb NEIBM, Zain FDBM, Sait NBM, Chua C, et al. Effect of Aging on
NK Cell Population and Their Proliferation at Ex Vivo Culture Condition. Chapel A, editor. Analytical
Cellular Pathology [Internet]. 2018. Available from: https://doi.org/10.1155/2018/7871814

Kroll KW, Shah S v, Lucar OA, Premeaux TA, Shikuma CM, Corley MJ, et al. Disruption of natural killer
cell homing as a biomarker in persons aging with or without HIV. bioRxiv [Internet]. 2022 Jan
1;2022.01.05.475089. Available from:
http://biorxiv.org/content/early/2022/01/06/2022.01.05.475089.abstract

Hak L., Mysliwska J, Wieckiewicz J, Szyndler K, Trzonkowski P, Siebert J, et al. NK cell compartment in
patients with coronary heart disease. Immunity & Ageing [Internet]. 2007;4(1):3. Available from:
https://doi.org/10.1186/1742-4933-4-3

Cerwenka A, Lanier LL. Natural killer cell memory in infection, inflammation and cancer. Nat Rev Immunol
[Internet]. 2016;16(2):112-23. Available from: https://doi.org/10.1038/nri.2015.9

Payne DJ, Dalal S, Leach R, Parker R, Griffin S, McKimmie CS, et al. The CXCR6/CXCL16 axis links
inflamm-aging to disease severity in COVID-19 patients. bioRxiv [Internet]. 2021 Jan 1;2021.01.25.428125.
Available from: http://biorxiv.org/content/early/2021/01/25/2021.01.25.428125.abstract

Bégaud E, Chartier L, Marechal V, Ipero J, Léal J, Versmisse P, et al. Reduced CD4 T cell activation and in
vitro susceptibility to HIV-1 infection in exposed uninfected Central Africans. Retrovirology. 2006 Jun;3:35.

Koning FA, Otto SA, Hazenberg MD, Dekker L, Prins M, Miedema F, et al. Low-level CD4+ T cell
activation is associated with low susceptibility to HIV-1 infection. J Immunol. 2005 Nov;175(9):6117-22.

Yen CJ, Lin SL, Huang KT, Lin RH. Age-associated changes in interferon-gamma and interleukin-4
secretion by purified human CD4+ and CD8+ T cells. J Biomed Sci. 2000;7(4):317-21.

Simon AK, Hollander GA, McMichael A. Evolution of the immune system in humans from infancy to old
age. Proceedings of the Royal Society B: Biological Sciences [Internet]. 2015 Dec 22;282(1821):20143085.
Available from: https://doi.org/10.1098/rspb.2014.3085

Lugthart G, Melsen JE, Vervat C, van Ostaijen-ten Dam MM, Corver WE, Roelen DL, et al. Human
Lymphoid Tissues Harbor a Distinct CD69+CXCR6+ NK Cell Population. The Journal of Immunology
[Internet]. 2016 Jul 1;197(1):78 LP — 84. Available from: http://www.jimmunol.org/content/197/1/78.abstract

191



293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

Trickey A, May MT, Vehreschild J, Obel N, Gill MJ, Crane H, et al. Cause-Specific Mortality in HIV-
Positive Patients Who Survived Ten Years after Starting Antiretroviral Therapy. PLoS One [Internet]. 2016
Aug 15;11(8):¢0160460—e0160460. Available from: https://pubmed.ncbi.nlm.nih.gov/27525413

Domingues CSB, Waldman EA. Causes of death among people living with AIDS in the pre- and post-
HAART Eras in the city of Sdo Paulo, Brazil. PLoS One [Internet]. 2014 Dec 11;9(12):e114661—114661.
Available from: https://pubmed.ncbi.nlm.nih.gov/25500837

Smith CJ, Ryom L, Weber R, Morlat P, Pradier C, Reiss P, et al. Trends in underlying causes of death in
people with HIV from 1999 to 2011 (D:A:D): a multicohort collaboration. Lancet. 2014 Jul;384(9939):241—
8.

Falade-Nwulia O, Thio CL. Liver disease, HIV and aging. Sex Health [Internet]. 2011 Dec;8(4):512-20.
Available from: https://pubmed.ncbi.nlm.nih.gov/22127037

Soti S, Corey KE, Lake JE, Erlandson KM. NAFLD and HIV: Do Sex, Race, and Ethnicity Explain HIV-
Related Risk? Curr HIV/AIDS Rep [Internet]. 2018 Jun;15(3):212-22. Available from:
https://pubmed.ncbi.nlm.nih.gov/29671204

Younossi ZM, Koenig AB, Abdelatif D, Fazel Y, Henry L, Wymer M. Global epidemiology of nonalcoholic
fatty liver disease-Meta-analytic assessment of prevalence, incidence, and outcomes. Hepatology. 2016
Jul;64(1):73-84.

Moore JP, Trkola A, Dragic T. Co-receptors for HIV-1 entry. Curr Opin Immunol [Internet]. 1997;9(4):551—
62. Available from: http://www.sciencedirect.com/science/article/pii/S0952791597801100

Koor GW, Paximadis M, Picton ACP, Karatas F, Loubser SA, He W, et al. Cis-regulatory genetic variants in
the CCRS gene and natural HIV-1 control in black South Africans. Clinical Immunology [Internet].
2019;205(May):16-24. Available from: https://doi.org/10.1016/j.clim.2019.05.009

Cunningham F, Allen JE, Allen J, Alvarez-Jarreta J, Amode MR, Armean IM, et al. Ensembl 2022. Nucleic
Acids Res [Internet]. 2022 Jan 7;50(D1):D988-95. Available from: https://doi.org/10.1093/nar/gkab1049

Nagelkerke SQ, Tacke CE, Breunis WB, Tanck MWT, Geissler J, Png E, et al. Extensive Ethnic Variation
and Linkage Disequilibrium at the FCGR2/3 Locus: Different Genetic Associations Revealed in Kawasaki
Disease. Front Immunol [Internet]. 2019;10. Available from:
https://www.frontiersin.org/articles/10.3389/fimmu.2019.00185

Lazarus R, Klimecki WT, Palmer LJ, Kwiatkowski DJ, Silverman EK, Brown A, et al. Single-Nucleotide
Polymorphisms in the Interleukin-10 Gene: Differences in Frequencies, Linkage Disequilibrium Patterns,
and Haplotypes in Three United States Ethnic Groups. Genomics [Internet]. 2002;80(2):223—8. Available
from: https://www.sciencedirect.com/science/article/pii/S0888754302968205

Shifman S, Kuypers J, Kokoris M, Yakir B, Darvasi A. Linkage disequilibrium patterns of the human
genome across populations. Hum Mol Genet [Internet]. 2003 Apr 1;12(7):771-6. Available from:
https://doi.org/10.1093/hmg/ddg088

Sawyer SL, Mukherjee N, Pakstis AJ, Feuk L, Kidd JR, Brookes AlJ, et al. Linkage disequilibrium patterns
vary substantially among populations. European Journal of Human Genetics [Internet]. 2005;13(5):677-86.
Available from: https://doi.org/10.1038/sj.ejhg.5201368

192



306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

Sacha JB, Chung C, Rakasz EG, Spencer SP, Jonas AK, Bean AT, et al. Gag-Specific CD8+ T Lymphocytes
Recognize Infected Cells before AIDS-Virus Integration and Viral Protein Expression. The Journal of
Immunology [Internet]. 2007 Mar 1;178(5):2746 LP — 2754. Available from:
http://www.jimmunol.org/content/178/5/2746.abstract

Monel B, McKeon A, Lamothe-Molina P, Jani P, Boucau J, Pacheco Y, et al. HIV Controllers Exhibit
Effective CD8(+) T Cell Recognition of HIV-1-Infected Non-activated CD4(+) T Cells. Cell Rep. 2019
Apr;27(1):142-153.¢4.

Perdomo-Celis F, Taborda NA, Rugeles MT. CD8+ T-Cell Response to HIV Infection in the Era of
Antiretroviral Therapy [Internet]. Vol. 10, Frontiers in Immunology. 2019. p. 1896. Available from:
https://www.frontiersin.org/article/10.3389/fimmu.2019.01896

Roberts ER, Carnathan DG, Li H, Shaw GM, Silvestri G, Betts MR. Collapse of Cytolytic Potential in SIV-
Specific CD8+ T Cells Following Acute SIV Infection in Rhesus Macaques. PLoS Pathog [Internet]. 2016
Dec 30;12(12):¢1006135. Available from: https://doi.org/10.1371/journal.ppat.1006135

Demers KR, Makedonas G, Buggert M, Eller MA, Ratcliffe SJ, Goonetilleke N, et al. Temporal Dynamics of
CD8+ T Cell Effector Responses during Primary HIV Infection. PLoS Pathog [Internet]. 2016 Aug
3;12(8):e1005805. Available from: https://doi.org/10.1371/journal.ppat.1005805

Katlama C, Deeks SG, Autran B, Martinez-Picado J, van Lunzen J, Rouzioux C, et al. Barriers to a cure for
HIV: new ways to target and eradicate HIV-1 reservoirs. Lancet [Internet]. 2013/03/29. 2013 Jun
15;381(9883):2109—17. Available from: https://pubmed.ncbi.nlm.nih.gov/23541541

Hazenberg MD, Otto SA, van Benthem BHB, Roos MTL, Coutinho RA, Lange JMA, et al. Persistent
immune activation in HIV-1 infection is associated with progression to AIDS. AIDS. 2003 Sep;17(13):1881—
8.

Giorgi J v, Lyles RH, Matud JL, Yamashita TE, Mellors JW, Hultin LE, et al. Predictive value of
immunologic and virologic markers after long or short duration of HIV-1 infection. J Acquir Immune Defic
Syndr. 2002 Apr;29(4):346-55.

Liu Z, Cumberland WG, Hultin LE, Kaplan AH, Detels R, Giorgi J v. CD8+ T-lymphocyte activation in
HIV-1 disease reflects an aspect of pathogenesis distinct from viral burden and immunodeficiency. J Acquir
Immune Defic Syndr Hum Retrovirol. 1998 Aug;18(4):332—40.

Lee B, Sharron M, Montaner LJ, Weissman D, Doms RW. Quantification of CD4, CCRS5, and CXCR4 levels
on lymphocyte subsets, dendritic cells, and differentially conditioned monocyte-derived macrophages. Proc
Natl Acad Sci U S A [Internet]. 1999 Apr 27;96(9):5215-20. Available from:
https://pubmed.ncbi.nlm.nih.gov/10220446

Platt EJ, Wehrly K, Kuhmann SE, Chesebro B, Kabat D. Effects of CCRS and CD4 cell surface
concentrations on infections by macrophagetropic isolates of human immunodeficiency virus type 1. J Virol
[Internet]. 1998 Apr;72(4):2855-64. Available from: https://pubmed.ncbi.nlm.nih.gov/9525605

Reynes J, André P, Baillat V, Réant B, Clot J, Eliaou JF, et al. CD4+ T Cell Surface CCRS Density as a
Determining Factor of Virus Load in Persons Infected with Human Immunodeficiency Virus Type 1. J Infect
Dis. 2000 Mar;181(3):927-32.

193



318.

319.

320.

321.

322.

323.

324.

325.

326.

327.

328.

329.

330.

Hunt PW, Carrington M. Host genetic determinants of HIV pathogenesis: an immunologic perspective. Curr
Opin HIV AIDS [Internet]. 2008 May;3(3):342—8. Available from:
https://pubmed.ncbi.nlm.nih.gov/19372988

Kiepiela P, Leslie AJ, Honeyborne I, Ramduth D, Thobakgale C, Chetty S, et al. Dominant influence of
HLA-B in mediating the potential co-evolution of HIV and HLA. Nature. 2004 Dec;432(7018):769-75.

Martin MP, Carrington M. Immunogenetics of HIV disease. Immunol Rev [Internet]. 2013 Jul;254(1):245—
64. Available from: https://pubmed.ncbi.nlm.nih.gov/23772624

Rotger M, Dang KK, Fellay J, Heinzen EL, Feng S, Descombes P, et al. Genome-Wide mRNA Expression
Correlates of Viral Control in CD4+ T-Cells from HIV-1-Infected Individuals. PLoS Pathog [Internet]. 2010
Feb 26;6(2):e1000781. Available from: https://doi.org/10.1371/journal.ppat. 1000781

Hulse AM, Cai JJ. Genetic variants contribute to gene expression variability in humans. Genetics. 2013
Jan;193(1):95-108.

van Manen D, Kootstra NA, Boeser-Nunnink B, Handulle MAM, van’t Wout AB, Schuitemaker H.
Association of HLA-C and HCPS5 gene regions with the clinical course of HIV-1 infection. Aids.
2009;23(1):19-28.

Herbeck JT, Gottlieb GS, Winkler CA, Nelson GW, An P, Maust BS, et al. Multistage genomewide
association study identifies a locus at 1q41 associated with rate of HIV-1 disease progression to clinical
AIDS. J Infect Dis. 2010;201(4):618-26.

An P, Duggal P, Wang LH, O’Brien SJ, Donfield S, Goedert JJ, et al. Polymorphisms of CULS are
associated with CD4+ T cell loss in HIV-1 infected individuals. PLoS Genet. 2007;3(1):e19.

Dean M, Carrington M, Winkler C, Huttley GA, Smith MW, Allikmets R, et al. Genetic Restriction of HIV-1
Infection and Progression to AIDS by a Deletion Allele of the CKRS Structural Gene. Science (1979)
[Internet]. 1996 Sep 27;273(5283):1856—62. Available from: https://doi.org/10.1126/science.273.5283.1856

Limou S, le Clerc S, Coulonges C, Carpentier W, Dina C, Delaneau O, et al. Genomewide association study
of an AIDS-nonprogression cohort emphasizes the role played by HLA genes (ANRS Genomewide
Association Study 02). J Infect Dis. 2009 Feb;199(3):419-26.

M Hassona M, Fouad T, Osama Helmi M, Mohammed Ghanem HS, Abd Elrhman HE, Abdelsameea E.
Chemokine receptor CXCR6 gene polymorphism and treatment response of chronic hepatitis C virus in
Egyptian patients. Clin Exp Hepatol [Internet]. 2021;7(4):370—6. Available from:
http://dx.doi.org/10.5114/ceh.2021.111490

James SL, Abate D, Abate KH, Abay SM, Abbafati C, Abbasi N, et al. Global, regional, and national
incidence, prevalence, and years lived with disability for 354 diseases and injuries for 195 countries and
territories, 1990-2013;2017: a systematic analysis for the Global Burden of Disease Study 2017. The Lancet
[Internet]. 2018 Nov 10;392(10159):1789—858. Available from: https://doi.org/10.1016/S0140-
6736(18)32279-7

Dwyer-Lindgren L, Cork MA, Sligar A, Steuben KM, Wilson KF, Provost NR, et al. Mapping HIV
prevalence in sub-Saharan Africa between 2000 and 2017. Nature [Internet]. 2019;570(7760):189-93.
Available from: https://doi.org/10.1038/s41586-019-1200-9

194



331.

332.

333.

334.

335.

336.

337.

338.

339.

340.

341.

342.

343.

Gonzalez-Alcaide G, Menchi-Elanzi M, Nacarapa E, Ramos-Rincon JM. HIV/AIDS research in Africa and
the Middle East: participation and equity in North-South collaborations and relationships. Global Health
[Internet]. 2020;16(1):83. Available from: https://doi.org/10.1186/5s12992-020-00609-9

Jaumdally SZ, Picton A, Tiemessen CT, Paximadis M, Jaspan HB, Gamieldien H, et al. CCR5 expression,
haplotype and immune activation in protection from infection in HIV-exposed uninfected individuals in
HIV-serodiscordant relationships. Immunology [Internet]. 2017/05/24. 2017 Aug;151(4):464-73. Available
from: https://pubmed.ncbi.nlm.nih.gov/28398593

Mehlotra RK. New Knowledge About CCRS, HIV Infection, and Disease Progression: Is “Old” Still
Valuable? AIDS Res Hum Retroviruses [Internet]. 2020 Jul 2;36(10):795-9. Available from:
https://doi.org/10.1089/aid.2020.0060

Santana DS, Silva MJA, de Marin ABR, Costa VL da S, Sousa GSM, de Sousa JG, et al. The Influence
Between C-C Chemokine Receptor 5 Genetic Polymorphisms and the Type-1 Human Immunodeficiency
Virus: A 20-Year Review. AIDS Res Hum Retroviruses [Internet]. 2022 Oct 13;39(1):13-32. Available
from: https://doi.org/10.1089/aid.2022.0111

Gianella S, Letendre S. Cytomegalovirus and HIV: A Dangerous Pas de Deux. J Infect Dis [Internet]. 2016
Oct 1;214(suppl_2):S67—-74. Available from: https://doi.org/10.1093/infdis/jiw217

Boren E, Gershwin ME. Inflamm-aging: autoimmunity, and the immune-risk phenotype. Autoimmun Rev
[Internet]. 2004;3(5):401-6. Available from:
https://www.sciencedirect.com/science/article/pii/S1568997204000424

Ndumbi P, Gilbert L, Tsoukas CM. Comprehensive Evaluation of the Immune Risk Phenotype in
Successfully Treated HIV-Infected Individuals. PLoS One [Internet]. 2015 Feb 3;10(2):¢0117039-. Available
from: https://doi.org/10.1371/journal.pone.0117039

Booiman T, Wit FW, Girigorie AF, Maurer I, de Francesco D, Sabin CA, et al. Terminal differentiation of T
cells is strongly associated with CMV infection and increased in HIV-positive individuals on ART and
lifestyle matched controls. PLoS One [Internet]. 2017 Aug 14;12(8):e0183357-. Available from:
https://doi.org/10.1371/journal.pone.0183357

Gianella S, Massanella M, Wertheim JO, Smith DM. The sordid affair between human herpesvirus and HIV.
J Infect Dis. 2015;212(6):845-52.

Udeze A, Odebisi-Omokanye M, Ajileye T. Cytomegalovirus infection among Human Immunodeficiency
Virus (HIV) infected individuals on highly active anti-retroviral therapy in North-Central Nigeria. Afr Health
Sci [Internet]. 2018 Dec;18(4):1057—65. Available from: https://pubmed.ncbi.nlm.nih.gov/30766572

Gerard L, Leport C, Flandre P, Houhou N, Salmon-Ceron D, Pepin JM, et al. Cytomegalovirus (CMV)
viremia and the CD4+ lymphocyte count as predictors of CMV disease in patients infected with human
immunodeficiency virus. Clinical Infectious Diseases. 1997;24(5):836—40.

Shepp DH, Moses JE, Kaplan MH. Seroepidemiology of cytomegalovirus in patients with advanced HIV
disease: influence on disease expression and survival. JAIDS Journal of Acquired Immune Deficiency
Syndromes. 1996;11(5):460-8.

Webster A. Cytomegalovirus as a possible cofactor in HIV disease progression. JAIDS Journal of Acquired
Immune Deficiency Syndromes. 1991;4(6):S47-52.

195



344.

345.

346.

347.

348.

349.

350.

351.

352.

353.

354.

355.

356.

Fowler KB, Ross SA, Shimamura M, Ahmed A, Palmer AL, Michaels MG, et al. Racial and Ethnic
Differences in the Prevalence of Congenital Cytomegalovirus Infection. J Pediatr [Internet]. 2018 Sep
1;200:196-201.e1. Available from: https://doi.org/10.1016/j.jpeds.2018.04.043

Zajacova A, Dowd JB, Aiello AE. Socioeconomic and race/ethnic patterns in persistent infection burden
among US adults. Journals of Gerontology Series A: Biomedical Sciences and Medical Sciences.
2009;64(2):272-9.

Lantos PM, Permar SR, Hoffman K, Swamy GK. The Excess Burden of Cytomegalovirus in African
American Communities: A Geospatial Analysis. Open Forum Infect Dis [Internet]. 2015 Dec 1;2(4):0fv180.
Available from: https://doi.org/10.1093/ofid/ofv180

Ruibal-Ares B, Belmonte L, Bare P, Parodi C, Massud I, Bracco M. HIV-1 Infection and Chemokine
Receptor Modulation. Curr HIV Res. 2004 Feb 1;2:39-50.

Speth C, Joebstl B, Barcova M, Dierich MP. HIV-1 envelope protein gp41 modulates expression of
interleukin-10 and chemokine receptors on monocytes, astrocytes and neurones. AIDS [Internet]. 2000;14(6).
Available from:

https://journals.lww.com/aidsonline/Fulltext/2000/04140/HIV 1 envelope protein_gp41 modulates express
ion.l.aspx

Wang Z, Shang H, Jiang Y. Chemokines and Chemokine Receptors: Accomplices for Human
Immunodeficiency Virus Infection and Latency. Front Immunol [Internet]. 2017;8. Available from:
https://www.frontiersin.org/articles/10.3389/fimmu.2017.01274

Ellery PJ, Tippett E, Chiu YL, Paukovics G, Cameron PU, Solomon A, et al. The CD16+ monocyte subset is
more permissive to infection and preferentially harbors HIV-1 in vivo. J Immunol. 2007 May;178(10):6581—
9.

Jaworowski A, Kamwendo DD, Ellery P, Sonza S, Mwapasa V, Tadesse E, et al. CD16+ monocyte subset
preferentially harbors HIV-1 and is expanded in pregnant Malawian women with Plasmodium falciparum
malaria and HIV-1 infection. J Infect Dis. 2007 Jul;196(1):38—42.

Dunne AL, Siregar H, Mills J, Crowe SM. HIV replication in chronically infected macrophages is not
inhibited by the Tat inhibitors Ro-5-3335 and Ro-24-7429. J Leukoc Biol. 1994;56(3):369-73.

Sonza S, Maerz A, Deacon N, Meanger J, Mills J, Crowe S. Human immunodeficiency virus type 1
replication is blocked prior to reverse transcription and integration in freshly isolated peripheral blood
monocytes. J Virol. 1996;70(6):3863-9.

Tuttle DL, Harrison JK, Anders C, Sleasman JW, Goodenow MM. Expression of CCRS5 increases during
monocyte differentiation and directly mediates macrophage susceptibility to infection by human
immunodeficiency virus type 1. J Virol. 1998 Jun;72(6):4962-9.

Ziegler-Heitbrock HW, Fingerle G, Strobel M, Schraut W, Stelter F, Schiitt C, et al. The novel subset of
CD14+/CD16+ blood monocytes exhibits features of tissue macrophages. Eur J Immunol. 1993
Sep;23(9):2053-8.

Ozanska A, Szymczak D, Rybka J. Pattern of human monocyte subpopulations in health and disease. Scand J
Immunol [Internet]. 2020 Jul 1;92(1):e12883. Available from: https://doi.org/10.1111/sji.12883

196



357.

358.

359.

360.

361.

362.

363.

364.

365.

366.

367.

368.

369.

Mavigner M, Delobel P, Cazabat M, Dubois M, L’faqihi-Olive FE, Raymond S, et al. HIV-1 residual viremia
correlates with persistent T-cell activation in poor immunological responders to combination antiretroviral
therapy. PLoS One. 2009 Oct;4(10):e7658.

Randolph GJ, Sanchez-Schmitz G, Liebman RM, Schékel K. The CD16+ (FcyRIII+) subset of human
monocytes preferentially becomes migratory dendritic cells in a model tissue setting. J Exp Med.
2002;196(4):517-27.

Kapellos TS, Bonaguro L, Gemiind I, Reusch N, Saglam A, Hinkley ER, et al. Human Monocyte Subsets and
Phenotypes in Major Chronic Inflammatory Diseases. Front Immunol [Internet]. 2019;10. Available from:
https://www.frontiersin.org/articles/10.3389/fimmu.2019.02035

Dutertre CA, Amraoui S, DeRosa A, Jourdain JP, Vimeux L, Goguet M, et al. Pivotal role of M-DC8+
monocytes from viremic HIV-infected patients in TNFa overproduction in response to microbial products.
Blood [Internet]. 2012 Sep 13;120(11):2259—-68. Available from: https://doi.org/10.1182/blood-2012-03-
418681

Fehniger TA, Cooper MA, Nuovo GJ, Cella M, Facchetti F, Colonna M, et al. CD56bright natural killer cells
are present in human lymph nodes and are activated by T cell-derived IL-2: a potential new link between
adaptive and innate immunity. Blood, The Journal of the American Society of Hematology.
2003;101(8):3052-7.

Cooper MA, Fehniger TA, Turner SC, Chen KS, Ghaheri BA, Ghayur T, et al. Human natural killer cells: a
unique innate immunoregulatory role for the CD56bright subset. Blood, The Journal of the American Society
of Hematology. 2001;97(10):3146-51.

Bjorkstrom NK, Ljunggren HG, Michaelsson J. Emerging insights into natural killer cells in human
peripheral tissues. Nat Rev Immunol. 2016;16(5):310-20.

Robertson MJ. Role of chemokines in the biology of natural killer cells. J Leukoc Biol. 2002;71(2):173-83.

Campbell JJ, Qin S, Unutmaz D, Soler D, Murphy KE, Hodge MR, et al. Unique subpopulations of CD56+
NK and NK-T peripheral blood lymphocytes identified by chemokine receptor expression repertoire. The
Journal of Immunology. 2001;166(11):6477-82.

Vujanovic L, Chuckran C, Lin Y, Ding F, Sander CA, Santos PM, et al. CD56dim CD16— Natural Killer Cell
Profiling in Melanoma Patients Receiving a Cancer Vaccine and Interferon-a. Front Immunol [Internet].
2019;10. Available from: https://www.frontiersin.org/articles/10.3389/fimmu.2019.00014

Vujanovic L, Ballard W, Thorne SH, Vujanovic NL, Butterfield LH. Adenovirus-engineered human
dendritic cells induce natural killer cell chemotaxis via CXCLS8/IL-8 and CXCL10/IP-10. Oncoimmunology.
2012;1(4):448-57.

Desmetz C, Lin YL, Mettling C, Portalés P, Rabesandratana H, Clot J, et al. The strength of the chemotactic
response to a CCRS binding chemokine is determined by the level of cell surface CCRS density.
Immunology [Internet]. 2006 Dec;119(4):551-61. Available from:
https://pubmed.ncbi.nlm.nih.gov/17177831

Letvin NL, Mascola JR, Sun Y, Gorgone DA, Buzby AP, Xu L, et al. Preserved CD4+ central memory T
cells and survival in vaccinated SIV-challenged monkeys. Science (1979). 2006;312(5779):1530-3.

197



370.

371.

372.

373.

374.

375.

376.

377.

378.

379.

380.

381.

382.

Yang X, Jiao Y mei, Wang R, Ji Y xia, Zhang H wei, Zhang Y hong, et al. High CCRS Density on Central
Memory CD4+ T Cells in Acute HIV-1 Infection Is Mostly Associated with Rapid Disease Progression.
PLoS One [Internet]. 2012 Nov 21;7(11):e49526-. Available from:
https://doi.org/10.1371/journal.pone.0049526

Michael R, Carolin T, Jori S, Matthew G, L AJ, Gabriela K, et al. CXCR4-Using HIV Strains Predominate in
Naive and Central Memory CD4+ T Cells in People Living with HIV on Antiretroviral Therapy:
Implications for How Latency Is Established and Maintained. J Virol [Internet]. 2020 Feb
28;94(6):10.1128/jvi.01736-19. Available from: https://doi.org/10.1128/jvi.01736-19

Connell BJ, Hermans LE, Wensing AMJ, Schellens I, Schipper PJ, van Ham PM, et al. Immune activation
correlates with and predicts CXCR4 co-receptor tropism switch in HIV-1 infection. Sci Rep [Internet].
2020;10(1):15866. Available from: https://doi.org/10.1038/s41598-020-71699-z

Reynes J, Baillat V, Portales P, Clot J, Corbeau P. Low CD4+ T-Cell Surface CCRS5 Density as a Cause of
Resistance to In Vivo HIV-1 Infection. JAIDS Journal of Acquired Immune Deficiency Syndromes
[Internet]. 2003;34(1). Available from:

https://journals.lww.com/jaids/Fulltext/2003/09010/Low_CD4 T Cell Surface CCR5 Density as a Caus
e of.18.aspx

Sankaranantham M. HIV - Is a cure possible? Indian J Sex Transm Dis AIDS. 2019;40(1):1-5.

Hiitter G, Nowak D, Mossner M, Ganepola S, Miissig A, Allers K, et al. Long-term control of HIV by CCR5
Delta32/Delta32 stem-cell transplantation. N Engl J Med. 2009 Feb;360(7):692-8.

Jacobson JM, Saag MS, Thompson MA, Fischl MA, Liporace R, Reichman RC, et al. Antiviral Activity of
Single-Dose PRO 140, a CCR5 Monoclonal Antibody, in HIV-Infected Adults. J Infect Dis [Internet]. 2008
Nov 1;198(9):1345-52. Available from: https://doi.org/10.1086/592169

Kufel WD. Antibody-based strategies in HIV therapy. Int J Antimicrob Agents [Internet].
2020;56(6):106186. Available from: https://www.sciencedirect.com/science/article/pii/S0924857920303927

Michele DM, Irini S, T ML, Ven N, Joseph A, Richard L, et al. Naive T-Cell Dynamics in Human
Immunodeficiency Virus Type 1 Infection: Effects of Highly Active Antiretroviral Therapy Provide Insights
into the Mechanisms of Naive T-Cell Depletion. J Virol [Internet]. 2006 Mar 15;80(6):2665—74. Available
from: https://doi.org/10.1128/JV1.80.6.2665-2674.2006

Hazenberg MD, Stuart JWTC, Otto SA, Borleffs JCC, Boucher CAB, de Boer RJ, et al. T-cell division in
human immunodeficiency virus (HIV)-1 infection is mainly due to immune activation: a longitudinal
analysis in patients before and during highly active antiretroviral therapy (HAART). Blood, The Journal of
the American Society of Hematology. 2000;95(1):249-55.

Hellerstein MK, Hoh RA, Hanley MB, Cesar D, Lee D, Neese RA, et al. Subpopulations of long-lived and
short-lived T cells in advanced HIV-1 infection. J Clin Invest. 2003;112(6):956—66.

Hazenberg MD, Otto SA, van Benthem BHB, Roos MT, Coutinho RA, Lange JMA, et al. Persistent immune
activation in HIV-1 infection is associated with progression to AIDS. Aids. 2003;17(13):1881-8.

de Boer RJ, Mohri H, Ho DD, Perelson AS. Turnover rates of B cells, T cells, and NK cells in simian
immunodeficiency virus-infected and uninfected rhesus macaques. The Journal of Immunology.
2003;170(5):2479-87.

198



383.

384.

385.

386.

387.

388.

389.

390.

391.

392.

393.

394.

395.

Gonzalez SM, Taborda NA, Rugeles MT. Role of Different Subpopulations of CD8+ T Cells during HIV
Exposure and Infection. Front Immunol [Internet]. 2017;8. Available from:
https://www.frontiersin.org/articles/10.3389/fimmu.2017.00936

Buckheit IIT RW, Salgado M, Silciano RF, Blankson JN. Inhibitory potential of subpopulations of CD8+ T
cells in HIV-1-infected elite suppressors. J Virol. 2012;86(24):13679—88.

Hansen SG, Ford JC, Lewis MS, Ventura AB, Hughes CM, Coyne-Johnson L, et al. Profound early control
of highly pathogenic SIV by an effector memory T-cell vaccine. Nature. 2011;473(7348):523-7.

di Pilato M, Kfuri-Rubens R, Pruessmann JN, Ozga AJ, Messemaker M, Cadilha BL, et al. CXCR6 positions
cytotoxic T cells to receive critical survival signals in the tumor microenvironment. Cell [Internet]. 2021 Aug
19;184(17):4512-4530.e22. Available from: https://doi.org/10.1016/j.cell.2021.07.015

Mabrouk N, Tran T, Sam I, Pourmir I, Gruel N, Granier C, et al. CXCR6 expressing T cells: Functions and
role in the control of tumors. Front Immunol [Internet]. 2022;13. Available from:
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1022136

Muthuswamy R, McGray AJR, Battaglia S, He W, Miliotto A, Eppolito C, et al. CXCR6 by increasing
retention of memory CDS8 T cells in the ovarian tumor microenvironment promotes immunosurveillance and
control of ovarian cancer. bioRxiv [Internet]. 2021 Jan 1;2020.12.02.401729. Available from:
http://biorxiv.org/content/early/2021/06/14/2020.12.02.401729.abstract

Tse SW, Radtke AJ, Espinosa DA, Cockburn A, Zavala F. The chemokine receptor CXCR6 is required for
the maintenance of liver memory CD8" T cells specific for infectious pathogens. J Infect Dis [Internet].
2014/05/13. 2014 Nov 1;210(9):1508-16. Available from: https://pubmed.ncbi.nlm.nih.gov/24823625

Nanki T, Shimaoka T, Hayashida K, Taniguchi K, Yonehara S, Miyasaka N. Pathogenic role of the
CXCL16-CXCR6 pathway in rtheumatoid arthritis. Arthritis & Rheumatism: Official Journal of the
American College of Rheumatology. 2005;52(10):3004—14.

Northfield JW, Kasprowicz V, Lucas M, Kersting N, Bengsh B, Kim A, et al. CD161 expression on hepatitis
C virus—specific CD8+ T cells suggests a distinct pathway of T cell differentiation. Hepatology.
2008;47(2):396—-406.

Freeman CM, Curtis JL, Chensue SW. CC chemokine receptor 5 and CXC chemokine receptor 6 expression
by lung CD8+ cells correlates with chronic obstructive pulmonary disease severity. Am J Pathol.
2007;171(3):767-76.

Lee J, Tam H, Adler L, Ilstad-Minnihan A, Macaubas C, Mellins ED. The MHC class II antigen presentation
pathway in human monocytes differs by subset and is regulated by cytokines. PLoS One.
2017;12(8):¢0183594.

Wong KL, Tai JIY, Wong WC, Han H, Sem X, Yeap WH, et al. Gene expression profiling reveals the
defining features of the classical, intermediate, and nonclassical human monocyte subsets. Blood, The
Journal of the American Society of Hematology. 2011;118(5):e16-31.

Weber C, Belge K, von Hundelshausen P, Draude G, Steppich B, Mack M, et al. Differential chemokine
receptor expression and function in human monocyte subpopulations. J Leukoc Biol. 2000;67(5):699-704.

199



396.

397.

398.

399.

400.

401.

402.

403.

404.

405.

406.

407.

408.

409.

410.

411.

Zawada AM, Rogacev KS, Rotter B, Winter P, Marell RR, Fliser D, et al. SuperSAGE evidence for CD14++
CD16+ monocytes as a third monocyte subset. Blood, The Journal of the American Society of Hematology.
2011;118(12):e50-61.

Fingerle G, Pforte A, Passlick B, Blumenstein M, Strobel M, Ziegler-Heitbrock HW. The novel subset of
CD14+/CD16+ blood monocytes is expanded in sepsis patients. 1993;

Nockher WA, Scherberich JE. Expanded CD14+ CD16+ monocyte subpopulation in patients with acute and
chronic infections undergoing hemodialysis. Infect Immun. 1998;66(6):2782-90.

Sharron M, Péhlmann S, Price K, Lolis E, Tsang M, Kirchhoff F, et al. Expression and coreceptor activity of
STRL33/Bonzo on primary peripheral blood lymphocytes. Blood [Internet]. 2000 Jul 1;96(1):41-9.
Available from: https://doi.org/10.1182/blood.V96.1.41

Kim CH, Kunkel EJ, Boisvert J, Johnston B, Campbell JJ, Genovese MC, et al. Bonzo/CXCR6 expression
defines type 1—polarized T-cell subsets with extralymphoid tissue homing potential. J Clin Invest.
2001;107(5):595-601.

Matsumura S, Wang B, Kawashima N, Braunstein S, Badura M, Cameron TO, et al. Radiation-induced
CXCLI16 release by breast cancer cells attracts effector T cells. J Immunol. 2008 Sep;181(5):3099-107.

WuY, An C, Jin X, Hu Z, Wang Y. Disruption of CXCR6 Ameliorates Kidney Inflammation and Fibrosis in
Deoxycorticosterone Acetate/Salt Hypertension. Sci Rep [Internet]. 2020;10(1):133. Available from:
https://doi.org/10.1038/s41598-019-56933-7

Wang JH, Su F, Wang S, Lu XC, Zhang SH, Chen D, et al. CXCR®6 deficiency attenuates pressure overload-
induced monocytes migration and cardiac fibrosis through downregulating TNF-a-dependent MMP9
pathway. Int J Clin Exp Pathol. 2014 Nov 17;7:6514-23.

Roséas-Umbert M, Llano A, Bellido R, Olvera A, Ruiz-Riol M, Rocafort M, et al. Mechanisms of Abrupt
Loss of Virus Control in a Cohort of Previous HIV Controllers. J Virol. 2019 Feb 15;93(4).

Limou S, Coulonges C, Herbeck JT, van Manen D, An P, Le Clerc S, et al. Multiple-cohort genetic
association study reveals CXCR6 as a new chemokine receptor involved in long-term nonprogression to
AIDS. J Infect Dis. 2010 Sep;202(6):908-15.

YiN, Xu S, Lou XY, Mallick H. Multiple comparisons in genetic association studies: a hierarchical
modeling approach. 2014;13(1):35-48. Available from: https://doi.org/10.1515/sagmb-2012-0040

Rice TK, Schork NJ, Rao DC. Methods for handling multiple testing. Adv Genet. 2008;60:293-308.

Balding DJ. A tutorial on statistical methods for population association studies. Nat Rev Genet.
2006;7(10):781-91.

Sharp PM, Hahn BH. Origins of HIV and the AIDS pandemic. Cold Spring Harb Perspect Med [Internet].
2011;1(1):a006841. Available from: http://europepme.org/abstract/MED/22229120

Planelles V. Restricted Access to Myeloid Cells Explained. Viruses. 2011 Sep 1;3:1624-33.

Pedersen BR, Kamwendo D, Blood M, Mwapasa V, Molyneux M, North K, et al. CCR5 Haplotypes and
Mother-to-Child HIV Transmission in Malawi. PLoS One [Internet]. 2007 Sep 5;2(9):e838-. Available from:
https://doi.org/10.1371/journal.pone.0000838

200



412.  Diwan B, Saxena R, Tiwari A. HIV-2 and its role in conglutinated approach towards Acquired
Immunodeficiency Syndrome (AIDS) Vaccine Development. Springerplus [Internet]. 2013;2(1):7. Available
from: https://doi.org/10.1186/2193-1801-2-7

413.  Watkins GL. A comparison of HIV-1 and HIV-2 gag gene expression. In 2012.

201



APPENDIX A: Ethical Clearance

NIVIRSIEY OF 11
WITWATERSRAND
JOHANNESAURL

R14/48 Profassor CT Tiemessen, et al

HUMAN RESEARCH ETHICS COMMITTEE (MEDICAL)
CLEARANCE CERTIFICATE NO. M1909985

NAME: Professor CT Tiemessen, et al

(Principal Investigator)

DEPARTMENT: National Insttute for Communicable Diseases
Centre for HIV and Sexually-Transmitted Infections
Sandringham

PROJECT TITLE: HIV-1 positive South African Elite and Long-term Controllers:

viral and host targets for functional cure sirategies

DATE CONSIDERED: Ad hoc

DECISION: Agroved unconditionally
CONDITIONS: Renewal of M140926
SUPERVISOR: Not applicable

o D
APPROVED BY: | L/2n :
] A Lo B
Or CB Penny, Chevpecsoa+REC (Medical)
DATE OF APPROVAL: 2019/10:04
This clearance certificate is valid for § years from date of approval. Extension may be applied for.

DECLARATION OF INVESTIGATORS

To be completed in duphcate and ONE COPY retumed 1o the Research Office Secretary on the 3rd Floor, Phillip
Tobias Building, Parktown, University of the Witwatersrand, Johannesburg.

e fully understand the conditions under which | amiwe are authorized to carry out the above-mentioned
research and |‘we undertake !0 ensure compliance with these conditions. Should any depanure be
contemplated. from the research protocol as approved, Uwe undenake 1o submit details to the Commetee. |
faree 19 submit 3 yearly progress report When a funder requires annual re-certification, the appication date
wil be one year afier the date when the study was initially reviewed, In thes case, the study was inikally rewewec
in September and will therefore reponts and re-cenification will be due early in the month of September each
year, Unreported changes to the application may Invalidate the clearance given by the HREC (Medical).

42{_@@2”\ S Othvu 2019
Principal Investigator Signature Date

PLEASE QUOTE THE CLEARANCE CERTIFICATE NUMBER IN ALL ENQUIRIES

202



APPENDIX B: Turnitin originality report

Phd Thesis Text Only Turnitin (excl Chapter 3).docx

ORIGINALITY REPORT

15 9 11 0

SIMILARITY INDEX INTERNET SOURCES PUBLICATIONS STUDENT PAPERS
PRIMARY SOURCES
wiredspace.wits.ac.za 3
Internet Source %
Gemma W. Koor, Maria Paximadis, Anabela 3cy
0

C.P. Picton, Fidan Karatas et al. "Cis-
regulatory genetic variants in the CCR5 gene
and natural HIV-1 control in black South
Africans", Clinical Immunology, 2019

Publication

"Encyclopedia of AIDS", Springer Science and 2cy
Business Media LLC, 2018 °

Publication

Anabela C. P. Picton. "Marked differences in 1 .
CCR5 expression and activation levels in two :
South African populations", Immunology,

04/2012

Publication

"Handbook of Immunosenescence", Springer 1 .
Science and Business Media LLC, 2019 :

Publication

H Anabela C.P. Picton, Maria Paximadis, Richard 'I o
E. Chaisson, Neil A. Martinson, Caroline T. i

203



