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ABSTRACT

Background: Prevention of Mother-to-child transmission (PMTCT) of human
immunodeficiency virus (HIV) remains a significant challenge in resource-poor settings
despite the advances in antiretroviral (ARV) treatment. HIV-1 infected individuals are able to
achieve viral control naturally, however the underlying mechanisms of immunological
control in children remains poorly understood. This study was conducted from 2006 to 2010
to investigate correlates of immune control in HIV-1 clade C infected mother-child pairs in
the absence of ARVs. Genotypic and phenotypic viral characteristics, cellular immune
responses to HIV-1 and host genetics were characterized and correlated with clinical markers
of disease progression.

Materials and Methods: To achieve the objectives of the study, three cohorts of mother-
child pairs were investigated. The first cohort included 60 untreated mother-child pairs and a
further ten uninfected children as controls. The second cohort comprised of ARV treated
pairs (n=60). The third cohort consisted of 374 mothers and 374 children (infected, exposed
uninfected, HIV negative). Plasma viral loads and absolute CD4+ T cell counts were
routinely performed in all three cohorts. HIV-specific CD8+ T cell responses were analyzed
by interferon gamma (IFN-y) enzyme linked immunosorbent spot (ELISpot) assays. Viral
replicative fitness was assessed using a green fluorescent protein reporter cell line (GFP).
Multi-parameter flowcytometry allowed for the investigation of T cell regulation, exhaustion
and activation using CD127/CD25, TIM-3/PD-1 and HLA-DR/CD38 markers respectively.
IL-10 promoter single nucleotide polymorphisms (SNPs) at positions -592 and -1082 were
determined by TagMan allelic discrimination assays. Plasma IL-10 levels were measured
using a luminex assay.

Results: To describe the CTL responses elicited to various regions of the HIV proteome in

HIV-infected treatment naive children. Sixty children under one year of age in the untreated

iii |



cohort were analyzed for CTL responses spanning the HIV genome, for which only 30 had
detectable responses. There was no significant difference in viral load between responders
and non-responders (p=0.2799). The responders predominantly targeted Nef (49%), Gag
(17%) and Env (14%) regions. Markers of T cell exhaustion and regulation and their
relationship to markers of disease progression, were next investigated as these parameters
may explain the inability of T cells to effectively control HIV infection. T cell phenotyping
compared treated, untreated and uninfected subgroups. In infected children, CD8+ T cells
were significantly higher for both the inhibitory marker TIM-3 (p=0.001) and exhaustion
marker PD-1 (p=0.0001) compared to uninfected children. Median expression of TIM-3 was
higher on CD8+ T cells (46%) compared to CD4+ T cells (20%). TIM-3 and PD-1 expression
on T cells were maintained at high levels over time. The frequency of absolute Tregs
(p=0.0225) were found to be significantly higher in untreated compared to treated children.
HLA-DR+CD38+ on CD8+ T cells were significantly up-regulated in untreated children
compared to treated (p=0.002) and uninfected children (p=0.0177). HLA-DR+CD38+ was
also significantly higher in children less than 6 months compared to older children on CD4+
(p=0.0437) and CD8+ T cells (p=0.00276). Interestingly, we observed a significant negative
correlation between magnitude of CTL response and CD25+CD127- (p=0.0202; r=-0.7333)
as well as HLA-DR+CD38+ (p=0.0408; r=-0.5516) on CD8+ T cells. IL-10 is an important
immunoregulatory cytokine that has been shown to affect the outcome of chronic viral
infections. IL-10 polymorphisms have previously been associated with IL-10 levels and
HIV-1 outcomes in adults. Polymorphisms associated with different levels of IL-10
production and their relationship with transmission, markers of disease progression and
immune responses were next investigated in this mother-child HIV transmission setting.
Genetic analysis of 1L-10 in cohort three revealed that HIV-1 acquisition was not associated

with either IL10 -592 (AA/CA vs CC) or IL10 -1082 (AA/AG vs GG) single nucleotide
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polymorphisms (SNPSs). There was a significant association between IL10 -1082 and HIV-1
transmission (p=0.0012). No correlation was observed between IL10 -592 (p=0.4279) or
IL10 -1082 SNPs (p=0.6361) and mortality rates in children. IL10 -592C was associated with
an elevated magnitude of IFN-y CD8+ T cell response compared to I1L10 -529A (p=0.0071).
We found a significant positive correlation between IL-10 plasma levels and viral loads
(p=0.0068; r=0.4759) and the ages of the children (p=0.0312; r=0.1737).

Conclusion: CD8+ T cell responses and viral fitness did not explain differences in disease
progression in selected HIV-1 untreated clade C transmission pairs. T cell activation and
regulatory markers influence CTL immune responses resulting in poor clinical outcome. IL10
-1082 polymorphisms may be used as a predictor of HIV-1 transmission. The association
between increased IL-10 plasma levels and high viral loads suggest that 1L-10 contributes to
immune dysfunction in paediatric HIV-1 infection. This study has extended our
understanding of immunological and genetic correlates of mother-to-child transmission and

disease outcome in ARV naive (naturally controlling) and HIV treated infected children.
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CHAPTER 1

Overview of the interplay between HIV-1, T cells and host genetics

1.1 INTRODUCTION: Why Human Immunodeficiency Virus (HIV)?

Our immune system is always at work, enabling us to survive the threat of infectious agents. The
human immunodeficiency virus (HIV) is a virus that directly attacks the normal functioning of
the human immune system. While many other viruses can be controlled, and infections can be
cleared by the immune system, HIV targets and infects the very same critical immune defense
cells. HIV preferentially infects activated CD4 cells. As the virus replicates the virions damage
the immune system resulting in CD4 decline. Loss of CD4+ T cells and the progressive inability
to defend the body ultimately result in Acquired Immune Deficiency Syndrome (AIDS). This
inevitably leads to the weakening of the immune system (Sattentau, 1989). HIV destroys cell

functionality which predisposes the host to opportunistic infections.

Evidence suggests that 40% of untreated HIV-infected infants die before they reach the first year
of life and, if left unidentified and untreated, up to 50-60% die by age two (Newell et al., 2004).
Possible eradication of paediatric HIV-1 infection lies in the development of an infant vaccine
that can be administered at birth that would theoretically provide protection from infancy,
through the adolescence period, and into adulthood. An overall understanding of the exact
mechanism that drives HIV-1 disease pathogenesis is restricted due to the apparent multifactorial

impact of the virus.
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1.1.1 Etiology and Epidemiology of HIVV/AIDS: Global and local perspectives

June 2011 marks 30 years since the discovery of HIV. Thirty years later, this devastating disease
has claimed over 30 million lives. AIDS was first reported in 1981 as unusual infections and
cancers such as Kaposi’s Sarcoma (KS) and Pneumocystis carinii pneumonia (PCP) in young
homosexual men in New York (Gottlieb et al., 1981, Levy, 2009). Two years later HIV was
established as the causative agent of AIDS by the depletion of CD4+ T cells (Barre-Sinoussi et
al., 1983). Today, 33.3 million people worldwide are still infected and living with HIV (Fig 1.1).
In 2009, an estimated 2.6 million people were newly infected with HIV of which 370,000
infections were in children under the age of fifteen. In the same year, 1.8 million people died
from AIDS of which 260,000 were under the age of fifteen. Since the beginning of the HIV
epidemic, more than 60 million people have contracted HIV and more than 25 million have died

of AIDS-related causes (UNAIDS).

Western & Eastern Europe

Central Europe & Central Asia
820 000 1.4 million
North .A!n.erica {726-600=~910-000] [1.3 million — 1.6 million]
1.5 million East Asia
(1.2 million — 2.0 million] / \ . \ 770 000
Middle East & North Africa {560.000 = 1. milfion]
TR o Sy
= South & South-East Asia
[220:000 - 270 000] 4.1 million
| < SiubSaharan Affica [3.7 million — 4.6 million]
Central & 22.5 million !
South America [20.9 million — 24.2 million] Oceania
1.4 million — » ' 57 000
[12 million % 1.6 million] [50 000 - 64,000]

Total: 33.3 million [31.4 million — 35.3 million]

CRED Sieniarsatn LE UNLAIDS = 55

Figure 1.1 Estimated number of people living with HIV/AIDS in 2009 (UNAIDS & WHO
report on global AIDS epidemic, 2010).
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More than two-thirds, 22.5 million of all people living with HIV, live in sub-Saharan Africa-
including 92 percent of the world’s HIV-positive children. In 2009, an estimated 1.8 million
people in the region became newly infected. South Africa has one of the highest infection rates
in the world. Statistics South Africa’'s (StatsSA, 2011) reported the overall HIVV-prevalence as 11
percent, one of the highest in sub-Saharan Africa and among the highest in the world.
Approximately one-fifth of South African women in their reproductive ages are HIV positive.
Life expectancy at birth had declined between 2001 and 2005, but had since increased partly due
to the roll-out of antiretroviral therapy. More importantly, the report showed the elevation in the
total number of people living with HIV from 2001 (4.10 million) to 2010 (5.24 million),

represented in Table 1.1.

Table 1.1 HIV prevalence estimates of number of people living with HIV from 2001-2010, in

South Africa (adapted from statssa.gov.za).

2001 18.7 154 9.4 4.10
2002 19.2 15.8 9.6 4.38
2003 194 16.1 9.8 4.53
2004 19.6 16.3 9.9 4.64
2005 19.7 16.5 10.0 4.74
2006 19.7 16.6 10.1 4.85
2007 19.7 16.7 10.2 4.93
2008 19.7 16.9 10.3 5.02
2009 19.6 17.0 10.3 5.11
2010 19.7 17.3 10.5 5.24
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A related study stratified the HIV prevalence rate according to the different provinces in South
Africa (Stats SA, 2011). KwaZulu-Natal (KZN), Mpumalanga and Free State had the highest
HIV prevalence. The province of KZN showed an astounding prevalence of 15.8% averaged
between 2002 and 2008. Adult mortality based on death notification data in South Africa: 1997-
2004 revealed that the death rate among men aged 30-39 doubled, while that among women aged
25-34 more than quadrupled. In 2008, children aged between 0 and 9 years of age showed an
increase in mortality to over 65,000 deaths when compared to older children (35,000). This
elevation in child mortality number was largely attributed to HIV-1 Mother to Child transmission
(MTCT). Prior to this report, another South African study stratified HIV incidence by children’s
age group revealing that children under the age of two had the highest number of new infections

(Table 1.2). This high HIV incidence was attributed to increase in MTCT (Rehle et al., 2007).

Table 1.2 HIV incidence and number of new infections by age group, South Africa, 2005

Numbers rounded off to the nearest thousand (Rehle et al., 2007).

<2 44 513 000 1.4 571,000
2-14 13 253 000 0.5 69,000
5-9 4 820 000 11 49,000
15-24 9 616 000 2.2 192,000
15-49 24 572 000 2.4 500,000
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1.1.2 HIV: Diversity, structure, replication and impact of antiretroviral drugs (ARVS)
Diversity

There are two types of HIV: HIV-1 and HIV-2. Both HIV-1 and HIV-2 are members of the
retrovirus family which are characterized by viruses that are capable of copying RNA into DNA.
Furthermore, HIV-1 and HIV-2 are lentiviruses. Lentiviruses are unique in comparison to other
members of the retrovirus family in that, they a) deliver a large amount of genetic information
into the DNA of the host cell, b) are able to replicate in non-dividing cells (one of the most
efficient methods of transfer of genetic information) finally, lentivirus translates into the term

'slow virus' as these type of viruses slowly adversely affect the body.

HIV can be phylogenetically classified into four groups: group M (main); group O (outlier) and
two new groups, N and P (Plantier et al., 2009). The classification of these groups is based on
their discovery and likeness to simian immunodeficiency virus (SIV). Group O and Group P are
rare HIV-1 strains and appear to be restricted to west-central Africa. The HIV-2 strain is very
closely related to a strain of SIV found in sooty mangabees and African green monkeys (Hirsch
et al., 1989, Li et al.,, 1989). The groups N and M are more infectious HIV-1 strains in
comparison to HIV-2. More than 90% of HIV-1 infections belong to the HIV-1 group M, which

can be divided into subtypes (Pieniazek et al., 2000).

To date, there are nine subtypes or clades. These clades have been assigned to letters A, B, C, D,
F, G, H, Jand K (Takebe, 2000). Certain clades are more prominent in some regions of the world
in comparison to others. However, in regions where more than one clade is prevalent, clades can

merge and viral recombination occurs. These mixtures of clades are referred to as circulating
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recombinant forms (CRF’s) (Gillies and Grossman, 1985). Figure 1.2 describes the distribution

of the various clades worldwide.

e Clade A and CRF A/G predominate in West and Central Africa, with clade A causing
much of the Russian HIV-1 epidemic (Gao et al., 1998).

« Historically, clade B was the most common clade/CRF in Europe however, other clades
have emerged accounting for at least 25% of new HIV infections in Europe (Graf et al.,
1998, Monaco et al., Steinrigl et al., Rangel et al., 2009, Lai et al.).

e Clade C is predominant in Southern and East Africa, India and Nepal. It has caused the
world's worst HIV epidemics and is responsible for around half of all infections
worldwide (Katzenstein, 2006, Khan et al., 2007, Jacobs et al., 2009).

e Clade D is generally limited to East and Central Africa. CRF A/E is prevalent in South-
East Asia, but originated from Central Africa (Herbeck et al., 2007, Leitner et al., 1995).

o Clade F has been found in Central Africa, South America and Eastern Europe (Triques et
al., 1999).

e Clade G and CRF A/G have been observed in West and East Africa and Central Europe
(Ojesina et al., 2008, Ljungberg et al., 2002).

e Clade H has only been found in Central Africa; J only in Central America; and K only in

the Democratic Republic of Congo and Cameroon (Vidal et al., 2000).

The HIV-1 and HIV-2 subtypes differ in transmission efficiency and pathogenicity (Levy,
2009). HIV-2 is also less virulent in comparison to HIV-1. HIV-1 clades differ by 20-50%
(Gao et al., 1994) and are associated with varying disease progression (Ng et al., 2011,

Kiwanuka et al., 2008, Cohen, 2000, Kanki et al., 1999). These clades may also differ in
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immune responses elicited. Therefore, researchers worldwide are gathering data across
different clades to develop an AIDS vaccine candidate that offers the broadest possible

protection (Fig 1.2 (Kanki et al., 1999)).
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Figure 1.2 The distribution of the HIV clades and CRF’s worldwide, Francine E. McCutchan,

Henry M. Jackson Foundation (Rockville, Maryland).

Structure

HIV is different in structure from other retroviruses. Most virus sizes are defined by their internal
structures however, as the HIV virions are variable in size, HIV is defined by its spherical
morphology. The external surface structure of HIV virions (Fig 1.3) are formed when the capsid
buds from the host cell, taking some of the host-cell membrane with it to form cone-shaped

capsid particles. The external envelope membrane includes the two glycoproteins gp120 and
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gp4l. The genome encodes three structural proteins, three enzymes, and six accessory proteins

(Turner and Summers, 1999, Andrea Rubbert, 2007).

HIV has two exact copies of single-stranded RNA (ribonucleic acid) as its basic genetic material
which are located in the center of the organism. The RNA is tightly bound to the nucleocapsid
proteins, p6 and p7, and enzymes such as reverse transcriptase and integrase. All of these are
important for the development of the virion as shown by Figure 1.4 (Kuby, 2007). The virion

particle also contains Vif, Vpr, Nef, p7 and viral Protease (Kuby, 2007).

HIV has nine genes that encode for its proteins as represented in Fig 1.3A (Hunt, Levy, 1993):

o Envelope: The Envelope is cleaved into proteins namely, gp120 which mediates viral
binding to the cell, and gp41 which facilitates fusion of the viral and cellular membranes.

o Gag (Group-specific Antigen): Gag is an important core protein encoded by the HIV gag
gene. Gag is the building block of the HIV particle core. HIV-seropositive individuals
mount a significant immune response to Gag p24 supporting the use of Enzyme linked
immunosorbant assay (ELISA) and Western blot assays for diagnosing HIV.

« Pol: Pol encodes several enzymes including reverse transcriptase and protease. Retroviral
proteins are encoded by the pol gene. Pol and Gag are translated into large proteins
which can be synthesized as protein precursors (polyproteins). These proteins are
subsequently cleaved into final products that include reverse transcriptase,

endonuclease/integrase and viral protease.
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« Vif (Virion Infectivity Factor): The vif gene is essential in HIV infection. Vif is important
during late stages of virus production and promotes stable reverse transcriptase
complexes. Vif functions by suppressing innate anti-viral activities in T cells and
macrophages. In the absence of Vif, HIV is not infectious in primary human T cells (De
Cock et al., 2000).

o Tat (Trans-Activator of Transcription): The tat gene codes for the protein that enhances
viral RNA transcription and promotes CD4+ T cell activation. Tat enables transcription
as it binds to the HIV LTR region. It is a positive regulator of protein synthesis.

e Vpu (Viral Protein U): The Vpu protein promotes the proteolysis of the CD4 antigen of
the host cell as virions are produced. The CD4 antigen and gp120 are synthesized in the
endoplasmic reticulum of the same cell, making it more likely for them to bind one to
another before reaching the plasma membrane. The Vpu protein prevents the degradation
of this complex.

« Vpr (Viral Protein R): The Vpr protein promotes cell-cycle arrest and facilitates infection
of macrophages, thereby contributing to the pathogenesis of HIV.

e Rev (Regulator of Virion expression): The Rev protein regulates viral RNA nuclear
export and binds to a component found only in the mRNA for structural proteins
(Gag/Pol/Env). Rev regulates the ratio of structural to non-structural protein (Tat/Rev)
synthesis. Once Rev is expressed at elevated levels, structural protein synthesis increases.

o Nef (Negative Regulatory Factor): The Nef protein is synthesized early in infection. Nef
promotes CD4 activation, enhances infectivity, prevents apoptosis and is associated with
disease HIV progression. The translation of the Nef protein is a result of the virus’ first

influence on the internalization of the CD4 antigen from the surface of the cell.
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Figure 1.3 Schematic of A) HIV-1 genome, B) virion organization and C) viral attachment,
indicating fusion receptors, the nine structural proteins, their encoding enzymes and coat proteins
(adapted University of Chicago and Massachusetts medical society-http://hiv-aids-

health.blogspot.com/2008_08_01_archive.html, 1996).
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Replication

HIV begins its cycle by infecting susceptible host cells, preferentially white blood cells
expressing the CD4 receptor. It binds to the CD4 receptor (Pudney and Song, 1994) which is
present on the surface of T lymphocytes and macrophages. Both these types of white blood cells
form a critical part of the immune system. During infection, HIV first attaches to the CD4
receptor and then to the chemokine co-receptors (CXCR4, CCR5) and other cell-surface proteins

as indicated in Fig 1.3 B/C.

The gp120 protein on the HIV virion binds to CD4 and undergoes conformational change
exposing the V3 loop, which facilitates binding to CCR5 (Rabehi et al., 1998). In individuals
with the CCR5 delta 32 mutation (Martinson et al., 1997), the second step is impeded, therefore
HIV cannot enter the macrophage after binding to CD4. However in normal individuals
expressing CCR5, viral entry occurs unhindered. Upon entry, the genetic material of HIV (RNA)
is released and undergoes reverse transcription into DNA (deoxyribonucleic acid) by the enzyme
reverse transcriptase. The converted viral DNA enters the host cell nucleus. It is integrated into
the genetic material of the cell by the presence of the enzyme integrase. Integration allows HIV
to latently persist in the host cells for many years. However, activation of the host cells results in
transcription of viral DNA into messenger RNA (mRNA). The new viral RNA forms the genetic
material of the next generation of viruses. During translation the enzyme protease cleaves the
viral RNA into useful viral proteins. The viral RNA and viral proteins assemble at the cell
membrane and bud out of the cell forming a new fully functional virus. This cycle can be

visualized in Figure 1.4 (Levy, 1998).

11|Chapter 1: Literature Review



Impact of ARV on the lifecycle of HIV

The different phases of the HIV lifecycle can be interrupted through the use of antiretroviral
therapy (ART). ART can be stratified into classes or groups based on the phase of the HIV
lifecycle that they target. These groups are namely: entry inhibitors; nucleoside and nucleotide
reverse transcriptase inhibitors; non-nucleoside reverse transcriptase inhibitors; protease
inhibitors; integrase inhibitors and attachment inhibitors. Figure 1.4 demonstrates the inhibitors

available, the phase in replication cycle that they inhibit and the sites of ART activity.

HI1V Replication Cycle and Sites of Drug Activity

NRTls NNRTIs Integrase Inhibitors

Attachment Inhibitors

e

Reverse
Transcriptase
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CD4
Receptor
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Entry Inhibitors

‘ Viral RNA Unintegrated
, \ double stranded
p Viral DNA

o Integrated
CCRS viral DNA

or
CXCR4
co-receptor
1 2 Reverse

Attachment ~ Uncoating  Transcription Integration Transcription Tramslation  Assembly and
Release

Figure 1.4 The HIV replication cycle (adapted (Levy, 1998); http://www.kaetc.org/slides/SEK-

Dental-Study-Club-1-21-09.pdf).
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1.2.  Mother to child transmission (MTCT)

Transmission of HIV is dependent on various etiological factors, some of which are the
concentration of HIV in bodily fluids and the nature of the host susceptibility, both at the cellular
and immunological levels (Levy, 2009). HIV can be transmitted in many different ways.
However, the most common ways that infections occur are through sexual intercourse, sharing of
needles by drug users, blood transfusions and vertical transmission referred to as mother-to-child

transmission (Jaffe et al., 1983).

Mother-to-child transmission of HIV occurs when an HIV infected pregnant woman transmits
HIV to her unborn baby either before (intrauterine) or during birth (intrapartum/early
postpartum), or after birth during breastfeeding (late postpartum). Although the mechanisms of
in utero and intrapartum transmission are not well understood, it has been suggested that risk
factors for in utero transmission probably include differences in cell mediated immunity and
cells targeted. Additional, immunological or biological factors might protect the baby against
infections in the uterus. Differences in maternal factors of viral load, CD4+ T-lymphocyte count
may possibly play a role. Mechanisms underlying peripartum infection could be related to

maternal viral load, by direct contact with blood or secretions.

1.2.1 MTCT epidemiology
The first cases of HIV/AIDS in children were described in 1982, where the link between infected
mothers and their infants was established (CDC, 1982). Today, mother-to-child transmission of

HIV still remains a global health problem. Acquisition of HIV is one of the main sources of
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paediatric deaths, particularly in sub-Saharan Africa (Rehle et al., 2007). In 2009, WHO reported
that around 400,000 children under 15 became infected with HIV, mainly through mother to
child transmission, and most of these MTCT infections occurred in Africa. In the absence of
ARV interventions, MTCT transmission rates range from 15-45% (WHO, 2011). This rate can
be reduced to levels below 5% with effective treatment interventions (WHO, 2011). In 2010, the
UNAIDS reported that MTCT infection rates had declined by 26% from 2001 to 2009
(UNAIDS, 2011). The South African (SA) AIDS conference recently held in Durban, KZN
(International Conference Centre; 2011) reported a dramatic decrease in the rate of HIV mother-
to-child transmission to 3.5% (HATP; 2011). Researchers propose the possible elimination of

vertical HIV transmission by 2015 (Medical research council (SA), June 2011).

1.2.2 Intrauterine transmission

Of all the mother-infant infections in a non-breastfeeding population in the absence of ARV’s
approximately 30% occur as intrauterine and 70% intrapartum infections. Intrauterine HIV-1
infection is detected in fetal tissue by the presence of HIV on culture or PCR (polymerase chain
reaction- a qualitative or quantitative laboratory method in which the genetic material, DNA or
RNA, of a virus is detected and amplified). However, these types of tests are impractical.
Intrauterine HIV-1 infection is more commonly defined as an infant with the first positive HIV-1
peripheral blood mononuclear cell culture and/or PCR at seven days of age or younger. Delivery
of premature babies is a further risk of intrauterine transmission (Fawzi et al., 2001, Magder et

al., 2005).
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1.2.3 Intrapartum transmission

Intrapartum HIV transmission rate is as high as 60% in a non-breastfeeding, untreated infant
population (Fleming et al., 2000, De Cock et al., 2000). Intrapartum infections occur when
infants are diagnosed as HIV negative during the first seven days of birth and subsequently
become HIV PCR positive within 28 days. Intrapartum infections occur when neonates are
exposed to a large volume of HIV infected maternal blood during gestation and/or delivery.

(Fawzi et al., 2001, Magder et al., 2005).

1.2.4 Transmission through breastfeeding

In the absence of ART, there is a 10-14% transmission rate during breastfeeding (Fleming et al.,
2000, De Cock et al., 2000). Breastfeeding is an uncommon route of HIV transmission in
developed countries, occurring at four to six weeks post-delivery. In resource poor settings
however, the benefit of breast feeding outweighs the risk of HIV transmission (Coutsoudis, 2001,
John-Stewart, 2007, Kakuma, 2002). The risk through breastfeeding is cumulative-the longer the
HIV-infected mother breastfeeds, the greater the additional risk of transmission through
breastfeeding. WHO and other research groups recommend exclusive breastfeeding for the first
six months of life (Coutsoudis, 2001, John-Stewart, 2007, Kakuma, 2002). Flash heating and the
use of donor breast milk has been shown to be feasible as a supply to infants in resource limited
countries (Coutsoudis et al., 2011a, Coutsoudis et al., 2011b). The actual mechanism of HIV
transmission by breast milk is not fully understood. However, as neonatal mucus membranes are
not able to effectively prevent HIV infection and thus exposure to HIV in breast milk may result
in viral infection directly through oral and gastric mucosa (Nduati et al., 2000). Cell-free and

cell-associated virus transmissions may occur.
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1.3  Clinical diagnostics and staging

The presence of the virus is evaluated by HIV antibody, PCR and p24 antigen tests. An antigen
test detects the protein found on foreign particles that invade the body and trigger the production
of antibodies in the body. When an individual immunity is compromised, their body produces
specific antibodies to target the virus, which is detectable in an individual’s bodily fluids. HIV
antibody tests diagnose HIV infection by detecting such antibodies directed against HIV-1
antigens like Gag and Env. HIV antibody tests are accurate and reliable for routine diagnosis of
HIV among adults. However, diagnosis by antibodies are challenging in infants, as these tests do
not differentiate the maternally-derived antibodies from the infant-derived antibodies. Maternal
antibodies can persist in the newborn’s blood for up to 18 months. Therefore, rapid PCR DNA

tests are used to diagnose HIV infection in the infant.

Once HIV infection is confirmed, the clinical course of HIV is monitored by absolute CD4+ T
cell counts and viral load tests. The absolute CD4+ T cell count measures the number of disease
fighting cells per milliliter of blood. It is an adequate indicator of the overall immune health of
an individual and signifies the progression of HIV infection. The number of absolute CD4+ T
cells determines whether an individual should initiate ART. In the developed countries WHO
recommends initiation of ART as soon as an individual’s absolute CD4+ T cell decline to below
350 cells/ul (EACS, 2009), and recently, similar guidelines have been adopted in SA (WHO,
2006). In adults, the absolute CD4+ T cell count indicates the degree of immune suppression. In
children, the immune system is immature (Stewart et al., 1996, Ziegler et al., 1996) and the

percentage of CD4+ T cells as a total of all lymphocytes is the best indicator of immune
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suppression (WHO, 2007). The HIV viral load test measures the amount of the virus present in
the bodily fluids of an individual and quantifies HIV RNA copies per mL. Both the viral load
and the absolute CD4+ T cell count are used to assess HIV progression and suppression in

individuals on ART (DOH, 2010).

The course of HIV infection is described as the duration from time of HIV acquisition to the
development of opportunistic infections and ultimately (AIDS). HIV progression eventually
leads to HIV pathogenesis (disease causing) (Levy, 2009). The stages of HIV infection differs
clinically/symptomatically from one individual to another. The clinical course of HIV-1 infection
generally includes three stages: primary infection, clinical latency and AIDS (Fig 1.5). HIV-
infected individuals can remain asymptomatic during the primary infection phase (Hollander,
1988, McCutchan, 1990), but may show flu-like symptoms. Recently, many individuals have
been found to exhibit symptoms in the primary stages of infection which manifests as rashes,
fever and fatigue (Sudarshi et al., 2008). The clinical latency phase begins with a temporary
decrease in viral load and an increase in absolute CD4+ T cells. However, due to the inability of
the immune system to regenerate the absolute CD4+ T cells, a slow and constant decline in
absolute CD4+ T cell count is observed. At this stage symptoms are moderately manifested.
When the absolute CD4+ T cell count drops further the immune system is no longer capable of

controlling the virus and other pathogens, resulting in AIDS-defining opportunistic infections.

The following guidelines are suggested for HIV management by The Department of Health in

South Africa (DOH; 2011):
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« Adults with an absolute CD4+ T cell count <350cells/mm? irrespective of their clinical
stage.

« Nevirapine to be administered to HIV positive pregnant women at 28 weeks and mothers
are placed in a PMTCT programme.

o Mothers who did not receive any ART before or during delivery to receive daily for at
least six weeks, and continued for as long the child is under one year of age. Mothers are
advised to exclusively breastfeed children for the first six months.

« Children aged between one and five with clinical staging three/four, or absolute CD4+ T
cell percentage of 25 or below, or an absolute CD4+ T cell count < 750.

e Children aged 5-15 years with clinical staging three/four, or CD4+ T cell < 350.

The initiation of prophylaxis using ARVs can reduce morbidity and mortality in HIV infected

individuals and may provide benefits in prevention of transmission.

Evidence suggests that 40% of untreated HIV-infected infants die before they reach the first year
of life and, if left unidentified and untreated, up to 50-60% die by age two (Newell et al., 2004).
HIV-related mortality in children can be attributed to the damage of the immune system,
occurring in the first six months of HIV infection and/or HIV associated illnesses. In adults, HIV
pathology is attributed to extensive damage of the immune system over time. However, other
research has shown that the immune system can be impacted greatly during acute HIV and SIV

infection (Grossman et al., 2006, Picker and Watkins, 2005).
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1.4 The natural course and pathogenesis of HIV: Adult vs Paediatric

HIV is a rapidly spreading disease. HIV progression eventually leads to HIV pathogenesis
(Levy, 2009). The stages of HIV infection differs clinically/symptomatically from one individual
to another. Adults and children significantly differ in viral burden and therefore exhibit varying
clinical outcomes (Holland et al., 2000, Resino et al., 2002b, Resino et al., 2002a). Vertically
transmitted HIV progresses more rapidly in children, compared to HIV acquired in adults. (Ruiz
Contreras, 1998, Walker, 1995, Cigielski, 1988). Unlike adults, in paediatric HIV-1 infection
there is no rapid decline in viraemia after acquisition, and the viral burden in children remains
elevated for the first year of life. This could be attributed to many reasons-the immune system of
children is not fully developed; therefore they are particularly vulnerable to HIV and other
common pediatric infections. HIV infected children cannot fight off infections as effectively as
uninfected children or adults. Common infections in HIV-positive children include ear and sinus
infections, sepsis, pneumonia, urinary tract infections, intestinal illness, skin disease and
meningitis (Canosa, 1991, Scarlatti, 1996). In less developed countries, tuberculosis, diarrhea,

and respiratory illnesses take precedence (Bobat et al., 1990, Jeena et al., 1998).

HIV-1 pathogenesis, chronic asymptomatic infection normally span from 3 to 20 years
depending on the individual’s rate of disease progression (Levy, 2009). About 10 to 15 %
progress to AIDS within two to five years (rapid progressors), while long-term non-progressors
(LTNP) , < 5% remain asymptomatic for at least 10 years (Curran et al., 1988). LTNP and elite
controllers or slow progressors, gradually progress to AIDS. One of the main differences
between a slow progressor and a rapid progressor is their ability to maintain a robust CTL

response (Fig 1.5 (Goulder et al., 2001b, Altfeld et al., 2001, Hay and Rosenberg, 1998)).
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Untreated HIV-1 infected children exhibit an elevated viral load within the first year of life. A
slow decrease in viral replication is only visible over 2-3 years of age (Richardson et al., 2003,
Shearer et al., 1997) which may be attributed to a mature strengthened, robust and more durable

T cell response as demonstrated in Fig 1.6.
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Figure 1.5 Schematic illustration of the course of HIV infection (Goulder et al., 2001b).

One of the main challenges in paediatric HIVV-1 infection is the inability of the immune system to
generate a sustainable immune response, particularly following vertical transmission. The CD8+
T cell response (CTL) has been documented to play a critical role in maintaining suppression of
the virus (Borrow et al., 1994, Hay and Rosenberg, 1998, Kalams and Walker, 1994, Kaul et al.,
Papasavvas et al., 2003, Walker and Plata, 1990), particularly in primary infection (Fig 1.5/6).

Accumulating evidence indicates that the immune system is potentially capable of effective
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control of HIV infection and, events occurring in acute infection critically determine the final
outcome (Paranjape, 2005, Borrow and Bhardwaj, 2008). The initial containment of HIV after

acquisition impacts the progression of the patient to AIDS.
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Figure 1.6 Schematic comparison of the kinetics of HIV disease progression in a) adults
(adapted from (Paranjape, 2005, Borrow and Bhardwaj, 2008)) and b) children adapted (Goulder

et al., 2001b).

Children fail at controlling HIV, firstly because of their immature immune system and inability
to mount a significant immune response (Stewart et al., 1996, Ziegler et al., 1996). The next
complication lies with the transmitted virus. As children share their parent’s genetic make-up,
the human leukocyte allele (HLA) inherited by a child may affect his/her capability to control the

virus. The study of transmission pairs provides information of both donor and recipient virus.
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Knowledge of the transmitted virus, sequence changes in the virus itself, innate genetic host
factors, and host immune responses to HIV will direct our understanding of the correlates of

protection and/or viral control.

Our review will cover the following in the sections to follow.
1) The virus and host interaction: host HLA and immune response, and virus
escape/fitness,
2) The cells: immune activation (HLA-DR and CD38) and regulatory response: T
cell immunoglobulin mucin protein (TIM-3); T regulatory cells (Tregs);
Programmed death-1 (PD-1).

3) The host: immunogenetic regulatory factor (Interleukin-10).

1.4.1 HIV pathogenesis: The virus and host interaction

HIV-specific T cells play a crucial role in HIV control (Edwards et al., 2002, Kiepiela et al.,
2007, Masemola et al., 2004, Novitsky et al., 2003). The negative correlation of strong HIV-1
specific CD4+ T helper (TH1) cell responses and viral load, indicates that CD4+ T helper cells
play an important role in the immune response to HIV-1(Rosenberg et al., 1997). In particular,
CD4+ T cells have repeatedly been described to impact viral control and disease progression, by
secreting cytokines and other effector molecules that are essential in the orchestration of a potent
antiviral CD8+ T cell mediated immune response (Rosenberg et al., 1997, Pitcher et al., 1999,
Janssen et al., 2003, Shedlock and Shen, 2003, Snell, 1979).

HIV-specific cellular responses mediated by CD8+ T cells, are a major component of the host

adaptive immunity and, have been implicated in the containment of viral load (Borrow et al.,
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1994, Hay and Rosenberg, 1998, Kalams and Walker, 1994, Kaul et al., Papasavvas et al., 2003,
Walker and Plata, 1990). CTL recognizes the infected cells through the signal produced by the
processed portion of viral proteins on the infected cell surface. The T cell receptor (TCR) is
somewhat promiscuous with respect to peptide binding as it is able to recognize and target
multiple epitopes. CTLs with broad breadth can either be immunodominant or subdominant
(Newman et al., 2002, Rolland et al., 2008) and if effective-should be considered in vaccine

design.

The targeting of certain HLA restricted epitopes and viral protein regions successfully impacts
viral set point (Kaul et al., Lyles et al., 2000, Mellors et al., 2007, Vidal et al., 1998), and have
been associated with a dramatic decline in viremia in adults (Borrow et al., 1994, Altfeld et al.,
2001, Goulder et al., 2001a, Streeck et al., 2009, Yang, 2004, Lindback et al., 2000). A similar
outcome (Fig 1.6) was noted in paediatric studies (Feeney, 2004, Feeney et al., 2005, Goulder et

al., 2001b, Goulder et al., 2001c, Thobakgale et al., 2009b, Thobakgale et al., 2007).

Recognition by CTL of epitopes derived from the HIV-specific protein coding genes, have been
found to influence viral control. The conserved gene product, Gag has been associated with a
decline in viremia in the primary and asymptomatic chronic period of infection. In adults, Gag-
specific responses have been associated with low viremia, while Env-specific responses have
been associated with higher viremia (Kiepiela et al., 2007). This suggests that in adult HIV-1
infection, immune responses to Gag play an important role in viral control while Env-directed

responses may be associated with a detrimental outcome.
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Very few studies have investigated cellular immune responses in paediatric infection or, the
trends of protein recognition within mother-child pairs. Lohman et al. investigated HIV-1-
specific IFN-y responses over the first year of life. The infants demonstrated a diverse pattern of
immune recognition and viral replication. Some infants completely lacked detectable responses
while others demonstrated strengthening and broadening responses to HIV-1 over time (Lohman
et al., 2005). In another study (Thobakgale et al., 2007), envelope specific responses were found
to be frequently targeted in acutely infected infants, compared to chronically infected children.
Gag-specific CD4+ T cell responses were undetectable during the earlier months of paediatric
infection. The study revealed that some infants maintained suppression of the virus, partially

attributable to CTL response (Thobakgale et al., 2007).

The HLA system is heterogeneous and is made up of a cluster of genes that influence immune
functioning (McCusker and Singal, 1990, Scripcaru and Plesa, 1978). More than 300,000,000
genetically different individuals can be represented by HLA-A; -B and -C combinations
(Bodmer, 1979, Bodmer and Bodmer, 1978). A distinct few HLA have been found to play a
more influential role in clade C. HLA-B appears to have the strongest impact on viral load. More
specifically, HLA-B*57; B*8101 and B*5801 had the strongest significant association with low
viral load while HLA-B*5802 and HLA-B*1801 were documented to be associated with higher
viral load (Fig 1.7 (Kiepiela et al., 2004)). CTL responses (epitopes) restricted by HLA-B alleles
were further investigated in children. If the child or their mother possesses one of the protective
HLA-B alleles, they progress slowly. Slow progressors tend to make more cellular T cell

responses to Gag epitopes (Thobakgale et al., 2009a).
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Figure 1.7 Impact of HLA-B on viral load (Kiepiela et al., 2004) Coloured bars denote epitopes

previously found to significantly impact viral load.
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Figure 1.8 Global distribution of influential MHC class 1 HLA-B (Goulder and Watkins, 2008).
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CTL studies provide information for the development of epitope-based vaccines. CTLs target
different regions of the HIV genome across the different clades, posing variable targets for
vaccine design (Newman et al., 2002, Cao et al., 1997, Cao et al., 2000). An effective global
CTL-based vaccine is one likely to induce CTL responses that can suppress the virus across
clades. HLA-B itself is similarly heterogeneous, varying in frequency across regions worldwide
(Fig 1.8 (Goulder and Watkins, 2008)). Different HLA may be associated with strikingly
different clinical outcomes. HLA-B*5801 has been shown to be associated with low viral loads

while, HLA-B*5802 has been linked to high viral loads. (Ngumbela et al., 2008).

Transmission pairs provide information regarding donor and recipient virus. Knowledge of the
sequence changes that subsequently occur during transmission, may direct us to protein
sequences that play a role in viral containment. Mutational escape represents the major driving
force for viral diversification. In adult HIV-1 transmission, transmitted escape variants may be
associated with lower viral load in recipients. A significant association has been documented
between the number of Gag escape mutations, and low viral loads in linked recipients. In HLA-
B*5703 common Gag p24 mutations were found in epitopes IW-9; KF-11 and TW-10. Similarly,
in HLA- B*5801, mutations were found in TW-10 and KF-9 (Goepfert et al., 2008).
Accumulation of the three B*5703-associated Gag p24 escape mutations in succession, reduces

viral replicative capacity in vitro (Crawford et al., 2009).

MTCT pairs represent an interesting cohort for investigation, as pairs share a partially matched
genetic environment. The HLA inherited by a child will affect his/her capability to control the

virus. In clade B investigations, HLA-B*27 has been strongly associated with low viral loads. In
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adults, Gag specific CTL escape variants restricted by HLA-B*27, result in the loss of CTL
recognition and disease progression. Accumulated CTL escape variants revert in the absence of
the evolutionary pressure that originally selected the mutation (Leslie et al., 2004, Goepfert et al.,

2008, Goulder et al., 2001b, Goulder et al., 2001c, Pillay et al., 2005).

HLA may drive the virus to a less fit state and thus influence clinical outcome. HIV-1 fitness is
associated with, and contributes to, the rate of transmission and disease progression (Biesinger
and Kimata, 2008, Chopera et al., 2008, Duda et al., 2009, Lal et al., 2005, Miura et al., 2009a,
Miura et al., 2009b, Wright et al., Wright et al.). Viral fitness can be explored using a novel
method that uses target cells that enable the entry of both CXCR4 and CCRS5 tropic HIV-1
strains (Brockman et al., 2006, Wright et al., 2010, Wright et al.). This novel method measured
replication capacity of the virus using an HIV-1 inducible green fluorescent protein reporter cell
line (Brockman et al.,, 2006). The replication capacities of patient-derived Gag-protease
recombinant viruses have been shown to positively correlate with viral load and negatively with
absolute CD4+ T cell count in chronically infected individuals (Wright et al., 2010). However,
the rate of decline demonstrated no influence over time. The protective allele HLA-B*81 seemed
to play a significant role in driving sequence changes in the conserved regions of Gag, and may
impact viral fitness (Wright et al.). These findings were associated to early HIV infection
(Wright et al., 2011). Replication capacities did not correlate with viral load set points but were
significantly lower in individuals with low viral load set points. Transmission or early Gag
escape variants seem to result in reduced early CD8+ T cell responses and higher viral load set

points. HIV disease progression is influenced by the ability to mount effective Gag CTL
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responses, as well as the replication capacity of the transmitted virus (Wright et al., 2010, Wright

etal., 2011).

Taken together, cellular immune responses provide at least partial success in mediating viral
control, particularly when restricted by protective HLA. Certain HLA are associated with
reduced viral replicative capacity. However, a better understanding of immune control in slow
progressor survivors naturally containing viral load, may direct us to the underlying determinants
of protective immunity. The broad scientific goal of our study was to explore HIV pathogenesis
in genetically matched transmission pairs and/or children, in order to further contribute to
understanding of the correlates of successful immune control in paediatric HIV-1 infection. The
paediatric population is vulnerable to HIV owing to the immaturity of their immune system. In
the absence of antiretroviral therapy, HIV-1 infected children die within the first two years of life
(Shim et al., 2012, Bobat et al., 1999, Bobat et al., 1990, Goulder et al., 2001b, Newell et al.,

2004, Ruiz Contreras, 1998, Prendergast et al., 2007, Mphatswe et al., 2007).

1.4.2 HIV pathogenesis: “The cells”

In neonates, components of the immune system are unable to function as maturely as the adult
immune system. Understanding the difference in immunopathogenesis in children and adults,
may provide further insights into the mechanisms leading to effective immune control. T cell
immune response plays a role in immune control (Dyer et al., 2008, Kalams and Walker, 1994,
Kaul et al., Liu et al., Paranjape, 2005, Rolland et al., 2008, Walker and Plata, 1990, Altfeld et
al., 2002, Edwards et al., 2002, Huang et al., 2008, Prendergast et al., 2011, Ramduth et al.,

2009, Wright et al., 2010, Wright et al., 2011) unless viral escape occurs (Autran et al., 1996,
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Draenert et al., 2004). The sequence changes of escape variants make it hard for CTL to
recognize and target them, often leading to the loss of immune control (Crawford et al., 20009,
Thobakgale et al., 2009b). Many HIV infected infants seem to exhibit virus specific CD4+ and
CD8+ T cell immune responses that appear to be functionally impaired and therefore, are unable
to effectively control viral replication (Papasavvas et al., 2003). Previous adult cohort studies
have shown that clinical outcome is further influenced by the functionality of T cells. In other
words, the mere presence of T cells is not sufficient because, it is the level of functionality of

these T cells that effectively mediate host immunity.

Functionality of T cell subsets can be investigated by the phenotypic characterization of
lymphocyte subsets, and may contribute to the understanding of HIV disease pathogenesis and
progression. There is variation in T cell frequency for T cells having phenotypes associated with
T cell regulation and activation (Ssewanyana et al., 2009). T cell frequency differs during the
course of infection, and may also differ between children and adults. The disparity between viral
loads in infants compared to adults is considered to be a major contributing factor to observed
clinical difference (Fig 1.6B). Unlike adults, the levels of plasma viremia in infected infants are
persistently high, with declines seen only in the second year of life (Shearer et al., 1997).
Approximately 25-40% of untreated infants will progress to AIDS within the first year of life
(Newell et al., 2004). It is assumed that these neonates have ineffective T cell immunity, which
may be attributed to T cell exhaustion, which can be measured by the increased expression of
certain surface markers. However no studies have investigated this assumption in African

children hence the need for our study.
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Phenotypic evaluation of lymphocyte subpopulations can determine their maturational and
functional capabilities. Activated specific CD8+ T cells present during virus replication
frequently express activation markers CD38 and HLA-DR. CD38 is a surface marker of cell
activation. In HIV negative individuals, CD38 is expressed in relatively greater numbers by
naive lymphocytes, while in HIV infected individuals, CD8+ memory T cells express more
CD38 (Benito et al., 2005). HLA-DR is another cell surface receptor. The CD4+ HLA+DR
CD38+ phenotype identifies activated lymphocytes and is increased in HIV-infected adults.
However, the CD4+ T lymphocyte population may be different in children compared to adults.
When lymphocyte activation in healthy infants are compared to that of HIV exposed uninfected
infants, the proportions of activated CD4+ HLA-DR+ and CD38+ are increased in the exposed

infants (Jennings et al., 1994).

CDA4+ cells co-expressing CD38+ and HLA-DR+ have been found to be significantly higher in
clade B HIV infected children compared to uninfected children(Plaeger-Marshall et al., 1994).
When the CD4+ cells were compared between these uninfected and infected by age, the CD4"
cells of the uninfected vs infected children exhibited a mean expression of 2 vs 6% for < 2 years
of age, 3 vs 11% for 2-3 years, 2 vs 8% for > or = 4 years). There was a striking and significant
increase in the proportion of CD8+ T cells co-expressing CD38 and HLA-DR with a mean of 5
vs. 25% for < 2 years, 10 vs 41% for 2-3 years, 6 vs 31% for > or = 4 years being exhibited for
uninfected vs infected children, denoting the effect of immune activation on immune response
(Gallagher et al., 1997, Plaeger-Marshall et al., 1994). Immune activation in children receiving
ART may vary, depending on the viral load. The percentage of CD8+ CD38+HLA-DR+ T cells

of children with VL > 400 copies/ml was significantly higher than that of patients with VL < 400
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copies/ml, suggesting that successful ART could significantly decrease immune activation in

children (Jin et al., 2011).

T cell activation has also been found to be regulated by the suppressive ability of regulatory T
cells (Treg). In humans, quantitative identification and viable enrichment of natural regulatory T
cells are problematic. There exists a need to facilitate the analysis of these cells in disease states.
Tregs are identified as being CD4+, with high levels of cell-surface expression of CD25, and can
also be identified by their expression of the forkhead winged-helix transcription factor FOXP3
(forkhead box P3). Treg identification using these markers is not consistently accurate, as it is
unable to uniquely define this specialized T cell subset in humans (Fehervari and Sakaguchi,
2004). Nevertheless, Tregs are critical regulators of immune tolerance. They prevent the
generation of self-reactive T cells which are capable of generating autoimmune disease in the

host.

Treg’s suppressive ability may limit the magnitude of effector response, poorly contributing to
viral control; but it may also suppress chronic immune activation, thus preventing disease
progression. Immune activation during chronic HIV infection is a strong clinical predictor of
death, and may mediate Treg depletion. Treg number is strongly correlated with both CD4+ and
CD8+ T cell activation in adults (Eggena et al., 2004). In HIV-1 infected children, there has been
an association between the number of activated CD8+CD38+ T cells and the viral load. In
addition, the proportion of Tregs correlated positively with HIV-1 viral load and CD8+CD38+,
but correlated inversely with CD4+ T cells. This suggests that the suppressive activity of Tregs

may be sometimes unsuccessful in limiting immune activation (Freguja et al.).
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CD4+ Tregs, mediated by the CTLA-4 pathway have been found to play a role in CD8+ T cell
suppression in vivo (Sakaguchi et al., 2009). Stronger robust CD4+ and CD8+ effector T cell
responses are important for control of HIV replication. After Tregs in vitro were sorted and
removed, an increased HIV-specific effector T cell response was observed (Aandahl et al., 2004,
Oswald-Richter et al., 2004, Weiss et al., 2004). Tregs may suppress the HIV-specific cytolytic
antiviral response of CD8+ T cells (Kinter et al., 2007). Most of these studies examined the
effect of Treg depletion on T cell proliferation and/or IFN- y production, after stimulation with

HIV antigens.

Another marker found to be associated with T cell regulation is the T cell immunoglobulin
mucin (TIM) proteins. The TIM proteins are membrane surface glycoproteins that are expressed
on T cells and exhibit common structural motifs. TIM-1 appears to be an activation molecule for
all T cells. TIM-2 molecules function by negatively regulating T helper or TH2 immune
responses, while TIM-3 is activated by galectin-9 and is specifically expressed on TH1 cells in
both mice and humans. TIM-4 expression occurs in dendritic cells (DC) and promotes DC

maturation, which plays an important role in the initiation of TH2 polarization.

Our investigation focused on the TIM-3, which to date has not been described in HIV-1 infected
children and, of which no data is available in the context of HIV-1 clade C infection. TIM-3 has
previously been associated with immune dysregulation of T helper cell responses (Hafler and
Kuchroo, 2008, Koguchi et al., 2006, Kuchroo et al., 2006, Sakuishi et al., 2011, Sanchez-Fueyo
et al., 2003, Zhu et al., 2011). TH1 cells represent the body’s first line of defense against foreign

microbes. When TH1 cells are activated, they help to initiate an attack and guard against
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infection. However these TH1 cells can become counterproductively aggressive in their attack,
leading to autoimmune diseases, and thus optimal TIM-3 function is needed (Anderson et al.,
2007, Meyers et al., 2005, Sanchez-Fueyo et al., 2003). TIM-3 plays a role in controlling TH1
dependent immune responses by balancing aggressive responses, regulating immune tolerance
(Hastings et al., 2009, Kuchroo et al., 2006, Sanchez-Fueyo et al., 2003). By increasing TIM-3
signal, the response of TH1 cells can be diminished. When the TIM-3 pathway is blocked and
the TIM-3 signal decreased, the TH1 responses could be amplified, creating aggressive immune
responses (Jones et al., 2008, Monney et al., 2002). In addition, TIM-3 signaling events exhibited
differential expression on the innate naive dendritic cells in comparison to adaptive immune cells

(Anderson and Anderson, 2006).

TIM-3 fusion proteins could lead to hyper-proliferation and increased production on TH1 type
cytokines, indicating that the function of TIM-3 may be to dampen effector responses (Sabatos et
al., 2003). Conversely, a blockade of the TIM-3 pathway accelerated the onset of autoimmune
disease in mice (Sanchez-Fueyo et al., 2003) The blockade of PD-1 together with TIM-3
pathway has been shown to rescue T cell immune responses in hepatitis (Golden-Mason et al.,
2009, Callendret and Walker); leukemia (Zhou et al.) and HIV (Sakuishi et al.). These dually
expressing T cells may also play a role in T cell exhaustion. No studies have investigated the role
of TIM-3 in clade C HIV-1 infection, and even more so, in children, confirming the need for our

investigation.
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1.4.3 HIV pathogenesis-The host: Role of Interleukin-10

HIV pathogenesis and susceptibility is strongly reliant on host-pathogen interplay. How does
genetic susceptibility translate into control or the lack thereof in children? Does genetic
susceptibility in children affect immune responses as T cells and regulatory cells (Tregs) have
been found to do? The immunoregulatory factor, interleukin-10 (IL-10), is a cytokine produced
by lymphoid cells. IL-10 plays a key role in promoting viral persistence, possibly by inhibiting
activation and effector functions of particular T cell and macrophage subsets (Brooks et al.,
2008, Brooks et al., 2006). Thus immune activation appears to be a driving force in HIV

pathogenesis, indicating a major role for IL-10 in this process.

Genetic polymorphisms within the IL-10 promoter region may influence the levels of IL-10
produced from various cells of the immune system (Ejrnaes et al., 2006, Lazarus et al., 2006,
Turner et al., 2002). Our investigation focused on two single nucleotide polymorphisms (SNPs)
found in the proximal promoter region at positions -1082 (A to G transition) and -592 (C to A
transversion) of the 36-kDa IL-10 gene. The IL-10 gene has been mapped to human chromosome
1, between 131 and 1932 and its promoter SNPs have been associated with different levels of

IL-10 production (Kamali-Sarvestani et al., 2006, Lan et al., 2006) as shown in Fig 1.9.

IL-10 has also been shown to inhibit HIV-1 replication directly in macrophages and monocytes
by blocking entry and/or post entry, and also suppressing and down regulating cyclin T1 and
consequently Tat function (Wang and Rice, 2006). Lymphocytic choriomeningitis virus (LCMV)
infection in mice is a model of chronic viral infections, and suggests that during the early phases

of infection, 1L-10 plays a critical role in the disruption of effector immune responses and viral
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persistence (Brooks et al., 2006). The blockade of the IL-10 pathway allowed a DNA vaccine to
further stimulate T cell responses and restore IFN-y secretion, resulting in viral clearance. This
suggests that a single immunoregulatory molecule can have a significant role in determining the
outcome of persistent viral infection in mice (Brooks et al., 2006) There is a need for these
studies to be extended to HIV-1, the most significant persistent viral infection in the human
population. This will enable a better understanding of mechanisms that underlie immune

dysfunction in HIV-1 infection.

-1082 -g19 -592

l l l Exon 1 Exon 2 Exon 3 Exon 4 Exon 5

Figure 1.9 Location of -1082 and -592 SNPs on proximal promoter region of IL-10 gene on

human chromosome 1 (adapted D. Naicker).

Polymorphic variants are likely to regulate susceptibility or resistance to HIV infection. Each of
the genotypes of these SNPs is associated with different levels of IL-10 production (Kamali-
Sarvestani et al., 2006, Lan et al., 2006). Polymorphisms associated with decreased IL-10
production have been associated with increased likelihood of HIV-1 acquisition, suggesting that

high IL-10 production may reduce susceptibility to HIV-1 infection and protect against disease
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progression. IL-10 genotypes do not appear to play a significant role in HIV pathogenesis. In
HIV-1 CRF01_AE-infected northern Thais, IL10 promoter SNPs IL10-1082 (with the commonly
expressed 1L10-AA genotype and A allele) was not associated with CD4+ or CD8+ absolute T

cell counts or viral load (Kingkeow et al.).

In African women at high risk for HIV-1 infection, a C to A transversion mutation at promoter
position -592 (relative to the transcriptional start site) can be linked to increased likelihood of
HIV-1 acquisition (Naicker D, 2009). On the other hand, A to G transition mutation at position -
1082 showed a trend towards increased likelihood of HIV-1 acquisition. Thus genotypes linked
to high IL-10 production may have a protective effect against HIV-1 infection. However,
individuals with high IL-10 producer genotypes have exhibited significantly higher median
plasma viral loads or lower absolute CD4+ T cell counts during the acute phase (<3 months post
infection). As HIV-1 infection progresses, the allele effect on median viral load or CD4+ T cell
pattern reverses or may be lost (Naicker D, 2009). In carriers of IL-10 1082G, an allele linked to
increased 1L-10 production could be associated with decreased rates of mortality, and CD4+ T
cells decrease may well be attenuated compared with non-carriers (Erikstrup et al., 2007). Taken
together, these studies suggest that IL-10 promoter variants may influence susceptibility to HIV-

1.

The IL-10 cytokine may have beneficial anti-HIV-1 effects. IL-10 promoter variants associated
with different levels of IL-10 production may also affect markers of disease progression such as
viral load and absolute CD4+ T cell counts, depending on the stage of infection. Pro-

inflammatory cytokines have been found to induce transcription of latent HIV-1, and regulatory
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cytokines play a role in suppressing type 1 cytokines. It is important to investigate functional
levels of pro-inflammatory and anti-inflammatory cytokines; honing in on their levels of
association with IL-10 promoter polymorphisms, clinical markers of disease progression, age

and HIV-pathogenesis.

In acute HIV infection, up regulation of certain cytokines such as IFN-a, TNF-o (von Sydow et
al., 1991) and IL-10 (Norris et al., 2006) have been reported. Furthermore, hepatitis studies
revealed that a broad array of cytokine expression lead to eventual viral clearance in a majority
of infected participants (Stacey et al., 2009). Recently, the association between plasma cytokine
concentrations during primary acute infection, with clinical markers of HIV disease progression,
such as absolute CD4+ T cell count and viral load measurements, has also been described
(Roberts et al., 2010). Cytokines I1L-12p40, IL-12p70, IFN-y, IL-7 and 1L-15 were able to predict
66% of the variation in viral load set-point 12 months post infection. Lower viral loads were
significantly associated with IL-12p40, IL-12p70 and IFN-y, whereas IL-7 and IL-15 were
associated with a higher viral load. Moreover, IL-7 was associated with more rapid CD4 loss
(Roberts et al., 2010). The investigators Jones et al., 2005 are one of the very few investigators
to have attempted to profile cytokines and their levels of production in HIV-1 infected children.
Cytokine production, CD4+ T cell count and viral loads were monitored in HIV-1 infected

children in Hong Kong (Jones, 2005) however, they did not find any conclusive correlations.

1.5  Study rationale: Hypothesis and specific aims
Our investigation was initiated in 2006 under previous ART guidelines when ART rollout was

not widespread. The ART guidelines have since been revised (WHO/DOH; 2011) to ensure that
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all pregnant mothers and HIV-1 infected infants are started on highly active antiretroviral
therapy (HAART) to improve clinical outcomes, as was demonstrated by the CHER study
(Violari et al., 2008). Unfortunately the limitation of resources in less developed countries still
daunts HIV related MTCT. Possible eradication of paediatric HIV-1 infection lies in the
development of an infant vaccine that can be administered at birth, providing protection from
infancy, through the adolescence period, and into adulthood. Our investigation aimed to provide

information that could aid and advance vaccine development.

The broad scientific goal of the study was to explore HIV pathogenesis in genetically matched
transmission pairs, in order to further contribute to understanding of the correlates of successful

immune control in paediatric HIV-1 infection.

1.5.1 CTL-Virus interplay

1.5.1.1 Hypothesis:

HIV-specific CTL responses in mothers or infants restricted by the protective HLA-B*27,
B*5703, are associated with slow progression. We hypothesized that if a child carrying a
protective allele is able to mount significant CTL responses, and/or if escape occurs-which
lowers viral fitness-then the child is more likely to progress slowly. However, viral control may
be lost if escape results in abrogation of immune responses, if the immune response was the
actual underlying mechanism involved in viral containment. Alternatively, we hypothesize that a
child will not mount an immune response because they inherit an escape variant, and therefore
there will be no control, particularly if the child shares protective alleles with the mother. We

tested these hypotheses in the following specific aims:
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1.5.1.2 Specific Aims:
1. To describe the CTL responses elicited within various regions of the HIV proteome
targeted by HIV-infected treatment naive children using ELISpot assays.
2. To describe HLA restricted sequence changes and viral fitness of donor and

transmitted virus within selected HLA matched cases.

1.5.2 T cell activation and regulation

1.5.2.1 Hypothesis:

Generalized T cell activation is the hallmark of adult HIV-1 infection, and is associated with
CD4+ T cell loss and HIV disease progression. We hypothesize that T cell activation is elevated
in HIV-1 infected infants, and contributes to T cell exhaustion and failure to control HIV
viremia. We further hypothesize that regulatory T cell frequencies are elevated in HIV-1 infected
infants, and can impact generalized immune activation, but also suppress HIV-1 specific

immunity. We tested these hypotheses in the following two specific aims:

1.5.2.2 Specific Aims:

1. To investigate the expression of the markers of T cell exhaustion TIM-3 and PD-1 and
their relationship to markers of disease progression such as absolute CD4+ T cell count
and HIV-1 plasma viral load in a cohort of HIV-1 infected, exposed uninfected infants,
ARV treated.

2. To assess the impact of regulatory T cell frequencies and T cell activation measured
using multi-parameter flow cytometry on markers of disease progression such as

absolute CD4+ T cell count and HIV-1 plasma viral load in a cohort of HIV-1
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infected, exposed uninfected and ARV treated infants.

1.5.3 Host-pathogen interplay

1.5.3.1 Hypothesis:

Polymorphisms associated with increased IL-10 production are associated with a decreased risk
of HIV-1 acquisition in infants-either after exposure, in utero or intrapartum. Furthermore,
during paediatric HIV-1 infection, individuals possessing IL-10 polymorphisms associated with
increased IL-10 production will display higher viral loads and lower absolute CD4+ T cell %.

We tested these hypotheses using the following specific aims:

1.5.3.2 Specific Aims:
1. To assess the impact of genetic polymorphisms in the IL-10 promoter gene on the
risk of HIV-1 acquisition among children and the risk of transmission among mothers.
2. To describe the associations between IL-10 promoter variants related to the breadth
and/or magnitude of T cell immune responses.
3. To assess the impact of long term biomarkers of disease progression, such as
absolute CD4+ T cell count and HIV-1 plasma viral load on cytokine levels, within

groups of age-matched children.
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CHAPTER TWO
The influence of CD8+ T cell responses on HIV-1 pathogenesis in clade C infected

treatment naive African mother-child transmission pairs.

ABSTRACT

Background: MTCT represents a significant proportion of HIVV/AIDS burden in KZN, South
Africa. The failure of the STEP vaccine trials and the partial success of the Thai trial have
increased the urgency to extend HIV-1 vaccine development and design initiatives. An
effective T cell vaccine against HIV-1 may need to elicit strong virus-specific T cell responses
against functionally essential regions of viral proteins where escape mutations may result in
significant fitness cost to the virus. HIV infected mother-child pairs have a partially matched
genetic background and therefore offer a unique opportunity to study viral adaptation to host
immune pressure. This study aimed to 1) characterize specific HIV-specific CTL responses in
HIV-1 infected children 2) describe HIV-specific CTL responses in B*27 and B*57 and to
characterize pathways of immune escape in mother-child transmission pairs.

Materials and Methods: One hundred and nineteen mother-child pairs were recruited from
clinics in Durban, South Africa of which only 60 mother-child pairs met the inclusion criteria
for the current sub-study. Ages of mothers ranged from 17-42 years while children ranged from
0.3-11 years. During follow-up, viral load measurement and absolute T cell CD4+ counts were
performed at 3-6 month intervals. High resolution human leukocyte antigen (HLA) typing and
comprehensive screening of HIV-1 specific CTL responses was performed by an interferon-
gamma enzyme-linked immunosorbent spot (ELISpot) assay using pools of overlapping
peptides (18mers) spanning the HIV genome. Subsequently, we studied HIV-1 clade C Gag

from mother-child transmission pairs. A viral replication assay using an HIV-1-inducible green
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fluorescent protein reporter cell line was used to investigate replication capacity of plasma-
derived Gag-protease from the virus of selected transmission pairs.

Results: HIV-1 plasma viral load of mothers ranged from 1,170 to 750,000 copies/mL, while
children ranged from 1,320 to 1,000,0000 copies/mL. Children exhibited a CD4+ T cell
percentage ranging between 8-57% (median 24%). The viral regions targeted by children in
order of frequency of expression were Nef (49%), Gag (17%), Env (14%) and Acc/Reg/Pol
(6%). Mothers presented with a broad range of CTL responses which were predominantly
different from children. CTL responses restricted by the possession of selected protective HLA
alleles (HLA-B*2705 and B*5703), viral sequences and viral replicative capacities were
described in 4 mother-child pairs. Magnitude of CTL responses was not associated with lower
viral loads among mothers or children in this cohort.

Conclusion: HLA, CTL or viral fitness alone are not individual players as correlates of

successful control.

Key words: CTL; viral proteins; CD8+ T cells; HLA; paediatric; children; HIV-1 and disease

progression.
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2.1 INTRODUCTION

The UNAIDS has reported remarkable progress in combating infection rates among children
born to mothers living with HIV over the past decade (UNAIDS, 2010). Infection rates have
declined by 26% from 2001 to 2009 (UNAIDS, 2011). However, despite HIV-1 PMTCT
efforts in reducing new infections in children, there were an estimated 370,000 new paediatric

HIV infections in 2009, with almost 65% HIV-1 exposed infants not receiving PMTCT drugs.

There is urgency for more to be done to prevent mothers and babies from morbidity and
mortality incurred by HIV-1 infection. Adults and children differ significantly in viral burden
and clinical outcome (Holland et al., 2000, Resino et al., 2002b, Resino et al., 2002a) as HIV-1
infection progresses rapidly in children compared to adults (Ruiz Contreras, 1998,
Apostolopoulos et al., 1995, Takiguchi, 1994). To date, HIV immunopathogenesis in children
remains poorly understood. Much of our understanding of paediatric infection and
pathogenesis are drawn from adult studies and the underlying mechanisms may not always

hold for paediatrics.

In HIV-1 infection, there appears to be a rapid decline in viraemia after HIV-1 acquisition. A
slow decrease in viral replication is only visible over 2-3 years of age (Richardson et al., 2003,
Soh et al., 2003). In the absence of antiretroviral treatment, children typically progress to
AIDS or death within the first 2 years of life (Goulder et al., 2001b, Thobakgale et al., 2007).
However, a minority group of children seem to progress relatively slowly to HIV disease,
which is predicted to be attributed to a stronger and durable immune response. Several vaccine
efforts are directed towards enhancing the induction of virus-specific T cell responses that are
directed towards the early suppression of HIV. More so, the eradication of paediatric HIV-1

infection lies in the development of an infant vaccine that can be administered at birth that
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would theoretically provide protection from infancy, through the adolescence period, and onto

adulthood.

Virus-specific cytotoxic T lymphocyte (CTL) or CD8+ T cell responses play a significant role
in viral control and the emergence of these responses in primary HIV-1 infection is associated
with a decline in viremia (Rosenberg, 2000). Of the nine HIV proteins, Gag directed CTL
responses have been largely associated with a beneficial role in HIV-1 containment (Zhou et
al., 1993, Anderson et al., 1992, Geldmacher et al., 2007, Otto O. Yang, 2011, Kiepiela et al.,
2007, Rolland et al., 2008). The CD8+ T cell recognition of multiple epitopes within specific
Gag regions is associated with maintenance of a low steady-state viremia in HIV seropositive
participants (Anderson et al., 1992). The breadth of these Gag-specific responses is found to be
associated with decreasing viremia (Kiepiela et al., 2007, Rolland et al., 2008). Gag-specific
responses have been shown to be most associated with low viremia, the Env-specific responses
have been associated with higher viremia in a clade C infected cohort in KwaZulu-Natal
(Kiepiela et al., 2007) but this influence have been recently documented to not be intrinsically
inferior to Gag responses investigated across several cohorts (Chen et al., 2011). Taken
together these studies suggest that in adult HIV-1 infection, immune responses directed to Gag

play an important role in viral control.

CTL recognize short peptide proteins presented by corresponding HLA (A, B and C), which
are encoded by the major histocompatibility complex (MHC) (Townsend and Bodmer, 1989).
Selected HLASs have been documented to be influential in viral containment more than others
(Crawford et al., 2009, Goulder et al., 1997, Kiepiela et al., 2007, Kiepiela et al., 2004,
Thobakgale et al., 2009b, Winchester et al., 2004). The heterogeneous HLA system contains a
cluster of genes that influence immune functioning. More than 300, 000,000 genetically

different individuals can be formed by HLA-A, B and C combinations (Bodmer, 1979, Bodmer
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and Bodmer, 1978). HLA-B has the most influential impact on viral load (Leslie et al., 2010,
Serwanga et al., 2009, Salgado et al., 2011, Kiepiela et al., 2007, Leslie et al., 2004). For
example HLA B*57; B*8101 and B*5801 had the strongest association with low viral load
while HLA B*5802 has been documented to be associated with higher viral load in clade C
HIV infection (Kiepiela et al., 2004). Moreover, certain HLA alleles documented to be more
associated with slower disease progression, tend to preferentially target the HIV Gag capsid

(Borghans et al., 2007).

The presence of multiple subtypes of HIV-1 worldwide has created further challenges in the
investigation of viral control of HIV-1 infection. HLA that may have been found be influential
in certain clades may not be as influential in other clades. Investigation of HLA alleles
associated with protection in both adults and children will benefit vaccine research. In clade B
investigations HLA-B*27 has been strongly implicated in viral load associations. HLA B*27
has been shown to be associated with slow disease progression and accumulation of Gag
escape variants result in loss of viral control in both adults and children in clade B infection
(Leslie et al., 2004, Goepfert et al., 2008, Goulder et al., 2001b, Goulder et al., 2001c, Pillay et
al., 2005). However the role of HLA-B*27 has not been assessed in clade C HIV-1 infection

and hence we attempted to describe this role.

Adult studies suggest that protective HLA molecules associated with lower HIV-1 viral load
and slow disease progression tend to present epitopes that predominantly target Gag. Very few
studies have investigated cellular immune responses in paediatric infection and trends of
protein recognition within mother-child pair context. These studies have been hampered by the
difficulty of obtaining paediatric samples and by the early introduction of HAART (Highly

Active Anti-Retroviral Therapy) to prevent mother-to-child transmission in developed
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countries. Therapy naive children demonstrate that HIV-specific CD8+ T cell immune
responses are detectable during early life, however they may not offer immediate clinical
benefit in the majority of infants (Lohman et al., 2005, Thobakgale et al., 2007). Furthermore,
the role of CD4+ T cells in HIV-1 infection is controversial showing either lack of adequate
responses or effective CD8+ T cell maintenance during early infancy (Feeney et al., 2003,
Huang et al., 2008, Thobakgale et al., 2007, Wasik et al., 2000). More recently Gag-specific
CD4+ T cell responses were detectable and correlated inversely with viral load in older
children (Prendergast et al., 2011, Nqoko et al., 2011). It is encouraging to note that a small
group of children could spontaneously control the virus without ART. Studies on rare

controller cases are needed to further understand factors that mediate control in children.

Mother-child pairs represent a partially genetically matched environment and hence are a
valuable cohort to study. These transmission pairs offer an opportunity to gather valuable
information because unlike most studies, the source of the transmitted virus is known and can
also be further studied. Knowledge of the sequence changes that subsequently occur during
transmission will direct us to epitopes that may or may not impact viral control. The biggest
obstacle to CTL based vaccine initiatives remains HLA associated polymorphisms called CTL
escape variants. In the first years of life, many children are able to mount functional HLA
driven immune responses that are able to influence immune escape (Feeney et al., 2005, Tang
et al., 2010). The transmission of these HLA-B associated escape variants has been
documented to be correlated to a lower viral load in recipients (Goepfert et al., 2008).
Successive control seems to be significantly attributed to selective cellular responses within the
protective HLA-B*27, HLA-B*57 and HLA-B*5801 whom have been implicated with slow
progression to disease. Protective Gag driven HLA class | alleles select Gag escape mutations

that benefit the mother/adult and child in clade C HIV-1 infection. Slow progression in children
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have been significantly associated with the mother or a child possessing a protective allele
(B*5702, B*5703, B*5801, or B*8101) (Thobakgale et al., 2009a). If the mother possesses a
protective allele, she may transmit Gag variants that reduce viral fitness to children who lacked
the HLA allele. Subsequently, the accumulation of certain mutations in a specific order seem to
further reduce viral replicative capacity (Crawford et al., 2009); denoting the interplay between

the cellular and viral components.

HLA may also drive the virus to a less fit state and thus influence clinical outcome. Studies
have associated HIV fitness with the rate of transmission and disease progression (Duda et al.,
2009, Biesinger and Kimata, 2008, Brockman et al., 2007). HIV evolves with its host in the
attempt to avoid different immune responses, manipulating the fitness of the virus. The fitness
of the virus similarly contributes to immune control or disease progression (Brockman et al.,
2007). Viral fitness can be explored using a novel method that uses target cells that enable the
entry through both CXCR4 and CCRS5 tropic HIV-1 strains. The growth kinetics of a HIV-1-
inducible green fluorescent protein reporter cell line GFP is measured to describe the
replication capacity of the virus in clade B infection (Brockman et al., 2006). In chronically
infected clade C participants, viral replication capacity (utilizing similar methodology)
correlated positively with viral load and negatively with CD4+ absolute T cell count (Wright et
al., 2010). However, no correlation was noted with viral loads in patients with early infection

(Wright et al., 2011).

The precise location of the mutation in the viral genome sequence may influence the efficacy
of certain CTL specificities to reduce viral fitness, hence relevant to vaccine design (Goulder
and Watkins, 2004). The present study aims to try to identify the determinants of viral control

S0 as to be able to provide information that could aid in therapeutic and ultimately protective
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vaccine design. We aimed to describe HIV-specific CD8+ T cell responses, within the nine
regions with the HIV genome, targeted by HIV-1 infected treatment naive children from a sub-
group of a cohort of treatment mother-child pairs using ELISpot assays. We hypothesized that
HIV-specific CTL responses restricted by the protective HLA- B*5703 and HLA-B*2705 will
be associated with slow progression and/or a less fit virus in children. We also describe four
case series of HLA-B*5703 and HLA-B*27 restricted sequence changes and viral fitness of

donor and transmitted virus within selected HLA matched cases.
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2.2 PARTICIPANTS, MATERIALS AND METHODS

2.2.1 Description of cohort and study sites

A cohort of treatment naive HIV-1 infected mother child transmission pairs was established in
Durban, KwaZulu-Natal, to understand T cell immunity and HLA genetic associations with
viral control. The study began recruitment in 2006 prior to the initiation of current PMTCT
guidelines to prevent HIV-1 transmission from mothers to children. The guidelines at the time
required that single dose of nevirapine be given to HIV-1 seropositive mothers during the last
trimester of pregnancy and during labour. The infant received a single dose of nevirapine
within 48 hrs of birth, according to the HIVNET-012 protocol, as previously described (Guay

et al., 1999, Jackson et al., 2003).

A subgroup of 60 mother-child pair participants (Fig 2.1) from Zulu/Xhosa ethnic origin, with
clade C HIV-1 infection were recruited at clinics in KwaZulu-Natal, Durban, South Africa. The
recruitment clinic sites included King Edward Hospital; McCord Hospital; Saint Mary’s
Hospital and Prince Mshiyeni Hospital. At the study sites, transmission pairs were screened
and mother-child pairs who met the inclusion criteria of HAART naive mother-child treatment
pairs and a child with PCR positive DNA results from birth were recruited. The inclusion
criteria were further revised to include an age restriction of children aged three months of age
having a confirmed positive DNA PCR result. Mothers and their children who were on ART
were excluded from the study. Mothers provided written informed consent for their and their
children participation into the study. For the case study, four transmission pairs in which either
the mother or child carried HLA-B*27 or B*57 to study, and/or pairs which retrospectively
sparked interest (i.e. family or siblings etc) as case studies. The research protocol was approved
by the Biomedical Research Ethics Committee of the University of KwaZulu-Natal, and the

participating hospital review boards.
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2.2.2 HIV Pathogenesis Programme (HPP)

All research (Fig 2.1) was conducted at the Doris Duke Medical Research Institute, Nelson

Mandela School of Medicine (http://hpp.ukzn.ac.za) except for the Gag sequencing assay

which was carried out at the Department of Pediatrics, Nuffield Department of Medicine,
Oxford, UK. All assays except for the Gag sequencing assay, routine viral loads and CD4s

were carried out by the candidate.

Chronic Pairs mother-child study
Recruited: 2006-2009
Mother-Child pairs enrolled: N=119

Sites: King Edward Hospital, McCord Hospital;
Saint Mary’s Hospital and Prince Mshiyeni Hospital

N=119:
14 HIV uninfected children (false positives)
9 pairs were lost to follow up: did not return for results
8 children died due to gastroenteritis, diarrhea, herbal intoxication or while
awaiting ARV rollout
42 required treatment upon screening

N=60 Mother-Child treatment naive pairs
(2009-2010 All pairs referred for ARVs)

Clinical diagnostic tests: Viral load (COBAS Amplification HIV-1 Monitor Kit) and CD4
(MultiTEST 4 colour TruCount kit)

HLA typing: DNA extraction-Qiagen DNA Isolation Kit; HLA typing-Dynal RELITM reverse
Sequence Specific Oligonucleotide (SSO) kits

PBMCs lymphocyte separation: Ficoll Density Gradient Method

PBMC counting: Guava cell counter. Fresh cells stored incubator for ELISpot; remaining cells
frozen (DMSO) for ICS.

Characterization of cellular responses (fresh PBMCs): ELISpot
RNA extraction: Qiagen Viral RNA extraction Kit

Sequencing of proviral DNA and viral RNA: DNA Extraction-Puregene isolation kit; Cloning-
TOPO TA kit; RNA extraction-Nucleospin RNA Extraction Kit; ¢cDNA from RNA Reverse iT 1st
Strand Synthesis Kit; Sequencing PCR-Big Dye Terminator Kit

Growth Kinetic assay and viral replicative assay: RNA extraction-Qiagen Viral RNA Extraction
Kit: Generation of chimeric virus and co-transtection

Chimeric virus growth and patient virus growth readings: Flow cytometry

Figure 2.1 CP (Chronic Pairs) mother-child study design: Sites, participants and assays

performed.
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The blood samples were drawn at the clinic sites and transported at room temperature to the
HPP lab. A single EDTA vial of 10 mL volume was drawn from children while three 10 mL
EDTA vials were drawn from adults. Upon arrival at HPP, the blood sample were logged and

dispensed for various immunological assays (Fig 2.2).

Figure 2.2 Summary of experimental procedures undertaken routinely at HPP.

2.2.3 Plasma viral load

HIV-1 plasma viral load was amplified and quantified using the Cobas Amplification HIV-1
Monitor Test, version 1.5 (Roche Diagnostics) and the Cobas Amplicor™ Analyzer which can
detect a limit of 50 HIV-1 RNA copies/mL plasma, according to manufacturer’s instructions.
The Amplicor HIV-1 Monitor Test Kit included three controls (Negative, Low positive and
High positive control) at a specified threshold, and nine test samples. If controls failed the
assay was repeated. Both test and control sample preparation were initiated by dispensing
100ul of HIV-1 Mn?* (Manganese ion) solution to a vial of the HIV-1 matrix solution and
mixed by inversion. 50 ul of this working stock was added to 12 A-tubes of an A-ring. The A-

ring was stored at 4°C for a time maximum of 4 hours.

67|Chapter 2: CD8+ T cell responses



Subsequently, RNA was transcribed (reverse transcription) into cDNA using the following
steps. The Lysis Buffer was first prepared by adding 100 ul of HIV-1 Monitor Quantitation
Standard (HIV-1 QS) to the vial of HIV-1 Monitor Lysis Reagent. The Lysis Buffer was mixed
well and 600ul was dispensed into test and control tubes. A volume of 200 ul of normal human
plasma (NHP), together with 50 pul of patient plasma was added to control tubes while 200ul of
patient’s plasma was added to test samples. The sample tubes were vortexed and incubated for
10 minutes. 800 pl of 100% iso-propanol was added to each tube which was vortexed and
centrifuged for 20 minutes. The supernatant was discarded and the pellet was washed with 1
mL of fresh 70% ethanol, vortexed and centrifuged for 5 minutes. The supernatant was
discarded and the pellet was clearly visible. A volume of 400 pl of HIVV-1 Monitor Specimen
Diluent was added to each tube, followed by 50 ul of each processed controls and specimen

into the MMX solution of the tubes of the A-ring, which was previously been stored at 4°C.

Next, the A-ring was transferred to the Roche Cobas Amplicor where the amplification,
hybridization and detection steps were performed. HIV-1 viral RNA was validated using the
HIV-1 Quantitation Standard which was added to the test specimen of a specific concentration.

The results of the controls and test samples were exported in exponential log format.

2.2.4 Absolute CD4+ T cell measurement

Absolute CD4+ T cell counts and CD4+ T cells percentages were determined from fresh whole
blood using Multitest four colour TruCount as previously described according to the
manufacturer’s instructions (Beckton Dickonson Technology). The technology that underlies
the TruCount method uses specialized tubes which contain a pellet of a known quantity of
fluorescent beads. A specific quantity of whole blood was added to the tubes, and the
lymphocytes were stained with MultiTEST monoclonal antibodies (mAb). We assayed the

absolute T cell counts of a full lymphocyte subset profile (CD3+, CD3+CD4+, CD3+CD8+,
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CD3-CD19+, CD3-CD16/56+). The ratio of region events for each subset to bead event was

calculated using the BD Biosciences MultiSET software.

2.2.5 Isolation of Peripheral Blood Mononuclear Cells (PBMCs) from whole  blood

Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood using the Ficoll-
Histopaque (Sigma, St Louis, Mo) density gradient centrifugation, which allowed for the
formation of a distinct opaque layer of mononuclear cells between the plasma/ histopaque
stratum and Phosphate buffered saline (PBS)+R10 medium. Blood specimens were collected in

EDTA tubes and processed within 6hrs of collection using the following steps.

The blood was diluted with PBS containing antibiotics in a 1:1 dilution and slowly layered
over Histopaque 1077 using pipette aid (Drummond) in a second 50 mL Sterlin tube. The
diluted blood was slowly pipetted at a 45 degree angle onto the Histopaque layer. The tube was
centrifuged at 1,500 rpm for 30 minutes at room temperature. A Pasteur pipette was used to
aspirate off the opaque interface containing the mononuclear cells. The mononuclear cells were
transferred to a clean 50 mL Sterilin tube. The tube was topped with 40 mL of PBS containing
antibiotics, and centrifuged to a pellet at 1,500 rpm for 10 minutes at room temperature. The
supernatant was discarded and the pellet of cells were re-suspended, and washed with 40 mL of
PBS containing antibiotics, at 1,500 rpm for 10 minutes at room temperature. The supernatant
was discarded and the remaining pellet was gently re-suspended with R10 media (10mL). The
PBMCs were incubated at 37°C in a CO; incubator pending cell count and re-suspension to 1

million cells per mL.
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2.2.6 Lymphocyte cell counting

To standardize cell quantification, the automated Guava cell counter laser technology (Guava
Technologies, Guava PCA System) was used instead of the classical manual hemocytometer
counting method. The Guava cell counter technology is based on the differentiation of
permeability DNA-binding dyes; the nuclear dye binds DNA in all cells, whilst the viability
dye exclusively binds DNA of dead cells. A Guava check kit containing calibration beads and
diluents (room temperature) were used for routine calibration. The calibration beads were
vortexed. VVolumes of 25 ul calibration beads and 475 ul of diluent were pooled in a 1:20
dilution and ran on the machine. Test PMBCs were uniformly prepared using the Guava
viacount assay by adding 20 ul cells to 180 pl Guava Counting Solution in a 1:10 dilution. The
mixture was incubated for 8 minutes in the dark. PBMCs were then read on the Guava cell
counter in a sterile microcentrifuge for cell counting to reveal final cell concentration. Samples

were re-suspended for use in immunological assays.

PBMCs were used fresh in ELISpot assays and the remaining PBMCs were cryopreserved in
90% Fetal Bovine Serum (Sigma-Aldrich), 10% DMSO prior to storage in liquid nitrogen for
subsequent Multiparameter Flow staining and immunophenotyping expression analyses

(Chapter 3 and 4).

2.2.7 Cryo-preservation of cells

As any other cells PBMCs do not have a long life span and thus need to be frozen if they are
not to be used immediately. These cells were centrifuged at 1,500 rpm for 10 minutes at 4 °C
after which the supernatant was discarded. The pellet of cells was slowly re-suspended using a
pasteur pipette tip and clumps were dissolved. The tube containing cells was transferred onto

ice. A maximum concentration of 10 million cells per 1.8 mL volume was frozen in a cryovial.
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A volume of 500 pl of fetal calf serum (FCS) was added to the resuspended cells and the
mixture was gently mixed. A volume of 500 ul of FCS with 20% DMSO (dimethyl sulfoxide)
was further added to the mixture dispensing a single drop at a time. The cryovial of cells were
transferred to specialized freezing containers (Nalgene Mr. Frosty’s). The freezing containers
had iso-propanol at their base which allowed the temperature of the cryovial of cells to be
lowered at a rate of 1 °C per minute when stored in the -80 °C freezer. Within 24hours, the
cryovial of cells were transferred and logged into location in the long term liquid nitrogen

storage freezer.

2.2.8 Deoxyribonucleic acid (DNA) extraction

DNA was isolated from whole blood using the Puregene™ DNA lIsolation Kit (Gentra
Systems, Minneaplois, USA). The blood was first lysed by adding 9 mL of RBC lysis solution
to approximately 3 mL of the blood. Steriline tubes were inverted and left to incubate for 10
minutes at room temperature. The mixture was centrifuged for 10 minutes at 2,000 rpm and the
supernatant was discarded. This step was repeated after which cells lysis occurred. During the
cell lysis step, excess supernatant was removed with a pasteur pipette. The DNA pellet was re-
suspended with 3 mL of cell lysis solution and left to incubate for a minimum time of 24 hours.
The proteins were precipitated by the addition of 1 mL protein precipitation solution to the cell
lysate. This mixture was vortexed and centrifuged for 10 minutes at 2,000 rpm. Next, the
supernatant containing DNA was transferred with a pasteur pipette into a sterile tube
containing 3 mL of 100% iso-propanol. The steriline tube was inverted until strands of DNA
formed. The tube was centrifuged for 3 minutes at 2,000 rpm. The supernatant was discarded
and the pellet was washed with 70% ethanol solution. The supernatant was discarded once
more and the DNA pellet was left to air dry. Finally, a volume of 50 pl of DNA hydration

solution was added to the DNA pellet and the tube was stored at 4°C.The following day the
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hydrated solution was mixed and aliquoted into 1.5 mL eppendorf tubes which were stored in
at -20°C until assayed. DNA was quantified by pipetting 1 pl of DNA onto the sample port of a
Nanodrop reader (ND-1000 Spectrophotometer - Ingababiotec™, Pretoria, South Africa). The

sample was quantified at 260/280nm at a purity ratio of 1.8-2.

2.2.9 Human Leukocyte Antigen (HLA) typing

Human Leukocyte Antigen (HLA) typing is a DNA based genetic method that used the Dynal
RELITM reverse Sequence Specific Oligonucleotide (SSO) kit to type HLA-A, HLA-B, and
HLA-C loci (Dynal Biotech). HLA alleles were discriminated using the Dynal Biotech
sequence-specific priming Kits in conjunction with the previous SSO kit. Undetermined alleles
were defined using sequence specific primers. The assay was performed at the transplant

laboratory of the South African Blood Transfusion Services (Pinetown, Durban).

2.2.10 Synthetic HIV-1 Peptides

The HIV-specific peptides used for the ELISpot assays were either 410 overlapping individual
peptides or a matrix of 408 peptides (18mers with a 10-amino acid overlap).These HIV
peptides were synthesized from clade C consensus sequences using an automated peptide

synthesizer (MBS 396, Advanced ChemTech).

2.2.11 Enzyme-linked immunosorbent spot (ELISpot) technique

CD8+ T cell responses were characterized using using HIV-specific individual peptides or a
matrix of peptide pools as shown in Fig 2.3 and as previously described (Thobakgale et al.,
2007) in an Interferon-y Enzyme-linked immunosorbent spot (ELISpot) assay as per

manufacturer’s instructions (MAIP S45; Millipore).
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Peptides representing each of the nine viral proteins regions were pooled into a matrix system
consisting of Gag (66), Nef (27), Rev (13), Tat (12), Vpu (9), Pol (133), Vpr (11), Env (113),
and Vif (24) were pooled together as previously described (Addo et al., 2003). Rows A, C and
E contained respective proteins, which were then confirmed by matching wells to rows B, D
and F. All positive pool responses were then traced to individual peptides by performing the
secondary confirmatory ELISpot assay using individual peptides. Testing of individual
peptides overlapping peptides (OLP) or HLA optimal epitopes were performed on a few

participants depending on the paucity of cells.
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Figure 2.3 Representation of ELISpot matrix design of HIV-specific peptide pools testing all
nine regions of the HIV genome. Rows A, C, E had individual peptides from each of the nine

regions. Rows B, D, F were confirmatory with peptide pools (Adapted P.Kiepiela).
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Briefly, a 96-well polyvinylidene diflouride-backed (PVDF) culture plate was coated with 100
pl of anti-human IFN-y capture antibody (0.5pug/mL, 1-D1k, Mabtech) and stored for a
minimum of 24 hours at 4°C. On the day of setup, the wells of the plate were washed five
times with PBS. A volume of 50 pl of R10 medium was added prior to the addition of 10 pl of
individual HIV-specific peptides (2 pg/mL) or 50ul of matrix of HIV-specific peptides (200
pg/mL) to all except control wells. The three negative controls contained R10 media, while the
two positive controls contained 10 ul of a 200 pg/mL concentration of phytohaemoagglutinin
(PHA) wells. Next, a volume of 100 pl of R10 medium containing either 50,000 or 100,000
PBMCs was added to each well of the ELISpot plate. The plate was incubated in an incubator
at 37 °C, 5% CO, overnight. The next day the plate was processed by six washes with cold
PBS, followed by the addition of PBS containing the secondary biotinylated IFN-y monoclonal
antibody (0.5 pug/mL, 7-B6-1, Mabtech) and 90 minute room temperature incubation. The plate
was further washed with cold PBS, followed by addition of PBS containing the streptavidin-
alkaline phosphatase conjugate antibody (0.5ug/mL, Mabtech) and incubated at 45 minutes at
room temperature. Finally IFN- y producing cells were stained with a substrate combination
(Bio-Rad) of NBT (nitro-blue tetrazolium chloride) and BCIP (5-bromo-4-chloro-3'-
indolyphosphate p-toluidine salt), which reacted with alkaline phosphatase to yield a black-
purple colour, which allowed for visualization of IFN-y T lymphocyte cells within 5 to 10
minutes of staining. The IFN-y T lymphocyte cells were quantified by automated counting of
spots per well using the Aid ELISpot plate reader (Autoimmun Diagnostika GmbH, Strasburg,
Germany). The output was exported as the number of spots forming cells (SFC) per well using
the ELISpot plate reader software. A response was defined as positive if it was above 100
SFC/million PBMC and above 3x standard deviations above the mean for the four background
wells using previously adopted criteria (Addo et al., 2003, Kiepiela et al., 2004, Kiepiela et al.,

2007).
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2.2.12 RNA extraction
To investigate the HIV, RNA was extracted from patient

RNA extraction kit (Qiagen) as Fig 2.4

plasma using the Qiagen QIAmp viral

Qiagen viral RNA extraction

Lysis and binding: 560 pL AVL carrier RNA mixture
(enhanced binding) and 140 pL virus was added to a pre-
labeled 1.5 mL microcentrifuge tube. Tube was vortexed
thoroughly.

(Plasma samples with viral loads less than 5000 copies/ml
were first spun for 2 hours at 14000 rpm, supernatant was
discarded to a final volume of 140 ul)

Sample was incubated at room temperature for 10
minutes.

-} anll) - <sd — §
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Wash: 560 pl ethanol added to sample tube.

630 pL of mixture was transferred to spin
column- remainder of sample retained.

Sample was spun at 8000 rpm for 1 minute.
Supernatent was discarded and collection tube
replaced. Remaining sample was added and
centrifugation repeated.

500 pl of Buffer AW1 added. Tube centrifuged at
8000 rpm for 1 minute. Supernatant discarded and
collection tube replaced.

500 pl of Buffer AW?2 added. Sample centrifuged
at maximum speed 14 000 rpm for 1 minute.
Collection tube discarded and replaced with a
topless 1.5 ml microcentrifuge tube. Tubes were
spun for a further 1 minute at maximum speed.

Elution: Columns were transferred into the
final 1.5 ml microcentrifuge tube. A volume of
60 puL Buffer AVE was added and the sample
was incubated at room temperature for 1 minute.
Sample was spun for 1 minute at 5000 rpm and
spin columns were discarded.

RNA sample stored at -80 °C.

@.,m% -4

Figure 2.4 Viral RNA extraction protocol (adapted Qiagen protocols).
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2.2.13 Sequencing of proviral DNA and viral RNA

Following genomic DNA extraction from PBMC, we set out to investigate patient Gag-specific
sequences. The Gag-specific sequences were amplified and sequenced from DNA using a
nested PCR as previously described (Leslie et al., 2004) at the Department of Pediatrics,
Nuffield Department of Medicine, Oxford, UK. PCR primer for Gag specific amplification
were 5 -CTAGCAGTGGCGCCCGAACA-3and 5-ACAGTCTTTCA TTTGGTGT CCTTC-
3 (MWG Biotech, Germany) for first round PCR and 5-TTCTCTCGACGCAGGACTC-3"
and 5-TTTTCCACATTTCCAACA GCC-3(MWG Biotech, Germany) for second round PCR
(Leslie et al., 2004). For amplification of Gag-specific sequences mastermixes (Bioline) were

generated for the first and second round PCR amplification reaction (Appendix).

Following PCR amplification, 5 pl of the PCR product was loaded onto a 1% agarose gel
[Sigma, St. Louis, MO] in TBE buffer (Tris-borate-EDTA, Promega). Ethidium bromide was
added at 5ul/400mL gel. To determine the size of the amplified fragment, samples were run in
parallel with Hyperladder | (Bioline) (Leslie et al., 2004). After running at 200V for 35

minutes, bands were visualized under UV light.

The PCR product was purified using ExoSAP-IT, containing Exonuclease | and Shrimp

Alkaline Phosphatase, (GE Healthcare Life Sciences) as previously described as per

manufacturer’s instructions (Leslie et al., 2004).

The PCR product was directly sequenced using sequencing primers as per Table 2.1 and the

BigDyeTerminator version v3.0 ready reaction mix (Applied Biosystems, Foster City, CA).
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Table 2.1 Sequencing primers for HIV Gag regions p17 and p24) (Leslie et al., 2004).

Primer Sequence

Fragl 5IP TTCTCTCGACGCAGGACTC

Fragl 2 CTGCACTATAGGATAATTTTGAC
Fragl 3 GACACCAAGGAAGCCTTAG
Fragl 4 CTCCCACTGGAACAGGTG

Fragl 5 GGAACAAATAGCATGGATGAC

Fragl_3IP TTTTCCACATTTCCAACAGCC

2.2.14 Viral replicative assay

The viral replication assay was performed to assess the replication capacities of the virus as
previously described (Miura et al., 2009a). RNA was extracted from patient plasma. Gag-
protease was amplified by a two round PCR reaction. Gag was selected based on its
demonstrated role in viral containment, while protease was included due to its interaction with
Gag by cleavage of the Gag polyprotein. The Gag protease was inserted into the plasmid NL4-
3AGag-Protease, co-transfected, cultured, harvested and finally assessed viral fitness using an

HIV-1-inducible GFP reporter cell line.

After RNA extraction reverse transcription-PCR (RT-PCR) was performed using a Superscript
I11 One-Step RT-PCR kit (Invitrogen, Carlsbad, CA) and the Gag-protease-specific primers: 5'-
CACTGCTTAAGCCTCAATAAAGCTTGCC-3" (HXB2 nucleotides 512 to 539) and 5'-
TTTAACCCTGCTGGGTGTGGTATYCCT -3 (nucleotides 2851 to 2825) (Miura et al.,
2009a). A  second round of PCR  was performed  with primers
5 GACTCGGCTTGCTGAAGCGCGCACGGCAAGAGGCGAGGGGCGGCGACTGGTGA

GTACGCCAAAAATTTTGACTAGCGGAGGCTAGAAGGAGAGAGATGGG-3 and

5 GGCCCAATTTTTGAAATTTTTCCTTCCTTTTCCATTTCTGTACAAATTTCTACTAAT

GCTTTTATTTTTTCTTCTGTCAATGGCCATTGTTTAACTTTTG-3" (Wright et al., 2010,
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Wright et al., 2011, Brockman et al., 2006, Miura et al., 2009a), which was exactly
complementary to NL4-3 on either side of Gag-protease using the TaKaRa Ex Taq HS enzyme
kit (Takara, Shiga, Japan). Two PCR reaction mixtures were prepared for each sample,
comprising 37 pl diethyl pyrocarbonate (DEPC)-treated water, 5 ul, 10x Ex Taq buffer, 4 pl of
deoxynucleoside triphosphates (ANTPs), 0.8 pl forward primer (10 uM), 0.8 pl reverse primer
(10 uM), 0.25 pl Ex Taq, and 2 pl of the first round RT-PCR product. (Miura et al., 2009a).
Amplification conditions were as follows: 94°C for 2 min; 40 cycles of 94°C for 30 s, 60°C for
30 s, and 72°C for 2 min; and 72°C for 7 min. PCR products from two reaction mixtures were

pooled while 10 pl was reserved for sequencing (Wright et al., 2010, Wright et al., 2011).

The recombinant viruses Gag-protease deleted pNL4-3 plasmid was amplified from a stock of
STBL3 cells that were previously heat shocked and co-transfected with plasmid (Brockman et
al., 2006, Miura et al., 2009a, Wright et al., 2010, Wright et al., 2011). A volume of 200 mL
LB (Luria Bertani or L-Broth) media was inoculated with 17.5 pl of STBL3 competent cells
containing pNL4-3AGag-Protease.  Following overnight culturing at 37°C in a shaking
incubator the DNA plasmids were harvested and prepared using the Qiagen plasmid DNA
purification maxi kit. Plasmids were selected from the culture colony. The bacterial cells were
harvested and centrifuged at 6,000 g for 15 min at 4°C. The bacterial cell pellet was
resuspended in 4 mL of Buffer P1 (RNase A solution). A volume of 10 mL Buffer P2 (aid
precipitation) was mixed and incubated at room temperature for 5 minutes. After adding Buffer
P3 the solution was mixed and filtered using QIAfilters. The cleared lysate was washed with 30
mL Buffer QC. Solution was eluted with 15 mL Buffer QF. DNA was further precipitated by
adding 10.5 mL isopropanol, Precipitated DNA was washed with 70% ethanol and centrifuged
at 15,000 g for 10 minutes. The pellet was air dried and re-dissolved in TE (Tris and

Ethylenediaminetetraacetic acid buffer).
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Bacterial cultures were stored at -85°C using a 30% glycerol-LB solution. The glycerol was
mixed with bacterial culture solution at 1:2 and stored at —80 °C. To confirm specificity of the

maxiprepped product a Hind 111 digest was performed as Table 2.2.

Table 2.2 Confirmation of plasmid transfection using Hind 111 digest.

Reagent Volume (ul)
Hind 111 1

Buffer 2(New England BiolLabs) 2.5

BSA (100X) 0.25

Water 16.25
Plasmid(1000 ng/ul) 3

Volume 400

The plasmid NL4-3AGag-Protease and the wild type pNL43 were digested for 1 hour at 37 °C
after which they were visualized on a 1% agarose gel [Sigma, St. Louis, MO] in TBE buffer.
Plasmid was represented by 4 gel bands while the wild type control by 5 gel bands. Prior to co-
transfection we went on to prepare a digest reaction with circular pNL4-3AGag-Pro plasmid

(Table 2.2) and we digested this for 2 hours at 60 °C in waterbath.

Table 2.3 Generation of chimeric pNL43 Gag-Protease viruses.

Reagent Volume (ul)
Plasmid (amplified) *10 pug per sample
10x Buffer (Promega BSTEII kit) 40 (1/10 reaction volume)
100X BSA 4 (1/100 reaction volume)
Enzyme (BSTEII from Promega) 2 U per ug plasmid
Water(to make up balance of final volume (400) 400pl-all above

*Plasmid concentration (clv1l=c2v2)
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To generate the chimeric viruses (Table 2.3), we co-transfected the CEMGXR25 cells with
digested pNL4-3AGag-Pro plasmid (Brockman et al., 2006, Miura et al., 2009a, Wright et al.,
2010, Wright et al., 2011) and the second round PCR product while maintaining CEMGXR25
cells in culture every 2-3 days by feeding them with RPMI1640; containing 5mL 1M Hepes
(Gibco); 5mL of 200mM L-glut (Sigma); 5mL of 5000U/mL Penstrep (Gibco) and 50mL 10%
FBS (Gibco) (Brockman et al., 2006, Miura et al., 2009a, Wright et al., 2010, Wright et al.,
2011). Concentrations of 2 million cells GXR cells were prepared per sample by spinning them
at 1,500 rpm for 10 minutes at 20 °C. Supernatent was aspirated. A volume of 800 uL of cells,
80 uL of second round PCR product and a concentration of 10ug digested plasmid were
combined in a cluster tube. After mixing, the solution was transferred to labelled
electroporation cuvettes and they were electroporated at settings of 300 V; 500 uF; R= o and
4mm BioRad GenePulsar Il. Cuvettes were left to incubate for an hour to allow cell
membranes to restructure themselves following co-transfection of product to plasmid. The
solution was transferred to 25 mL flasks containing 4 mL media and incubated for 5 days. A
volume of 5 mL R10 media was added to flasks and the flasks were further incubated. At day
12 samples were assessed using a flow cytometer to determine the percentage infected cells.
The sample was run every second day until reaching a percentage of 30-40% infectivity and

were then harvested and frozen.

Finally titration and viral replication capacities were (Brockman et al., 2006, Miura et al.,
2009a, Wright et al., 2010, Wright et al., 2011) using a multiplicity of infection (MOI) of
0.0003. Viruses were thawed and based on their % infectivity they were added in different
amounts to achieve 0.3% infection on day 2. The concentration of virus added (uL) = [0.3/ (%
total cells fluorescing on day 2 of titre experiment)] * final volume (400 pL). This volume was

subtracted from final volume of 400 pL to determine how much media to add. The solution and
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contents were added to 100 uL of GXR cells containing 1 million cells which was transferred
to a well of a 24 well culture plate and the plate was left to incubate overnight (Sigma). The
following day 1 mL of media was added to the well. The day thereafter 500 puL sample was
collected and acquired at 25,000 events on a flow cytometer. A volume of 500 pL of media

was added to replace acquired sample. This process was repeated until day 6. Replication

assays were performed at least in duplicate, and results were averaged.

2.2.15 Statistical analysis

Sequence data were analysed using Sequencher v.4.8 (Gene Codes Corporation). Nucleotides
residues were matched and aligned against the HXB reference sequence manually in Se-Al
v.2.0all (A. Rambaut, Department of Zoology, University of Oxford) or automatically in
BioEdit Sequence Aligner Programme version 7.0.0(IBIS Biosciences, CA). Phylogenetic trees
were derived from aligned nucleotide consensus sequences. Neighbour joining (NJ) trees were
computed using ClustalX (Multiple sequence alignment tools). Bootstrap resampling (1000
replicates) was performed to validate individual nodes on a tree (Felsenstein, 1985). Flow data
was analyzed with FlowJo software version 7.5 for PC. Microsoft Excel was utilized to transfer
data and subtract FMO background values. Microsoft Excel was also used to calculate the
mean slope of exponential growth for the viral replication assay from days 3 to 6 using the
semi-log method [=In(LOGEST ({x1,x2,x3,{y1,y2,y3},0,0)))], which was divided by the slope
of growth of the wild-type NL4-3 control that was included in each assay to generate a
normalized measure of replication capacity. Nonparametric testing with the Mann Whitney U
test was undertaken for a less than two group comparison and the Kruskal Wallis was
performed for more than two group comparisons. Post test analysis was performed using
Dunns Multiple Comparison Test. Normalization and subset discrimination and gating of data

was performed using Flow Jo. The mean fluorescent intensity and % response per event was
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calculated using the Wilcoxon-Mann-Whitney-U test. Significance levels were indicated using
Mann Whitney U (P<0.05). Correlations were performed using Spearman rank tests (p and r
values). This analysis was performed and graphically represented using Prism software

(GraphPad, version 5).

2.3 RESULTS
2.3.1. Cohort Characteristics
A total of sixty HIV-1 infected mothers and children (mother-child pairs) were recruited for

this study based on inclusion criteria (Appendix) as described in previous section.

2.3.2. Clinical characteristics (Absolute CD4+ T cell count and plasma viral load).

The investigators denoted CD4 counts as cells/mm?® for
mothers and % for babies as per WHO criteria which use these parameters as measures of
immune deficiency in adults and children respectively. CD4% in children provides a

more accurate indicator of a child’s health compared to absolute CD4 counts.

The median CD4 percentage in HIV infected children was 24% (range, 11-46%) while the
median absolute CD4+T cell count in the mothers was 304 cells/mm?® (range, 24-905
cellssmm?®), Table 2.9. The median age of the children studied was 12 months and ranged

between 3 months-10 years, while the median age of mothers was 29 (17-34 years).

Table 2.4 Overall clinical characteristics of study cohort.

Mothers Children
N 60 60
Median Age in years (IQR) 29 (17-34) 1 (0.3-10)
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Median Absolute CD4+ T cell count 304 (24-905) -
cellssfmm3 (IQR)

Median CD4% (IQR) - 24 (11-46)
Median Viral Load (copies/mL) 59 550 260,000
Viral Load IQR (copies/mL) 1170-750,000 1320-3,902,668

As expected, the median viral load in the children (260,000 copies/mL) was significantly

higher than the mothers (59,550 copies/mL) (p<0.0001, Mann-Whitney U test) as represented

in Figure 2.5 A.
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Figure 2.5 Comparison of A) Viral load (copies/mL) between mothers and children B) plasma

viral load and) % CD4 T cell between children stratified by age.

As neonates have been shown to exhibit an elevated viral load in comparison to older children
and CD4% has been documented to better depict HIV-1 infection in children clinically, we
next sought to further describe HIV-1 infection by stratifying the children into groups based on
their age (Fig 2.5). The younger group of children had a trend towards higher viral loads and

lower CD4% in comparison to the older children.

2.3.3 CTL responses and viral loads in responder and non-responder children

We hypothesized that the presence of CTL responses in HIV-1 infected children would
decrease on HIV-1 viral load and therefore HIV plasma Viral loads were compared between
children who made CTL responses compared to non-responders. A total of 30 children made
responses to at least one of the peptide pools and were thus responders, many children did not
make any CTL responses (non-responders). Comparison of viral load between responders and
non-responder showed no significant differences between the two groups. Although the non-
responders had a higher median viral load (535,000 copies/ml) than the responders (375,000

copies/ml), the differences were not significant as per Mann-Whitney U (p=0.2799).
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2.3.4 Specificity of the CTL response in children less than 12 months

Sixty children were investigated in this sub-study of which many infants did not make any
detectable responses using the standard confirmatory ELISpot. The remaining 30 infants who
did make detectable responses were older than 12 months and were not included in this
investigation. As documented certain regions of the nine HIV proteins are targeted frequently
at different stages of HIV-1 infection in comparison to other viral proteins. HIV-specific CD8+
T cell function in children have been documented to be critically influenced by age (Sandberg
et al., 2003) and data on CTL responses in infants are scarce. Hence, the HIV regions targeted
by children at different disease stages were assessed using ELISPOT. A previous study of
infants in the same setting reported that the specificity of the response in the first month of life
is directed to Env and accessory proteins RTVVV (Reg,Tat, Vif,Vpr, Vpu) (Thobakgale et al.,
2007). Due to the paucity of samples in infants, we tested the ELISpot assay in a matrix pool
approach (cut off 100 SFCs) in order to determine the HIV regions targeted by children
between the ages of 3-12 months as previously described (Thobakgale et al., 2007) (Fig 2.6).
This method did not confirm responses as the responses were low and not detected by day 2.
Due to the low responses the magnitude of these responses could not be tested as this method is
not comparable to the routine confirmatory ELISpots. All the infants under 12 months of age
were tested using day 1 ELISpot pooled matrix results to ensure comparable results. There
were a few infants that did show low level detectable responses in the original day 2
confirmatory ELISpot but for uniformity these infants were also analyzed using methodology
described by (Thobakgale et al., 2007). Children aged less than 3 months of age dominantly
targeted Nef. Gag was targeted next by children between 3 months to 9 months of age. Env was

targeted less frequently in comparison to Nef and Gag in children between 3-12 months of age.
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Figure 2.6 Contribution of HIV-specific protein response to overall response in 30 children
using a matrix system (Thobakgale et al., 2007) in children aged 3-12 months. Nine proteins of
the HIV proteome were tested with each colour representing the protein region described in the

legend.
As observed in Table 2.5 and Fig 2.6 children less than a year of age targeted Nef, Gag and
Env respectively. As children matured in age and stabilized in viral load-responders tend to

target Gag more frequently than any other viral protein.

Table 2.5 Classification of viral proteins most frequently targeted in responder children over

12 months.
Age Region most frequently targeted
1-2years (n=4) Gag;Integrase Pol
2-3years (n=4) Nef
3-5 years (n=8) Gag;Nef
5-10 years (n=9) Nef; RT Pol
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2.3.5 Frequency of distribution of HLA-B and impact of HLA-B on disease in mother-
child HIV-1 infected transmission pairs.

Due to the heterogeneity of HLA, genetic studies should ideally be performed in a large sample
size to validate findings. As previously described in clade B, we next compared the distribution
of HLA alleles in mother-child pairs (Kuhn et al., 2004). As T cell immune responses are
restricted by different types of class | molecules designated HLA-A, HLA-B, and HLA-C, we
next described the frequency of distribution of selected HLA-B restricted that have been found
to be influential clade C HIV-1 infection. HLA-B*07/41/81, are similar alleles (epitopes target
all 3 alleles) which were frequently distributed at 19% in children and 21% in mothers (Fig
2.7). Next HLA-B*5802 and B*15 were expressed in both mothers (17,17%) and children (17,

16%) respectively within this clade C cohort.

A Children

B*49
1%

B*45
B*5802 4%
17%

B*5801
6%

B*13
1%

B*53

B*39

19% B*35 B*27 B*18

1% 1% 2%

87|Chapter 2: CD8+ T cell responses



B Mothers

B*49 B*45
4% 3%

B*5802
18%

B*5801
3%

B*57
4%
B*53

1%

B*13
1%

B*39
1% p*35

*
Sor | B¥27B*18

1% 1%

Figure 2.7 Frequency of distribution of HLA-B in transmission pairs A) children and B)

mothers.

Based on the previous investigations that reported HLA-B alleles to be influential in viral
control, we also investigated Gag-specific responses restricted by HLA-B alleles reported to be
protective in children. Based on specific HLA-B allele findings related to the protective effect
of HLA-B*27 and HLA*B57 in transmission pairs, we identified four transmission pairs in
which either the mother or child carried HLA-B*27 or B*57 to study, and/or pairs which
retrospectively sparked interest (i.e. family or siblings etc) as case studies. We investigated the
mechanisms underlying viral control, viral escape a fitness in relation to HLA-B restricted Gag
CD8+ T cell epitopes. The Gag epitopes in the positions highlighted in Figure 2.8 are the

epitopes commonly targeted by HLA-B*27 and B*57. However, we focused our study on
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B*27-1K9/KK10 in two HLA-B*2705 HLA transmission pairs and epitopes

ISW9/KF11/TW10 in two HLA B*5703 transmission pairs.
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Figure 2.8 Illustration of epitope map (our study participant) of common HLA-B*27 and

BIARERSN restricted Gag-specific CD8+ T cell epitopes and possible clade C related

compensatory mutations.
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2.3.6. A description of the protective HLA-B*27 in mother-child HIV-1 infected
transmission pair

HLA-B*27 is a common allele in the Caucasian population in which clade B HIV-1 infection is
the predominant subtype. HLA-B*2705, more specifically a Gag p24 KK10 response, has been
previously associated with effective viral control in children (Schneidewind et al., 2007,
Kelleher et al., 2001). However, the KK10 response is lost with the emergence of R264K
mutant. If the transmitted virus carries an escape mutations in any key Gag epitopes HLA*27
tends to lose its protective effect (Kuhn et al., 2004). As documented by Goulder et al.(2001),
infected children who carry B*2705 or B*5703 are able to effectively control the HIV infection
particularly if the transmitted virus is not pre-adapted to either of these alleles hence if mothers
or children do not share a protective allele they are likely to maintain viral control (Goulder et
al., 2001a, Goulder et al., 2001b). We selected the only two HLA-B27 restricted transmission
pairs in our cohort. In transmission pair CP3-005, only the mother carried HLA-B*2705 (Fig
2.9 A) while in transmission pair CP3-024, only the child carried HLA-B*2705 (Fig 2.9 A). In
transmission pair CP3-005 the father volunteered his blood for testing so we were able to run

tests on a single time point of the father as well.

As the mother carried HLA-B*27 we hypothesized that the mother would progress slowly, if
she has effective CTL responses— but would progress rapidly following escape — unless escape
lowers fitness and other responses can still control an attenuated virus. As the child did not
carry HLA-B*27 we hypothesized that child would progress slowly if the virus in the child is

less fit than the virus of the mother.

Clinically, the father required immediate treatment as had a viral load 510,918 copies/mL and

an absolute CD4 T cell count of 129 cells/mm?. The mother and child had stable viral loads and
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relatively stable CD4 tests over 33 months of investigation (Fig 2.9 B). The mother exhibited
an average absolute CD4 T cell count of 214 cellssmm?® (Fig 2.9 C) however as time of
infection was unknown it was difficult to identify if progression was slow or related to the
possession of HLA-B*27. However, as the child was 8 months of age upon enrolment, we
assumed a slower level of progression, as child consistently exhibited a CD4% ranging
between 27-45% throughout investigation. A dip in CD4% was observed in children however
we did not have clinical or co-infections data to further extrapolate. The data is presented as

acquired. (Fig 2.9 C).

Based on the association of Gag-specific epitopes with slow progression, we next went on to
investigate the role of HLA-B*27 restricted Gag-specific responses in transmission pair CP3-
005 (Fig 2.9 D/E). CD8 T cell responses in this pair showed that the mother targeted Gag p17
(OLP 11) at low levels while no Gag-specific responses were detected in the child. A
predominant B*27 restricted response to Nef (OLP 81) was detected at high levels in the child
from the first till the last 15 month time point test. At the mother’s 15 month timepoint it seems
asif the assay may have been problematic as the positive control is not fully developed. We
speculate the plate development stage may have not been fully completed. CTL data for this

timepoint has been removed from analysis.

We next investigated whether the failure to generate effective Gag-specific responses was
related to sequence changes by the transmission of variants from mother to child, based on the
evidence of MTCT escape variants influencing CTL responses. We investigated the role of
escape variant within the KK10 epitope as an effective KK10 response has been associated
with slow progression in HLA-B *27 carriers and conversely late escape from KK10 as been

linked to progression. In addition, as documented in clade B infection the R264K/R264G
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mutation has been associated with the development of rare compensatory mutations, S173A
and E260D. Our sequencing results showed that epitope B*27-1P9 was present as a wildtype
in all family members, while epitope KK10 showed 3 sequence changes in position 264, 268
and 271 (Fig 2.9 G). In clade C infection we observed the appearance of a T173A variant.
Interestingly as child and mum also possessed HLA-B*5802 we observed the presence of

S165N/V168I in both B*58-KF11 and TW10 epitopes.

Based on the interplay between CTL response viral adaptation and viral fitness, we next
compared the fitness of earliest timepoint to later timepoints and to the donor viruses within the
family CP3-005. As CTL responses and viral adaption did not explain good clinical outcome,
we expected viral fitness to play an influential role. However, we found no significant
difference in viral replicative capacity between the virus of the mother, father or child (Fig 2.9
F). Furthermore, we found no difference in viral replicative capacity over a 21 month

longitudinal investigation (Fig 2.9 F).
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Figure 2.9 A) HLA, B) Viral load, C) CD4% and Absolute CD4 T cell count, D) CTL
response of mother, E) CTL response of child, F) Viral replicative capacity and G) Sequence
changes in epitope 1K9 and KK10 of transmission family CP3-005 (C=child etc).
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We next went on to investigate the role of B*27 in another transmission pair, CP3-024 in
which the child carried HLA-B*2705 (Fig 2.10 A). As the child carried HLA-B*27 we
hypothesized that the child would progress slowly, if he/she has and maintains an effective
CTL response. As the mother did not carry HLA-B*27 we hypothesized that she would

progress rapidly.

Clinically, the mother and child have stable viral loads and relatively stable CD4 tests months
(Fig 2.10 B). The mother had an average absolute CD4 T cell count of 200 cells/mm?® (Fig 2.10
C) warranting ART soon after recruitment. The child was 7 months of age upon enrolment and
consistently exhibited a CD4% ranging between 26-37% throughout 15 months of

investigation, assumed to be related to the possession of HLA-B*27 (Fig 2.10 C).

We assessed the association of HLA-B*27 restricted Gag-specific responses with slow
progression in transmission pair CP3-024 (Fig 2.10 D/E). The mother targeted Gag p24 (25) at
high levels at a three month interval time, while the child had no detectable responses at first

ELISpot assay and a low level response to Gag p17 (OLP 3-1K9) and integrase (Pol).

As previously documented the transmission of escape variants within B*27-KK10 in children
could results in lack of response, which in turn could be associated with rapid progression
(Goulder et al., 2001a). We next investigated sequence changes in the transmission variants
from mother to child focusing on HLA-B *27 restricted KK10 (OLP 36) and IK9 (OLP 3)
epitopes compensatory mutations, S173A and E260D. Our sequencing results showed no
changes in epitope B*27-1P9 in the mother but a variant change in position 2 of B*27-1P9 in
the child. The epitope KK10 showed two sequence changes in position 264, and 268 (Fig 2.10

G). Similarly as in CP3-024, the variant T173A was present in contrast to S173A as in clade B
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infection. We next compared the replicative capacity of the transmitted virus and found no

significant difference in viral replicative capacity between the virus of the mother or child (Fig

2.10 F).
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Figure 2.10 A)HLA, B)Viral load, C)CD4% and Absolute CD4 T cell count, D)CTL response
of mother, E)CTL response of child, F) Viral replicative capacity and G)Sequence changes in

epitope 1K9 and KK10 of transmission pair CP3-024.

2.3.7. Adescription of HLA-B*5703 in mother-child HIV-1 infected transmission pairs

We next went on to investigate the impact of the HLA-B*5703 allele in HIV infection, as they
have been reported to be most strongly associated with low viral loads and high CD4 counts in
a clade C cohort (Kiepiela et al., 2004, Leslie et al., 2010). HLA-B*5703 also presents Gag-
specific CD8+ T cell epitopes such as KF11, TW10 respectively and conversely escape
mutations within these epitopes has been found to reduce the replicative capacity of HIV

(Brockman et al., 2007, Crawford et al., 2009, Goepfert et al., 2008).

In order to describe the role of HLA-B*57 in clade C HIV-1 infection we investigated two
transmission pairs. In transmission pair CP3-052 the mother carried HLA-B*5703 (Fig 2.11 A)
while in transmission pairs CP1-002 two siblings carried HLA-B*5703 (Fig 2.11 A). The CP1-
002 children were enrolled by the mother at different visits. The younger child was enrolled
first and based on low CD4% was awaiting ARV treatment, while the older sibling joined the

study a few months later but was still clinically stable.

We first investigated the mother who carried HLA-B*57 hypothesizing that the mother would
progress slowly, if she has effective CTL responses and the correct succession of variants
escaping. As the child did not carry HLA-B*57 we hypothesized that child would progress
faster but that progression will also depend on the variants transmitted and/or the fitness of the

transmitted virus.
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Clinically, upon enrolment the mother and child were doing well but the child progressed
rapidly after first visit and was disenrolled from our study and referred for treatment (Fig 2.11
C). The mother was doing well as she maintained an absolute CD4 T cell count of 583
cells/mm?*(Fig 2.11C). As the child was 5 months of age upon enrolment, the child seemed to

be a rapid progressor requiring early treatment by second visit.

As the child rapidly progressed between 5 and 8 months of age from a CD4% of 40-25% we
next investigated the child’s HIV-specific responses (Fig 2.11 E). The child had one
predominant B*7 restricted response to Nef (OLP 76). The mother also targeted Nef (OLP 76),

together with Gag p17 (OLP 3-5) and Gag p24 (22) at higher levels.

Based on the previous evidence of the association of B*57 MTCT escape variants on viral
escape and viral fitness we next investigated whether rapid progression in the child was related
to the child’s inability to generate effective responses was related to sequence changes by the
transmission of variants from mother to child. Do children benefit from transmission of escape
variant within unmatched pairs and is its effect compensated by reversion (Thobakgale et al.,
2009b)? We next investigated the role of escape variant Gag T242N escape mutation in Gag,
which is known to decrease viral fitness early in the course of HIV infection, associated with
TW10 epitope and the emergence of upstream mutations at residues H219, 1223, and M228.
We further investigated sequence changes in the ISW9 and KF11 epitopes. Our sequencing
results showed that a sequence change in the first position (1147L) in ISW9 for the mother but
the child still showed the presence of the wildtype. In addition, the mother had a sequence
change in position 247 (1247M) in TW10 while the child still carried the wildtype. The child

carried variant V1681 in the KF11 sequence while the mum carried the wildtype.

97|Chapter 2: CD8+ T cell responses



Interestingly we also observed the presence of possible compensatory mutations in

A146P/A163G/ S165N and S252N.

From the above observations it seemed possible that the child may have received a
predominantly wildtype virus with ineffective compensatory mutations from the mother, hence
we next compared the fitness of earliest transmitted virus of the child to the mother. We found
no significant difference in viral replicative capacity between the virus of the mother, father or

child (Fig 2.11 F).
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G) Sequence changes in epitopes ISW9, KF11 and TW10 of transmission pair CP3-052
(Child=C etc).
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We next investigated the siblings who carried HLA-B*57 hypothesizing that these children
would progress slowly depending on the transmitted variants and/or the fitness of the

transmitted virus.

Clinically, upon enrolment the mother had a stable viral load and an average absolute CD4 T
cell count of 275cells/mm?® (Fig 2.12 B/C). At this visit, the mother enrolled her youngest child
(3 years old). The child had a stable viral load and a low but relatively stable CD4% (Fig 2.12
B/C). However, only after 18 months of follow up the mother agreed for her child to be
referred for treatment. After 9 months on the study, the mother also enrolled her older child (5
years). Interestingly, unlike the younger child, the older child was doing very well 5 years after
transmission. The child had a low viral load averaging 1967copies/mL with a high CD4% of
43%. We next aimed to identify where the difference arose that enabled one child to progress
and the other to control after both receiving the transmitted from the same donor but at

different times.

We next investigated if the children’s HIV-specific responses played a role in their diverse
clinical outcomes (Fig 2.12 E). The youngest child made a single dominant B*57 restricted
response to Gag (OLP 22), which was an optimally defined KF11 response (Fig 2.12 E2). The
older child targeted Vif and Nef at low levels but did not target Gag. We confirmed this finding
using optimal epitopes. The mother exhibited the highest magnitude of response when she
targeted Nef (OLPS 81and 84), together with low magnitude of responses to Gag p17 (OLP 3)

and Gag p24 (48) when initially screened.

Based on the association of B*57 MTCT escape variants on viral escape and viral fitness we

next investigated whether the difference in clinical outcome in siblings were related to
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sequence changes in the transmitted virus. We next investigated the role of escape variant
T242N escape mutation in Gag by investigating sequence changes in the TW10 epitope, and by
further investigating sequence changes in the ISW9 and KF11 epitopes. Our sequencing results
showed that no sequence changes in ISW9 for the mother and both children. Interestingly the
mother carried the wildtype for all three epitopes while the children carried the same variant.
The children carried a sequence change in position 242 (T242N) in TW10 and position 163

(A163N).

We concluded the investigation by comparing the growth kinetics and fitness of earliest
transmitted virus from the mum to the children. When investigating growth kinetics, all viruses
seem to grow similarly for first four days, after day 5 the growth of the donor virus increased
exponentially (Fig 2.12 F1). The difference in growth filtered through when investigating viral
replicative capacity. The donor virus seemed to show a higher replicative capacity than the

children, whom unexpectedly did not differ from each other (Fig 2.12F2).
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of mother, E1/E2)CTL responses of children, F1) Growth kinetics of virus F2) Viral replicative
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capacity and G)Sequence changes in epitopes ISW9, KF11 and TW10 of transmission mother

and siblings CP1-002.

2.3.8 Phylogenetic comparison of sequences

After sequence analysis it is imperative to identify if sequences correspond to clade C origin
and are closely related to each other as expected with mother-child pairs. Our phylogenetic tree
confirmed lineage which allowed and mother-child clusters which allowed investigators

confidence to continue with successive implementation of viral replicative assays (Fig 2.13).

2.4  DISCUSSION

The majority of treatment naive children typically progress to AIDS or death within the first 2
years of life. However, a minority of children progress slowly to AIDS. Effective immunity in
these children could be related to genetics (eg. 1L-10, HLA etc), transmitted virus, effective
humoral immune response, and/or effective cytokine secretory response and can be related to
virus to cell surface interactions (eg CCR5, CXCR4 etc). The humoral immune response
consists of two main arms of immunity namely antibody defense (B cells) and CTL defense (T
cells). Our investigation focused on the T cell arm of immunity predominantly in children,

whom appear to be in immunologically impaired during the first few years of their life.

Our cross sectional evaluation of CTL responses in 60 treatment naive clade C infected
children revealed that 50% of these children made low level responses that were not detectable
when confirmed as individual pooled responses, while the remaining children had detectable
responses. We found no difference in viral load between responders and non-responders

(p=0.2799) in keeping with previous studies (Huang et al., 2008). Our analysis of responses
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confirmed that viral regions targeted by responder children in order of frequency as Nef (49%),
Gag (17%), Env (14%) and Acc/Reg/Pol (6%). Interestingly, Nef which has been previously
associated with different clinical outcomes (Gomez-Icazbalceta and Larralde, 2009), was
dominantly targeted from 3 months to 10 years of age confirmed previous findings

(Thobakgale et al., 2007, Huang et al., 2008).

Knowledge of the known transmitted virus with an understanding of effective CTL responses
may direct us to proteins that could impact viral control. Based on other studies that showed
that HIV-1 infected adults (Goepfert et al., 2008, Matthews et al., 2009) and children (Feeney
et al., 2005, Thobakgale et al., 2009b) benefit from exhibiting HLA-B restricted Gag-specific
responses and from receiving transmitted escape mutations we next attempted to investigate the
interplay between HLA, T cell and virus in a few MTCT transmission pairs. In the search for
natural correlates of immune protection, our study was subsequently conducted in a rare
untreated mother-child cohort. As protective HLA-B*27 (Goulder et al., 2001a, Schneidewind
et al., 2007) and HLA-B*57 (Altfeld et al., 2003, Brockman et al., 2007, Crawford et al., 2009,
Goulder et al., 2000, Leslie et al., 2004, Miura et al., 2009b, Feeney et al., 2005, Thobakgale et
al., 2009b) restricted Gag-specific responses have been documented to play a role in slow
disease progression within transmission pairs (Feeney et al., 2005, Thobakgale et al., 2009b,

Goepfert et al., 2008), we focused on these HLA alleles.

We hypothesized that HIV-specific CTL responses restricted by the protective HLA- B*2705
and B*5703 would be associated with slow progression in children and/or sequence changes
that may shape a less fit virus. However, our study was unable to relate specificity of any CTL
targeting. Furthermore, we were also unable to associate Gag-specific CD8+ T cell response

with slow progression in the selected children in our cohort, in keeping with previous studies in
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children (Froebel et al., 1997, Huang et al., 2008). We were unable to show an obvious benefit
in adults carrying a protective allele. The mothers carrying protective alleles B*2705 (CP3-
024) and B*5703 (CP3-052) were doing well clinically but the study design was restricted in
that we were unable to follow mothers or children from time of infection. In addition, mother
CP3-052 defaulted once child was referred for treatment. Our study was restricted in that
participants often defaulted after receiving clinical results, or once requiring ART as we were

unable to provide treatment or aftercare based on funding constraints.

HIV-specific CTL responses are able to target many viral variants across clades represent
possible targets (Newman et al., 2002, Cao et al., 1997, Cao et al., 2000). Certain HLA -B
associated escape variants have been documented to be correlated to a lower viral load in
recipients (Brockman et al., 2007, Feeney et al., 2005, Leslie et al., 2004, Miura et al., 2009b).
We hypothesized that loss of viral control may be associated with sequence changes in Gag
that facilitate viral escape, leading to the loss of effective immune responses influencing viral
fitness. We were limited only able to investigate Gag sequence changes. The limited targeting
of Gag (Huang et al., 2008) ) could not explain why slow progressors, targeting Nef were still
controlling HIV infection. As previously described, most chronically infected children

frequently target Nef. We were unable to sequence Nef due to financial constraints.

We next went on to investigate replicative capacities of the viruses. The replicative capacities
differ in slow and rapid progressor children (Prado et al., 2010). Furthermore, a reduced viral
replicative capacity has previously been documented to be associated with the presence of
certain mutation and/or compensatory mutations (Brockman et al., 2007). In B*57 restricted
transmission pairs we observed the presence of mutations and compensatory mutations

associated with TW10. The mother who carried B*57 was clinically stable even though follow
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up period was restricted. She did not carry the T242N mutation, which has previously been
associated with lower fitness cost (Brockman et al., 2007) but still carried the S252N
compensatory mutation. However, both mother and child’s virus had similar replicative
capacities. The sibling carriers of B*5703 showed different clinical outcomes, which we
presumed to be related to the changes in the virus that may have occurred between the time the
mother transmitted to older and then younger child. However, the family was only recruited
into our study many years after transmission, making it difficult to investigate the underlying
mechanisms. Our investigation of sequences changes in this family revealed the presence of the
T242N variants in both siblings at the time of investigation, however as we were unable to
track sequence changes. We were thus unable to identify timing of sequence variants, and if

changes were compensated in one child accounting for the difference in clinical outcome.

CTL based studies provide information for the development of T cell based vaccines. Overall,
our study was unable to investigate transmission pairs as rigorously as required ie. time of
transmission, larger HLA cohort, detailed sequencing etc. The overall study design was further
affected due to the much welcomed changes in PMTC guidelines. Nevertheless, our
investigation concluded that children make low level or no responses following transmission
which could explain why a majority of children are unable to control HIV-1 infection. To
complement this finding, children who make responses tend to target Nef-specific epitopes,
which have been associated with differential outcomes. We were unable to link the interplay
between HLA, CTL responses, transmission of escape variants with overall viral fitness in the
selected transmission pairs which may be related to study design or show that HLA and CTL
data alone is not sufficient in determining what enables control. There exists a need to describe
the role of the other arm of immune defence such as neutralizing antibodies, and innate

immunity such as natural killer cells which to date has yet to be described in children.
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CHAPTER THREE
TIM-3 and PD-1 contribute to T cell exhaustion in HIVV-1 clade C infected

African children

ABSTRACT

Background: Inhibitory receptors such as the T cell immunoglobulin and mucin-3 domain
molecule (TIM-3), and Programmed Death-1 (PD-1) play a crucial role in regulating T cell
function during chronic viral infections. A study in HIV-1 clade B infected adults suggested
TIM-3 expression on T cells to be elevated in chronic HIV infection, and correlate with
markers of HIV disease progression. TIM-3 expressing T cells exhibited an “exhausted”
phenotype with impaired functionality; however blockade of TIM-3 resulted in restoration of
T cell effector activity such as cytokine secretion and proliferation. To date, no studies have
been performed to investigate the role of TIM-3 in HIV-1 infected children and no data is
available in the context of HIV-1 clade C infection. In this study, we assessed T cell
exhaustion profiles in HIV-1 clade C infected children, and investigated their association
with markers of disease progression.

Materials and Methods: Our study investigated the expression profiles of the inhibitory
molecules TIM-3 and PD-1 on CD4+ and CD8+ T cells in a cohort of 37 infected children,
aged 24-942 days, and 9 HIV-1 seronegative children (controls) using multiparameter flow
cytometry.

Results: T cells from HIV-1 infected children expressed significantly higher levels of both
TIM-3 (p=0.001) and PD-1 (p=0.0001) on CD8+ T cells derived from HIV-1 infected
children in comparison to uninfected children. Expression of TIM-3 was higher on CD8+ T
cells compared to CD4+ T cells (46% vs 20%), in line with previous studies, and TIM-3

expression levels on CD4+ T cells and CD8+ T cells were positively correlated (r=0.45;
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p=0.028). TIM-3 expression correlated with expression of PD-1 on CD4+ and CD8+ T cells.
However, unlike adult HIV-1 infection, neither TIM-3 nor PD-1 correlated with HIV-1 viral
load or absolute CD4+ T cell count. Longitudinal investigation revealed that TIM-3 and PD-1
expression levels on T cells were maintained at high levels over time.

Conclusion: We here demonstrate that the expression of the inhibitory molecules TIM-3 and
PD-1 on T cells are elevated in paediatric HIV-1 infection. This elevated expression on T
cells from vertically infected children suggests that both TIM-3 and PD-1 contribute to T cell
exhaustion in children. Of note, the highest expression levels were observed in infants less
than 6 months of age, where HIV-1 specific T cell immunity is of lowest magnitude and
breadth. TIM-3 in concert with other inhibitory molecules such as PD-1 may therefore
promote or result in the failure to control viral load and to accelerate disease progression in

the paediatric HIV patient population.

Key words: TIM-3; PD-1; paediatric; children; HIV progression;
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3.1 INTRODUCTION

Acquisition of HIV remains a major source of paediatric death particularly in sub-Saharan
Africa (Stats SA, 2011). Despite the revision of treatment guidelines in favour of early
initiation of ART, the impact of the HIV epidemic has had a devastating effect on the
mortality rates of children (WHO, 2010). Recent estimates by Statistics South Africa- a
government agency, revealed that 43% of deaths in South African children were AIDS-
related (Stats SA, 2011). Clues obtained from studies of natural control of HIV on immune
correlates may provide valuable information for vaccine design. Effector T cells such as
CD8+ and CD4+ T cells have been implicated in successful viral control (Thobakgale et al.,
2007, Honeyborne et al., 2007, Kiepiela et al., 2007, Yu et al., 2007, Gamberg et al., 1999,
Ramduth et al., 2009). Functional effector T cells are initially generated during the early
stages of infection. However, robust immune responses have been shown to gradually
diminish over time. This loss of effector function, including the inability to produce cytokines
and proliferate renders effector cells ineffective in viral control. Chronic infections are often
characterized by varying degrees of functional impairment of virus-specific T cell responses,
and this defect is the principal reason why the host is not able to eliminate the persisting
pathogen. As these cells are not able to function at their optimum we refer to them as
dysfunctional and in a state of “functional exhaustion”. It has been demonstrated that by
blocking the inhibitory pathways using antibodies against inhibitory molecules such as TIM-
and PD-1, the CD8+ T cell effector function can be restored (Day et al., 2007, Jin et al., Jones

et al., 2008b).

TIM-3 belong to the immunoglobulin super family, of which 4 molecules have been

described in mice and humans (Kuchroo et al., 2003). TIM-1 appears to be an activation

molecule for all T cells. TIM-2 molecules functions by negatively regulating TH2 immune
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responses. TIM-4 expression in DCs promotes DC maturation, which plays an important role
in the initiation of TH2 polarization. The present investigation focused on the TIM-3
molecule, which is a type | membrane surface glycoprotein expressed on T cells (Mariat et
al., 2005). Interestingly, TIM-3 has been shown to engage with its ligand galectin-9 and
thereby negatively regulates IFN-y secretion (Zhu et al., 2005) and TH1 responses in general
(Wang et al., 2009, Wang et al., 2008). TIM-3 has previously been associated with immune
dysregulation of T helper cell responses in other disease settings (Koguchi et al., 2006, Zhang

etal., 2011).

When TH1-helper cells are activated they help to initiate an attack thereby guarding against
infection. However these T cells can also become overaggressive in their attack and thus their
function needs to be kept in check. TIM-3 plays a role in controlling TH1 dependent immune
responses by counterbalancing aggressive responses via interaction with its ligand galectin-9.
Consequently, by increasing the TIM-3 signal the response of TH1 cells can be diminished,

creating immune tolerance.

TIM-3 induces T cell tolerance in both mice and man. The effects of blocking the TIM-3
pathway were studied in mice who spontaneously develop insulin-dependent diabetes. A
rapid onset of disease was observed in the mice treated with TIM-3-specific monoclonal
antibodies. The study corroborated the role of TIM-3 in inhibiting autoimmune responses
(Sanchez-Fueyo et al., 2003). The TIM-3 pathway blockade also played a role in other cells.
TIM-3 was found to dampen the antigen-specific immunosuppressive function of
CD4+CD25+ regulatory T cell populations (Anderson and Anderson, 2006, Sanchez-Fueyo
et al., 2003, Wang et al., 2009). TIM-3 ligation has further been found to be associated with

distinct signalling events exhibiting differential expression on the innate naive dendritic cells
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compared to adaptive immune cells (Anderson and Anderson, 2006, Kuchroo et al., 2008).
Hence through differential expression on innate versus adaptive immune cells, TIM-3 can
either promote or terminate TH1 immunity. Taken together, data supports a key role for TIM-

3 in regulating immune responses in different disease settings.

When TIM-3 pathway was blocked and TIM-3 signal was decreased, the TH1 responses
could be amplified, creating strong immune responses which could play a role in autoimmune
diseases (Jones et al., 2008a, Monney et al., 2002). A study in HIV-1 clade B infected adults
suggested that TIM-3 expression on T cells was increased in chronic HIV infection and
correlated with markers of HIV disease progression. The frequency of TIM-3 expressed on
CD8+ T cells correlated positively with HIV-1 viral load and CD38 expression as a marker of
immune activation, and correlated inversely with absolute CD4+ T cell count in HIV-1
infected participants (Jones et al., 2008b). The highest TIM-3 expression was observed in
HIV-1-specific CD8+ T cells. In addition, TIM-3 expressing T cells exhibited an exhausted
phenotype (Sakuishi et al., 2011) with impaired functionality and blocking of TIM-3
signaling restored proliferation and increased cytokine production in HIV-1-specific T cells

(Jones et al., 2008Db).

Recent studies in the LCMV mouse model have documented CD8+ T cell exhaustion by co-
expression of TIM-3 and PD-1 (Jin et al., 2010). Day et al. investigated the role of the
inhibitory molecule PD-1 in a chronic human viral infection by examining PD-1 expression
on HIV-specific CD8+ T cells in 71 treatment naive HIV-1 clade-C infected participants
(Day et al., 2006). The study demonstrated that PD-1 was upregulated on the surface of HIV-
specific CD8+ T cells and that this expression was associated with increased T cell

exhaustion and HIV disease progression (Day et al., 2006). The study reported that PD-1 was
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significantly upregulated, and expression correlated with impaired HIV-specific CD8+ T cell
function as well as predictors of disease progression: positively with plasma viral load and
inversely with absolute CD4+ T cell count. In an additional blockade experiment of the PD-
1/PD-L1 pathway, an enhancement of HIV-specific CD4+ and CD8+ T cell function, and the

reversal of the exhausted T cell phenotype was observed (Day et al., 2006).

Even though there are a growing number of investigations on negative immuneregulators in
adult study populations, the role of inhibitory molecules in paediatric HIVV-1 infection has not
been fully explored and no data exist on the expression of TIM-3 in children to date. A recent
study demonstrated PD-1 to be a marked negative regulator of activated T cells in 93 HIV-1
infected untreated children aged (10.8 years) (Prendergast et al., 2011). PD-1 expression on
CD8+ T cells, was found to be higher in HIVV-infected children than HIVV-uninfected children
(Prendergast et al., 2011). However, unlike what has been reported for adult HIVV-1 infection,
the study found no correlation between PD-1 and HIV viral load (R=0.11, P=0.40).
Interestingly, PD-1 expression on CD8+ T cells positively correlated with activation on
CD8+ T cells which was measured by co-expression of CD38 and HLA-DR. The study
finally demonstrated that both CD8 activation and PD-1 expression on CD8+ T cells were
partially driven or driving the magnitude of the HIV-specific CD8+ T cell response

(Prendergast et al., 2011).

Dual blockades of the TIM-3 and PD-1 pathway are able to rescue T cell immune responses
in hepatitis C infection (Golden-Mason et al.,, 2009, Callendret and Walker), murine
leukaemia (Zhou et al.), cancer (Sakuishi et al.), tuberculosis (Henao-Tamayo et al., 2011)
and in LCMV infection (Jin et al., 2010). The LCMV study found that TIM-3 expression on

CD8+ T cells was low after acute infection, but that TIM-3 was expressed at high levels
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throughout chronic infection. Blockade of the TIM-3 pathway alone has also resulted in an
improved T cell response. Interestingly as much as 80% of the LCMV-specific CD8+ T cells
in lymphoid and non-lymphoid organs dually expressed TIM-3 and PD-1. The dual
expression was associated with a severe exhaustion profile that was associated with the
secretion of pro-inflammatory cytokines (Jin et al., 2010). In another study mice were
infected with Mycobacterium tuberculosis (TB). The study documented that the exhaustion
markers PD-1 and TIM-3, as well as the marker KLRG-1, were predominantly expressed on
CD8+ T cells in 5 MTB infected mice. The expression levels of the exhaustion markers
decreased upon treatment showing, changes as the bacterial load in the lungs dropped
indicating a valuable marker to exploit therapeutically. The study further demonstrated the
potential use of these markers for early detection of TB in comparison to conventional

methods of screening TB (Henao-Tamayo et al., 2011).

To date, no studies have been performed to investigate the role of TIM-3 in HIV-1 infected
children and no data is available in the context of HIV-1 infection. Given the recently
published data on PD-1 in children and co-regulation of PD-1 and TIM-3 in LCMV, our
study investigated the mechanism underlying the association between progressive T cell
exhaustion and HIV replication in an African cohort of HIV-1 clade C infected children. We
sought to answer the following research questions: (1) Do TIM-3 and PD-1 T cell expression
profiles differ in HIV-1 infected children and uninfected children (2) Do TIM-3 and PD-1
expression correlate with markers of disease progression as observed within adult HIV-1
clade B populations? and (3) What is the interplay between TIM-3 and PD-1 expression in

HIV-1 infected children?
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3.2 PARTICIPANTS, MATERIALS AND METHODS

3.2.1 Cohort description

The study began recruitment in 2006 in South Africa, prior to the revision and initiation of
the new ART guidelines. A cohort of untreated HIV-1 infected mother child pairs was
established. The treatment guidelines at the time dictated that HIV-1 seropositive mothers
during the last trimester of pregnancy received a single dose of Nevirapine during labour. The
infant received a single dose of nevirapine within 48 hrs of birth, according to the HIVNET-

012 Protocol, as previously described (Guay et al., 1999, Jackson et al., 2003).

The 46 study participants were recruited through clinics in KwaZulu-Natal, Durban, South
Africa. The recruitment clinic sites included King Edward Hospital, McCord Hospital, Saint
Mary’s Hospital and Prince Mshiyeni Hospital. Transmission pairs were screened and
mother-child pairs who met the inclusion criteria of mother-child treatment naive pairs and
positive HIV-DNA PCR results from birth hospitals were recruited. The participants were
selected for a preliminary cross-sectional analysis based on sample availability. The
exclusion criteria for the chronically infected cohort included treated pairs (mothers and/or
children). The untreated cohorts were part of the chronically infected pair cohort and
represented initially falsely diagnosed HIV negative participants. This study retrospectively
investigated 23 HIV-1 infected, 9 HIV-1 exposed uninfected and 13 HIV-1 treated children
(Thobakgale et al., 2009, Thobakgale et al., 2007, Mphatswe et al., 2007) from Zulu/Xhosa
ethnic origin with HIV-1 infection. Treated children who had an undetectable viral load for at

least one or more timepoints were included for analysis.
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Written informed consent was obtained from all study participants and the research protocol
for the study was approved by the Biomedical Research Ethics Committee of the University
of KwaZulu-Natal, Durban, South Africa, and the Internal Review Board of Massachusetts

General Hospital, Boston.

3.2.2 Plasma viral Load and absolute CD4+ T cell measurement

Plasma was isolated from whole blood after a single round of centrifugation. Plasma viral
loads were assessed using the Cobas Amplicor Monitor Test version 1.5, detection limit of 50
HIV-1 RNA copies/mL plasma according to the manufacturer’s instructions (Roche

Diagnostics).

Absolute CD4+ T cell counts and percentages of CD4+ T cells were determined from fresh
whole blood using Multitest four colour TruCount as previously described (Gratama et al.,
2002) according to the manufacturer’s instructions (Beckton Dickinson Technology) at the

HIV Pathogenesis Programme, Durban, KZN, South Africa.

3.2.3 Isolation of PBMCs

Blood specimens were collected in EDTA tubes and processed within 6hrs of collection.
Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood using the
ficoll-histopaque (Sigma, St Louis, Mo) density gradient centrifugation. PBMCs were used
fresh in ELISPOT assays. The remaining PBMCs were cryo-preserved in 90% fetal bovine
serum (Sigma-Aldrich), 10% DMSO prior to storage in liquid nitrogen for subsequent

multiparameter flowstaining and immunophenotyping expression analyses.
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3.2.4 Multiparameter flow cytometry staining for TIM-3 and PD-1 expression on bulk
CD4+ and CD8+ T cells

3.24.1 Antibody titrations: Titrations were performed by staining (1x10°) PBMCs at
a range of 2 to 25ul antibody (depending on volume and concentrations specified by
manufacturer). Antibody dilutions were halved covering the above range. The final optimal
concentration was subsequently used for immunophenotyping. The optimal concentration
was determined by choosing the dilution of the stain where the intensity plateau for the

stained cells was most favourable.

3.24.2 Thawing: Cryo-preserved PBMCs were thawed using a warming method.
R10 media, made up of RPMI 1640 + 10% FBS, was warmed to 37°C in a 15 or 50 mL
Sterilin tube. Firstly, 20 ul nuclease was added to 2 mL 37 °C warm R10 in a 15 mL Sterilin
tube. Frozen PBMC vials were left to sit at room temperature for approximately 5 minutes
until nearing liquid state. The cryovial was opened and the rim was quickly swabbed with
70% ethanol before the icy cells were transferred into the 15 mL Sterilin tube containing
nuclease and 2 mL of warm R10 media. An additional 8 mL of warm R10 was slowly added
to the tubes and the mixture was spun down at 1,700rpm for 10 minutes. Supernatant was
discarded removing all of the now toxic DMSO freezing solution and the cell pellet was re-
suspended and cells counted using an automated cell counting Guava viacount assay and read
on the Guava cell counter (Guava Technologies, Guava PCA System). Cells were re-

suspended in R10 at a concentration of 1 million cells per mL.
3.243 Immunostaining: 1 million cells per mL were added to each experimental

FACS tube and control Fluorescence Minus One (FMO) tubes. PBMC were first stained for

viability in the dark, at room temperature, with 1ul of a 200 ul stock solution of
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LIVEDEAD® Fixable Violet Dead Cell Stain Kit (Invitrogen). After 15 minutes the dye was

washed of using cold PBS (phosphate buffered saline) for 10 minutes at 1,500 rpm. PBMCs

panels were stained (extracellular) as below (Table 3.1), at 4°C for 30 minutes. Due to the

limitation of available fluorochromes for PD-1 and TIM-3 antibody staining at the time of

investigation, single cell analysis could not be implemented.

Table 3.1 Experimental panels: antibodies and volumes.

PANEL1:
Antibody Fluorochrome Abbreviation Volume(ul)
(Company, Catalogue)

CD14 Peridinin Chlorophyll Protein PerCP (BD, 340660) 5

CD19 Pacific Blue PacB (BD, 51-0199-73) 2

CD3 Phycoerythrin-Cyanine 7 PE-Cy7(BD,clone L3T4) 2

CD4 Allophycocyanin APC (BD, 340443) 3

CD8 Alexa Fluor 700 Alexa Fluor 700 (BD, 557945) 2

TIM-3 Phycoerythrin PE (R&D, FAB2365P) 8

PANEL2:

Antibody Fluorochrome Abbreviation Volume(ul)
(Company, Catalogue)

CD14 Pacific Blue PacB (EBioscience, 48-0149-42) 2

CD19 Pacific Blue PacB (EBioscience, 51-0199-73) 2.5

CD3 Fluorescein Isothiocyanate FITC(EBioscience, SK7, 11-0036-42) 3

CD4 Allophycocyanin APC (BD, 340443) 3

CD8 Alexa Fluor 700 Alexa Fluor 700 (BD, 557945) 2

PD-1 Phycoerythrin PE (EBioscience,clone MIH4, 558694) 10

After the above mentioned staining of PBMCs, they were washed twice using cold PBS.

Supernatant was discarded and pellet was re-suspended in PBS. Compensation beads were
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setup and read to standardize assay. Flow data were acquired on a LSR II flow cytometer
(BD Biosciences). For the infant cohort, a minimum of 500,000 events were collected per
participant, and a minimum of 250,000 events were collected for adult samples. Acquisition
templates were drawn during acquisition to further confirm subset gating prior to analysis.
The FMO control was used as the reference gate while the LIVEDEAD® Fixable Violet

Dead Cell Stain were used as an exclusion channel to eliminate dead PBMCs.

3.2.5 Statistical analysis

Flow data was analyzed with FlowJo software version 7.5 for PC. Microsoft Excel was used
to transfer data and subtract fluorescence minus one (FMO) background values. Data was
analyzed and graphically represented using Prism software (GraphPad; version 5). The Mann
Whitney U test was performed when comparing less than two groups, Kruskal Wallis testing
and ANOVA was performed when comparing more than two groups. Post-test analysis was
performed using Dunns Multiple Comparison Test. Normalization and subset discrimination
and gating of data including the mean fluorescent intensity and % response per event was
performed using Flow Jo. Significance levels were indicated using Mann Whitney U

(P<0.05).Correlations were performed using Spearman rank tests (p and r” values).
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3.3 RESULTS

3.3.1 Cohort Characteristics

A total of forty six children were studied. As represented in Table 3.2 age range and clinical

data shows that the HIVV-1 uninfected children exhibit a median absolute CD4+ T cell count

of 2,033 cells/mm? and CD4+ T cell % of 34%. The infected untreated children had a median

viral load of 55,700 copies/mL with a median absolute CD4+ T cell count of 1,838 cells/mm?®

and CD4+ T cell% of 30% while the treated children had a median viral load of 292

copies/mL with an absolute CD4+ T cell count of 1,325 cellsymm?® and CD4 T cell of 29%

(Figure 3.1). The median ages of uninfected and infected untreated children were similar

while the treated children were slightly older as represented in Table 3.2.

Table 3.2 Age and clinical characteristics of study cohort.

HIV-1 uninfected

HIV-1 untreated

HIV-1 treated

N 9

23

14

Median Age in days (IQR) 61(62-945) 76(24-942) 1838(53-4025)
Median Absolute CD4+ T cell count (IQR) 2033 (194-3433) 1838(173-5561) 1325(605-4291)
Median CD4 T cell % (IQR) 34(24-61) 30(10-46) 29(16-54)
Median Viral Load (copies/mL) - 55700 292
Viral Load IQR (copies/mL) - (10400-7281580) (100-805)
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Figure 3.1 Graphical representation of the clinical characteristics of the cohort of children:

A) Viral load (copies/mL), B) CD4+ T cell % and C) Absolute T cell count (cells/mm?).
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3.3.2 Representative gating scheme for the quantification of the expression of

inhibitory molecules on CD4+ and CD8+ T cell subsets

Gating schemes for the PD-1 and TIM-3 experiments are represented in Fig.3.2 and Fig.3.3

In Fig 3.2/3A time represents a uniform flow rate. The live lymphocytes were then gated on

removing doublets. Subsequently, gates were set to exclude dead cells (viability marker™),

monocytes (CD14+) and B cells (CD19+). Fig 3.2B represents the gating strategy for

quantification of TIM-3 expression. The gating for viable cells was followed by the gating of

viable lymphocytes (CD3+) and CD4+ or CD8+ T cells. The TIM-3 FMO and PD-1 FMO

were used as controls to quantify TIM-3+ and PD-1+ expression as shown in Fig 3.2 and

Fig.3.3
o <. E .
0, O 2. o .
Time Lymphocyfes FSC-W Doublets SSC-W Doublets
B o 0.17% 46%
8 :
A . o
£ 1 ’ 1 8
= %0 “ b
§ ¢ o ) 8 @| : 2 . . .... »
g @ ! N TIM-3 FMO CD8 TIM-3
Aa <L S Tt
L " D 4 ) N ) = oL 4 1Y -
CD3 CD4 ‘
- ' 0.08% | 14%
A 2 ¢ |
3 %
TIM-3 FMO CD4 TIM-3

Figure 3.2 Representative flow cytometry gating scheme for the assessment of expression of

TIM-3 for a single participant sample from the study cohort.
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Figure 3.3 Representative flow cytometry gating scheme for the assessment of expression of

PD-1 for a single participant sample from the study cohort.

3.3.3 Elevated expression of TIM-3 on CD4+ and CD8+ T cells of the HIV-1 infected
children.

We first evaluated TIM-3 expression levels on CD4+ T cells and CD8+ T cells as shown in
Fig. 3.4 TIM-3 expression ranged from 8 to 87% for CD8+ T cells and 1 to 91% for CD4+ T
cells. Median TIM-3 expression was higher on CD8+ T cells compared to CD4+ T cells.

Moreover when comparing sub-groups median TIM-3 expression was higher on CD8+ T
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cells from the group of treated children in comparison to uninfected children (p=0.0044).
However untreated infected children had a broader expression range. The median TIM-3
expression in untreated uninfected children differed significantly from uninfected children
(p=0.0134) but not from treated children (p=0.2647). The uninfected group was removed

from CD4 TIM-3 analysis due problems related to antibody during sample processing.
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Figure 3.4 Comparison of CD8+ TIM-3+ and CD4+ TIM-3+expression levels within sub-

groups: A) CD8+ TIM-3+ and B) CD4+ TIM-3+.

3.3.4 No association observed between clinical markers of disease progression and
TIM-3+ expression

We subsequently examined the relationship between CD8+ TIM-3+ and viral load in
untreated children. We decided not to examine this relationship in treated children as viral
loads were undetectable and data may be conflicting due to age related differences. Noted,
children on therapy may continue to express TIM-3 but have suppressed VL and relatively
reconstituted CD4 counts, which could obscure correlations existing in children who were
untreated. We found no relationship between CD8+ TIM-3+ and viral load. (p=0.6632,

r=0.0763); absolute CD4+ T cell count (p=-0.3426, r=-0.1653) and CD4 T cell % (p=0.0842,
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r=-0.2960) (Fig 3.5A/B/C.). The relationship between CD4+ TIM-3+ and viral load

(p=0.4770, r=-0.1350); absolute CD4+ T cell count (p=0.7480, r=-0.0612 and CD4+ T cell %

(p=0.2959, r=0.1973) showed insignificant associations (Fig 3.5D/E/F.)
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Figure 3.5 Correlation of clinical markers with expression of TIM-3 on CD8+ T cells: A)
Viral load (copies/mL), B) Absolute T cell count (cells/mm?®) and C) CD4 T cell % and CD4+
T cells D) Viral load (copies/mL), E) Absolute T cell count (cellssmm®) and F) CD4 T cell

%..
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3.3.5 Increased expression of PD-1 on T cells from HIV-1 infected children

We next investigated expression levels of PD-1 derived from HIV-1 infected children. A
comparison of PD-1 expression on CD4+ T cells and CD8+ T cells reveals the following:
PD-1 expression was elevated on CD8+ T cells in comparison to CD4+ T cells. When
comparing the median of PD-1 expression across uninfected (5%), treated (19%) and
uninfected (36%) sub-groups-PD-1 expression was elevated in the untreated children in
comparison to treated children (p=0.02). In addition PD-1 expression was elevated in treated
children in comparison to uninfected children (p=0.0348) and untreated children in
comparison to uninfected children (p=0.0012) (Fig 3.6A). PD-1 expression on CD4+ T cells
revealed that treated children exhibit a higher median of PD-1 expression in the untreated
children (p=0.0074) and uninfected children (p=0.0002). PD-1 expression was significantly
different between untreated and uninfected children (p=0.0058) on CD4+ T cells (Fig 3.6B).
Additionally, PD-1 expression and TIM-3, were found to be expressed at higher levels in the
children aged less than 6 months in comparison to older children although this differences

were not statistically significant (p=0.1266; data not shown).
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Figure 3.6 Comparison of expression levels of PD-1 on A) CD8+ T cells and B) CD4+ T

cells between uninfected, treated and untreated children.
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3.3.6 Correlations between clinical markers of expression and PD-1+ expression

Based on findings from adults where PD-1 expression correlated with viral load, we
examined the relationship between CD8+ PD-1 and viral load and found a significant
relationship between PD-1 and viral load (p=0.0083, r=0.3974) but not absolute CD4+ T cell
count (p=0.8347, r=0.00328) and CD4+ T cell % (p=0.1631, r=-0.2165) (Fig 3.7A/B/C.). The
relationship between CD4+ revealed the following associations: CD4+PD-1+ expression and
plasma viral load (p=0.1526, r=-0.2304); absolute CD4+ T cell count (p=0.1370, r=-0.2305)

and CD4 T cell % (p=-0.2910, r=0.0583) as represented in Fig 3.7D/E/F.
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Figure 3.7 Correlation of clinical markers with expression of PD-1 on CD8+ T cells: A)

Viral load (copies/mL), B) CD4 T cell % and C) Absolute T cell count (cellssmm®) and CD4+

T cells D) Viral load (copies/mL), E) and CD4% F) Absolute T cell count (cells/mm?).

133|Chapter 3: TIM-3 and PD-1



3.3.7 Expression of PD-1 and TIM-3

A synergistic effect of PD-1 and TIM-3 blockades has been found to restore T cell
exhaustion, we next investigated the expression of PD-1 and TIM-3on bulk cells. Based on
the panel restrictions we were not able to correlate co-expression on identical cell. However,
correlation analysis revealed positive correlation of CD4+ T cells and CD8+ T cells for PD-1
(p<0.0001; r=0.6507) which could be related to compensation controls, antibody staining or
variation in subset expression. TIM-3 expression correlation analysis revealed positive
correlation (p=0.0131; r=0.4478). There was a positive correlation of TIM-3 and PD-1
expression on CD8+ T cells (p=0.0483; r=0.2941) and no correlation of TIM-3 and PD-1

expression (p=0.9737; r=-0.0006) on CD4+ T cells.
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Figure 3.8 Correlation of expression on exhaustion markers A) CD4+ TIM-3+ and CD8+
TIM-3+ B) CD4+ PD-1+ and CD8+ PD-1+ C) CD8+ TIM-3+ and CD8+ PD-1+ and D)
CD4+ TIM-3+ and CD4+ PD-1+.
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3.3.8 Longitudinal follow-up: TIM-3 expression levels on T cells were maintained at
high levels and tracked with HIV viral load.

In order to complement our cross-sectional data we next had the unique opportunity to
investigate expression of PD-1 and TIM-3 longitudinally in an HIV-1 infected child over a 20
month period. PD-1 and TIM-3 expression on CD8+ T cells were maintained at high levels
over time and in this participant appears to track positively with viral load and inversely with
CDA4 T cell %. Furthermore, expression of PD-1 and TIM-3 on CD4+ T cells track positively

with viral load and inversely with CD4 T cell %.
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Figure 3.9 Longitudinal assessment of clinical markers and markers of exhaustion with A)

CD8+ TIM-3+ and CD8+ PD-1+ and B) CD4+ TIM-3+ and CD4+ PD-1+.
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3.4  DISCUSSION

Studies on paediatric HIV patient populations are limited but crucial to our goal of an HIV-
free generation. There is an obvious difference in disease progression and immunology of
children in reference to adults. Consequently, it is imperative not to extrapolate but rather to
investigate the mechanisms underlying paediatric infection. To date no studies have been
performed to investigate the role of TIM-3 in HIV-1 infected children and no data is available
in the context of HIV-1 infection. The present study aimed to investigate the mechanism
underlying the association between T cell progressive exhaustion and HIV replication in an
African cohort of HIV-1 clade C infected children. Our results showed a significant
difference in TIM-3 and PD-1 T cell expression profiles between HIV-1 infected children and
uninfected children, with CD8+ T cells having an increased expression of TIM-3 in
comparison to CD4+ T cells. Our findings demonstrated no association between TIM-3 and
PD-1 expression markers with markers of disease progression in contradiction to
observations in adults (Jones et al., 2008b, Day et al., 2006). Finally our study demonstrated a

positive association between TIM-3 and PD-1 in an HIV-1 paediatric disease setting.

Paediatric infection is characterised by elevated viral loads (Mellors et al., 1997, Dickover et
al., 1998, Shearer et al., 1997, Rouet et al., 2003). Higher viral loads results in persistent
antigenic stimulation which lead to immune exhaustion rendering effector cells
dysfunctional, as documented in HIV and HCV (Khaitan and Unutmaz, 2011, Kasprowicz et
al., 2008). TIM-3 and PD-1 have previously been found to correlate with markers of disease
progression such as viral load and inversely with absolute CD4+ T cell count (Wu et al.,
2011, Vali et al., 2010, Jones et al., 2008b, Day et al., 2006). Our study found no association
between clinical markers of disease and TIM-3+ expression, and a negative association

between CD4 T cell % and PD-1+expression.
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Children have an immature immune system with ineffective or suppressed effector function
that contributes to the inability of cells to proliferate and effectively control HIV replication.
It is still unclear whether CD8+ T cells in children are ineffective, and/or immature or
completely suppressed? Our results, further confirm an elevated level of exhaustion on
CD8+T cells compared to CD4+ T cells which could contribute to ineffective CD8+ T cell
responses in children, or more simply could also mean that these markers better discriminate
CD8+ T cells in comparison to CD4+ T cells. Hence, the difference between CD4 and CD8
cell could be attributed to CD8 or CD4 compensation controls, or variation in subset
expression and may be a true reflection of expression of these markers on CD4 and CD8 cells
in children. The analysis of an additional timepoint would have proven beneficial to confirm

these results.

General T cell exhaustion was further corroborated by the next component that showed TIM-
3 and PD-1 to be elevated in HIV-1 infected children in comparison to uninfected children.
Other adult studies have confirmed elevation of TIM-3 on CD4+ T cells and CD8+ T cells in
HIV infection (Jones et al., 2008b), chronic hepatitis C virus infection (Golden-Mason et al.,
2009) and in pregnancy (Zhao et al., 2009). A recent study demonstrated PD-1 to be a
marked negative regulator of activated T cells in children (Prendergast et al., 2011). PD-1
expression on CD8+ T cells was found to be higher in the HIV-infected group in comparison
to the HIV-uninfected children. Our study confirmed these findings; we documented elevated
expression levels on CD8+ T cells in comparison to CD4+ T cells for both TIM-3 and PD-1
inhibitory molecules. Levels of Tim-3 and PD-1 observed in this study of HIV-1 clade C
infection were higher than those reported from previous studies in HIV-1 clade B

infection.(Jones et al., 2008b).
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Additionally, our study had the rare advantage of being able to document of expression of
TIM-3 and PD-1 on T cells longitudinally over a twenty month period. The results revealed
that TIM-3 and PD-1 expressing CD4+ and CD8+ T cells were maintained at high levels and
tracked with HIV viral load. Due to limitation in sample size we were unable to describe
immune responses over time which would have proven valuable as exhaustion markers have
been implemented in the suppression of immune responses. Our investigation of longitudinal
data also showed a change in CD4% (increase) and HIV viral load (sharp decrease).
However, we did not have clinical data supporting concomitant infection, treatment or
another clinical scenario explaining the drop in HIV viral load with concomitant mild
increase in CD4 T cell count. The fact that CD4 count was higher as well would be
consistent with a biological phenomenon; however a lab error in original sample acquisition
cannot be entirely excluded. To rule out day to day assay variation all 5 timepoints were
stained and processed for flowcytometric analysis on the same day, which makes a lab error

at this stage less likely, given the consistent data for the other 4 time points.

In vitro experiments reveal the extent to which exhaustion markers suppress effector
functions (Khaitan and Unutmaz, 2011, Day et al., 2006, Jin et al., 2010, Ju et al., 2009, Jin et
al.). Blocking of the PD-1 and TIM-3 pathway alone restores immune responses which
enable the immune system to mount a more vigorous attack against foreign infections.
However, simultaneous blockade of TIM-3 and PD-1 pathways has been documented to have
a synergistic effect in restoring antiviral immunity and viral control compared to the blockade
of either pathway alone (Jin et al.). Reversal of T cell dysfunction may prove valuable in
therapeutic vaccine development. Noteworthy, Phase | clinical trials are currently being

carried out to evaluate the efficacy of the use of PD-1 blockade therapeutically in oncology
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and infectious disease settings (Brahmer et al., 2010, Berger et al., 2008, Sakuishi et al.,

2011).

As this was a retrospective design the investigators were restricted. The investigators were
restricted in sample choice and availability. Given the dynamic nature of the developing
immune system, age-related differences were noted but unavoidable and are acknowledged as
a limitation in interpreting the data. The investigators also acknowledge that uninfected
children from uninfected mothers would have been an additional relevant control cohort.
Furthermore, our study was limited by the relatively small sample size for a phenotypic study
and flow panel constraints that restricted our investigation of co-expression of PD-1 and
TIM-3 on a single T cell. Noteworthy, functional studies would clearly have added an
interesting and important component to the work. However, limited availability of cells from
these paediatric samples restricted the investigators largely to the phenotypic studies
described here (exception: functional Treg work in chapter 4). Furthermore, functional work
best carried out on fresh samples. However, to our knowledge it represents the largest study
addressing this topic matter in the literature to date. Our data is the first to report TIM-3
expression in HIV-1 infected children and suggests that expression of both PD-1 and TIM-3
exhaustion markers additively contribute to the failure to control viral load and to accelerate

disease progression in this vulnerable paediatric population.

We conclude that Tim-3, in concert with other inhibitory molecules such as PD-1, were
elevated in paediatric HIVV-1 clade C infection. This elevated expression on T cells from
perinatally infected children suggests that both TIM-3 and PD-1 contribute to T cell
exhaustion in this paediatric patient population. This could explain why younger newly

infected children are unable to control HIV infection and show low magnitude and breadth
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suggesting limited HIV-1 specific T cell immunity. To reiterate, our study is the first to
describe the contribution of TIM-3 to HIV pathogenesis in HIV-1 infected children and in
HIV-1 subtype C infection no data is available in the context of HIV-1 infection. Exploring
negative T cell regulation provides an obvious therapeutic advantage of reversing effects of

the exhaustion markers Tim-3, in concert with other inhibitory molecules such as PD-1.

140|Chapter 3: TIM-3 and PD-1



REFERENCES

ANDERSON, A. C. & ANDERSON, D. E. 2006. TIM-3 in autoimmunity. Curr Opin
Immunol, 18, 665-9.

BERGER, R., ROTEM-YEHUDAR, R., SLAMA, G., LANDES, S., KNELLER, A., LEIBA,
M., KOREN-MICHOWITZ, M., SHIMONI, A. & NAGLER, A. 2008. Phase | safety
and pharmacokinetic study of CT-011, a humanized antibody interacting with PD-1,
in patients with advanced hematologic malignancies. Clin Cancer Res, 14, 3044-51.

BRAHMER, J. R.,, DRAKE, C. G., WOLLNER, I, POWDERLY, J. D., PICUS, J.,
SHARFMAN, W. H., STANKEVICH, E., PONS, A., SALAY, T. M., MCMILLER,
T. L., GILSON, M. M., WANG, C., SELBY, M., TAUBE, J. M., ANDERS, R,
CHEN, L., KORMAN, A. J., PARDOLL, D. M., LOWY, I. & TOPALIAN, S. L.
2010. Phase | study of single-agent anti-programmed death-1 (MDX-1106) in
refractory solid tumors: safety, clinical activity, pharmacodynamics, and immunologic
correlates. J Clin Oncol, 28, 3167-75.

BRUMME, Z., WANG, B., NAIR, K., BRUMME, C., DE PIERRES, C., REDDY, S., JULG,
B., MOODLEY, E., THOBAKGALE, C., LU, Z., VAN DER STOK, M., BISHOP,
K., MNCUBE, Z., CHONCO, F., YUKI, Y., FRAHM, N., BRANDER, C.,
CARRINGTON, M., FREEDBERG, K., KIEPIELA, P., GOULDER, P., WALKER,
B., NDUNG'U, T. & LOSINA, E. 2009. Impact of select immunologic and virologic
biomarkers on CD4 cell count decrease in patients with chronic HIV-1 subtype C
infection: results from Sinikithemba Cohort, Durban, South Africa. Clin Infect Dis,
49, 956-64.

CALLENDRET, B. & WALKER, C. A siege of hepatitis: immune boost for viral hepatitis.
Nat Med, 17, 252-3.

DAY, C. L., KAUFMANN, D. E., KIEPIELA, P., BROWN, J. A.,, MOODLEY, E. S,
REDDY, S., MACKEY, E. W., MILLER, J. D., LESLIE, A. J., DEPIERRES, C.,
MNCUBE, Z., DURAISWAMY, J., ZHU, B., EICHBAUM, Q., ALTFELD, M.,
WHERRY, E. J.,, COOVADIA, H. M., GOULDER, P. J., KLENERMAN, P.,
AHMED, R., FREEMAN, G. J. & WALKER, B. D. 2006. PD-1 expression on HIV-
specific T cells is associated with T-cell exhaustion and disease progression. Nature,
443, 350-4.

DAY, C. L., KIEPIELA, P., LESLIE, A. J., VAN DER STOK, M., NAIR, K., ISMAIL, N.,
HONEYBORNE, I, CRAWFORD, H., COOVADIA, H. M., GOULDER, P. J.,
WALKER, B. D. & KLENERMAN, P. 2007. Proliferative capacity of epitope-
specific CD8 T-cell responses is inversely related to viral load in chronic human
immunodeficiency virus type 1 infection. J Virol, 81, 434-8.

DICKOVER, R. E., DILLON, M., LEUNG, K. M., KROGSTAD, P., PLAEGER, S,
KWOK, S., CHRISTOPHERSON, C., DEVEIKIS, A., KELLER, M., STIEHM, E. R.
& BRYSON, Y. J. 1998. Early prognostic indicators in primary perinatal human
immunodeficiency virus type 1 infection: importance of viral RNA and the timing of
transmission on long-term outcome. J Infect Dis, 178, 375-87.

GAMBERG, J. C., BOWMER, M. |, TRAHEY, J. C., CAMPBELL, C. M., PARDCE, |. &
GRANT, M. D. 1999. Functional and genetic integrity of the CD8 T-cell repertoire in
advanced HIV infection. AIDS, 13, 2043-53.

GOLDEN-MASON, L., PALMER, B. E., KASSAM, N., TOWNSHEND-BULSON, L.,
LIVINGSTON, S., MCMAHON, B. J.,, CASTELBLANCO, N., KUCHROO, V.,
GRETCH, D. R. & ROSEN, H. R. 2009. Negative immune regulator Tim-3 is
overexpressed on T cells in hepatitis C virus infection and its blockade rescues
dysfunctional CD4+ and CD8+ T cells. J Virol, 83, 9122-30.

141|Chapter 3: TIM-3 and PD-1



GRATAMA, J. W., KRAAN, J., KEENEY, M., GRANGER, V. & BARNETT, D. 2002.
Reduction of variation in T-cell subset enumeration among 55 laboratories using
single-platform, three or four-color flow cytometry based on CD45 and SSC-based
gating of lymphocytes. Cytometry, 50, 92-101.

GUAY, L. A, MUSOKE, P., FLEMING, T., BAGENDA, D., ALLEN, M., NAKABIITO,
C., SHERMAN, J., BAKAKI, P.,, DUCAR, C., DESEYVE, M., EMEL, L.,
MIROCHNICK, M., FOWLER, M. G., MOFENSON, L., MIOTTI, P,
DRANSFIELD, K., BRAY, D., MMIRO, F. & JACKSON, J. B. 1999. Intrapartum
and neonatal single-dose nevirapine compared with zidovudine for prevention of
mother-to-child transmission of HIV-1 in Kampala, Uganda: HIVNET 012
randomised trial. Lancet, 354, 795-802.

HENAO-TAMAYO, M., IRWIN, S. M., SHANG, S., ORDWAY, D. & ORME, I. M. 2011.
T lymphocyte surface expression of exhaustion markers as biomarkers of the efficacy
of chemotherapy for tuberculosis. Tuberculosis (Edinb), 91, 308-13.

HONEYBORNE, I, PRENDERGAST, A., PEREYRA, F., LESLIE, A., CRAWFORD, H.,
PAYNE, R., REDDY, S., BISHOP, K., MOODLEY, E., NAIR, K., VAN DER
STOK, M., MCCARTHY, N., ROUSSEAU, C. M., ADDO, M., MULLINS, J. 1,
BRANDER, C., KIEPIELA, P., WALKER, B. D. & GOULDER, P. J. 2007. Control
of human immunodeficiency virus type 1 is associated with HLA-B*13 and targeting
of multiple gag-specific CD8+ T-cell epitopes. J Virol, 81, 3667-72.

JACKSON, J. B.,, MUSOKE, P., FLEMING, T., GUAY, L. A, BAGENDA, D., ALLEN,
M., NAKABIITO, C., SHERMAN, J., BAKAKI, P., OWOR, M., DUCAR, C,,
DESEYVE, M., MWATHA, A., EMEL, L., DUEFIELD, C., MIROCHNICK, M.,
FOWLER, M. G., MOFENSON, L., MIOTTI, P., GIGLIOTTI, M., BRAY, D. &
MMIRO, F. 2003. Intrapartum and neonatal single-dose nevirapine compared with
zidovudine for prevention of mother-to-child transmission of HIV-1 in Kampala,
Uganda: 18-month follow-up of the HIVNET 012 randomised trial. Lancet, 362, 859-
68.

JIN, H. T., ANDERSON, A. C., TAN, W. G,, WEST, E. E., HA, S. J., ARAKI, K,
FREEMAN, G. J.,, KUCHROO, V. K. & AHMED, R. Cooperation of Tim-3 and PD-
1 in CD8 T-cell exhaustion during chronic viral infection. Proc Natl Acad Sci U S A,
107, 14733-8.

JIN, H. T., ANDERSON, A. C., TAN, W. G.,, WEST, E. E,, HA, S. J,, ARAKI, K,
FREEMAN, G. J., KUCHROO, V. K. & AHMED, R. 2010. Cooperation of Tim-3
and PD-1 in CD8 T-cell exhaustion during chronic viral infection. Proc Natl Acad Sci
USA, 107, 14733-8.

JONES, B. L. C. N,, 5 JASON D. BARBOUR , 6, PRAMEET M. SHETH , A. R. J., 5
BRIAN R. LONG , 5 JESSICA C. WONG , 1, MALATHY SATKUNARAJAH , M.
S., 5JOAN M. CHAPMAN , 5, GABOR GYENES, B. V., 2 MARTIN D. HYRCZA
, 2 FENG YUN YUE , 1, COLIN KOVACS , A. S.,, 8 MONA LOUTFY , 7
ROBERTA HALPENNY , 7, DESMOND PERSAD , G. S., 6 FREDERICK M.
HECHT , 6 TAE-WOOK CHUN , 9, JOSEPH M. MCCUNE , R. K., 2 JAMES M.
RINI , 3 DOUGLAS F. NIXON , 5 & OSTROWSKI, A. M. A. 2008a. Tim-3
expression defi nes a novel population of dysfunctional T cells with highly elevated
frequencies in progressive HIV-1 infection. J. Exp. Med. Vol. 205 No. 12 2763-2779.

JONES, R. B., NDHLOVU, L. C., BARBOUR, J. D., SHETH, P. M., JHA, A. R., LONG, B.
R., WONG, J. C., SATKUNARAJAH, M., SCHWENEKER, M., CHAPMAN, J. M.,
GYENES, G., VALI, B., HYRCZA, M. D., YUE, F. Y., KOVACS, C., SASSI, A,
LOUTFY, M., HALPENNY, R., PERSAD, D., SPOTTS, G., HECHT, F. M., CHUN,
T.W., MCCUNE, J. M., KAUL, R., RINI, J. M., NIXON, D. F. & OSTROWSKI, M.

142|Chapter 3: TIM-3 and PD-1



A. 2008b. Tim-3 expression defines a novel population of dysfunctional T cells with
highly elevated frequencies in progressive HIV-1 infection. J Exp Med, 205, 2763-79.

JU, Y., HOU, N., ZHANG, X. N., ZHAO, D., LIU, Y., WANG, J. J,, LUAN, F., SHI, W.,
ZHU, F. L., SUN, W. S., ZHANG, L. N., GAOQ, C. J,, GAQ, L. F.,, LIANG, X. H. &
MA, C. H. 2009. Blockade of Tim-3 pathway ameliorates interferon-gamma
production from hepatic CD8+ T cells in a mouse model of hepatitis B virus infection.
Cell Mol Immunol, 6, 35-43.

KASPROWICZ, V., SCHULZE ZUR WIESCH, J.,, KUNTZEN, T., NOLAN, B. E,
LONGWORTH, S., BERICAL, A., BLUM, J.,, MCMAHON, C., REYOR, L. L.,
ELIAS, N., KWOK, W. W., MCGOVERN, B. G., FREEMAN, G., CHUNG, R. T.,
KLENERMAN, P., LEWIS-XIMENEZ, L., WALKER, B. D., ALLEN, T. M., KIM,
A. Y. & LAUER, G. M. 2008. High level of PD-1 expression on hepatitis C virus
(HCV)-specific CD8+ and CD4+ T cells during acute HCV infection, irrespective of
clinical outcome. J Virol, 82, 3154-60.

KHAITAN, A. & UNUTMAZ, D. 2011. Revisiting immune exhaustion during HIV
infection. Curr HIV/AIDS Rep, 8, 4-11.

KIEPIELA, P., LESLIE, A. J., HONEYBORNE, I., RAMDUTH, D., THOBAKGALE, C,,
CHETTY, S., RATHNAVALU, P., MOORE, C., PFAFFEROTT, K. J., HILTON, L.,
ZIMBWA, P., MOORE, S., ALLEN, T., BRANDER, C., ADDO, M. M., ALTFELD,
M., JAMES, I, MALLAL, S., BUNCE, M., BARBER, L. D., SZINGER, J., DAY,
C., KLENERMAN, P., MULLINS, J.,, KORBER, B., COOVADIA, H. M.,
WALKER, B. D. & GOULDER, P. J. 2004. Dominant influence of HLA-B in
mediating the potential co-evolution of HIV and HLA. Nature, 432, 769-75.

KIEPIELA, P., NGUMBELA, K., THOBAKGALE, C., RAMDUTH, D., HONEYBORNE,
I., MOODLEY, E., REDDY, S., DE PIERRES, C., MNCUBE, Z., MKHWANAZI,
N., BISHOP, K., VAN DER STOK, M., NAIR, K., KHAN, N., CRAWFORD, H.,
PAYNE, R., LESLIE, A., PRADO, J., PRENDERGAST, A., FRATER, J,
MCCARTHY, N., BRANDER, C., LEARN, G. H., NICKLE, D., ROUSSEAU, C.,
COOVADIA, H., MULLINS, J. I, HECKERMAN, D., WALKER, B. D. &
GOULDER, P. 2007. CD8+ T-cell responses to different HIV proteins have
discordant associations with viral load. Nat Med, 13, 46-53.

KOGUCHI, K., ANDERSON, D. E., YANG, L., O'CONNOR, K. C., KUCHROQOO, V. K. &
HAFLER, D. A. 2006. Dysregulated T cell expression of TIM3 in multiple sclerosis.
J Exp Med, 203, 1413-8.

KUCHROQO, V. K., DARDALHON, V., XIAO, S. & ANDERSON, A. C. 2008. New roles
for TIM family members in immune regulation. Nat Rev Immunol, 8, 577-80.

KUCHROQO, V. K., UMETSU, D. T., DEKRUYFF, R. H. & FREEMAN, G. J. 2003. The
TIM gene family: emerging roles in immunity and disease. Nat Rev Immunol, 3, 454-
62.

MARIAT, C., SANCHEZ-FUEYO, A., ALEXOPOULOS, S. P., KENNY, J., STROM, T. B.
& ZHENG, X. X. 2005. Regulation of T cell dependent immune responses by TIM
family members. Philos Trans R Soc Lond B Biol Sci, 360, 1681-5.

MELLORS, J. W., MUNOZ, A., GIORGI, J. V., MARGOLICK, J. B., TASSONI, C. J.,,
GUPTA, P, KINGSLEY, L. A.,, TODD, J. A, SAAH, A. J., DETELS, R., PHAIR, J.
P. & RINALDO, C. R., JR. 1997. Plasma viral load and CD4+ lymphocytes as
prognostic markers of HIV-1 infection. Ann Intern Med, 126, 946-54.

MONNEY, L., SABATOS, C. A.,, GAGLIA, J. L., RYU, A., WALDNER, H., CHERNOVA,
T., MANNING, S., GREENFIELD, E. A., COYLE, A. J., SOBEL, R. A,
FREEMAN, G. J. & KUCHROO, V. K. 2002. Thi-specific cell surface protein Tim-3

143|Chapter 3: TIM-3 and PD-1



regulates macrophage activation and severity of an autoimmune disease. Nature, 415,
536-41.

MPHATSWE, W., BLANCKENBERG, N., TUDOR-WILLIAMS, G., PRENDERGAST, A.,
THOBAKGALE, C., MKHWANAZI, N., MCCARTHY, N., WALKER, B. D.,
KIEPIELA, P. & GOULDER, P. 2007. High frequency of rapid immunological
progression in African infants infected in the era of perinatal HIV prophylaxis. AIDS,
21, 1253-61.

PRENDERGAST, A., OCALLAGHAN, M., MENSON, E., HAMADACHE, D.,
WALTERS, S., KLEIN, N. & GOULDER, P. J. 2011. Factors influencing T cell
activation and PD-1 expression in HIV-infected children. AIDS Res Hum
Retroviruses.

RAMDUTH, D., DAY, C. L., THOBAKGALE, C. F., MKHWANAZI, N. P., DE PIERRES,
C., REDDY, S., VAN DER STOK, M., MNCUBE, Z., NAIR, K., MOODLEY, E. S.,
KAUFMANN, D. E., STREECK, H., COOVADIA, H. M. KIEPIELA, P.,
GOULDER, P. J. & WALKER, B. D. 2009. Immunodominant HIV-1 Cd4+ T cell
epitopes in chronic untreated clade C HIV-1 infection. PLoS One, 4, e5013.

ROUET, F., SAKAROVITCH, C., MSELLATI, P., ELENGA, N., MONTCHO, C., VIHO,
I., BLANCHE, S., ROUZIOUX, C., DABIS, F. & LEROQY, V. 2003. Pediatric viral
human immunodeficiency virus type 1 RNA levels, timing of infection, and disease
progression in African HIV-1-infected children. Pediatrics, 112, e289.

SAKUISHI, K., APETOH, L., SULLIVAN, J. M., BLAZAR, B. R., KUCHROOQO, V. K. &
ANDERSON, A. C. Targeting Tim-3 and PD-1 pathways to reverse T cell exhaustion
and restore anti-tumor immunity. J Exp Med, 207, 2187-94.

SAKUISHI, K., JAYARAMAN, P., BEHAR, S. M., ANDERSON, A. C. & KUCHROO, V.
K. 2011. Emerging Tim-3 functions in antimicrobial and tumor immunity. Trends
Immunol, 32, 345-9.

SANCHEZ-FUEYO, A., TIAN, J., PICARELLA, D., DOMENIG, C., ZHENG, X. X,,
SABATOS, C. A,, MANLONGAT, N., BENDER, O., KAMRADT, T., KUCHROO,
V. K., GUTIERREZ-RAMOS, J. C., COYLE, A. J. & STROM, T. B. 2003. Tim-3
inhibits T helper type 1-mediated auto- and alloimmune responses and promotes
immunological tolerance. Nat Immunol, 4, 1093-101.

SHEARER, W. T., QUINN, T. C., LARUSSA, P., LEW, J. F., MOFENSON, L., ALMY, S.,
RICH, K., HANDELSMAN, E., DIAZ, C., PAGANO, M., SMERIGLIO, V. &
KALISH, L. A. 1997. Viral load and disease progression in infants infected with
human immunodeficiency virus type 1. Women and Infants Transmission Study
Group. N Engl J Med, 336, 1337-42.

THOBAKGALE, C. F.,, PRENDERGAST, A., CRAWFORD, H., MKHWANAZI, N.,
RAMDUTH, D., REDDY, S., MOLINA, C., MNCUBE, Z., LESLIE, A., PRADO, J.,
CHONCO, F.,, MPHATSHWE, W., TUDOR-WILLIAMS, G., JEENA, P,
BLANCKENBERG, N., DONG, K., KIEPIELA, P., COOVADIA, H., NDUNG'U,
T., WALKER, B. D. & GOULDER, P. J. 2009. Impact of HLA in mother and child
on disease progression of pediatric human immunodeficiency virus type 1 infection. J
Virol, 83, 10234-44.

THOBAKGALE, C. F.,, RAMDUTH, D., REDDY, S., MKHWANAZI, N., DE PIERRES,
C., MOODLEY, E., MPHATSWE, W., BLANCKENBERG, N., CENGIMBO, A,
PRENDERGAST, A., TUDOR-WILLIAMS, G., DONG, K., JEENA, P., KINDRA,
G., BOBAT, R., COOVADIA, H., KIEPIELA, P., WALKER, B. D. & GOULDER,
P. J. 2007. Human immunodeficiency virus-specific CD8+ T-cell activity is
detectable from birth in the majority of in utero-infected infants. J Virol, 81, 12775-
84.

1l44|Chapter 3: TIM-3 and PD-1



VALI, B., JONES, R. B., SAKHDARI, A., SHETH, P. M., CLAYTON, K., YUE, F. Y.,
GYENES, G., WONG, D., KLEIN, M. B., SAEED, S., BENKO, E., KOVACS, C.,
KAUL, R. & OSTROWSKI, M. A. 2010. HCV-specific T cells in HCV/HIV co-
infection show elevated frequencies of dual Tim-3/PD-1 expression that correlate with
liver disease progression. Eur J Immunol, 40, 2493-505.

WANG, F., HE, W., YUAN, J., WU, K., ZHOU, H., ZHANG, W. & CHEN, Z. K. 2008.
Activation of Tim-3-Galectin-9 pathway improves survival of fully allogeneic skin
grafts. Transpl Immunol, 19, 12-9.

WANG, F., WAN, L., ZHANG, C., ZHENG, X., LI, J. & CHEN, Z. K. 2009. Tim-3-
Galectin-9 pathway involves the suppression induced by CD4+CD25+ regulatory T
cells. Immunobiology, 214, 342-9.

WU, W., SHI, Y., LI, J., CHEN, F., CHEN, Z. & ZHENG, M. 2011. Tim-3 expression on
peripheral T cell subsets correlates with disease progression in hepatitis B infection.
Virol J, 8, 113.

YU, X. G., LICHTERFELD, M., CHETTY, S., WILLIAMS, K. L., MUI, S. K., MIURA, T.,
FRAHM, N., FEENEY, M. E., TANG, Y., PEREYRA, F.,, LABUTE, M. X,
PFAFFEROTT, K., LESLIE, A.,, CRAWFORD, H. ALLGAIER, R,
HILDEBRAND, W., KASLOW, R., BRANDER, C., ALLEN, T. M., ROSENBERG,
E. S., KIEPIELA, P., VAIPAYEE, M., GOEPFERT, P. A, ALTFELD, M.,
GOULDER, P. J. & WALKER, B. D. 2007. Mutually exclusive T-cell receptor
induction and differential susceptibility to human immunodeficiency virus type 1
mutational escape associated with a two-amino-acid difference between HLA class |
subtypes. J Virol, 81, 1619-31.

ZHANG, Y., MA, C.J.,, WANG, J. M, JI, X. J.,, WU, X. Y, JIA, Z. S,, MOORMAN, J. P. &
YAO, Z. Q. 2011. Tim-3 negatively regulates IL-12 expression by monocytes in HCV
infection. PLoS One, 6, e19664.

ZHAO, J., LEI, Z., LIU, Y., LI, B.,, ZHANG, L., FANG, H., SONG, C., WANG, X,
ZHANG, G. M., FENG, Z. H. & HUANG, B. 2009. Human pregnancy up-regulates
Tim-3 in innate immune cells for systemic immunity. J Immunol, 182, 6618-24.

ZHOU, Q., MUNGER, M. E., VEENSTRA, R. G., WEIGEL, B. J., HIRASHIMA, M.,
MUNN, D. H., MURPHY, W. J.,, AZUMA, M., ANDERSON, A. C., KUCHROO, V.
K. & BLAZAR, B. R. Coexpression of Tim-3 and PD-1 identifies a CD8+ T-cell
exhaustion phenotype in mice with disseminated acute myelogenous leukemia. Blood,
117, 4501-10.

ZHU, C., ANDERSON, A. C., SCHUBART, A., XIONG, H., IMITOLA, J., KHOURY, S.
J., ZHENG, X. X., STROM, T. B. & KUCHROO, V. K. 2005. The Tim-3 ligand
galectin-9 negatively regulates T helper type 1 immunity. Nat Immunol, 6, 1245-52.

145|Chapter 3: TIM-3 and PD-1



CHAPTER FOUR
The role of regulatory T cells (Tregs) and immune activation in HIV-1 clade C infected

African children

ABSTRACT

Background: Generalized immune activation has repeatedly been associated with poor
outcome in HIV-1 disease progression. To date, limited studies have been performed to
investigate the role of Tregs and activation in HIV-1 clade C infected children. We therefore
aimed to study the impact of Tregs and activation expression profiles on HIV-1 disease

progression, in clade C infected children.

Materials and Methods: Our study investigated the frequency of Tregs (CD4+CD127-
CD25+) and T cell activation (HLA-DR+ CD38+) in 46 clade C infected children, using
multi-parameter flow cytometric assays. Treg expansion with subsequent Treg suppression

assay confirmed functional capacity of Tregs.

Results: We observed a statistically significant negative correlation between Treg
frequencies and CD4+ T cell% (p=-0.0362, r=-0.3132). No significant correlations between
Tregs and activation markers, or markers of disease progression such as absolute CD4+ T cell
count and viral load were observed. The expression of HLA-DR+CD38+ on CD8+ T cells
was found to be significantly higher on untreated compared to treated (p=0.002) and
uninfected children (p=0.0177) Similarly HLA-DR+CD38+ expression on CD4+ T cells was
significantly higher in untreated compared to treated (p=0.0495) and uninfected children
(p=0.0312). The expression of activation markers on CD4+ and CD8+ T cells revealed a
positive correlation (p<0.001, r=0.6376). Markers of activation were also found to be

significantly higher in the children aged less than 6 months in comparison to older children
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on CD4+ (p=0.0437) and CD8+ T cells (p=0.00276). In addition to our phenotypic studies
we were able to expand Tregs from HIV-1 infected children and demonstrated their ability to

suppress T cell proliferation.

Conclusion: We demonstrate that the expression of Treg and T cell activation markers are
elevated in paediatric HIV-1 clade C infection. High Treg frequencies in perinatally infected
children suggest that Tregs may contribute to T cell suppression in children, with highest
frequency in the age group of < 6 months, when HIV-1 specific T cell immunity is of lowest

magnitude and breadth.

Key words: Treg; Regulatory T cells; T cell Activation; paediatric; children; HIV-1
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4.1 INTRODUCTION

Adults and children differ in disease progression denoting a variation in clinical outcome
(Holland et al., 2000, Resino et al., 2002b, Resino et al., 2002a). In HIV-1 infected children,
the levels of plasma viremia are persistently high, with declines only observed in the second
year of life. In general, it is presumed that these young children respond ineffectively due to
immature or defective cell functionality (Ashwood et al., 2011, Ly et al., 2009, Ochieng et
al., 2006). T cell efficacy can be related to cell activation, the levels of cell expression and
cell-cell interaction. Phenotypic markers facilitate the discrimination of cell populations,
specific subsets and their functional capabilities. It is known that the pathogenesis of HIV-1
infection is characterized by CD4+ T cell loss in the context of generalized immune
activation and dysregulation. (Papagno et al., 2004, Giorgi et al., 1999, Liu et al., 1998,
Putnam et al., 2009). To date, limited research has been carried out that characterizes

activation and regulatory T cell subsets between infected and uninfected African children.

HLA-DR and CD38 are surface markers of T cell activation. In HIV uninfected individuals
CD38 is expressed in relatively greater numbers by naive lymphocytes, while in HIV infected
individuals, CD38 is expressed by CD8+ memory T cells (Benito et al., 2005). Immune
activation is commonly characterized as either CD38+ or HLA-DR+ or dual expression of
CD38 and HLA-DR, on T lymphocytes (Giorgi et al., 1994, Ho et al., 1993, Liu et al., 1997).
Immune activation markers expressed on CD8+ T cells have been documented to be strong
and independent predictors of disease progression (Liu et al., 1997). Elevated levels of CD38
in chronically infected individuals suggested that CD38 was the most predictive marker for
the development of a clinical AIDS diagnosis and death. Activated T cells have also been
shown to express HLA-DR at elevated levels (Saifuddin et al., 1998). Cross sectional and

longitudinal studies also showed an increase of dual expression of CD38+ and HLA-DR+
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over the course of infection. There is a progressive increase in expression towards later stages

of HIV-1 infection (Kestens et al., 1992, Sindhu et al., 2003, Liu et al., 1996).

T cell subsets differ in infants compared to adults (Birle et al., 2003). When lymphocyte
activation in healthy unexposed infants was compared to uninfected infants of HIV-infected
mothers, the proportions of activated CD4+ cells were increased in uninfected infants of
HIV-infected mothers compared to unexposed infants. (Jennings et al., 1994). Another study
investigated co-expression levels of activation markers HLA-DR and CD38, in clade B age-
matched children. The study demonstrated that CD4+ T cells co-expressing CD38 and HLA-
DR were significantly increased in HIV infected children compared to uninfected children.
The CDA4+ cells of the uninfected and infected children exhibited a mean expression of 2 vs
6% for < 2 years of age, 3 vs 11% for 2-3 years, 2 vs 8% for >4 years respectively. There was
a significant increase in the proportion of CD8+ cells co-expressing CD38 and HLA-DR
with a mean of 5 vs 25% for < 2 years, 10 vs 41% for 2-3 years, 6 vs 31% for > 4 years
exhibited for uninfected vs infected children (Bhatia et al., 2010, Plaeger-Marshall et al.,

1994) These findings confirm the possible effect of immune activation on immune responses.

A recent study investigated activation in 194 children receiving HAART. These children
were divided into two groups according to the viral load: 59 patients with VL > 400
copies/mL and 135 patients with VL < 400 copies/mL. The percentage of CD8+ CD38/HLA-
DR+ T cells of patients with VL > 400 copies/mL was significantly higher than that of
patients with VL < 400 copies/mL, concluding that successful HAART could significantly

decrease immune activation in children (Jin et al., 2011).
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As immune activation appears to play a deleterious role in both progression and acquisition
of HIV-1 infection, immune mechanisms with the ability to decrease inflammation may be
beneficial, and play a significant role in maintaining the fine balance of the
immunoregulatory equilibrium, in peripheral blood and at mucosal sites (Favre et al., 2009).

Regulatory T cells (Tregs) are a specialized subpopulation of T cells that are discriminated
as ‘naturally arising” CD25+CD4+ Tregs in which the frequency of the transcription factor
forkhead box p3 (Fox3) occurs in the thymus (Curiel, 2007), or as ‘induced’ Tregs in which
FoxP3 is induced in the periphery (Sakaguchi, 2004). Quantitative identification and viable
enrichment of natural Tregs in humans are problematic, and warrants further investigation in
order to understand these cells in disease. More commonly, Treg cells are defined based on
the frequency of CD4+CD25+ and the transcription factor FoxP3+ however, alternate
phenotypes CD4+CD25+CD127- have also been documented for use in Treg discrimination
(Liu et al., 2006, Seddiki and Kelleher, 2008). Treg identification cannot uniquely define
these specialized T cell subsets (Fehervari and Sakaguchi, 2004), however with methods such
as sorting etc. the discrimination of Treg sub-populations have become more distinct.
Studies have shown that IL-7R plays an important role in the proliferation and differentiation
of mature T cells, and in vitro experiments show that the expression of CD127 is down-
regulated following T cell activation. CD127 expression inversely correlates with FoxP3 and
suppressive function of human CD4+ Treg cell (Liu et al., 2006). The phenotype
CD3+CD4+CD25+CD127- has been used to successfully define and sort functional
regulatory T cells in previous studies. Treg cells are defined based on the frequency of
CD4+CD25+ and the transcription factor FoxP3+ however; alternate phenotypes such as
CD4+CD25+CD127- have also been documented for use in Treg discrimination and isolation

of functional Tregs for suppression assays .
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Tregs are critical regulators of immune tolerance, averting the production of self reactive T
cells which have the potential to generate autoimmune disease in the host. Tregs suppress
activation of the immune cells and responses, and depletion of Tregs is associated with
immune activation in HIV (Eggena et al., 2005). The suppressive activity may limit the
magnitude of effector response, contributing to the lack of viral control. Concurrently, it
suppresses chronic immune activation which indicates disease progression. Treg number is
also strongly correlated with both CD4+ and CD8" T cell activation, and the relationship
between Treg depletion and CD4" T cell activation has also been found to be constantly

stronger than viral load and absolute CD4+ T cell count (Eggena et al., 2004).

Tregs have been implicated in many diseases such as lupus (Valencia et al., 2007), multiple
sclerosis (Huan et al., 2005), HIV (Prendergast et al., 2011a, Hunt et al., 2011, Weiss et al.,
2010, Sachdeva et al., 2010, Prendergast et al., 2010), HCV (Roe et al., 2009) and, have
emerging function in renal transplant and tumour growth (Bestard et al., 2011, Jacob et al.,
2009). A more recent study, one of the few carried out in the HIV-1 infected paediatric
population, evaluated the correlation between viral load, immune activation and Tregs in
HIV-1-infected children (Freguja et al., 2011). The study investigated Treg frequency in 89
HIV-1-infected children aged 6-14 years. The study found that the number of activated
CD8+CD38+ T cells were increased in relation to viral load (r=0-403; P<0-0001). In
addition, Tregs correlated positively with HIV-1 viral load (r=0-323; P=0-002) and
CD8+CD38+ (r=0-305; P=0-005), but correlated inversely with CD4+ cells (r=-0-312;
P=0-004). The study showed that the suppressive activity of Treg may be unsuccessful in

limiting immune activation (Freguja et al., 2011).
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Tregs limit the immune response by inhibiting proliferation and activity of CD4+ and CD8+
effector T lymphocyte cells. Strong robust CD4+ and CD8+ effector T cell responses are
important for control of HIV replication. After Tregs in vitro were sorted and removed, an
increased HIV-specific effector T cell response was observed (Aandahl et al., 2004, Oswald-
Richter et al., 2004, Weiss et al., 2004). Tregs may suppress the HIV-specific cytolytic
antiviral response of CD8+ T cells (Kinter et al., 2007). Most of these studies examined the
effect of Treg depletion on T cell proliferation and/or IFN- y production, after stimulation

with HIV antigens.

The most notable evidence of the role of Tregs can be attributed to its use in human clinical
studies. A cell expansion protocol focusing on the culture of pure Tregs, has been developed
by the UCSF Diabetes Centre (Putnam et al., 2009). The expansion procedure enables
enriched FpxP3 Treg cell cultures to be expanded to 1, 500 fold over a two-week period.
Expanded Tregs can be infused back into patients to restore immune balance and possibly,
even reverse type 1 diabetes. Successful Treg expansion may present a population of cells
that can be expanded for use in autoimmune diseases (Putnam et al., 2009, McClymont et al.,
2011, Bour-Jordan and Bluestone, 2007). Another study showed that the targeting and
elimination of CD25+Tregs might be sufficient to eliminate smaller tumours. By depleting
CD25 there may be an interference with the clonal expansion of tumor antigen specific T

lymphocytes, if used in combination with other immunotherapeutic strategies.

High levels of Tregs and activation markers have been correlated with rapid disease
progression (Shevach et al., 1998, Thornton and Shevach, 1998, Prendergast et al., 2011a,
Macatangay and Rinaldo, 2010, Hunt et al., 2011, Weiss et al., 2010, Bernardes et al., 2010,

Radziewicz et al., 2009, Cao et al., 2009a, Zhang et al., 2008, Langier et al., 2010, Rouse et
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al., 2006, Sachdeva et al., 2010, Prendergast et al., 2011b). The activation of T cells is
influenced by the suppressive activity of Tregs (Shevach et al., 1998, Thornton and Shevach,
1998, Prendergast et al., 2011a, Macatangay and Rinaldo, 2010, Hunt et al., 2011, Weiss et
al., 2010, Bernardes et al., 2010, Radziewicz et al., 2009, Cao et al., 2009a, Zhang et al.,
2008, Langier et al., 2010, Rouse et al., 2006, Sachdeva et al., 2010, Prendergast et al.,
2011b). Tregs have been documented as the suppressor arm of the immune system due to
ability to suppress immune responses (Langier et al., 2010, Rouse et al., 2006, Macatangay
and Rinaldo, 2010, Sachdeva et al., 2010, Prendergast et al., 2011b). A recent study
investigated activation, regulatory and exhaustion markers in HIV-1 infected clade B children
(Prendergast et al., 2011a). The programmed death 1 exhaustion marker (PD-1), was
positively correlated (R=0.41, p=0.002) to be a marked negative regulator of activated T
cells. CD8+ T cell activation (HLA-DR+CD38+) was partially driven by the magnitude of
the HIV-specific CD8+ T cell response (Prendergast et al., 2011b). The depletion in Tregs
was associated with increased CD8 activation (R=-0.27, p=0.068), suggesting that the decline
in Tregs may allow immune activation to increase. The study suggested an inverse role
between Tregs and immune activation (Prendergast et al., 2011a). It will thus prove valuable

to look at all these components of the immune system in unison.

Clade C infection has been reported to have one of the fastest rates of disease progression
(Cohen et al., 2011, Spira et al., 2003). To date, no studies have been performed to
investigate the role of Tregs and immune activation in children in the context of HIV-1 clade
C infection. Given the recently published data on the interplay between exhaustion activation
and regulatory markers, our study aimed to investigate Treg frequency association with
generalized immune activation, and immune response in an African cohort of HIV-1 infected

children.We aimed to answer the following research questions:
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(1) Do Tregs and activation T cell profiles differ in HIV-1 infected children and uninfected
children?

(2) Are Tregs and T cell activation associated with markers of disease progression?

(3) What is the relationship between the immunoregulatory cells, T cell activation and HIV-1
specific T cell responses in the setting of HIV-1 infection?

(4) Can functional Tregs be successfully expanded from HIV infected children?

4.2 PARTICIPANTS, MATERIALS AND METHODS

4.2.1 Cohort description

In South Africa, prior to the revision and initiation of the new ART guidelines, a cohort of
untreated HIV-1 infected mother child pairs was established. The study began recruitment in
2006. The treatment guidelines dictated that HIV-1 seropositive mothers during the last
trimester of pregnancy received a single dose of nevirapine during labour. The infant received
a single dose of nevirapine within 48 hrs of birth, according to the HIVNET-012 Protocol, as
previously described (Guay et al., 1999, Jackson et al., 2003). Treated children who had an

undetectable viral load for at least one or more timepoints were included for analysis.

The 46 study participants were recruited through clinics in KwaZulu-Natal, Durban, South
Africa. The recruitment clinic sites included King Edward Hospital, McCord Hospital, Saint
Mary’s Hospital and Prince Mshiyeni Hospital. Transmission pairs were screened and
mother-child pairs who met the inclusion criteria of mother-child treatment naive pairs and
positive HIV-DNA PCR results from birth hospitals were recruited. The participants were
selected for a preliminary cross-sectional analysis based on sample availability. The
exclusion criteria for the chronically infected cohort included treated pairs (mothers and/or

children). The untreated cohorts were part of the chronically infected pair cohort and
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represented initially falsely diagnosed HIV negative participants. This study retrospectively
investigated 23 HIV-1 infected, 9 HIV-1 exposed uninfected and 13 HIV-1 treated children
(Thobakgale et al., 2009, Thobakgale et al., 2007, Mphatswe et al., 2007) from Zulu/Xhosa
ethnic origin with HIV-1 infection. Treated children who had an undetectable viral load for at

least one or more timepoints were included for analysis.

Written informed consent was obtained from all study participants and the research protocol
for the study was approved by the Biomedical Research Ethics Committee of the University
of KwaZulu-Natal, Durban, South Africa and, the Internal Review Board of Massachusetts

General Hospital, Boston.

4.2.2 Plasma viral load and absolute CD4+ T cell measurement

Plasma was isolated from whole blood after a single round of centrifugation. Plasma viral
loads were assessed using the Cobas Amplicor Monitor Test version 1.5: detection limit of 50
HIV-1 RNA copies per mL of plasma, according to manufacturer instructions (Roche

Diagnostics).

Absolute CD4 T+ cell counts and percentages of CD4+ T cells were determined from fresh
whole blood, using Multitest four colour TruCount as previously described (Gratama et al.,
2002) according to the manufacturer’s instructions, (Beckton Dickinson Technology) at the

HIV Pathogenesis Programme, Durban, KZN, South Africa.

4.2.3 lsolation of PBMCs
Blood specimens were collected in EDTA tubes and processed within 6hrs of collection.

Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood using the
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Ficoll-Histopaque (Sigma, St Louis, Mo) density gradient centrifugation. PBMCs were used
fresh in ELISPOT assays. The remaining PBMCs were cryo-preserved in 90% fetal bovine
serum (Sigma-Aldrich), 10% DMSO prior to storage in liquid nitrogen for subsequent

multiparameter flow staining and immunophenotyping analyses.

4.2.4 Multiparameter flow cytometry for Treg quantitation and investigation of T cell

activation

4.2.4.1 Antibody titrations: Antibody titrations were performed by staining (1x10°) PBMCs
at a range of 2 to 25ul antibody (depending on volume and concentrations specified by
manufacturer). Antibody dilutions were halved, covering the above range. The final optimal
concentration was used subsequently in immunophenotyping. The optimal concentration was
determined by choosing the dilution of the stain where the intensity plateau for the stained

cells was most favourable.

4.2.4.2 Thawing: Frozen PBMCs were thawed using a warming method. The R10 media,
made up of RPMI 1640 + 10% FBS, was warmed to 37°C in a 15 or 50 mL Sterilin tube.
Firstly, 20 ul nuclease was added to 2 mL 37 °C R10 in a 15 mL Sterilin tube. Frozen PBMC
vials were set aside at room temperature for approximately 5 minutes until sample was
reaching liquid state. The cryovial was opened and the rim was swabbed with 70% ethanol
before the cells were transferred into the 15 mL Sterilin tube containing nuclease and 2 mL of
warm R10 media. An additional 8 mL of warm R10 was slowly added to the tubes and the
mixture was spun down at 1,700rpm for 10 minutes. Supernatant was discarded, removing all
of the toxic DMSO freezing solution, and the cell pellet was re-suspended. Cells were

counted using an automated cell counting Guava viacount assay and read on the Guava cell
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counter (Guava Technologies, Guava PCA System). Cells were finally re-suspended in R10

at a concentration of 1 million cells per mL.

4.2.4.3 Immunostaining: 1 million cells per mL were added to each experimental FACS
tube and control Fluorescence Minus One (FMO) tubes. PBMCs were first stained for
viability at room temperature in the dark, with 1ul of a 200 pl stock solution of
LIVEDEAD® Fixable Violet Dead Cell Stain Kit (Invitrogen). After 15 minutes the dye was
washed off using cold PBS (phosphate buffered saline) for 10 minutes at 1,500 rpm. PBMCs

panels were stained (extracellular) as below (Table 4.1), at 4°C for 30 minutes.

42431 Extracellular immunostaining (Panel 1 and 2): PBMCs were stained with
antibodies and volumes as per Panel 1(Table 4.1), at 4°C for 30 minutes or Panel 2 (Table

4.1). Subsequently, sample acquisition procedure was followed.

42432 FoxP3 Intracellular immunostaining (Panel 3): Treg staining was
performed per manufacturer’s instruction (Ebioscience human regulatory T cell staining kit 2
catalogue number 88-8998-40). Briefly, PBMCs were stained (extracellular) with all
antibodies as listed Panel 2 (Table 4.1) at stipulated volumes, for 30 minutes at 4°C. Excess
antibodies were washed off with 2 mL PBS and a 10 minute spin at 1,500 rpm. Supernatant
was discarded and cells were re-suspended with 2 mL fixation-permeabilization buffer (1:4
dilution). Experimental tubes were set aside to incubate for 30-60 minutes at 4°C. Thereafter,
tubes were spun down at 1,500 rpm for 10 minutes. Supernatant was discarded and cells were
re-suspended with 2 mL perm buffer (1:10 dilution with H20). Once more, tubes were spun
down at 1,500 rpm for 10 minutes. Supernatant was discarded and rat serum was added (2 uL

rat serum per tube in 80 uL perm buffer). Tubes were left at 4°C for 15 minutes. 5uL. FOxP3-

157|Chapter 4: Tregs and immune activation



PE was added to sample tubes while no FoxP3 added to the FMOs. Tubes were left to stain

for 30 minutes at 4°C. Subsequently, sample acquisition procedure was followed.

Table 4.1 Experimental setup: Antibodies and volumes.

PANEL1: Activation
Antibody Fluorochrome Abbrev(Company; Catalogue) Volume(ul)
CD14 Pacific Blue PacB (Ebioscience, 51-0199-73) 2
CD19 Pacific Blue PacB (Ebioscience, 51-0199-73) 2.5
CD3 Fluorescein Isothiocyanate ~ FITC(Ebioscience, SK7, 11-0036-42) 3
CD4 Allophycocyanin APC (BD, 340443) 3
CD8 Alexa Fluor 700 Alexa Fluor 700 (BD, 557945) 2
CD38 Phycoerythrin-Cyanine 7 PE-Cy7 (BD, 335790) 5
HLA-DR  Allophycocyanin-Cyanine 7 APC-Cy7(BD, 302618) 10
PANEL2: Tregs (CD25+CD127-)
Antibody Fluorochrome Abbrev(Company; Catalogue) Volume(ul)
CD14 Pacific Blue PacB (EBioscience, 48-0149-42) 2
CD19 Pacific Blue PacB (Ebioscience 51-0199-73) 2
CD3 Phycoerythrin-Cyanine 5.5 PE-Cy5.5  (Ebioscience, SK7, 2
MHCD0318)

CD4 Alexa Fluor 700 Alexa Fluor 700 (BD, 557922) 5
CD8 Peridinin Chlorophyll PerCP(BD, 347314) 5

Protein Complex
CD127 Fluorescein Isothiocyanate FITC (Ebioscience,11-1278-73) 7.5
CD25 Allophycocyanin APC(Ebioscience,17-0259-42) 5
FoxP3 Phycoerythrin PE (Ebioscience,12-4476-42) 5
PANEL3: Tregs (FoxP3)
Antibody Fluorochrome Abbrev(Company; Catalogue) Volume(ul)
FoxP3 Phycoerythrin PE (Ebioscience,12-4476-42) 5
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4.2.4.4 Acquisition: After staining of PBMCs, tubes were washed twice using cold PBS.
Supernatant was discarded and pellet was re-suspended in PBS. Compensation beads were
setup and read to standardize assay. Flow data were acquired on a LSR II flow cytometer
(BD Biosciences). For the infant cohort, a minimum of 500 000 events were collected per
subject, and a minimum of 250 000 events were collected for adults. Acquisition templates
were drawn during acquisition, to further confirm subset gating, prior to analysis. The FMO
control was used as the reference gate while the LIVEDEAD® Fixable Violet Dead Cell

Stain was used as an exclusion channel to eliminate dead PBMCs.

4.25 HIV-1 Peptides and ELISpot Assays

A matrix of 408 overlapping peptides (10-15mers overlapping by 10 amino acids) spanning
the entire HIV-1 clade C consensus sequence were synthesized on an automated peptide
synthesizer (MBS 396, Advanced ChemTech). Peptides were then pooled using a matrix

screening system.

CD8+ T cell responses were determined using a matrix Interferon-y ELISpot assay

(Thobakgale et al., 2007) as described in chapter 2.

4.2.6 Flow-based cell sorting and expansion of functional Tregs

Human enriched CD4+ T cells were isolated using density centrifugation (RosetteSep,
Stemcells technologies and Ficoll-Histopaque; Sigma-Aldrich). CD4+ T cell enriched
PBMCs were labeled using a combination of surface markers: anti-CD3-Phycoerythrin-
Cyanine 7 (PE-Cy7) (BD Pharmingen, clone SK7), CD4-Fluorescein Isothiocyanate (FITC)
(eBioscience, clone RPA-T4), CD25- Allophycocyanin (APC) (eBioscience, clone BC96),

and CD127-Phycoerythrin (PE) (BD Pharmingen, clone hIL-7R-M21). Next, the
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CD3+CD4+CD25+CD127"°" Tregs and the conventional T cells CD3+CD4+CD25-CD127+
subsets were sorted using a FACS Avria cell sorter (BD Biosciences) at 70 pounds per square
inch with a 70-um nozzle. For all populations, 250 000 cells were collected in X-VIVO 15
(BioWhittaker; Walkersville, Maryland) containing L-glutamine, gentamicin, and phenol red
media (Lonza) supplemented with 10% human AB serum (Gemcell) and
Penicillin/Streptomycin (50U/mL).The CD4+ Treg and conventional T (Tcon) cells were
transferred in a flat-bottom 24-well culture plate, with ImL of X-VIVO media 15 with human
serum and anti-CD3/anti-CD28 coated microbeads (Invitrogen) at a 1:1 bead to cell ratio. At
day 2, ImL of media and exogenous IL-2 were added (300 U/mL final, NIH Aids Research &
Reference Reagent Program). At day 5, cells were counted and transferred into a T25 cell
culture flask at 250,000 cells/mL, with fresh X-VIVO 15 media supplemented with 10%
human serum and IL2 (300 U/mL). At day 7, the expanded cells were assayed for their

suppressive function and, the remaining cells were cryopreserved as observed in Fig 4.1B.

4.2.7 Assessment of Treg suppressive function using CFSE T cell proliferation assay

Suppressive Treg function was assessed using co-culture T cell proliferation assays, in which
CD3+CD4+CD25-CD127+ T cells were used as responder cells and labeled with
Carboxyfluorescein succinimidyl ester (CFSE) (Invitrogen) at a concentration of 9 uM for 7
minutes at 37°C. 50x10° CFSE-labeled responder T cells were transferred to 96 round bottom
well plates with RPMI 1640 medium (Sigma) containing penicillin/streptomycin (50U/mL),
L-glutamine (2mM), HEPES buffer (10 mM), and 10% human serum (Cellgro). Responder T
cells were co-cultured with the sorted Treg at different ratios, in the presence of anti-
CD2/anti-CD3/anti-CD28 microbeads (Miltenyi Biotec) at a 1:1 bead to CD4+ T cell ratio.

After 4 days of co-culture, cells were stained with anti-CD3-PeCy7 and anti-CD4-APC (BD
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Pharmingen, clone SK3), acquired on a LSR II flowcytometer (BD Biosciences) and analyzed

on FlowJo as observed in Fig 4.1A.
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Figure 4.1 Graphical representation of expansion methodology A) Gating of regulatory T
cells and conventional T cells and B) Observed fold change of Treg days of expansion from

day 0 to day 7 (performed in collaboration with M. Angin-manuscript in preparation).

4.2.8 Statistical analysis

Flow data was analyzed with FlowJo software version 7.5 for PC. Microsoft Excel was used
to transfer data and subtract fluorescence minus 1 (FMO) background values. Data was
analyzed and graphically represented using Prism software (GraphPad; version 5). The Mann
Whitney U test and the Kruskal Wallis test and ANOVA were used for group comparisons.
Post test analysis was performed using Dunns Multiple Comparison Test. Normalization of
subset discrimination and gating of data was performed using FlowJo. Correlations were

performed using Spearman rank tests. P values of <0.05 were considered significant.
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4.3 RESULTS

4.3.1 Cohort Characteristics

A total of forty six children and twelve adults were studied. As represented in Table 3.2, age
range and clinical data show that the HIV-1 uninfected children exhibit a median absolute
CDA4+T cell count of 2,033 cells/mm?® and a CD4 T cell% of 34%. The infected untreated
children had a median viral load of 55,700 copies/mL with a median absolute CD4+T cell
count of 1,838 cells/mm® and a CD4% of 30%, while the treated children had a median viral
load of 292 copies/mL with an absolute CD4+ T cell count of 1,325 cellssmm® and CD4 T
cell% of 29% (Figure 3.1). The median ages of the uninfected and infected untreated
children are similar while the treated children are older in age as represented in Table 3.2.
The adults exhibit a median viral load of 821,200 copies/mL, with a median absolute CD4+T

cell count of 1582 cells/mm? and a CD4 T cell% of 34%.
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4.3.2 Flow cytometry gating for the quantification of activation and regulation
markers on CD4+ T and CD8+ T cell subsets

Gating schemes for the Tregs and activation experiments are represented in Fig.4.2. First we
confirmed uniform flow rate (time plots). The live lymphocytes were then gated after
doublets were gated out. Subsequently, gates were set to exclude dead cells (viability marker-
), monocytes (CD14+) and B cells (CD19+). The gating for viable cells was then followed by
the gating of viable lymphocytes (CD3+), and CD4+ or CD8+. The Tregs were described by
gating of the Treg FMO, which were used as controls. Fig 4.2A represents Tregs defined as

CD4+CD25+CD127- Fig 4.2B represents activation expression as HLA-DR+CD38+.
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Figure 4.2 Representative gating for the assessment of A) Treg frequencies defined by
CD4+CD25+CD127- and B) CD8+/CD4+CD38+HLA-DR+activation for a single participant

from study cohort.

4.3.3 Elevated frequencies of Tregs in HIV-1 infected children

We first evaluated relative Treg frequencies between sub-groups, as it has been shown in
adults that Tregs may differ in numbers based on stage of HIV infection (Schulze Zur Wiesch
et al., 2011). CD4+CD25+CD127- Treg frequencies (% of total CD4+ T cells) ranged from 2
to 42% for CD4+ T cells as per Fig 4.3 When comparing the sub-groups, the median of
absolute Tregs revealed a significantly higher frequency of Tregs in the group of untreated
children in comparison to uninfected children (p=0.0225). Treg frequencies showed a trend
toward elevated frequencies in HIV-1 infected children compared to their uninfected

counterparts (p=0.056). We found no difference in the children aged less than 6 months in
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comparison to older children (p=0.1275). We also observed Treg frequencies in 24 adults.
We found absolute Tregs to show a trend of increased frequencies in 13 untreated participants

in comparison to the 11 treated adult participants (p=0.0559).

" 0.0561

1 L ']
+~50q | 600+
S 00993 = 02606 . L 03976 0.0225 ,
-— k r .l » v ' ¥ 1
? 40 8 ] |

400+

& 30- = a
3] ® A
@ 204 - 3
g "a g 2001 . L
|: 10- L 2 o0l Ak -I:ht
3| e il o i =
Q 0 0 2

Uninf‘ected Tre'ated Untréated Uninf'ected Tre'ated Untréated

Figure 4.3 Comparison of Treg frequencies of A) Tregs and B) Absolute Tregs, between sub-

groups of uninfected, treated and untreated children.

4.3.4 Association observed between clinical markers of expression and frequency of
Tregs

We subsequently examined the relationship between frequency of Tregs and clinical markers
of disease progression. We found a significant negative correlation between Treg frequency
and CD4 T cell% (p=-0.0362, r=-0.3132). The relationship between Tregs and viral load
(p=0.6295, r=-0.07866) and absolute CD4+ T cell count (p=0.4040, r=-0.1275) found no

associations (Fig 4.4).
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Figure 4.4 Correlation of clinical markers with frequency of Tregs: A) Viral load

(copies/mL), B) Absolute T cell count (cells/mm?®) and C) CD4 T cell%.

4.3.5 Assessment of frequency of CD8+CD25+CD127-in HIV-1 infected children
The investigators included CD8+CD25+CD127- cells in the analysis as a potential surrogate
for CD8+ Tregs. Recent data from the SIV model and in HIV suggest the presence of this

cell type in infected subjects (Nigam et al., 2010, George et al., 2011). In SIV infected rhesus
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macaques CD8+FoxP3+ Tregs were expanded in gut mucosa from infected monkeys and
correlated negatively with immune activation. As information on CD8+ Tregs is limited, we
next assessed the frequency of CD8+CD25+CD127- subset. The CD4+ Treg % was elevated
in comparison to the percentage of CD8+CD25+CD127- (unsorted). The median of
CD8+CD25+CD127- on T cells was significantly higher in the uninfected subgroup in
comparison to the treated children (p=0.0094) but insignificant in the treated subgroup of
children (p=0.2647), with an overall range of 0.1 to 2.2% frequencies on CD8+ T cells as Fig

4.5.
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Figure 4.5 Comparison of CD8+ CD25+ CD127- frequencies within sub-groups.

4.3.6 Increased expression of HLA-DR+CD38+ on T cells from HIV-1 infected
children

Based on a recent investigation in children that suggested that a decline in Tregs may allow
immune activation to increase in HIV-1 infected in comparison to uninfected children, we
first compared expression levels of HLA-DR+CD38+ expression between subgroups of
children (Fig 4.6). A comparison of HLA-DR+CD38+ expression on CD4+ T cells and
CD8+ T cells revealed the following: CD4 cells compared to CD8 T cells as previously

described. HLA-DR+CD38+ expression was elevated on CD8+ T cells in comparison to

167|Chapter 4: Tregs and immune activation



CD4+ T cells. When comparing the median of HLA-DR+CD38+ expression across sub-
groups HLA-DR+CD38+ on CD8+ T cells, elevated expression was observed in the
untreated children in comparison to treated children (p=0.0002). In addition, HLA-
DR+CD38+ expression was significantly elevated in untreated children in comparison to
uninfected children (p=0.0177), and no difference was observed between treated children
compared to uninfected children (p=0.9151). HLA-DR+CD38+ expression on CD4+ T cells
also revealed that untreated children exhibited a significantly higher median of HLA-
DR+CD38+ expression then in the treated children (p=0.0495) and uninfected children
(p=0.0312). HLA-DR+CD38+ expression did not differ significantly between treated and
uninfected children (p=0.1550) on CD4+ T cells. However, in the children aged less than 6
months HLA-DR+CD38+ expression on CD4+ (p=0.0437) and CD8+ T cells (p=0.00276)
was found to be significantly higher in comparison to children more than 6 months. When we
went on to compare the median of HLA-DR+CD38+ expression to HLA-DR+CD38+ on
CD8+ T cell in adults, elevated expression was observed in the untreated in comparison to

the treated subgroup (p=0.0348).
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Figure 4.6 Comparison of expression levels of A) CD8+ HLA-DR+CD38+ and B) CD4+

HLA-DR+CD38+ within sub-groups.
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4.3.7 No correlation observed between clinical markers of expression and HLA
DR+CD38+ expression

Based on findings from adult studies where HLA-DR+CD38+ expression correlated with
viral load, we subsequently examined the relationship between CD8+ HLA-DR+CD38+ and
viral load (p=0.0946, r=0.2582); absolute CD4+ T cell count (p=-0.5888, r=-0.8000) and
CD4+ T cell % (p=0.1259, r=-0.2240) (Fig 4.7A/B/C). Upon examination of CD4+ T cells
the following associations were revealed: CD4+ HLA-DR+CD38+ expression and viral load
(p=0.2597, r=0.1757); absolute CD4" T cell count (p=0.7127, r=-0.0546) and CD4+ T cell%
(p=0.3529, r=-0.1371), as represented in Fig 4.7D/E/F. Additionally, our study confirmed the
findings of other adult HIV-1 studies, showing a significant relationship between HLA-

DR+CD38+ and viral load on CD8+ T cells, in our adult participants (p=0.0217;r=0.4761).
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Figure 4.7 Correlation of clinical markers with expression of HLA-DR+CD38+ on CD8+ T

cells: A) Viral load (copies/mL), B) Absolute T cell count (cells/mm?) and C) CD4+ T cell%

and D) Viral load (copies/mL), E) Absolute T cell count (cells/mm?) and F) CD4%.

4.3.8 Correlation of HLA-DR+ CD38+ expression on CD4 and CD8 T cells

We next investigated the correlation of the expression of HLA-DR+CD38+ and Tregs

respectively, between CD4+ and CD8+ T cells in children (Fig 4.8). There was a significant

positive correlation of CD4+ T cells and CD8+ T cells for HLA-DR+CD38+ (p<0.0001;
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r=0.6376).

Based on the studies that reported an inverse relationship between Tregs and

markers of activation, we next investigated the relationship between the expression of HLA-

DR+CD38+ and the frequency of CD4+CD25+CD127- on bulk T cells. Taking into account

diversity in frequency of
CD4+CD25+CD127- and CD4+HLA-
DR+CD38+ (p=0.2097; r=0.2117),
and CD8+HLA-DR+CD38+

(p=0.1994; r=0.1949).
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Figure 4.8 Correlation of expression of A) CD4+ HLA-DR+CD38+ and CD8+ HLA-
DR+CD38+, B) CD4+ HLA-DR+CD38+ and CD4+CD25+CD127- and C) CD8+HLA-
DR+CD38+ and CD4+CD25+CD127-.

4.3.9 Inverse relationship between Tregs and markers of activation and cellular
immune response

Based on studies showing that Tregs are able to suppress immune activation and, other
studies that have associated hyperactivation with both HIV susceptibility and disease
progression, we investigated the relationship between expression markers and magnitude of
CTL response (Fig 4.9) in a subset of individuals. As this was a retrospective analysis, CTL
responses were available for a subset of individuals. Magnitude of response was assessed by
the summation of all positive (>100SFCs) responses to pools of peptides spanning the entire
HIV-1 genome. Of the 23 participants assessed using the ELISpot assay, ten participants
made no responses. The remaining 13 children revealed a significant negative correlation
between magnitude of CTL response, CD4+CD25+CD127- (p=0.4569; r=-0.1716),
CD8+CD25+CD127- (p=0.0202; r=-0.7333) and CD8+HLA-DR+CD38+ (p=0.0408; r=-

0.5516). There was no correlation with magnitude of response and age (p=0.7503; r=-00702).
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Figure 4.9 Correlation of magnitude of response with A) CD4+CD25+CD127-, B)
CD8+CD25+CD127-, C) CD8+ HLA-DR+CD38+ and D) age in a subset of 10 uninfected

children.

4.3.10 Longitudinal study: Treg frequencies, T cell activation expression levels and HIV
viral load.

To complement our cross-sectional data, we investigated expression of HLA-DR+CD38+ and
frequency of Tregs longitudinally over a 20 month period. HLA-DR+CD38+ and frequency
of Tregs seemed to show an inverse relationship on CD8+ T cells, at certain time points
earlier in the investigation (Fig 4.10). Both Treg frequency and activation markers seem to

track positively with viral load and inversely with CD4+ T cell% in the participant studied.
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Figure 4.10 Longitudinal assessment of clinical markers and activation and regulatory
markers of A) CD8+CD25+CD127- and HLA-DR+CD38+ and B) CD4+ CD25+CD127- and

CD4+ HLA-DR+CD38+.

4.3.11 Lower frequency of Tregs when defined as CD25""FoxP3+
Based on conventional phenotyping discrimination of Tregs, we next assessed the difference
between CD25+CD127- and CD25"%"FoxP3+. When assessing these markers in the same

participant, we found lower frequency of CD25"¢"FoxP3+ in comparison to CD25+CD127-

Tregs.
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Figure 4.11 Comparison of Treg frequencies defined as A) CD4+CD25+CD127- and B)

CD4+CD25"9"FoxP3+.

4.3.12 Functional Tregs can be expanded from HIV-1 infected children
Building on the phenotypic investigations described above, we next sought to study Treg
function in a subset of HIV-1 infected children. We next sought to study Treg function in a

subset of HIV-1 infected children. These children’s samples were selected based on cell
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viability and saturated cell counts to investigate whether the proposed methodology could

successful expand Tregs in children. One of the key issues in Treg studies lies in the ability of

Tregs to suppress immune responses by expansion. We investigated this suppressive

functionality in children. We first sorted cells to isolate Treg population as represented in Fig

4.12A. After expanding Tregs over 7 days using a CFSE proliferation assay, we found that

Tregs were capable of suppressive activity in comparison to other CD4 T cells.
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Figure 4.12 A) Gating strategy for identification of sorted CD4+CD25+CD127- Treg cells
and B) Treg suppression assay showing CD4 proliferation in the absence of co-culture (white

column, positive control), co-cultured with Treg (grey column) and co-cultured with

176 |[Chapter 4: Tregs and immune activation



conventional T cells ( black column) alone of successful suppressive capability of CD4+
Tregs, in relation t