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ABSTRACT

Background. T helper (Th) 17 cells have recently been implicated in regulating gut mucosal
immunity during HIV infection by sustaining gut mucosal barrier integrity, although they do
not respond to HIV directly. Depletion of Thl7 cells from the gut mucosa during HIV
infection has been suggested to contribute to elevated microbial translocation and immune
activation. The role of Th17 cells in regulating genital mucosal immunity during HIV
infection is less well described. The aims of this study were (1) to compare the frequency and
phenotype of Th17 cells in the female genital tract and blood in uninfected compared to HIV-
infected women; and (2) to investigate the role of inflammatory/regulatory cytokines and

bacterial burden in modulating Th17 cell frequencies in genital secretions and plasma.

Methods. Cervical cytobrush and PBMC-derived T cells were isolated from 40 chronically
HIV-infected and 13 uninfected women. Of the 40 HIV-infected women enrolled, 24/40 were
on HAART while 16/40 were therapy naive. The frequency and phenotype of Th17 cells
were investigated by differential staining with CD3, CD4, CD8, CD45RA, CCR7, IL-17,
IFN-y and a marker of cell viability Vivid using an LSR2 flow cytometer following
stimulation with PMA/ionomycin, HIV Gag subtype C overlapping peptides or CEF peptide
pools. Pro-inflammatory and regulatory cytokines in plasma and cervical secretions were
measured by ELISA and Luminex Multiplex Flow Cytometry (TGF-f, IL-1B, IL-6, IL-8,
IL-10, IL-12p40, IL-17 and 1IL-23). Markers of bacterial and fungal burden
[lipopolysaccharides (LPS), soluble CD14 (sCD14) and 1-3-B-6-glucan] were also measured

by ELISA in plasma and cervical secretions.

Results. In blood, the frequency of CD4" Thl7 cells were significantly reduced in
HIV-infected compared to uninfected women (p=0.005). In contrast, a significantly higher
proportion of CD4" Th17 cells were detected at the cervix of HIV-infected (irrespective of
HAART status) compared to uninfected women (p=0.03 for HAART and p=0.04 for
HAARTY). In both the cervix and in blood, CD4" Th17 cells were predominantly effector
memory T cells (CD45RA'CCRTY’). The inflammatory cytokines IL-12p40, IL-6, IL-8 and
IL-18 were more concentrated in HIV® compared to uninfected women in both
compartments. While only low concentrations of IL-17 were found in genital secretions,
IL-17 concentrations correlated positively with inflammatory cytokines IL-1p and IL-12p40
at the cervix. The frequencies of Th1l7 cells detected at the cervix or in blood were not

associated with the concentration of inflammatory cytokines detected in either compartment.



Conclusion. The results indicate an enriched inflammatory environment and enriched
Th17 cell frequencies at the cervix during HIV infection. Increased exposure of genital tract
immune cells to bacterial and fungal components could be associated with enrichment of
Th17 cells in this compartment. The lack of association between inflammation and Th17 cell
frequencies argues against selective recruitment of Th17 cells along a pro-inflammatory
gradient, but may suggest selective resistance of Th17 cells in this compartment to cell death.
Future experiments will need to investigate expression of HIV co-receptors by Th17 cells and

include markers of immune activation and apoptosis.
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1.1 Introduction

Human Immunodeficiency Virus Type-1 (HIV-1) causes the deadly Acquired
Immunodeficiency Syndrome (AIDS) (Barre-Sinoussi et al., 1983). It is currently estimated
that 31 to 36 million people are infected with HIV worldwide (UNAIDS, 2008).
The pandemic is mainly driven by sexual mucosal transmission via vaginal and rectal routes
(Hladik & Hope, 2009). The epidemic is most severe in Sub-Saharan Africa
(20.8-24.1 million) (Figure 1.1), with 67% of the total number of infected people living here
and 60% of the infected population being women (UNAIDS, 2008).
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Figure 1.1: Global HIV disease burden. This map shows the prevalence of the population
living with HIV globally. The numbers of people infected with HIV are shown for each
region. The numbers in brackets shows the range of infected individuals. Sub-Saharan Africa
is the most severely affected region with 22.4 million HIV-positive people (WHO, 2008).

Young women represent the fastest growing population who are becoming newly infected
with HIV (UNAIDS, 2008). Persistent HIV infection and its associated chronic disease are a
major global health concern. The World Health Organization (WHO) in December 2008
reported that approximately 4 million people were receiving highly active anti-retroviral
therapy (HAART) in low and middle-income countries, which is 10 fold more than reported
in 2002. Despite increased access to HAART, 2 million HIV-infected people are estimated to

have died worldwide due to AIDS-related illnesses in 2008.



Transmission of HIV from males to females accounts for approximately 12.6 million cases of
HIV worldwide (Hladik & Hope, 2009). The risk of infection via heterosexual contact is
estimated to be higher for women than men (Mastro, 1996) and this is attributed in part to the
biology of the female genital tract (FGT) (Moore & Shattock, 2003).

1.2 HIV lifecycle

HIV is a retrovirus in the genus Lentivirus, as it has to transcribe its RNA into
double-stranded DNA for integration into the human genome. HIV is transmitted as a
single-stranded enveloped RNA virus. A viral enzyme called reverse transcriptase, contained
in the virus particle, converts the RNA genome to double-stranded DNA when entering the
target cell (Figure 1.2). Another viral enzyme called integrase then combines viral DNA and
its host cellular co-factors into host cellular DNA so that transcription can take place. After
infection, the virus can become latent and the cell continues to function or the cell is activated
and the virus replicates. The virus buds off from the infected cell and can then infect other
cells (Smith et al., 2006).

CD4" T cells and macrophages are the primary targets for HIV infection (Veldhoen et al.,
2008). T cells require activation through the T cell receptor (TCR) or cytokines to become
susceptible to HIV infection (Unutmaz et al., 1999). HIV-1 enters target cells through the
virion envelope glycoprotein gp120 interacting with CD4 and chemokine co-receptors on
target cells (Chan et al., 1997). HIV that uses the f-chemokine receptor CCR5 for entry is
termed R5. R5-tropic viruses have been shown to primarily be transmitted during acute
phases of infection (Coakley et al., 2005). HIV that enters target cells during the chronic
phase can also use the a-chemokine receptor CXCR4 for entry and are termed X4 viruses.
Dual-tropic strains of HIV can use both CCR5 and CXCR4 co-receptors for entry
(Deng et al., 1996).
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Figure 1.2: The HIV lifecyle. In step 1, a mature HIV viral particle enters and fuses to the
target cell via CCR5 or CXCR4 receptors. Reverse transcriptase converts the single-stranded
RNA into double-stranded DNA (step 2), allowing intergrase to combine the human genome
with the viral DNA (step 3). Transcription into latent or active provirus then occurs (step 4).
A new virus is assembled from an active pro-virus, allowing the virus to bud off from the
infected cell (step 5). An immature viral particle can then cleave into a mature viral particle

(step 6), completing the HIV lifecycle (Gladstone Institute of Virology and Immunology).

1.3 HIV pathogenesis

The devastating effect of HIV on the immune system is due to the virus infecting and Killing
the immune-regulating helper T lymphocytes. Because CD4 T cells are the main targets for
HIV infection and replication, HIV infection is characterized by a dramatic loss of memory
CD4" T cells in circulating blood and at mucosal sites (Veazey et al., 1998). Progression to
AIDS is a combination of both direct killing of CD4" T cells and indirect mechanisms such as
apoptosis (Cecchinato et al., 2010). During HIV infection, enhancing expression of several
co-stimulatory molecules may contribute to higher levels of CD4" T cell apoptosis
(Kammerer et al., 1996).

The main site of virus replication and memory CD4" T cell depletion during early and
chronic HIV infection is gut-associated lymphoid tissue (GALT) (Guadalupe et al., 2003).
In rhesus macaques, SIV infection has been reported to manipulate resting CD4" T cells to
produce high levels of virus, activating CD4" T cell targets to sustain virus production
(Zhang et al., 2004). This results in direct depletion of CD4" T cells through lytic infection
and indirect depletion through apoptosis (Li et al., 2005). During acute infection, depletion of

CD4" T cells could also be the result of constant antigenic stimulation (Veazey et al., 2003).



During peak SIV infection, 30-60% of gut memory CD4" T cells are infected and after 4 days
post-infection approximately 80% of these cells are depleted (Mattapallil et al., 2005).
Chronic HIV infection is characterized by slow depletion of CD4™ T cells, whereas acute
infection is characterized by rapid CD4" T cell depletion (Brenchley et al., 2004). During
chronic infection, naive memory CD4" T cells decrease while memory CD4" T cells expand,
becoming targets of infection (Hazenberg et al., 2000). During this chronic phase of HIV
infection, it has been estimated that less than 1% of all memory CD4" T cells are infected
(Douek et al., 2002). This could be due to the virus containing a large proportion of
non-infectious particles and because naive CD4" T cells are highly resistant to SIV infection

(Mattapallil et al., 2005; Nishimura et al., 2004).

In the absence of HAART, CD4" T cells are unable to reconstitute in mucosal tissues
(Mattapallil et al., 2005) and are only partially reconstituted following therapy (Mehandru et
al., 2004). Figure 1.3 shows the natural history of CD4" T cell decline during acute and
chronic infection. During the first few weeks of HIV infection, there is massive depletion of
CD4" T cells (blue line) during peak viremia (red line). Once infection has been established
after a few years (chronic infection), peak viremia declines with a transient loss of CD4" T
cells (blue line) (Mattapallil & Roederer 2006).
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Figure 1.3: Natural history of HIV-1 infection in an untreated individual. Following 2-4
weeks after infection, cytotoxic CD8" T cell responses are detected in blood, coinciding with
a major reduction in peak HIV viremia (red line). This is detected before the appearance of
neutralizing antibodies (Nab). Cell-mediated rather than Nab immunity is responsible for
initial control of HIV replication (Koup et al., 1994). During acute infection (3-9 weeks),
HIV viremia peaks while CD4" T responses subside due to CD4" T cell depletion (blue line).
As infection establishes, viremia increases with a corresponding decrease in CD4" T cells,

resulting in AIDS and subsequent death (Kahn et al., 1998).



1.4 Correlates of protection against HIV

The main correlates of protection against HIV-1 infection are HIV-specific CD8" cytotoxic T
lymphocytes (CTLs), CD4" T cells and neutralizing antibodies (Belyakov et al., 2004). These
host responses form part of adaptive immunity. Neutralizing antibodies interfere with binding
and entry of viral particles into new target cells, while cell-mediated immunity protects
against disease progression (Pantaleo et al., 2006). A small number of treatment naive HIV-1
infected individuals are able to control HIV replication to a lower level and have preserved
CD4 T cell counts over time and are called long-term non-progressors (LTNPs). HIV-1-
specific CD4" and CD8" T cell responses are preserved in this population compared to
individuals who progress (Duvall et al.,, 2006). These individuals provide evidence that
HIV-specific cell-mediated immune responses can effectively control virus replication
without drug therapy during chronic infection, although the mechanisms are still being

investigated.

1.4.1 CD8" T cell immune responses to HIV infection

Emergence of HIV-specific CD8" CTL responses that can both directly kill infected target
cells and produce anti-viral cytokines correlate with reduction in circulating viral load
following peak viremia (Figure 1.3). Polyfunctional HIV-specific CD8" T cells have been
described as the best predictor of viral replication control (Betts et al., 2006). Directly,
primates in which CD8" T cells had been depleted by CD8 monoclonal antibody
administration prior to SIV infection showed increased viral loads after infection and more
rapid progression to disease than untreated SIV-infected primates (Jin et al., 1999). Studies
showing direct mutational viral escape from recognition by CD8" CTL responses are further
evidence for the role of CD8" T cell control of viral replication (Evans et al., 1999).
Furthermore, studies have reported that CD8" CTL responses are detectable in the genital
tracts of women who have high-risk exposure to HIV yet have undetectable antibody
responses (Rowland-Jones et al. 1995, 1998; Kaul et al., 2000). The presence of genital tract
CD8" T cell responses without a detectable systemic infection in these women implies that

CD8" T cells are controlling the virus at a local level.



1.4.2 CD4" T cell immune responses to HIV infection

CD4" T cell ability to become activated, proliferate and function during HIV infection is vital
for an effective immune response to occur. During infection, HIV-specific IFN-y-secreting
CD4" T cells remain detectable during infection, despite a huge loss of HIV-1-specific CD4"
T cells (Pitcher et al., 1999). During untreated HIV-1 infection, CD4" T cells become hyper-
activated and HIV replication co-stimulates CD4" T cell activation, contributing to chronic
immune activation (Haas et al., 2010). Haas and colleagues (2010) suggest that CD4" T cell
activation is dependent on antigen and cytokine-induced inflammation. Although HIV-1
preferentially infects activated CD4" T cells, the majority of HIV-1 specific CD4" T cells
remain virus-free even in the presence of high-level viremia (Duvall et al., 2006).

The clearance of certain viruses such as Hepatitis C (Grakoui et al., 2003), Epstein-Barr virus
(Adhikary et al., 2006) and cytomegalovirus (van Leeuwen et al., 2006) are highly dependent
on antigen-specific CD4" T cell responses. During HIV-1 infection, better control of HIV-1
viral replication has been associated with strong HIV-1-specific CD4" T cell responses
(Rosenberg et al., 1997) and viral escape from CD4" T cell epitopes has been observed
(Rychert et al., 2007). However, it is not yet clear whether the presence of HIV-1-specific
CD4" T cell responses is a consequence of low viremia or if these responses effectively
contribute to viral suppression (Streeck et al., 2010).

Escape mutations in CD4" T cell targeted epitopes can develop, showing that CD4" T cells
exert selection pressure on the virus, especially during acute infection (Rychert et al., 2007).
Effectiveness of CD8" T cell responses in controlling viral replication is affected by the
presence or absence of CD4™ T cells (Betts et al., 2006) and has been associated with the
presence and preservation of CD4" T cell responses (Rosenberg et al., 1997). HIV-1-specific
CD4" T cell responses have an effector profile and capacity to proliferate (Harari et al.,
2002). They are polyfunctional as they secrete both IFN-y and IL-2 (Tilton et al., 2007).
IL-2 production by CD4" T cells has been associated with prevention of HIV-associated
disease (Pantaleo et al., 2006). CD4" T cells can become exhausted by continuous antigenic
encounter (Petrovas et al., 2006). Since a large proportion of CD4" T cells are depleted
during HIV infection, of which the majority exist at mucosal surfaces associated with GALT,
it is likely that mucosal dysfunction occurs during HIV infection, due to a lack of CD4" T cell
help at the mucosa (Mehandru et al., 2004).



1.5 Classification and differentiation of CD4 T helper cell subsets

Four main CD4 T helper cell subsets have been identified according to the cytokines they
produce, including T helper 1 (Thl), Th2, Thl7 and T regulatory (Treg) cells
(Figure 1.4; Zhou et al., 2009). Each of these subsets arise from naive CD4 T cells (ThO
cells) and differentiate into these functionally distinct CD4 T helper cell subsets under the
influence of distinct cytokines. Thl cells are CD4" IFN-y and IL-2-producing T cells.
They are important in eradicating intracellular bacterial and viral infections by activating
macrophages. Naive ThO cells are stimulated to become Thl cells under the influence of
IFN-y and IL-12. This activates the transcription factor T-bet which allows differentiation
through STAT-1. Th2 cells secrete IL-4, IL-5 and IL-13 and protect against extracellular
parasites and metazoan and are important in humoral immunity. During differentiation of ThO
cells to Th2 cells, the transcription factor GATA-3 is activated under the influence of IL-4,
allowing differentiation to occur through STAT-6 (Zhu et al., 2001).

Th17 cells have the ability to produce IL-17, IL-22 and IL-26. During differentiation of Th17
cells from ThO cells, TGF-p, IL-1p, IL-6 and IL-21 activates the transcription factor RORC-2
which in turn activates STAT-3. This induces production of IL-23, initializing full
differentiation into Th17 cells (Liang et al., 2006). Tregs suppress immune system activation
and inflammation, tolerate self-antigens and sustain immune system equilibrium
(Crome et al., 2010) through production of IL-10 and TGF-B (Weaver et al., 2007). The
transcription factor Foxp3 is activated by TGF-B, IL-10 and IL-2, initializing differentiation
of these cells (Di Cesare et al., 2009).
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Figure 1.4: Differentiation of Thl, Th2, Th1l7 and regulatory T cells from ThO cells.
Th1 cells differentiate in the presence of IL-12 and secrete IFN-y. Th2 cells depend on IL-4,
STAT-6 and GATA-3 to differentiate and mainly secrete IL-4. Th17 cells require a
combination of TGF-f and IL-1p, IL-6, and/or IL-21 to differentiate. RORC-2 is the
transcriptional regulator needed for differentiation. I1L-23 stabilizes differentiation
(described in section 1.6). Th17 cells mainly secrete IL-17A, IL-17F and IL-22. In vitro
differentiation of Thl7 cells leads to cells with single expression of IL-17 or IL-22 or
co-expression of 1L-17 and IL-22, also observed in vivo (Liang et al., 2006). Naive CD4" T
cells also differentiate into induced Treg (iTreg) cells in the presence of IL-2 and TGF-f or

IL-10 and have an important immunoregulatory function (Di Cesare et al., 2009).

1.6 Th17: a new member of the T cell subset family

The pro-inflammatory cytokine IL-17 was first described in 1993 by Rouvier and colleagues
and CD4" T helper cells capable of secreting IL-17 were defined as Th17 cells by Oppmann
and colleagues (2000) as a new member of the T helper family. In addition to IL-17, Th17
cells have also been shown to produce IL-22 and IL-26 (Korn et al., 2009). Th17 cells are
considered to be the bridge between innate and adaptive immunity because they regulate both
the adaptive and innate immune responses (Khader et al., 2009). In addition, Th17
differentiation and production of IL-17 occur earlier during infection than development of
Th1 and Th2 cell responses (Harrington et al., 2005). Th17 cells are found in non-lymphoid
tissues (intestine) and secondary lymphoid tissue (mesenteric lymph nodes, spleen and

Peyer’s patches) (Campillo-Gimenez et al., 2010).
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When they were first described, Th17 cells were strongly associated with the destructive
effects of autoimmunity in murine extrinsic allergic encephalitis model (EAE), an
autoimmune disease inducible in mice (Chen et al., 2007). Mice over-expressing TGF-3
generated more Th17 cells and showed increased EAE pathology than wild type mice. In
humans, Th17 cells were shown to produce IL-17A and IL-17F and have been found to be
important in host protection against extracellular pathogens (such as bacterial and fungal
infections) and in autoimmune diseases (rheumatoid arthritis, inflammatory bowel disease
and multiple sclerosis) but not in viral defence (Brenchley et al., 2008; Ghilardi et al, 2007;
Hashimoto et al., 2005; Scriba et al,. 2008).

Both IL-17A and IL-17F bind to a type | cell surface receptor called IL-17R (McAllister et
al., 2005), although IL-17F is only 50% homologous to IL-17A (Stockinger et al., 2007).
Scriba et al. (2008) suggested that Thl7 cells may play a role in acute inflammation
associated with mycobacterial infections. In addition to CD4" Th17 cells, IL-17 is also
produced by a wide number of immune cell types including yd T cells (Deknuydt et al.,
2009), neutrophils (Fenoglio et al., 2009), CD8" T cells (Kader et al., 2009), natural Killer
(NK) cells (Langrish et al., 2005), and NK T cells (Yoshiga et al., 2008). Mast cells
(Mrabet-Dahbi et al., 2009) and alveolar macrophages (Song et al., 2008) might also be
induced to produce IL-17 under certain conditions. During SIV infection in rhesus macaques,
Kader et al. (2009) showed that Tc-17 cell responses increased in peripheral blood and
remained elevated during therapy, whereas Th17 cells were not reconstituted. In healthy
uninfected primates, Th17 cells outnumber Tc-17 cells by 3 to 1, suggesting a homeostatic

balance between Th17 and Tc-17 cells in maintaining mucosal integrity and function.

1.6.1 Characterization of Th17 cells

The Th17 cell lineage is characterized by the expression of the transcription factor RORyt
and surface markers CCR6, CCR4 and IL-23R (Figure 1.5; Acosta- Rodriguez et al., 2007).
When the transcription factor RORyt becomes activated, the transcription factor Foxp3 in
iTregs becomes inhibited. The differentiation of naive T cells into Th17 cells depends on
exposure to TGF-p and IL-6 (Ouyang et al., 2008). Although development of Thil7
phenotypes requires the presence of TGF-f, the additional contribution of I1L-6 skews the
response towards a Th17 phenotype (Afzali et al., 2007).
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In addition, 1L-23 is required to maintain and stabilize commitment to the Th17 lineage
(Korn et al.,, 2009). Polarizing cytokines TGF-B and IL-6 induce expression of the
transcription factors RORyt and RORa in newly activated T cells and allow Thl7
differentiation to occur (lvanov et al., 2006; Yang et al., 2008). Cytokines such as IL-1p,
TNF-0, IL-21 and IL-6 have also been implicated in the differentiation of Thl7 cells
(van Beelen et al., 2007; Nurieva et al., 2007; Yue et al., 2008).
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Figure 15: Differentiation of naive CD4" T helper cells into Thi7 cells.
Differentiation of naive Th0 CD4" T cells into CD4" Th17 cells occurs in the presence of
TGF-f and IL-6, leading IL-21 secretion, reinforcing the differentiation process.
This establishes IL-23R and IL-1R1 expression. IL-23 and IL-1 finalize the differentiation
cycle and maintain differentiated Th17 cells (Sun et al., 2010). IL-17A receptors are present
on antigen presenting cells (APCs) (Acosta- Rodriguez et al., 2007).

RORyt induces the expression of IL-23Rs on newly primed Th17 cells, allowing them to
respond to IL-23 to sustain Th17 lineage-specific responses. IL-23 is produced by APCs in
response to infection with certain bacteria and viruses (McKenzie et al., 2006).
Aggarwal et al. (2003) found that IL-23 is involved in recruitment of neutrophils to the site of
infection. The IL-23/IL-17 axis is an important mediator of inflammation (Wiekowski et al.,
2001). Blocking IL-23 or its downstream factors IL-17 and IL-6 has been shown to
significantly suppress disease development in animal models of inflammatory bowel disease
and multiple sclerosis and Iwakura & Ishigamr (2006) have suggested that the 1L-23/IL-17

axis may be the new therapeutic target for chronic inflammatory diseases.
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1.6.2 Role of Th17 cells during inflammation

While FoxP3" Tregs prevent autoimmunity, Th17 cells have been shown to promote
autoimmune tissue inflammation (DiPaolo et al., 2007; Korn et al., 2007). Production of
IL-17 enhances T cell priming and stimulates fibroblasts, endothelial cells, macrophages and
epithelial cells to produce multiple pro-inflammatory mediators such as IL-1, IL-6, TNF-a,
NOS-2, metalloproteases and chemokines, which result in the induction of inflammation
(Kolls et al., 2004). Studies have shown that autoimmune pathology was not observed in the
absence of Th17 cells (Afzali et al., 2007). Aggarwal et al. (2003) reported that secretion of
IL-17A and IL-17F resulted in chemokine production and release of pro-inflammatory
cytokines IL-6, TNF-a and IL-1p, resulting in neutrophil recruitment and activation of acute
inflammatory responses leading to abscess formation and tissue destruction (Kolls, 2004;
Bettelli et al., 2007). IL-27, IFNy, IL-4 and IL-2 negatively regulate the induction of Th17
cells, thus maintaining a homeostatic equilibrium (Batten et al., 2006; Harrington et al., 2005;
Laurence et al., 2007).

The intricate balance between Th17 and Tregs is important in controlling inflammation
because these Th lineages share an intermediate stage in their development
(Bettelli et al., 2006). While Th17 cells induce inflammation, however, Tregs suppress
inflammation. Early during microbial infection, while pathogens are entering through the
mucosal barrier, Tregs are important in suppressing inflammation by secreting 1L-10, which

dampens Thl and Th2 responses (Figure 1.6).

It has further been proposed that yd T cells secrete IL-17 which recruits neutrophils to the site
of infection and stimulates APCs to secrete IL-12, inducing recruitment of aff T cells (Cua et
al., 2010). During this early phase of inflammation, Th17 cells are inhibited by the Treg
response. When pathogens enter the host, IL-23 secretion by APCs induces the final phase of
Th17 cell differentiation and IL-17 and IL-22 secretion. Studies have shown that these
cytokines induce expression of antimicrobial peptides and neutrophil chemoattractants at
mucosal sites and thus play an important role in controlling mucosal infections (Blaschitz et
al., 2010). IL-22 results in proliferation of keratinocytes (Zheng et al., 2007) and increases
epithelial proliferation and transepithelial resistance to injury in the lung (Aujla et al., 2008).
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Th1 responses are activated at later stages of inflammation. Once pathogens are eliminated,
Tregs becomes induced, suppressing Th17 responses, preventing inflammatory-induced
tissue damage. An imbalance between Th17 and Treg cells results in chronic tissue damage
through inflammation (Korn et al., 2009). CD4" T cells activated by gut antigens in Peyer's
patches migrate to the lamina propria, where they die by apoptosis in healthy individuals.
Pro-inflammatory cytokines released in response to antigens further increase epithelial

permeability, setting up a severe cycle of chronic inflammation (Brandtzaeg et al., 1997).
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Figure 1.6: A simplified model for Th17 and T regulatory cell cytokines in co-ordinating
tissue inflammation (O’ Connor et al., 2010). Early during inflammation (on the left),
IL-17 produced by yd T cells in the lamina propria of the gastrointestinal tract (GIT) [a tissue
enriched with Th17 cells (lvanov et al., 2007)], secretes chemoattractants for neutrophils
from the stroma to the site of infection and regulates y5 CD4" T cell responses by acting on
APCs, dampening Th1l and Th2 cytokine secretion. Resident Th17 and Treg cells contribute
to tissue protection through IL-10, until activated by IL-23 toward a pro-inflammatory
phenotype (on the right). IL-17 and IL-22 contribute to the inflammatory response
(Haak et al., 2009). IFN-y production is coupled with IL-23 from APCs and IL-17, increasing

neutrophil recruitment in later stages of inflammation (lwakura & Ishigame, 2006).

IL-17 and IL-22 are believed to contribute to barrier function of mucosal surfaces by
formation of tight junctions and mucin (Blaschitz et al., 2010). At mucosal surfaces, tight
junction assembly involves protein-protein interactions between epithelial cells, forming a
barrier between the lumen and lamina propria (Renu et al., 2010). Tight junctions represent
the major barrier between intestinal epithelial cells (Hossain et al., 2008). Pathogens can
attack tight junction intercellular proteins (Liu et al., 2009). Mucosal barriers of the GALT
become compromised during HIV infection (Nazli et al., 2009), and this is likely to be

partially due to mucosal depletion of Th17 cells during HIV infection (Boasso et al., 2009).
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Mesquita et al. (2009) investigated changes in epithelial barrier tight junctions by measuring
transepithelial electrical resistance (TER) after exposure of human epithelial cells to
microbicides in a dual-chamber system. They infected cultures with HIV and measured the
ability of the virus to cross the epithelium and infect target T cells in the lower chamber.
They exposed U1 cells with nonoxynol-9 (N-9) or cellulose sulfate (CS). They found that
N-9 and CS resulted in rapid and sustained reduction in transepithelial electrical resistance
and increased HIV infection of T cells in the lower chamber. Enhanced HIV transmission
resulted from a decrease in TER due to a change in epithelial permeability that was adequate
for HIV migration. They also showed persistent disruption in the epithelial barrier of the
genital tract exposed to human seminal fluid and down-modulation of junctional proteins

triggered by CS.

Inflammation can be beneficial to a pathogen by promoting colonization and host-to-host
transmission (Liu et al., 2009). Intestinal pathogens exploit the mucosal host inflammatory
response to suppress growth of commensal organisms to colonize the inflamed gut
(Macpherson et al., 2005). The gut mucosal surface is colonized by a barrier of millions of
protective commensal bacteria that are severely compromised during HIV infection by
associated inflammatory responses (Pedron et al., 2008). IL-17 and IL-22 stimulate
production of mucins during inflammation, an important nutritional source for pathogens;
hence these cytokines decrease host defence against these pathogens (Sugimoto et al., 2008).
Alternatively, mucins also protect the mucosal barrier by coating it and preventing

pathogenic organisms from contacting cells of the mucosal lining (McAuley et al., 2007).

It is believed that increased local tissue damage favours bacterial translocation and systemic
immune activation, leading to the progressive loss of CD4" T-cell subtypes and development
of AIDS (Brenchley et al., 2006; Cechinato et al., 2008) (described in more detail in Section
1.8). Another hypothesis is that increased recruitment of Th1 cells to sites of viral replication
(GALT) is associated with increased production of TNF-a, a Th17 differentiation inhibitor
(Harrington et al., 2005). Th17 cells, by maintaining epithelial integrity and epithelial tight
junctions, may reduce microbial translocation and subsequent immune activation (Cecchinato
et al., 2008; Macal et al., 2008).
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Studies have shown that activation of mucosal immune responses is involved in containing
infections at mucosal surfaces, thus preventing dissemination of pathogens to systemic sites
by forming a barrier (Blaschitz et al., 2010). Because Th17 cells are concentrated at mucosal
sites, they contribute to mucosal barrier integrity and control of infection (Srinivasan et al.,
2010). IL-17A and IL-17F are chemoattractants and elicit inflammatory responses as many
innate and adaptive immune cells express the IL-17R (Aggarwal et al., 2003). IL-17,
produced by Th17 cells, trigger production of cytokines such as granulocyte-macrophage
colony-stimulating factor (GM-CSF), granulocyte colony-stimulating factor (G-CSF),
chemokines CXCL1-8 and metalloproteinases in a wide range of cell types (Kolls et al.,
2004). IL-17 and IL-22 stimulate granulopoiesis by inducing expression of G-CSF (Ye et al.,
2001). These cytokines contribute to localizing infection to the mucosa, impeding
dissemination of pathogens beyond the initial site of infection (Liu et al., 2009).

1.7 The role of Th17 cells in gut mucosal immunity

At mucosal surfaces of the gut, studies have shown that mucosal CD4" Thi17 cells are
preferentially depleted during pathogenic HIV and SIV infections but are preserved in
non-pathogenic SIV infections in sooty mangabeys and African green monkeys (Khader et
al., 2008). Comparison of pathogenic and non-pathogenic models of SIV infection suggest
that Th17 cells contribute to the pathogenesis of AIDS (Brenchley et al., 2008). It has been
suggested that perturbation of Th17 cells at mucosal surfaces could compromise mucosal
defences, resulting in immune activation (Brenchley et al., 2006). Most Th17 cells are lost
within two weeks after infection at mucosal sites of SIV-infected macaques and are not

replenished over time (Cecchinato et al., 2010).

GALT primarily guard against invading pathogens introduced into the GIT (Pabst &
Rothkotter, 2006). GALT alone contains more than 40% of all the body’s lymphocytes
(Mowat & Viney, 1997; Croitoru et al., 1994) and is an early target for HIV infection,
replication and viral persistence (Veazey et al., 1998). The majority of activated CD4" HIV
target cells reside in mucosal tissues (Paiardini et al., 2008). Studies in SIV-infected
macaques revealed that up to 60% of intestinal CD4" T cells are infected during the acute
stage of infection and up to 80% of these infected cells are depleted during the first 4 days
before loss of blood CD4" T cells is detectable (Mattapallil et al., 2005, Li et al., 2005).
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Similarly, in HIV-infected humans, memory CD4" T cells are preferentially depleted in the
early stages of infection even when HAART is initiated (Mehandru et al., 2004; Brenchley et
al., 2004; Guadalupe et al., 2003), and this is likely to contribute to mucosal immune

dysfunction observed in chronically HIV-infected individuals (Gordon et al., 2007).

Studies have shown that Th17 cells are mainly localized in mucosal compartments of the gut
and broncho-alveolar lavage (BAL) fluid of the lung (Cecchinato et al., 2008; Brenchley et
al., 2008). The GALT is continually exposed to food and bacterial antigens, therefore the
correct balance between Tregs and effector T-cell responses are important in maintaining its
integrity. Th17 cells are highly activated in the gut because of continuous exposure to
bacterial antigens, allowing Th17 cells to become a target for HIV infection (Cecchinato et
al., 2008). The reduction in Th17 cell number might be due to overall depletion of CD4™ T
cells in the mucosa, because the total number of CD4" T cells in the GALT is severely

reduced during infection.

El Hed et al. (2010) showed that a large portion of Th17 cells express the HIV co-receptor
CCR5 and produce very low levels of MIP-1a and MIP-1p. They further showed that CCR5*
Th17 cells are infected with HIV in vivo explaining preferential depletion in the gut of
HIV-infected patients (Brenchley et al., 2008). Brenchley et al. (2008) also showed that Th17
cells isolated from the human gut express CCR5 and therefore are a target for HIV infection.
Both groups showed that Th17 cells represent ideal targets for HIV because of high CCR5
expression and lower secretion of MIP-1a and MIP-1B, whose function is to inhibit HIV
entry. They also showed that CCR5" Th17 cells are infected by CCR5 viruses and depleted

during viral replication in vitro.

El Hed et al. (2010) showed that HIV-infected individuals on HAART had significantly
reduced Th17 cell counts compared to uninfected individuals (regardless of viral load or CD4
count), whereas HIV-infected individuals naive to therapy had normal levels and also
suggested that CCR5-tropic viruses preferentially targeted CCR6°CCR5™ Th17 cells in both
treated and untreated individuals. They also showed that Th17 cells were inversely correlated
with activated CD4" T cells in HIV'HAART" individuals. Overall, their results suggest a
complex perturbation of Th17 cells during the course of HIV infection through both direct

and indirect mechanisms of immune activation.

17



1.8 Markers of bacterial translocation and immune activation

Breaches in gut mucosal barrier integrity have been implicated in bacterial translocation at
gut mucosal surfaces into systemic circulation (MacFie et al., 2004). Brenchley et al. (2008)
reported that Th17 cell loss during HIV infection was associated with microbial translocation
as result of breaches in gut mucosal barrier integrity. This breach in gut mucosal integrity is
believed to sustain immune activation during infection. Recently, Yue et al. (2008) showed

that translocation of bacterial products induced secretion of IL-17 by Th17 cells.

Bacterial translocation can be measured by lipopolysaccharide (LPS) and soluble CD14
(sCD14) levels (Seabra et al., 2009). LPS is found on the outer membrane of gram-negative
bacteria and elicit robust immune responses (Kimbrell et al., 2008). LPS contribute greatly to
the structural integrity of bacteria and protects their membranes from chemical attack
(Stewart et al., 2006). LPS binds to membrane bound CD14 (mCD14) on monocytes or
sCD14 (Scherberich et al., 2000).

Binding of LPS to sCD14 is important for initiating an inflammatory response and promoting
secretion of pro-inflammatory cytokines in many cell types, especially macrophages (Figure
1.7; Hershberger et al., 1968). When gram-negative bacteria are detected, the liver secretes
LPS-binding protein (LBP), allowing LPS and LBP to form a complex. This stimulates toll-
like receptor 4 (TLR-4) on macrophages to form mCD14 (through intracellular cell signaling)
or sCD14 (Wang et al., 2002). This receptor is specific for LPS. The LBP/LPS complex
binds to sCD14 and triggers an inflammatory response, involving the pro-inflammatory Th17

response described earlier, in order to combat invading gram-negative bacteria.
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Figure 1.7: The complex LPS recognition system. LBP secreted by the liver acts as a
carrier of LPS and is essential for binding of LPS to the sCD14 receptor. This complex
assembles with sCD14 molecules, allowing for recognition of LPS by TLR-4 on the surface
of immune cells such as macrophages. This leads to induction of a specific inflammatory
response towards LPS (Zeldin et al., 2006).

Brenchley et al. (2006) showed that HIV-infected individuals had higher concentrations of
LPS in the blood than uninfected individuals, indicating that gram-negative commensals
entered the blood stream from the gut. Liang et al. (2006) found that IL-22 and IL-17A
together induced the expression of defensins and other antibacterial products. IL-22 has also
been shown to induce LBP by hepatocytes (Wolk et al., 2007) and prevents systemic
inflammation provoked by LPS in the blood of HIV-infected individuals (Brenchley et al.,
2006). LPS can also induce production of IL-23, IL-6 and IL-1p in human monocyte-derived
dendritic cells and result in differentiation of Th17 cells (Lombardi et al., 2009).

Baroncelli et al. (2009) evaluated the effects of HIV viral replication on LPS levels in the
plasma of HIV'HAART" individuals compared to uninfected individuals. They found that
there was reduced microbial translocation in HIV'HAART" individuals when viral
replication was suppressed, leading to reduced immune activation. Another recent paper by
Epple et al. (2009) showed that HAART is able to repair the HIV-induced defect of the

gastrointestinal barrier that is the cause of microbial translocation.

Jiang et al. (2009) measured plasma levels of bacterial DNA (16S rDNA) as a marker of
microbial translocation and found a strong association between T cell activation (and lower
CD4 T cell restoration) and higher levels of 16S rDNA in HIV'HAART" individuals.
They reported that microbial translocation decreased during HAART and resulted in
restoration of CD4" T lymphocyte numbers, although CD4" T cell numbers were not
reconstituted to pre-infection levels.
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Bacterial 16S rDNA levels in plasma were correlated with bacterial LPS concentrations and
inversely correlated with CD4" T cell restoration after HAART. These studies suggest that
the degree of microbial translocation during HAART is strongly associated with the degree of
immune restoration through the damaged gut epithelium and plays an important role in the

pathogenesis of HIV-induced immunodeficiency.

Nazli et al., (2010) investigated microbial translocation across the mucosal epithelial surfaces
during HIV infection. Purified epithelial cells were isolated from the female genital tract
(FGT) and exposed to HIV. R5 tropic laboratory strains reduced transepithelial electrical
resistance by 30-60% without affecting cell viability. The decrease in transepithelial
electrical resistance (TER) correlated with disturbance of tight junction proteins and
increased permeability. Significant upregulation of inflammatory cytokines were seen in
genital epithelial cells following exposure to HIV. Mucosal epithelial cells responded directly
to HIV by significantly upregulating inflammatory cytokines that lead to impairment of
barrier functions associated with viral and bacterial translocation across the epithelial
monolayers. The increased permeability could be responsible for significant crossing of
mucosal epithelium by virus and bacteria present in the lumen of mucosa in the genital tract

and can be relevant to mucosal transmission of HIV and immune activation.

1.9 Mucosal immunity at the female genital tract

Depletion of activated memory CD4" T cells has also been reported in other mucosal sites
including the vaginal and lung mucosa (Vajdy et al., 2001; Veazey et al., 2003). The genital
tract mucosa is primarily an effector site that guards against sexually transmitted pathogens
(Johansson & Lycke, 2003). The genital mucosa is part of the mucosal associated lymphoid
tissue (MALT) (Johansson et al., 1998). The FGT does not contain organised structures like
the Peyer’s patches of the GALT and is therefore considered a tertiary lymphoid site
(Nandi & Allison, 1993). Cellular targets that are vulnerable to HIV infection are found in the
ectocervical, endocervical and vaginal epithelium as well as in the uterus (Hladik et al.,
2008).
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1.9.1 Mechanisms for HIV infection in the female genital tract

The structure of the FGT forms the first line of defence against HIV because of physical
barriers and innate and adaptive immunological defences (Shacklett et al., 2008). If the
intrinsic barriers of the FGT are overcome, HIV-1 is capable of crossing the genital
epithelium and establishing an infection. For the virus to do so, a number of intrinsic
mechanical, chemical and biological barriers must be avoided. Epithelial cells lining the FGT
play a key role in forming a primary barrier to HIV entry. These cells express TLRs that
recognize and respond directly to HIV. Tight junctions between the columnar cells of the
endocervix and endometrium form a mechanical barrier, preventing pathogens from
breaching the epithelium (Kaushic et al., 2010). Physical defences include multi-layered
squamous epithelium in the vagina and ectocervix (Shacklett et al., 2009). In addition, innate
biological factors produced by epithelial cells such as cytokines, chemokines and
antimicrobial peptides, as well as mucous production in the FGT help prevent HIV entry
(Fahey et al., 2005). However, it has been proposed that HIV gains access into FGT tissues
by a number of mechanisms such as direct infection of epithelial cells, transcytosis of viral
particles across the epithelium, entry of virus and/or infected cells through epithelial breaches
and binding to and/or direct infection of mucosal dendritic and CD4" T cells via receptors
(Shacklett et al., 2009).

1.9.2 Anatomy of the female genital tract

The FGT is composed of the lower reproductive tract (vagina and ectocervix) which is lined
by stratified squamous epithelium and the upper reproductive tract (endocervix, endometrium
and fallopian tubes) which is lined by a single layer of columnar epithelium (Kaushic et al.,
2010). The lower FGT has three regions relevant to HIV transmission (Figure 1.8): (1) the
vaginal mucosa composed of multi-layered squamous epithelium, (2) the ectocervix
composed of multi-layered squamous epithelim intersecting with single layered columnar
epithelium in the transformation zone and (3) the endocervix composed of only single layered
columnar epithelium (Pudney et al., 2005). CD4" T cells and APCs are enriched in the
transformation zone (where the ectocervix transitions into the endocervix) and the

transformation zone may be more susceptible to HIV entry as a result (Pudney et al., 2005).
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Figure 1.8: Anatomy of the female genital tract. Viral invasion occurs through the
non-keratinized squamous epithelium of the vagina and ectocervix and the single-layer
columnar epithelium of the endocervix. The endocervical canal is filled with mucus,
providing a barrier against pathogens (Hladik & McElrath, 2008; Fahey et al., 2005) and is an
inductive and effector site for cell-mediated immunity (Shacklett et al., 2009).

The role of Th17 cells in the FGT has not been extensively studied. Wang et al. (2009)
reported that the prevalence of Tregs decreased in blood, in uterine lining and the
endometrium obtained from women with unexplained recurrent miscarriage, whereas Th17
cell frequencies increased. Proportions of IL-17" CD4" T cells were higher in women with
unexplained recurrent miscarriage compared to healthy women. Tregs inhibited I1L-17
expression through TGF-f and IL-10 in vitro, suggesting that more Th17 cells were inhibited
in the control group of women compared to women with unexplained recurrent miscarriages.

These results suggest an important role for a Th17/Treg balance in the FGT in fertility.

Feinen et al. (2010) evaluated Th17 responses in a murine model of Neisseria gonorrhoeae in
the FGT of mice. They showed that N. gonorrhoeae infection elicited an innate immune
response which in turn triggered neutrophil recruitment and production of antimicrobial
peptides. They showed that IL-17 secretion was induced in human antigen presenting cells in
vitro. Furthermore, they showed that IL-17 was induced in the iliac lymph nodes during
murine genital tract gonococcal infection. When IL-17 secretion was blocked or when the IL-
17R was deleted, infection was prolonged and neutrophil recruitment was reduced. In IL-17R
knockout mice, neutrophil-attractant chemokines were reduced in response to
N. gonorrhoeae. These results show a crucial role for IL-17 and Th17 cells in the immune
response towards this infection in the FGT of mice and may implicate an important role for

Th17 cells in the FGT of humans by protecting against this sexually transmitted infection.
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A recent study by Chen et al. (2010) evaluated regulation of MyD88, an adaptor molecule
required for innate immunity, during Chlymadia trachomatis infection in the upper urogenital
tract of mice. They showed that MyD88 knock-out mice failed to produce inflammatory
cytokines in the FGT during the first week of infection and developed a Th2-dominant
response, whereas wild-type mice developed a Th1/Thl7-dominant response after infection,
demonstrating the importance of the latter response in the FGT in controlling this infection.
MyD88 knock-out mice had significantly higher numbers of Chlamydial organisms in the
upper genital tract tissues and developed more severe pathology compared to wild-type mice.
These results show the critical role in the development of Th1l/Thl7 adaptive immunity,
which may be essential for limiting infection and reducing pathology of the upper genital
tract. Taken together, these two studies show the importance of Th17 cells in the genital tract

for controlling sexually transmitted infections.

In lungs, Th17 cells produce mucous by the direct effect of IL-17 on epithelial cells by
mobilizing mucins. IL-17 increases mRNA encoding mucin genes MUC5AC, MUCS5B and
the mucin protein in human airway epithelial cells (lvanov et al., 2007). Gram-negative
bacteria in the lungs of mice stimulate 1L-23 secretion by APCs, allowing Th17 cells to
differentiate, contributing to mucin secretion by recruitment of epithelial cells (Hashimoto et
al., 2005). In the GALT, Thl7 cells facilitate mucous production by formation of tight

junctions and epithelial regeneration (Renu et al., 2010).

In the human FGT, it can be postulated that Th17 cells may play a role in mucous production
in the same way as in the lung by mobilizing mucins and in the FGT of mice by inducing
neutrophil recruitment. Also, in the same way as in the murine respiratory tract,
IL-17-producing Th17 cells may produce mucous through IL-23 regulation at the human
FGT. Other possible roles for this subset in the human FGT could be maintenance of
epithelial cell tight junctions, which could contribute towards mucosal barrier integrity and
mucous production, as well as antimicrobial protein production as described in the gut.
Investigating Th17 cells in the human FGT during HIV infection is crucial because Thl7
cells have an anti-fungal and bacterial function, which could help combat and prevent

sexually transmitted infections.
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1.10 Study aim and objectives

Overall aim of dissertation
To investigate the impact of HIV infection and inflammation on the frequency and phenotype
of Th17 cells in the FGT and the blood of uninfected and HIV-infected women.

Rationale for the study

Th17 cells have shown to be important in regulating gut immunity, particularly during HIV
infection because they play a role in sustaining gut mucosal barrier integrity. Although the
FGT similarly has a comprehensive ecosystem of bacterial and fungal commensals and
pathogens that become dysregulated during HIV infection, the role of Th17 cells in regulating
vaginal immunity in humans has not been investigated. The FGT represents a mucosal
milieu rich in inflammatory innate mediators and the intersection between Thl7
inflammatory cells, genital inflammation, and vaginal bacterial or fungal burden may give

important insight into the role of these cells in genital tract mucosal immunity.

Specific Aim 1: To compare the frequency and phenotype of Th17 cells detected in the FGT
and blood in uninfected women compared to HIV-infected women naive to anti-retroviral

therapy or receiving therapy.

Hypothesis: As in the gut-associated mucosal tissue, the frequencies of Th17 cells detected in
the FGT are significantly reduced during HIV-infection but reconstituted in women receiving
HAART.

Specific Aim 2: To investigate the influence of pro-inflammatory and regulatory cytokines on

the frequency and phenotype of Th17 cells in the FGT.

Hypothesis: Pro-inflammatory cytokines in the FGT have previously been implicated in local
HIV replication and shedding (Gumbi et al., 2008; Anderson et al., 2008). Th17 cells may be
recruited to the FGT during HIV infection along an inflammatory gradient.
Pro-inflammatory cytokines are also needed for Th17 cell differentiation (Di Cesare et al.,
2010). Thus, if Th17 cells are recruited to the FGT along an inflammatory gradient, then pro-

inflammatory cytokines should be enriched at the cervix.
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Specific aim 3: To investigate the association between Th17 cell frequencies in the female
genital tract and markers of bacterial (LPS, sCD14) and fungal [(1-3)-B-d-glucan] burden
during HIV infection.

Hypothesis: Increased exposure of genital tract immune cells to bacterial and fungal

components and their host by-products [LPS, sCD14 and (1-3)-B-8-glucan] will be associated

with enrichment of Th17 cells in this compartment.
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2.1 Study Participants

A total of 40 chronically HIV-infected and 13 uninfected women were enrolled in this study
from the Empilisweni Clinic and Nyanga Day Hospitals in Cape Town, South Africa (in
collaboration with Prof. Lynette Denny of the Dept. Obstetrics and Gynaecology, Dr. David
Coetzee of the School of Public Health; and Prof. Anna-Lise Williamson of the Division of
Medical Virology, Dept. Clinical and Laboratory Sciences, University of Cape Town).
Women who were pregnant, menstruating, post-menopausal, had undergone a hysterectomy,
had cervical cancer, vaginal discharge or visible or reported sexually transmitted infections
were excluded from this study. Approval for this study was obtained from the Faculty of
Health Sciences Research Ethics Committee of the University of Cape Town (Nyanga REC
106/2002 and Empilisweni REC 208/2006). All participants gave informed written consent

before initiation of the study.

2.2 Sample collection and cervical cell processing

Cervical T lymphocytes were collected from the endocervical canal of the female genital tract
using a Digene cervical sampler as described by Passmore et al. (2002) and Gumbi et al.
(2008). The Digene cervical sampler was rotated 360° within the endocervical os under
speculum examination and then transferred immediately to 3ml R10 transport medium
[RPMI 1640 (Gibco™)], with 50mg/ml glutamine (Gibco™), 0.8mg/ml Fungin™
(InvivoGen), 50U penicillin, 50mg/ml streptomycin and 10% fetal calf serum (FCS)
(Invitrogen, USA). After collection of cervical T lymphocytes, the cytobrush was placed in a
15ml conical tube containing 3ml of R10 transport media immediately after sampling. The
specimens were transported to the laboratory and processed within 3 to 6 hours of collection
to minimize cell loss. Cytobrush samples with visible blood contamination were discarded.
At the laboratory, the cytobrush was flushed ~30 times using a sterile, plastic disposable
pasteur pipette to dislodge cells from the cytobrush. The pipette was then removed and

discarded. The cervical cells were washed once at 2509 for 10 minutes to pellet cells.
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Cervical supernatant (containing the transport medium used to flush the cytobrush with the
cells removed) was stored at -80°C for analysis of genital inflammatory cytokine levels and
HIV shedding. The cervical lymphocyte pellet was resuspended in 2.2ml R10 media and
incubated overnight (approximately 12-18 hours) in a humidified incubator (37°C, 5% CO,)
prior to stimulation and intracellular cytokine staining. Cells were rested overnight so that
any apoptotic cells could die off and to reduce background. Intracellular cytokine production
by cervical cytobrush-derived T cells was evaluated ex vivo since the low yields precluded

Cryo-preservation.

2.3 Blood collection and peripheral blood mononuclear cell (PBMC)

isolation

Forty millilitres of anti-coagulated blood was collected by venipunture into sterile Acetate
Citrate Dextran (ACD) BD vacutainer tubes. Peripheral blood mononuclear cells (PBMCs)
were isolated by density gradient (Ficoll-Hypaque) centrifugation and counted using a Guava
cell counter. Leucosep® tubes (Greiner Bio-one Ltd, UK) was used to isolate PBMCs from
anti-coagulated whole blood. Processing was done within 5 hours of venipuncture to
maximise T cell recovery (Bull et al., 2007). Leucosep® tubes contain a porous separation
disc to stabilize the interface between the Ficoll cushion and PBMC “buffy” layer, thereby

allowing for the separation of high density erythrocytes from lower density PBMCs.

Briefly, a volume of 3ml Ficoll Histopaque (Sigma-Aldrich, MO, USA), equilibrated to room
temperature, was added to each 15ml Leucosep® tube and centrifuged for 1 minute at 1000g
using a Heraeus 1.0R Megafuge at room temperature to force the Ficoll below the separation
disc. A volume of 5ml of whole anti-coagulated blood was then added to each 15ml
Leucosep® tube and centrifuged for 15 minutes at 1000g using a Heraeus 1.0R Megafuge at
room temperature to separate the blood components. A volume of 2ml of plasma was
carefully removed from the top of each gradient with a plastic disposable Pasteur pipette.
Plasma was stored at -80°C for HIV viral load determination and evaluation of plasma
cytokines levels. Plasma was stored in 1ml aliquots at -80°C for assessment of cytokine

concentrations.
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From each gradient, the white “buffy’ layer (enriched with PBMCs) which sediments
immediately above the separation disc, was carefully removed using a Pasteur pipette and
transferred to a new 15ml tube to be washed twice with 15ml of 1% FCS (Invitrogen, USA)
in phosphate buffered saline (PBS; Gibco™). The PBMC pellet was then re-suspended in
6ml of R10 media prior to counting. Isolated PBMCs were cryopreserved in liquid nitrogen

until analysis.

2.4 PBMC counting and viability assessment

PBMC counts and viability were performed using an automated Guava PCA cell counter
system (Guava Technologies Inc, CA, USA) which records the frequency of nucleated viable
cells following staining with Guava ViaCount reagent (Guava Technologies Inc, CA, USA).
Guava ViaCount reagent contains two DNA binding dyes that distinguish between live and
apoptotic cells. Dead cells and debris are excluded based on negative staining with the
viability dye. Analysis was done using CytoSoft™ software (Guava Technologies Inc, CA,
USA). Briefly, PBMCs were washed once with 10ml of R10 media. The supernatant was
discarded and the pellet was re-suspended in Sml of R10 media. A volume of 10ul of the
PBMC suspension was added to 190ul Guava ViaCount to make a 1:20 dilution. The cells
were incubated for 8 minutes at room temperature and immediately acquired on the
automated Guava cell counter. All freshly isolated PBMCs had a viability >95%. PBMCs
were adjusted to 2 x 10° viable cells/ml and rested overnight (approximately 12-18 hours) in
R10 media in a humidified incubator (37°C, 5 % CO,) to reduce background to allow

apoptotic cells to die off.

2.5 Cryo-preservation of PBMCs

PBMCs that were not used immediately for intracellular cytokine staining (ICS) and flow
cytometry experiments were cryo-preserved within 6 hours of collection. Briefly, PBMCs
were suspended in 500ul of 100% FCS (Invitrogen, USA) on ice, then diluted drop wise to
Iml by the addition of 500ul of 20% freezing medium [20% Dimethyl Sulphoxide (DMSO;
Sigma-Aldrich, UK) in FCS (Invitrogen, USA)].
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Freezing media containing cells were transferred by pipette to pre-cooled 1ml cryovials
which were then immediately transferred into pre-cooled (4°C for 1 hour) “Mr Frosty” Cryo
freezing containers (Nalgene® Labware, Thermo-scientific Inc). “Mr Frosty” containers have
isopropanol which functions to control the freezing rate of cells to -1°C/minute to limit cell
death (Weinberg et al., 2000). “Mr Frosty” containers were then placed at -80°C overnight.

Frozen PBMCs were subsequently transferred to liquid nitrogen for long term storage.

2.6 Thawing of frozen PBMCs

Vials containing frozen PBMCs were transferred from liquid nitrogen to a 37°C water bath
until almost completely thawed. Thawed cells were re-suspended by adding 1ml of pre-
warmed (37°C) R1 media [RPMI 1640 (Gibco™), 1% FCS (Invitrogen, USA) containing
50U penicillin, 50mg/ml streptomycin, 50mg/ml glutamine (Gibco™) and 0.8mg/ml
Fungin™ (InvivoGen) drop wise. The solution was made up to 10ml (R1) in a 50ml tube and
centrifuged at 320g for 10 minutes. The supernatant was discarded and the pellet re-
suspended in 500ul of R10 media with 0.002% DNAse (Roche Diagnostics) for 2 minutes.
The addition of DNAse prevented cell clumping. After 2 minutes incubation in DNAse, the
samples were washed in 1% FCS in PBS. The supernatant was discarded and the pellet re-
suspended in 5ml R10. Cell viability after thawing was assessed as described in section 2.5.
Only PBMC samples with >95% viable cells were used in intracellular cytokine staining

experiments.

2.7 Intracellular cytokine staining and flow cytometry for evaluation of

Th17 and Thl cell phenotype and function

Flow cytometry allows both the counting and evaluation of phenotypic properties of cells
suspended in fluid and passed by an electronic detection apparatus at high speeds (Givan,
2001). Intracellular cytokine staining (ICS) is a technique for identifying single cells that
produce cytokines in response to a specific stimulus which can be measured by flow
cytometry (Herr et al., 1996; Scheibenbogen et al., 1997; Suni et al., 1998). This is a useful
measure of T cell function (Maecker, 2004). ICS was carried out to analyse the frequency of

IL-17 producing Th17 cells and IFN-y producing Th1 cells.
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2.7.1 Antibody staining panels used for flow cytometry

To characterize the phenotype and functionality of IL-17 producing Th17 and IFN-y
producing Thl cells, PBMCs and cervical cytobrush-derived mononuclear cells (CMCs) were
stained with commercially available antibodies against known surface and intracellular

functional markers of T cell subsets.

An 8-colour antibody staining panel to simultaneously evaluate IL-17 and IFN-y production
by viable memory T cells was designed by Dr. Tom Scriba [South African Tuberculosis
Vaccine Initiative (SATVI), University of Cape Town; Scriba et al., 2008]. The panel was
composed of antibodies against T cell phenotypic markers (CD3, CD8, and CD4), memory
markers (CD45RA and CCRY7), intracellular cytokines (IL-17 and IFN-y) and a viability
marker Vivid. Table 2.1 provides details of the fluorochrome combinations used, the

antibody clone and the final volume of antibodies used in all experiments.

TABLE 2.1| Eight-colour antibody panel used on the LSRII flow cytometer

Volume

Antibody Fluorochrome Clone (ul)* Supplier

CDs3 Allophycocyanin H7 (APC-H7) SK7 2.5 Becton Dickinson
CD4 Fluorescein isothiocyanate (FITC) Ber-ACT8 5 Becton Dickinson
CD8 Peridininchlorophyll Cy 5.5 (PerCP-Cy 5.5) SK7 5 Becton Dickinson
CCRY7 Allophycocyanin (APC) 150503 5 R&D Systems
CD45RA Phycoerythrin Cy 7 (PE-Cy 7) L48 15 Becton Dickinson
IFN- vy Alexa Flour 700 RPA-T8 1 Becton Dickinson
IL-17 Phycoerythrin (PE) BL 168 5 BioLegend

Violet Flourescent

Reactive dye (Vivid) 2cBIue N/A 05 Invitrogen

*Optimal antibody volumes differed depending on the antibody lot number. The range of volumes used is
reported above.

2.7.2 Antigen stimulation of PBMCs and cervical cells

The reagents used for stimulation of T cells and ICS are summarised in Table 2.2. Cervical
cytobrush-derived cells (rested at 37°C overnight; as described by Gumbi et al., 2008) and
PBMCs were transferred into 3 (cervix) or 4 (PBMC) BD Falcon tubes at ~2 x 10°/500pl/tube
for cervical cells and 1 x 10° PBMC/500ul/tube.
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Cervical cells and PBMCs were either stimulated with HIV Gag Du422 overlapping peptides
(each at a final concentration of lug/ml, kindly provided by the NIH AIDS Reagent
Repository), PMA/ionomycin [positive control, lpg/ml PMA and 50pg/ml ionomycin
(Sigma-Aldrich, UK)], or left unstimulated (negative control). For PBMCs only (where cell
numbers were not limiting), an additional tube was included in each experiment containing
CEF peptides (Cytomegalovirus, Epstein Barr virus and Influenza virus immunodominant
peptides; table 2.3; Linemann et al., 2010). Cells were incubated for a total of 6 hours in a
humidified incubator (37°C, 5% CO,). Brefaldin A (BFA; 12.5ug/ml; Sigma-Aldrich, UK)
was added to each tube after the first hour of incubation to block Golgi transport of IFN-y and

IL-17 and retain newly produced cytokines inside the cell.

The negative control consisting of unstimulated cells allowed measurement of spontaneous
cytokine production. Stimulation with HIV-1 Gag peptides allowed measurement of the
magnitude of HIV Gag responsiveness in each compartment by Thl and Thl7 cells.
Stimulation with CEF peptides allowed measurement of T cell responses against other
common viral antigens (Doisne et al., 2004). The positive control consisting of
PMA/ionomycin stimulation allowed assessment of the maximal ability of cells to produce
IFN-y and IL-17. PMA is a phorbol ester which engages the T cell receptor while
simultaneous addition of ionomycin opens calcium channels that result in an influx of intra-
cellular Ca** ions (Touraine et al., 1977). The Ca** ions activate the cell to produce large
quantities of cytokine (Kawanishi & Joseph, 1992).

34


http://www.ncbi.nlm.nih.gov/pubmed?term=%22L%C3%BCnemann%20JD%22%5BAuthor%5D

Table 2.2| Reagents used in intracellular cytokine staining (ICS)

Reagent Composition and mode of action Quantity Supplier

CEF peptides A peptide pool consisting of Cytomegalovirus, Each peptide NIH AIDS
Epstein Barr virus and Influenza virus peptides. presentatafinal  Reagent
Epstein Barr virus is found in almost the whole conc. of 1ug/ml Repository
human population (Liinemann et al., 2010). CEF
peptides stimulate the release of IFN-y from
CD8" memory T cells and serves as a peptide-
specific positive control (PANATecs
International).

HIV Gag A single pool of 121 15-mer HIV Gag peptides Each peptide NIH AIDS

superpool overlapping by 10 amino acids; based on HIV-1 presentata final  Reagent
subtype C Du422 sequence. conc. of 1ug/ml Repository

PMA /lonomycin A potent mitogen that stimulates the T cell 1ug/mlPMA Sigma Aldrich

receptor. When used in conjunction with 0.5pg/ml
ionomycin  results in massive cytokine ionomycin
production. An ionophore that stimulates

Calcium ion release which activates cytokine

production (Majewski et al., 2007).

BFA Inhibits Golgi transport of newly synthesized  0.5ug/ml Sigma Aldrich
proteins thereby accumulating newly
synthesized cytokines inside the cell; it is a
lactone antibiotic produced by fungal organisms
(Loesch et al., 2007).

Cytofix/Cytoperm  Formaldehyde and Saponin 500ul per Becton Dickinson
(1X) sample
Perm Wash FCS and Saponin 2ml per Becton Dickinson
(1X) sample
CellFIX Formaldehyde and sodium azide. A fixing agent  500ul per Becton Dickinson
(1X) that immobilizes bound antibodies on stained sample

cells.

2.7.3 Intracellular cytokine staining of PBMCs and cervical cells

Following stimulation, PBMCs and cervical cells were washed twice with 2ml PBS. The
supernatant was discarded and the cell pellets were resuspended in the dead volume. Fifty
microlitres of a 1:50 dilution of the viability dye Vivid was added. Vivid is a fluorescent
reactive dye that reacts with cellular amines. It permeates membranes of dying cells and
reacts with amines intracellularly and on the cell surface. This causes intense fluorescent
staining. Faint staining is a result of the dye reacting with cell-surface amines of viable cells
(Molecular probes®, Invotrogen™, USA). The cells were incubated at room temperature for

twenty minutes in the dark, after which they were washed once with FACS wash buffer.
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Surface antibodies for the 8-colour panel (Table 2.1; CD4, CD8, CD45RA and CCR7) were
prepared in a master mix according to their optimally titrated volumes in FACS wash buffer.
A staining volume of 50l of the mastermix was added to each tube on ice. The samples were
incubated at 4°C for 1 hour. Samples were washed once with FACS wash buffer to remove

excess unbound antibody.

To identify cytokine producing cells following stimulation, samples were labelled with CD3
(directed against surface antigens) and with IFN-y and IL-17 (intracellular antigens) using the
antibodies described in Table 2.1. Briefly, all tubes were washed once in PermWash™ buffer
(Table 2.2; BD Biosciences, San Diego, CA) and the above-mentioned antibodies were
added. The tubes were incubated at 4°C for one hour and then washed once with permwash
buffer. The supernatant was discarded and the cell pellets were re-suspended in the dead
volume. One hundred microlitres of 1 X BD CytoFix-CytoPerm™ solution (Table 2.2; BD
Biosciences, San Diego, CA) (containing 1% formaldehyde to fix stained cells prior to
analysis) was added to each tube and stored at 4°C until samples were acquired. Stained cells
were captured on a Becton Dickenson LSRII flow cytometer and events analyzed using
FlowJo software version 8.5.2 (TreeStar Inc, OR, USA). A minimum of 1 x 10° total events
were captured per analysis for PBMCs and 100% of the sample was captured per analysis for
cervical cells. Cervical samples with <100 CD3" events were excluded from phenotyping
analysis to reduce positive bias associated with low cell numbers (Passmore et al., 2002;
Gumbi et al., 2008).

2.7.4 Colour compensation settings and correcting for spectral overlap

Spectral overlap in flow cytometry is a phenomenon associated with fluorochromes that have
overlapping emission spectra. Signal from one fluorochrome will “spill over” or register on a
photodetector that is specific for another overlapping fluorochrome. Spectral compensation
allows “subtraction” of this signal spill-over from neighbouring channels and analysing
fluorescently labelled cell populations requires compensation for spectral overlap (Roederer
et al., 2004). To compensate for spectral overlap in each experiment, a control panel of tubes
containing each antibody in the staining panel (Table 2.3) alone was conjugated onto
commercially available microparticles (CompBeads; BD Biosciences, San Diego, CA).
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CompBeads are made up of one positive control population of beads that binds the antibody «
chains, and one negative population that does not bind antibody. The beads stained with each
antibody individually were acquired on a flow cytometer along with the PBMC and cervical
cells stained with all the antibodies in combination, using the same voltages and settings.

During analysis using FlowJo software version 8.5.2 (TreeStar Inc, OR, USA), colour
compensation for each panel was determined automatically by using the individually stained
CompBeads to determine spectral overlap between the combinations of antibodies used in the
panel. In all experiments, the automated colour compensation settings were applied and no
manual adjustments were made. Briefly, volumes of each antibody in the panel (Table 2.3)
were added individually to 100ul of PBS in 5ml Falcon tubes (BD Biosciences, San Diego,
CA). CompBeads were vortexed thoroughly for 1 minute to avoid aggregation and a drop of
negative and positive beads was added to each antibody tube. The beads were incubated at
4°C for 15 minutes, and 100ul of 1 x CellFIX (BD Biosciences, San Diego, CA) was added.
The beads were acquired on a LSRII flow cytometer (Becton Dickinson, Nenelux NV,
Belgium) for the 8-colour panel (Table 2.1).

2.7.5 Event capture, gating and use of fluorescence minus one (FMOs)

In flow cytometry, gating refers to the selection of cells (according to their fluorescence
and/or scatter characteristics) that are carried forward for further analysis. It is important that
gating is as objective as possible (Givan, 2001). To limit subjectivity in gating cell
populations, fluorescence minus one (FMO) gating was used to establish cut-offs for each
antibody used in this study. FMOs for the 8-parameter flow cytometry panel in this study
included 8 tubes containing PBMCs from healthy individuals labelled with all the
fluorochromes in the panel with the exception of one (Table 2.3; Roederer et al., 2004).
FMOs allow for gate settings that accurately distinguish positive and negative cell
populations during analysis (Roederer et al., 2004). In addition, a positive control was set up
containing all fluorochromes in the panel applied to PBMCs from a healthy uninfected
individual. The gates set in the positive control are then based on the location of cell

populations in FMO panels and these settings are applied to the experimental samples.
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TABLE 2.3| Example of FMO gating control set-up for 8-colour antibody panel

Antibody volumes for FMOs

Panel FMO* CD3 CD4 CD8 CCR7 CD45RA IFN-y IL-17 Vivid

-CD3 - 25 25 2.5 2.5 25 2.5 2.5
-CD4 5 - 5 5 5 5 5 5
-CD8 5 5 - 5 5 5 5 5

Negative controls CORT > ° > ) > ° > >
-CD45RA 15 15 15 15 - 15 15 15
-IFN-y 1 1 1 1 1 - 1 1
IL-17 5 5 5 5 5 5 - 5
Vivid 05 05 05 0.5 0.5 0.5 0.5 -

Positive control None 25 5 5 5 1.5 1 5 0.5

*FMO (Fluroescence minus one)

2.8  Measurement of IL-17 in cervical secretions and plasma by enzyme-

linked immunosorbent assay (ELISA)

ELISA is an immunoassay technique which employs a sandwich antibody capture method on
a planar surface (usually a 96-well plate). The plate is coated with an antibody that
specifically recognises the analyte. Once the analyte is added, a biotin labelled detection
antibody binds the analyte that has been immobilised by the capture antibody. An enzyme
(e.g. Strepavidine-Horseradish Peroxidase) is added and forms a complex with the biotin-
labelled detection antibody. A substrate (e.g. peroxidase) is then added that reacts with the
Strepavidine-Horseradish Peroxidase enzyme to form a colour product (Figure 2.1). The
intensity of the colour product is measured on an instrument and it directly correlates with the

amount of analyte present in the sample.
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Figure 2.1: Diagram representing the traditional method for an enzyme-linked
immunosorbent assay (Abcom®, 2010). ELISA is based on the principle involving an
antibody specific for an antigen. These antibodies capture antigens in a sample either
specifically or non-specifically and are immobilized on a solid support (a "sandwich"
ELISA). A detection antibody (which is either covalently linked to an enzyme or is
bioconjugated to a secondary antibody linked to an enzyme) is then added and this forms a
complex with the antigen. Between each step the plate is washed with detergent to remove
non-specific proteins or antibodies. An enzymatic substrate is added after the last wash step.
This produces a visible signal which indicates the amount of antigen present in the sample
(Adler et al., 2009).

The Quantikine® Human IL-17 ELISA detection kit (R&D Systems, MN, USA) was used in
this study to measure the concentration of IL-17 in plasma and cervical supernatants. The
Quantikine® kit contained a 96-well microplate pre-coated with anti-1L-17 capture antibody,
a horseradish peroxidase conjugated detection antibody, recombinant human IL-17 as a
standard, assay diluents and wash reagents, colour reagents containing hydrogen peroxide
substrate and a stop reagent containing HCL. Details of the reagents are provided in Table
2.4. The reported limit of detection for the kit was 15pg/ml of IL-17.

39


http://en.wikipedia.org/wiki/Detergent
http://en.wikipedia.org/wiki/Substrate_(biochemistry)
http://en.wikipedia.org/wiki/Signal_(information_theory)

TABLE 2.4] Reagents used in Human IL-17 Quantikine® ELISA kit

Reagent

Composition

Purpose

IL-17 Microplate

IL-17 Conjugate

IL-17 Standard

Calibrator diluent
RD5R

Calibrator diluent
RD6-21

Assay diluent RD1-36

Wash Buffer
concentrate

Colour reagent A

Colour reagent B

Stop Solution

Plate covers

96 well polystyrene microplate
coated with a mouse monoclonal
antibody against 1L-17

Polyclonal antibody against IL-17

conjugated to horseradish

peroxidase

Lyophilized recombinant human

IL-17 in a buffered protein base

Buffered protein solution

Buffered protein solution

4-fold concentrated buffered

protein solution

25-fold concentrated solution of
buffered surfactant

Stabilized hydrogen peroxide

Stabilized chromogen

(tetramethylbenzidine)

Diluted HCI solution

Adhesive strips

Wells of plate are the planar surface in
which the capture antibody is

immobilized

Binds plate-bound IL-17. Horseradish
peroxidase is the enzyme for the colour
product reaction that quantifies the

amount of IL-17.

Known concentration of IL-17 used to

generate standard curve of the assay

Diluent for cell culture supernatants
(used to assay cervical supernatants in
the study)

Diluent for plasma samples

Diluent used in dissolving lyophilized

standard

Wash solution for automated plate

washer

Part of the substrate reacts with
horseradish peroxidase complex

(enzyme)

Substrate that reacts with horseradish

peroxidase complex (enzyme) to form

colour product

Stops colour ELISA reaction

Protect assay samples
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To generate a standard curve, the lyophilised recombinant human IL-17 standard provided
with the kit was reconstituted in 1ml of distilled water to form a 20 000pg/ml stock solution.
Two-fold serial dilutions of the stock solution were made in calibrator diluent RD5R (for
cervical supernatants) or RD6-21 (for plasma samples) (range 31.25pg/ml-2000pg/ml)
according to the manufacturer’s instructions. The approporiate calibrator diluent was used as
the zero standard (Opg/ml). Cryo-preserved plasma and cervical supernatants were thawed
overnight at 4°C. Plasma samples were centrifuged at 2000 rpm (4°C) for 15 minutes and the
supernatant carefully removed prior to assaying. All samples and standards were assayed in

duplicate.

To measure IL-17 concentrations, a volume of 100ul of assay diluent RD1-36 was added to
each well, followed by 100ul of standard, control or sample in duplicate. Plates were then
incubated for 3 hours in the dark at room temperature. Each well was then aspirated and
washed three times in 1 x wash buffer (wash buffer concentrate diluted in distilled water)
using an automated plate washer (ELx50 Auto Strip Washer; Bio-Tek Instruments Inc.).
A volume of 200ul of IL-17 conjugate (detection antibody conjugated to horseradish
peroxidase) was added to each well and incubated for 1 hour at room temperature. Each well
was washed three times in 1 x wash buffer using an automated plate washer. A volume of
200ul of substrate solution (Colour reagent A and Colour reagent B at 1:1 concentration) was
added to each well and left to incubate for 30 minutes at room temperature in the dark.

Finally, 50pl of Stop Solution containing HCL was added to end the reaction.

Optical density was measured on a VersaMax® microplate reader (Molecular Devices) within
30 minutes of stopping the reaction at wavelength 450nm. Optical imperfections on the plates
were corrected by subtracting the reading at 540nm from the reading at 450nm as
recommended by the manufacturer. A standard curve from the standards (four parameter
logistic curve-fit) was generated using SOFTmax PRO (version 4.3.1, Molecular Devices).
SOFTmax PRO software tools were used to calculate the concentration of IL-17 in each

plasma and cervical sample using the equation generated from the standard curve.
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2.9 Measurement of inflammatory cytokine concentrations in cervical

secretions and plasma using the Multiplex Luminex Assay

A Multiplex Luminex Assay was used to measure the concentrations of inflammatory and
regulatory cytokines in plasma and cervical supernatant samples from HIV-infected and
uninfected women in this study. This assay is similar in prinicipal to the ELISA, in that it is
sandwhich immunoassay method. However, the Multiplex Luminex method allows multiple
types of analytes to be assayed simultaneously in the same sample (Probst et al., 2003). The
principal of this technique is summarised in Figure 2.2. In the Luminex method, the capture
antibody is pre-conjugated to polysterene microbeads. The microbeads are dyed with two
different flurophores (red and infra-red). Each bead contains each of the two dyes in different
ratios, allowing one bead to be distinguished from the other. Beads with different capture
antibodies are often mixed in the same assay. Cytokines from the samples are allowed to bind
to the conjugated capture antibodies on the beads which are suspended in solution. Once the
detection antibody and enzyme are added, beads can be read using the Luminex® 100™ or
200™ detection system to identify and quantify each cytokine (Probst et al., 2003).

MILLIPLEX™ (Millipore Corporation, MA, USA) normal sensitivity kits were used to
determine the concentration of 5 human cytokines (IL-1pB, IL-6, IL-8, IL-10 and 1L-12p40)
in plasma and cervical secretions. The reported lower level of detection for the
MILLIPLEX™ kits ranged from 0.1 - 9.5pg/ml for each cytokine.

Cervical supernatants and plasma samples were stored at -80°C as described in section 2.3
and 2.4, respectively. Samples were thawed slowly for use in the multiplex assay by placing
them on ice and storing overnight at 4°C. The 96-well microtitre filter plate was pre-wet by
aliquoting 200ul of Assay Buffer (supplied with the kit) into each well, shaking on a plate
shaker for 10 minutes at room temperature and removing the Wash Buffer by vacuum. A
volume of 25ul Assay Buffer was added to each of the duplicate background wells and to

each of the sample wells.
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Figure 2.2: Principal of Multiplex Luminex methodology (BioLegend®, 2010).

Microspheres are internally colour-coded with two fluorescent dyes. One hundred distinctly
coloured bead sets each coated with a specific antibody can formed. After an analyte is
captured by the bead, a biotinylated detection antibody is added. The reaction mixture is
incubated with the reporter molecule Streptavidin-PE conjugate. This completes the reaction
on the surface of each microsphere. The microspheres pass quickly through a laser which
excites the internal dyes on the microspheres. A second laser excites the fluorescent dye, PE,
on the reporter molecule. A high-speed digital-signal processor identifies each microsphere.
The results are quantified based on the fluorescent reporter signals. Multiple results from a
single sample can be obtained by adding multiple conjugated beads to each sample
(BioLegend®, 2010).

Lyophilised human cytokine standard cocktail (supplied with kit) was diluted to 3.2, 16, 80,
400, 2000 and 10 000pg/ml in Assay Buffer and a volume of 25ul of each standard were
aliquoted to the appropriate standard wells. Quality Control vials | and 11, each containing a
lyophilised mixed cytokine cocktail, were reconstituted in 250ul deionised water and 25pul
was aliquoted into each appropriate control well. A volume of 25ul of RPMI was added as a
control for background cytokine production in RPMI media. Filtered cervical supernatant
samples (diluted 1:2 in PBS) and plasma samples (plated neat), were added to the appropriate
sample wells at a volume of 25ul. Each of the 5 antibody-immobilised beads was vortexed,
pooled and 25ul of the mix was aliquoted into each well of the microtitre filtration plate. The
plate was sealed with an adhesive plate sealer, covered with aluminium foil and incubated on

a plate shaker for 1 hour at room temperature.
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Following the appropriate incubation periods, fluid was gently removed from the microtitre
plates by vacuum. Plates were washed twice by aliquoting 200ul per well of wash buffer,
removing fluid by vacuum and blotting the plates on absorbent paper towels to remove excess
fluid. A volume of 25ul of biotinylated detection antibody cocktail was added to each well
and plates were incubated for 30 minutes on a plate shaker at room temperature. Streptavidin-
Phycoerythrin was added at a volume of 25ul to each well containing the detection antibody
and the plate was sealed, covered and kept agitated on a plate shaker for 30 minutes at room

temperature.

All fluid was removed by vacuum and the plate was washed twice with 200ul per well of
wash buffer (as described above). Sheath fluid (Luminex Corporation, USA) was added to all
wells at a volume of 150ul per well. The plate was sealed, covered and agitated on a plate
shaker for 10 minutes to re-suspend the beads. The cytokine and chemokine levels in plasma
and cervical supernatant were quantified in a BioRad Bio-Plex Instrument and analysed using

Bio-Plex Manager Systems software (Luminex xMAP™

Technology). Data was collected
using a Bio-Plex™ Suspension Array Reader (Bio-Rad Laboratories Inc®) and a 5 PL
regression formula was used to calculate sample concentrations from the standard curves.
Data was analysed using BIO-plex manager software (version 4). Cytokine levels that were
below the lower limit of detection of the assay were reported as the mid-point between the

lowest concentrations measured for each cytokine and zero.

2.10 Measurement of lipopolysaccharide (LPS) concentrations in cervical
secretions using the Chromogenic Limulus Amebocyte Lysate (LAL)

Assay

This assay has previously been used as an in vitro end-product endotoxin test for human
biological products (Solum et al., 1973) and was used in this study to measure LPS
concentrations in genital secretions. The LAL test measures the amount of gram-negative
bacterial endotoxins present in a sample (Young et al., 1972). The LAL assay uses the LAL
endotoxin reaction to activate an enzyme which results in p-nitroaniline (pNA) release from a

synthetic substrate. This produces a yellow colour (Figure 2.3).
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Gram-negative bacterial endotoxin catalyzes the activation of a proenzyme in the LAL. The
rate of activation is determined by the concentration of endotoxin present in the sample. The
pPNA released is measured photometrically at 405-410nm after the reaction is stopped with
stop reagent. The concentration of endotoxin is calculated from the absorbance values of
solutions containing known amounts of endotoxin standard. Reagents used in this assay are

shown in Table 2.5.

TABLE 2.5| Reagents used in the LAL assay (Cambrex Bio, Walkersville, MD)

Reagent Composition Purpose

Pyroplates 96-well endotoxin-free uncoated plates, with  Wells of plate are flat-bottomed to
lids assay for LAL

Limulus Contains lyophilized lysate prepared from Used in the endotoxin reaction to

Amebocyte the circulating amebocytes of the horseshoe activate an enzyme which in turn

Lysate crab Limulus polyphemus reconstituted with releases p-nitroaniline (pNA) from
LAL reagent water a synthetic substrate

E. coli endotoxin ~ Contains 15-40 EU lyophilized endotoxin Known concentration of endotoxin

reconstituted with LAL reagent water used to generate standard curve of

the assay
Chromogenic Contains 7mg lyophilized substrate Used as a substrate in the LAL
substrate reconstituted with LAL reagent water reaction to form a chromophore

which absorbs at 405nm

LAL reagent Deionized, endotoxin-free water Used for reconstituting reagents

water and for negative controls.

Standards were prepared by diluting endotoxin stock solution with LAL reagent water to give
a concentration of 1.0 EU/ml and a two-fold dilution series was used. The microplate method
was used for this assay. The microplate was heated on a 37°C heating block and 50ul of
cervical, plasma and standard was added to the appropriate wells. The cervical supernatants
were plated in neat and in 10-fold dilutions with R10 media. The blanks contained 50ul of
LAL reagent water. At the beginning of the experiment, SOul of LAL was added to the first
column of microplate wells and was left to incubate at 37°C. After 10 minutes, 100ul of pre-
warmed (37°C) substrate solution was added. After 16 minutes of incubation, 100ul of stop

reagent was added.
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Optical density was measured on a VersaMax® microplate reader (Molecular Devices). A
standard curve from the standards (four parameter logistic curve-fit) was generated using
SOFTmax PRO (version 4.3.1, Molecular Devices). SOFTmax PRO software tools were used
to calculate the concentration of LPS in each cervical sample using the equation generated

from the standard curve. The absorbance was read at 405nm.

2.11 Detection of B-6-Glucan (fungal antigen) in plasma and cervical

secretions

The Fungitell® (Associates of Cape Cod Inc.) assay is a protease zymogen-based colorimetric
assay for qualitative detection of (1—3)-B-6-Glucan in serum and culture supernatants of
patients with fungal infections. The concentration of (1—3)-p-6-glucan, a major cell-wall
component of fungi, is used in the diagnosis of mycoses and fungemias (Obayashi et al.,
1995). The assay is based upon modification of the LAL pathway (Figure 2.3). For this study,
it was used to test cervical samples for fungal (1—3)-p-6-Glucan. Reagents used in this assay

are shown in Table 2.6.

The Fungitell® assay was used to detect (1—3)-B-8-Glucan produced by Candida albicans in
cervical samples. Standards were prepared using lyophilised glucan and reagent grade water
to make a 100pg/ml solution. A two-fold dilution series was used and 25ul of the standard
was used per well. A volume of 5ul of sample was added to each well and each sample was
assayed in duplicate, after which 20ul of serum pre-treatment reagent was added. The plate
was agitated to mix the contents and incubated at 37°C for ten minutes in the incubating plate
reader. The standards and negative controls (reagent grade water) were then added to the

wells, after which 100ul of Fungitell reagent was added to each well.
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TABLE 2.6| Reagents used in the (1—3)-B-6-Glucan (Fungitell®) assay

Reagent

Composition

Purpose

Pyroplates

Fungitell® Reagent

Pyrosol reconstitution
Buffer

Glucan Standard

Reagent Grade Water

KCI

KOH

Serum pre-treatment

reagent

96-well glucan-free uncoated
plates, with lids

One vial of Fungitell reagent add to
2.7ml of reagent grade water and
2.8ml Pyrosol Reconstitution buffer
TrisHCL 0.2M pH 7.4

Lyophilized pachyman and inert
filler with (1—3)-p-6-Glucan

content shown on the label

Deionised, glucan-free water

1.2M

0.25M

900ul each of 0.25M KOH and
1.2M KCL

Wells of plate are flat-bottomed to
assay for (1—3)-p-8-Glucan

A lyphilized (1—3)-p-3-Glucan
specific LAL

For constitution of the Fungitell®

Reagent

Known concentration of glucans used

to generate standard curve of the assay

For glucan-free dilutions of assay

reagents and standards

For serum pre-treatment reagent

reconstitution

For serum pre-treatment reagent

reconstitution

Converts triple-helix glucans into
single-stranded glucans which are

more reactive in the assay

The plate was inserted into the microplate reader (equilibrated to 37°C) with the lid on and
agitated for 5-10 seconds. The reading at 405nm was subtracted from the reading at 490nm,
for 40 minutes at 15-20 second intervals at 37°C. The data was collected and analyzed by
calculating the mean rate of optical density change (milli-absorbance units per minute) for all
points between 0 and 40 minutes. Optical density was measured on a VersaMax® microplate
reader (Molecular Devices). A standard curve from the standard concentrations (four
parameter logistic curve-fit) was generated using SOFTmax PRO (version 4.3.1, Molecular
Devices). SOFTmax PRO software tools were used to calculate the concentration of (1—3)-

B-3-Glucan in each cervical sample using the equation generated from the standard curve.
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Samples <60pg/ml were interpreted as B-6-Glucan negative while samples with values

>80pg/ml were interpreted as B-6-Glucan positive.

Limulus Amebocyte Lysate Pathway

Endotoxin (LPS)
(Artificial lSubstrate)

Factor C — Activated Factor C (1—3) B-D-Glucan

Factor B — Activated Factor B Activated Factor G «— Factor G

\

Proclotting Enzyme — Clotting Enzyme

Boc-Leu-Gly-Arg-pNA —— Boc-Leu-Gly-Arg + pNA

Chromogenic peptide chromophore

substrate that absorbs at 405nm

Figure 2.3: Flow diagram representing a modification of the LAL pathway for LPS and
(1-3)-p-6-Glucan detection (described in 2.11 and 2.12). (1—3)-pB-3-Glucan activates
Factor G, a serine protease zymogen, while LPS activates Factor C. This in turn activates
Factor B. Both the activated Factor G and Factor B converts the inactive proclotting enzyme
to the active clotting enzyme, which in turn cleaves pNA from the chromogenic peptide
substrate, Boc-Leu-Gly-Arg-pNA, creating a chromophore that absorbs at 405nm. The
Fungitell kinetic assay is based upon the rate of optical density increase produced by a

sample.

2.12 Detection of soluble CD14 in cervical secretions by ELISA

The human soluble CD14 (sCD14) solid phase sandwich ELISA kit has been developed for
guantitative measurement of natural and recombinant human CD14 in serum, plasma and
culture medium (Biometic, Enzo Life Sciences®, Austria). Table 2.7 lists the reagents
included in the kit, composition and purpose. A mixture of two monoclonal antibodies
specific for sSCD14 was pre-coated to the wells. CD14 exists in two forms: anchored to the
membrane of antigen presenting cells and the other is the soluble form. LPS binds to sCD14
only in the presence of LPS-binding protein (LBP) (Kitchens et al., 2000).
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sCD14 is sufficient in low concentrations to confer a response to LPS and therefore has
robust responses and gives more accurate measurements of LPS concentrations (Tapping et
al., 2000). LPS is an endotoxin and therefore elicits unstable immune responses (Rozhkova et
al., 2010) and previous studies have shown that measuring LPS concentrations has proven to
be difficult (Brenchley et al., 2006). This ELISA was used to detect sSCD14 in cervical

supernatants as a surrogate measure of bacterial burden in the FGT.

TABLE 2.7| Reagents used in the sCD14 ELISA assay (Alexis Biochemicals, Biometec)

Dilution buffer

Dilution buffer dissolved with 50ml PBS and
50ul Tween 20

Reagent Composition Purpose
sCD14 96 well polystyrene microplate precoated with ~ Wells of plate are the planar
Microplate a monoclonal antibody against sCD14 surface in which the capture
antibody is immobilized
Wash buffer PBS/Tween 0.05% Used to wash unbound protein
PBS dissolved in 200ml distilled water and from wells
100u1 0.05% Tween 20
PBS 1 tablet dissolved in 200ml distilled water Used to reconstitute the wash

buffer

Buffer used to dilute the

standards

Reference Reconstituted lyophilized reference serum in  Serves as a positive control
serum 10ul distilled water and 990ul dilution buffer
CD14 standard  30ul distilled water to human-CD14-standard ~ Known concentration of human

with 970ul dilution buffer. CD14 used to generate standard

curve of the assay

All reagents were used at room temperature. To generate a standard curve, the lyophilised
recombinant human CD14 standard provided with the kit was reconstituted in 30ul of
distilled water, after which this content was diluted with 970ul dilution buffer. Fifty
microlitres of this was added to 450ul dilution buffer to form a 50ng/ml stock solution. The
standards were used in a two-fold dilution series. A volume of 100ul of standards and
samples was added to each well and each standard and sample was assayed in duplicate.

Plates were incubated for one hour at room temperature while shaking.
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The plates were then washed three times with wash buffer. A volume of 100ul of detection
antibody was added to each well and incubated at room temperature for one hour and
shaking. The plates were washed again three times with wash buffer. A volume of 100ul of
substrate solution was added to each well and incubated for 14 minutes at room temperature
without shaking, after which 100ul of stop solution was added to each well. Optical density
was measured on a VersaMax® microplate reader (Molecular Devices) within 30 minutes of
stopping the reaction at wavelength 450nm. A standard curve from the standard
concentrations was generated using SOFTmax PRO (version 4.3.1, Molecular Devices).
SOFTmax PRO software tools were used to calculate the concentration of sCD14 in each

cervical sample using the equation generated from the standard curve.

2.13 Measurement of TGF-B1 in cervical secretions and plasma by ELISA

The Quantikine® Human TGF-B1 ELISA detection kit (R&D Systems, MN, USA) was used
in this study to measure the concentration of TGF-B1 in plasma and in cervical secretions.
The Quantikine® sandwich ELISA kit contained a 96-well microplate pre-coated with anti-
TGF-B1 capture antibody, a horseradish peroxidase conjugated detection antibody,
recombinant human TGF-B1 as a standard, assay diluents and wash reagents, colour reagents

containing hydrogen peroxide substrate and a stop reagent containing HCL (Table 2.8).

To generate a standard curve, lyophilised recombinant human TGF-f1 provided with the kit
as a standard was reconstituted in 2ml of 1 x Calibrator Diluent RD-56 to form a 2000pg/ml
stock solution. Two-fold serial dilutions of the stock solution were made in calibrator diluent
RD5-26 (ranging from 31.25pg/ml - 2000pg/ml) according to the manufacturer’s instructions.
Calibrator diluent RD5-26 was used as the zero standard (Opg/ml). Each concentration in the

dilution series was assayed in duplicate.

The majority of human TGF-p exists in a latent form bound to Latency Associated Protein
(LAP; Lawrence et al., 1984) and its biological activity requires release from LAP (Gentry et
al., 1988). This is achieved by disrupting LAP by acidification (Pircher et al., 1986;
Wakefield, 1987). All samples were acid activated and assessed in duplicate (described

below).
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TABLE 2.8| Reagents used in Human TGF-B1 Quantikine® ELISA kit

Reagent

Composition

Purpose

TGF-B1 Microplate

TGF-B1 Conjugate

TGF-B1 Standard

Assay diluent
RD1-21

Assay diluent
RD1-73

Calibrator diluent
RD5-26

Wash Buffer concentrate

Colour reagent A

Colour reagent B

Stop Solution

Plate covers

96 well polystyrene microplate
coated with a monoclonal antibody
specific for TGF-p1

Polyclonal antibody against

TGF-B1 conjugated to horseradish
peroxidase

Lyophilized recombinant human
TGF-B1 in a buffered protein base

Buffered protein solution

Buffered protein solution
4-fold concentrated buffered
protein solution

25-fold concentrated solution of
buffered surfactant

Stabilized hydrogen peroxide

Stabilized chromogen
(tetramethylbenzidine)

Diluted HCL solution

Adhesive strips

Wells of plate are the planar surface
in which the capture antibody is
immobilized

Binds plate-bound TGF-B1.
Horseradish  peroxidase is the
enzyme for the colour product
reaction that quantifies the amount
TGF-p

Known concentration of TGF-f1
used to generate standard curve of
the assay

Diluent for cell culture supernatants
(used to assay cervical supernatants
in the study)

Diluent for plasma samples

Diluent used in dissolving

lyophilized standard

Wash solution for automated plate
washer

Part of the substrate reacts with
horseradish  peroxidase complex
(enzyme)

Substrate that reacts with
horseradish peroxidase complex
(enzyme) to form colour product
Stops colour ELISA reaction

Protect assay samples

All samples were acid activated before measurement of TGF-f according to the
manufacturer’s instructions. Cryo-preserved plasma and cervical supernatants were thawed
overnight at 4°C. Plasma samples were centrifuged at 2000g (4°C) for 15 minutes and the
supernatant carefully removed to pellet any contaminating platelets containing latent TGF-$3
(Pircher et al., 1986; Miyazono et al., 1988). For acid activation, 20ul of 1N HCL was added
to 100ul of cervical supernatant or 40ul plasma. Samples were mixed well by pipette and
incubated for 10 minutes at room temperature. The acidification reaction was stopped by
neutralizing samples with 20ul of a 1.2N NaOH/0.5M HEPES. Plasma levels required a 1:2

or 1:4 dilution to fall within the standard curve; cervical samples were not diluted.
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To assay for TGF-p concentrations, a volume of 50ul of assay diluents RD1-73 (for plasma
samples) and RD1-21 (for cervical supernatants) was added to each well, followed by 50ul of
acid activated samples in duplicate. Samples were incubated in the plate for 2 hours at room
temperature, allowing the anti-TGF-p capture antibody to bind TGF-B. Each well was then
washed four times in 1 x wash buffer (supplied with the kit) using an automated plate washer
(ELX50 Auto Strip Washer; Bio-Tek Instruments, Inc.). A volume of 100ul of TGF-B
conjugate (detection antibody conjugated to horseradish peroxidase) was added to each well
and incubated for 2 hours at room temperature. Each well was washed four times in 1 x wash
buffer using an automated plate washer. A volume of 100ul of substrate solution (Colour
reagent A and Colour reagent B at 1:1 concentration) was added to each well and left to
incubate for 30 minutes at room temperature in the dark. Finally, 100l of Stop Solution
containing HCL was added to end the reaction.

Optical density was measured on a VersaMax® microplate reader (Molecular Devices) within
30 minutes of stopping the reaction at 450nm. Optical imperfections on the plates were
corrected for by subtracting the reading at 540nm from the reading at 450nm as
recommended by the manufacturer. A standard curve from the standard concentrations (four
parameter logistic curve-fit) and the concentration of TGF-p in each plasma and cervical
sample using the equation generated from the standard curve was calculated using SOFTmax
PRO (version 4.3.1, Molecular Devices).

2.14 Detection of IL-23 in cervical secretions and plasma by ELISA

The Quantikine® Human IL-23 Immunoassay is a solid-phase quantitative sandwich ELISA
designed to measure human IL-23 (R&D Systems, MN, USA). Details of the reagents
provided by the manufacturer are provided in Table 2.9. All reagents were used at room
temperature. To generate a standard curve, lyophilised recombinant human IL-23 provided as
a standard with the kit was reconstituted in 1ml of distilled water to form a 10 000pg/ml stock
solution. Four-fold serial dilutions of the stock solution were made in calibrator diluent RD5-
16 for cervical supernatants (range: 39pg/ml - 10 000pg/ml) according to the manufacturer’s
instructions. The calibrator diluent was used as the zero standard (Opg/ml). Cryo-preserved
cervical supernatants were thawed overnight at 4°C. All samples and standards were assayed

in duplicate.
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TABLE 2.9| Reagents used in Human IL-23 Quantikine® ELISA kit

Reagent

Composition

Purpose

IL-23 Microplate

96 well polystyrene microplate
coated with a goat polyclonal

Wells of plate are the planar surface in
which the capture antibody is immobilized

antibody against the human IL-23
p19 subunit.

IL-23 Conjugate Goat polyclonal antibody against Binds plate-bound 11-23.  Horseradish
the human 11-23 p40 subunit peroxidase is the enzyme for the colour
conjugated to horseradish  product reaction that quantifies the amount

peroxidase with preservatives IL-23

Known concentration of IL-23 used to
generate standard curve of the assay

Recombinant human IL-23 in a
buffered  protein  base  with
preservatives, lyophilized

IL-23 Standard

Assay diluent Buffered protein solution Diluent for cell culture supernatants

RD1-22 (used to assay cervical supernatants in the
study)

Calibrator diluent  Buffered protein solution Diluent used in dissolving lyophilized

RD5-16 standard

Wash Buffer 25-fold concentrated solution of Wash solution for automated plate washer

concentrate buffered surfactant

Part of the substrate reacts with horseradish
peroxidase complex (enzyme)

Colour reagent A Stabilized hydrogen peroxide

with horseradish
to form

Substrate that reacts
peroxidase complex (enzyme)
colour product

Colour reagent B Stabilized chromogen

(tetramethylbenzidine)

Stop Solution 2N sulphuric acid solution Stops colour ELISA reaction

Plate covers Adhesive strips Protect assay samples

To assay for IL-23 concentrations, a volume of 100ul of assay diluent RD1-22 was added to
each well, followed by 100ul of standard, control or sample in duplicate. Plates were then
incubated for 2 hours while shaking at 500 rpm. Each well was then aspirated and washed 4
times in 1 x wash buffer (wash buffer concentrate diluted in distilled water) using an
automated plate washer (EL450 Auto Strip Washer; Bio-Tek Instruments, Inc.). A volume of
200ul of IL-23 conjugate (detection antibody conjugated to horseradish peroxidase) was
added to each well and incubated for 2 hours at room temperature while shaking at 500 rpm.
Each well was washed 4 times in 1 x wash buffer using an automated plate washer. A volume
of 200ul substrate solution (Colour reagent A and Colour reagent B at 1:1 concentration) was
added to each well and left to incubate for 30 minutes at room temperature in the dark.

Finally, 50pl of Stop Solution containing sulphuric acid was added to end the reaction.

53



Optical density was measured on a VersaMax® microplate reader (Molecular Devices) within
30 minutes of stopping the reaction at wavelength 450nm. Optical imperfections on the plates
were corrected for by subtracting the reading at 540nm from the reading at 450nm as
recommended by the manufacturer. A standard curve from the standards (four parameter
logistic curve-fit) was generated using SOFTmax PRO (version 4.3.1, Molecular Devices).
SOFTmax PRO software tools were used to calculate the concentration of IL-23 in each

cervical sample using the equation generated from the standard curve.

2.15 Determination of plasma and cervical HIV load

Frozen cervical supernatants and plasma samples were thawed overnight at 4°C. The viral
load in thawed plasma and cervical supernatants were measured using Nuclisens Easyq HIV
1 Versionl.2 by the NHLS Laboratory at Groote Schuur Hospital. The lower level of
detection was 70 copies of HIV RNA per ml. Detection of HIV copies in cervical

supernatant was used as an indicator of HIV shedding.

2.16 Statistical analysis

Data analysis was performed using Microsoft® Excel Analysis ToolPack and GraphPad Prism
(version 5.0, GraphPad Software, San Diego, CA). For normally distributed data (such as the
frequency of phenotypic markers), the student unpaired t-test was applied to compare
unmatched data while the paired t-test was used to compare matched data. Pearson
correlation was used to investigate the association between variables. For non-parametric
data (such as the frequency of functional markers), non-paired medians were compared using
the nonparametric Mann-Whitney test while paired data was compared using the Wilcoxon
Ranks test. Correlations between nonparametric variables were determined using the
Spearman rank correlation test. P-values of less than 0.05 were considered significant.

Individual tests applied for each analysis are indicated in the results section.
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3.1 Clinical description of individuals included in this study

Forty women chronically infected with HIV and 13 uninfected women were included in this
study (Table 3.1) to investigate the impact of HIV infection on Th17 cell frequencies and
function in the female genital tract. Of the forty HIV-infected women, 24/40 (60%) were on
HAART (HIV'HAART") while 16/40 (40%) were naive to HAART (HIV'HAART). All the
women were pre-menopausal with a median age of 36 years (IQR 22-52 years).
HIV'HAART women had a median blood CD4 count of 378 cells/ul (IQR 243-1215) while
HIV'HAART" women had a median CD4 count of 555 cells/ul (IQR 170-1187). Absolute
CD4 counts in the blood of HIV'HAART" women was significantly higher than CD4 counts
in HIV'HAART women (p<0.0001). These results indicate that CD4 T cells are reconstituted
in the blood of HIV'HAART" women compared to HIV'HAART women.

The median plasma viral load amongst the HIV'"HAART women was 21 200 RNA copies/ml
(IQR 2800-134 750). None of the HIV'HAART" women had detectable plasma HIV viral
loads. Of the 16 therapy naive HIV-infected women included in this study, 5/16 (31%) were
considered to be shedding HIV into their genital secretions as they had >300 copies of HIV
RNA/mI of cervical supernatant. In contrast, none of the HAART" HIV-infected women were
shedding HIV in their genital secretions. In HAART" HIV-infected women, a significant
positive relationship was found between cervical and blood viral loads (Rho=0.3; p=0.6),
suggesting that viral load in the blood was a reliable predictor of viral load at the cervix.
These results also indicate that viral load is effectively suppressed in both blood and at the

cervix of HIV-infected women on HAART.
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TABLE 3.1| Clinical descriptions of chronically HIV-infected women included in this study

HAART?  Patient Age CD4 Plasma Cervical HAART regimen? Months
status IDP (years) count® viral load viral load on
(mm®/ml)  (copies/ml)  (copies/ml) HAART
HAART- 730608 37 ND® 280000 1700 - -
751129 35 ND 15000 2100 - -
770203 33 ND 89000 2000 - -
881014 22 ND 2400 <70 - -
279-1 42 1215 180000 <70 - -
346-1 43 681 3400 <70 - -
656-1 34 243 11000 <70 - -
656-1 40 264 2600 <70 - -
661-1 45 269 190000 <70 - -
696-1 29 412 150000 <70 - -
704-1 34 589 28000 <70 - -
NY065 38 455 3800 <70 - -
NYO079 38 266 430 <70 - -
NY163 33 365 30000 9300 - -
NY219 34 349 1300 1900 - -
NY?248 37 555 78000 <70 - -
Median 37 388.5 21 200 2000 - -
(IQR) 22-45 243-681 2800- (1700-
134750 9300)
760104 34 ND <70 <70 Lamivudine, Stavudine, Nevirapine ND
598-1 26 275 <70 <70 Lamivudine, Stavudine, Efivarenz ND
HAART+ 602-1 24 379 <70 <70 Lamivudine, Stavudi.ne, Nevirapine ND
665-1 43 753 <70 <70 Data unavailable ND
676-1 55 ND <70 <70 Data unavailable ND
677-1 38 769 <70 <70 Data unavailable ND
692-1 ND 945 <70 <70 Data unavailable ND
721-1 52 589 <70 <70 Lamivudine, Stavudine, Efivarenz ND
NY061 37 524 <70 <70 Lamivudine, Stavudine, Efivarenz 74
NYO072 36 1187 <70 <70 Combivir, Efivarenz 75
NYO098 39 604 <70 <70 Lamivudine, Stavudine, Efivarenz 65
NY110 39 170 <70 <70 Lamivudine, Stavudine, Efivarenz 7
NY125 35 375 <70 <70 Lamivudine, Stavudine, Nevirapine 25
NY149 34 798 <70 <70 Zidovudin, Efivarenz 73
NY154 32 764 <70 <70 Lamivudine, Stavudine, Nevirapine 66
NY159 46 613 <70 <70 Zidovudin, Efivarenz 88
NY162 36 301 <70 <70 Stocrin 62
NY164 38 475 <70 <70 Lamivudine, Stavudine, Nevirapine 44
NY165 29 543 <70 <70 Lamivudine, Stavudine, Nevirapine 16
NY166 36 349 <70 <70 Lamivudine, Nevirapine, Tenefovir 7
NY186 36 482 <70 <70 Lamivudine, Nevirapine 36
NY191 38 279 <70 <70 Combivir, Nevirapine 74
NY233 50 234 <70 <70 Lamivudine, Stavudine, Nevirapine 5
NY234 37 516 <70 <70 Data unavailable ND
Median 37 478.5 - - 47.8
(IQR) 24-55 170-945 29.324

2 Antireteroviral status; ® Patient identity; © CD4 cell count; “HAART regimen; Combivir= Single dose combination of
Lamivudine+Zidovudine; IQR (Interquartile range); ®* ND - Not determined
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3.2  Flow cytometry to measure Th17 and Th1l frequencies at the cervix and in blood of

HIV-infected and uninfected women

An eight colour flow cytometry panel was used to investigate the frequency of Th17 and Thl
memory CD4 and CD8 T cells in the blood (Scriba et al., 2008) and at the cervix. Figure 3.1
shows the gating strategy used to define (i) the frequencies of CD4" and CD8" T cells, (ii) the
proportion of each of these subsets that were naive or memory, and (iii) the proportion of
these that produced IL-17 (defined as Th17 cells) or IFN-y (defined as Th1l cells) following
stimulation with antigen (Gag or CEF peptides) or PMA/ionomycin. Differential staining
with maturational markers CCR7 and CD45RA expression by CD4 and CD8 T cells was used
to define distinct memory T cell subsets in the blood and cervix of HIV-uninfected,
HIV'HAART" and HIV'HAART women. These markers were used to define four distinct
T cell subsets: naive T cells (CD45RA'CCRT7"), effector T cells (CD45RACCRT), central
memory T cells (CD45RACCR7") and effector memory T cells (CD45RACCRT)
(Sallusto et al., 1999).

In both HIV-infected and uninfected women, CD8" T cells in blood and at the cervix
produced IFN-y in response to PMA/ionomycin stimulation but did not produce IL-17
(Figure 3.1). CD4" T cells produced either 1L-17 or IFN-y in response to PMA/ionomycin
stimulation and CD4" T cells producing both cytokines were not detected. Those that
produced IL-17 in response to PMA/ionomycin were considered to be Th17 cells while cells
that produced IFN-y were considered to be Th1 cells.
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Figure 3.1: Representative plots showing the gating strategy used to define (i) CD4 and
CD8 T cells in blood (top) and at the cervix (bottom) of (ii) distinct memory phenotypes
that (iii) produced IFN-y and IL-17 in response to stimulation with PMA/ionomycin
stimulation. (i) The singlet gate was based on forward vs. side scatter properties; the
lymphocyte gate was based on side scatter (SSC) vs. forward scatter (FSC) properties, CD3
positive events were gated according to Vivid versus CD3 and CD4 and CD8 positive events
were visualized on CD4 vs. CD8. (ii) Gating strategy used to characterize the phenotypic
markers expressed by CD4" and CD8" naive (CD45RA") and memory (CD45RA") T cell
subsets. This phenotype panel included an antibody panel consisting of CD4, CD8, CD45RA
and CCRY7 using eight-colour flow cytometry. (iii) Gating strategy used to characterize IFN-y
and 1L-17 production by CD4" and CD8" T cell subsets in response to PMA/ionomycin.
IFN-y and IL-17 events were gated on CD4 and CD8 T cell properties. Fluorescence minus
one (FMO) was used to set gates. Numbers within gates indicate the percentage of positive

gated events.

3.3 Impact of HIV infection on CD4 T cell frequencies at the cervix and in blood

The frequency of CD4" T cells in the blood and at the cervix of uninfected and HIV-infected
women was evaluated (Figure 3.2). In both the cervix and blood, the frequencies of CD4" T
cells were significantly higher in uninfected compared to HIV-infected women not on therapy
(Figure 3.2A; p=0.02 at the cervix; p=0.0001 in blood). In addition, the frequency of CD4" T
cells in blood was also significantly higher in uninfected women compared to HIV'HAART"
women (Figure 3.2B; p=0.0007). These results suggest that CD4" T cells may not only be
depleted in the blood of HIV-infected women compared to uninfected women but also at the
genital mucosa of the cervix. Although HAART resulted in partial restoration of CD4" T cell
proportions in both compartments compared to therapy naive HIV-infected women, CD4" T
cell frequencies in the blood of HAART® women was still significantly lower than in

uninfected individuals.
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The association between CD4" T cell frequencies in blood and at the cervix was investigated
to assess whether depletion of blood CD4" T cells predicted cervical CD4" T cell depletion
during HIV infection (Figure 3.2C). There was a significant positive association between
CD4" T cell frequencies in matched blood and cervical cytobrush samples (Figure 3.2C;
Rho=0.4, p=0.02; Spearman Correlation Test). These results suggest that depletion of CD4"

T cells in blood is mirrored at the cervix.
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Figure 3.2 Comparison of CD4 T cell frequencies at the cervix (A) and in blood (B) of
uninfected (HIV"), therapy naive HIV-infected (HIV'HAART) and HIV-infected
women on HAART (HIV'HAARTY). The proportion of CD3" T cells that were also CD4"
was evaluated in cervical cytobrush samples (A) and blood (B) from uninfected women
(green boxes), HIV'HAART women (blue boxes) and HIV'HAART" women (purple
boxes). n = sample size. Horizontal lines indicate median values while upper and lower limits
of the box indicate the 75™ and 25" percentile. Whiskers indicate the 10™ and 90™ percentile
and dots indicate outliers. P-values < 0.05 were considered significant and a non-parametric
t-test was used to calculate significance. All women (n=40) were used to evaluate the
association of CD4" T cell frequencies in (C). Spearman Rho values indicate the strength of

correlation of CD4" and CD8" T cells between blood and cervical compartments.
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3.4 Impact of HIV infection on Th17 cell frequencies at the cervix and in blood

The impact of HIV infection on CD4" Th17 cell proportions was assessed by comparing
Th17 cell proportions in the cervix and blood from uninfected, HIV'HAART and
HIV'HAART" women following stimulation with PMA/ionomycin (Figure 3.3). Previous
studies have shown that Th17 cells are depleted from blood and gut-associated lymphoid
tissue during HIV-infection and that this mirrors total CD4 T cell depletion during HIV
disease progression (Brenchley et al., 2006; 2008; Dandekar et al., 2010). In blood, this study
found that CD4" Th17 cells were present at significantly reduced frequencies in HIV-infected
women compared to uninfected women (Figure 3.3B; p=0.005). Despite showing improved
total CD4 T cell proportions in blood (Figure 3.2), HIV-infected women on HAART also had
significantly lower frequencies of blood CD4" Th17 cells compared to uninfected women
(p=0.005). In contrast to blood, a significantly higher proportion of CD4" Th17 cells were
detected at the cervix of HIV-infected women compared to uninfected women (Figure 3.3A;
HAART HIV®, p=0.03; HAART HIV", p=0.04). In contrast to blood, these results suggest
that Th17 cells were enriched or selectively preserved at the cervix of HIV-infected women
compared to uninfected women. Furthermore, no association was found between the
frequency of CD4" Th17 cells in the cervix and the blood (R=-0.3, p=0.07; Spearman Test;
data not shown).
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Figure 3.3: Impact of HIV infection on CD4" Th17 cell proportions at the cervix (A)
and blood (B) of HIV uninfected, HIV'HAART and HIV'HAART" women. CD4" Th17
cell proportions were evaluated in HIV uninfected women (green bars), HIV'HAART"
women (blue bars) and HIV'HAART" women (purple bars). n = sample size. Horizontal
lines indicate median value and p<0.05 was considered significant and was calculated using a

non-parametric t test.

3.5 Memory status of CD4" and CD8" T cells at the cervix and in blood

The maturational status of T cells at the cervix or in blood was further compared in all
women in this study based on expression of CD45RA and CCR7 (Figure 3.4). Both CD4"
and CD8" T cells in the cervix and the blood were predominantly effector memory
(CD45RA'CCRT; Figure 3.4). Significantly higher frequencies of CD4" T cells from the
cervix of uninfected and HAART" HIV-infected women were effector memory compared
with matching blood samples (p=0.03 and p=0.005, respectively). In contrast, naive T cells
and terminally-differentiated effectors were present at significantly lower frequencies in the
cervix compared to the blood of HIV uninfected (p=0.004; p=0.01) and HAART" HIV-
infected women (p=0.0001 and p=0.02, respectively). Terminally differentiated effector
frequencies were also significantly lower in the cervix compared to blood in HAART HIV-
infected women (p=0.02) (figure 3.4). Similarly, CD8" T cells at the cervix and in blood were
predominantly effector memory, with significantly higher frequencies of cervical CD8" T
cells being effector memory than in blood for HIV-infected women on and off HAART
(Figure 3.4B; p=0.0002 and p=0.02, respectively). Furthermore, significantly lower
frequencies of CD8" T cells at the cervix were naive compared to blood in uninfected and
HAART HIV-infected women (p=0.01 and p=0.002, respectively).
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Comparisons of the memory status of CD4" and CD8" T cells in HIV uninfected women

could not be made as there were no significant differences.
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Figure 3.4: Memory differentiation status of CD4 (A) and CD8 (B) T cells in the cervix
and blood of uninfected, HIV'HAART" and HIV'HAART women. Green bars represent
the cervix memory phenotypes while blue bars represent blood memory phenotypes. Tn:
naive (CD45RA'CCR7"), Tcm: central memory (CD45RACCR7"), Tem: effector memory
(CD45RACCRT), Te: effector (CD45RA'CCRY"). Horizontal lines in box and whisker plots

indicate median values. P<0.05 were considered significant.

3.6 Memory status of Th17 cells at the cervix and in blood

As with total CD4+ T cells, Th17 CD4" T cells were predominantly effector memory in
phenotype (CD45RA CCRT’; Figure 3.5).
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Figure 3.5: Maturational status of CD4" Th17 cells from the cervix and blood of
uninfected, HIV'HAART" and HIV'HAART women. Frequency of memory Th17 cell
expression by CD4" memory T cell subsets in the cervix and blood of HIV uninfected (1),
HIV'HAART" (2) and HIV'HAART  (3) women was evaluated. Green bars represent the
cervix and purple bars represent blood. Tn: naive (CD45RA"CCR7"), Tcm: central memory
(CD45RA'CCR7%), Tem: effector memory (CD45RA'CCR7), Te: effector
(CD45RACCRT’). Horizontal lines indicate median values. Statistically significant

differences between mean values were considered if the P-value was < 0.05.

3.7 Evaluation of HIV Gag-specific T cell responses at the cervix and in blood of HIV-

infected women

A subset of the HIV-infected women in this study were evaluated for cervical and blood
Th17 (intracellular production of IL-17) or Thl (intracellular production of IFN-y) responses
to HIV Gag-specific peptides (Table 3.2). Generally, Th17 responsive T cells were detected
at very low frequencies in the CD4 compartment and were absent from the CD8 compartment
in both blood and at the cervix. CD4" Thl responses to Gag were detected at higher
frequencies than CD4 Th17 responses confirming that Th17 cells generally do not recognize

viral antigens.

Despite being detected at low frequencies, cervical Th17 responses by CD4" T cells were
significantly higher in magnitude than responses detected in matching blood samples.
Because this part of the analysis was performed on only a small number of women and
because CD4 T cells are depleted in the cervix during HIV infection and therefore represent
only a minor population in cervical cytobrush samples, detailed conclusions from this data

would not be reliable.
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TABLE 3.2: Net® HIV Gag-specific Th17 and Th1l responses at the cervix and in blood of HIV-infected

women

Tcells Th HAART (n=6) HAART" (n=16)
Subset Median % (IQR)" Median % (IQR)"
Cervix Blood Cervix Blood

CD4" Thl7  1.1(0.1-9.2)* 0.0 (0.0-0.04) 1.1 (0.2-2.3)** 0.0 (0.0-0.0)
Thl 4.9 (3.0-6.7)° 0.06 (0.02-1.9) 1.7 (0.5-13.0) 0.09 (0.0-4.1)
CD8" Thl7  0.02(0.0-0.1) 1.3(0.1-2.3) 0.0 (0.0-0.1) 0.3 (0.1-0.8)
Thl 0.9 (0.4-1.3) 0.6 (0.1-2.0) 0.7 (0.4-1.1) 0.1 (0.03-0.2)
®Net percentages of CD4 or CD8 T cells producing IL-17 (Th17) or IFN- (Thl) in response to stimulation with

HIV Gag peptide pool. Net = Gag-specific cytokine responses minus background cytokine responses
(unstimulated control cells). "Median (interquartile range). “Only 2 women were included in measurement of
Thl CD4+ T cell responses at cervix in HAART- women. * and ** denote that cervical Thl7 responses were
significantly higher in frequency than Th17 responses in blood (p=0.02* and p<0.0001**).

3.8 Evaluation of CEF-specific T cell responses at the cervix and in blood of HIV-

infected and uninfected women

HIV uninfected and infected women were evaluated for CEF-specific T cell responses at the
cervix and the blood (Table 3.3). Although Th17 responses were generally absent from both
uninfected and HIV-infected women in the cervix and in blood, cervical CD4" Th17 cell
response frequencies to CEF peptides were significantly higher than those detected in blood.
CD4" Th17 cell responses were not measurable in the blood of either uninfected or
HIV-infected women. As observed with the Gag-specific responses, blood Thl responses to

CEF were detected less frequently than cervical Th1 responses.
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TABLE 3.3. Net® CEF-specific Th17 and Th1 responses at the cervix and in blood of uninfected and HIV-

infected women

T cells Th Uninfected (n=6) HIV-infected HAART- (n=8)
Subset Net median % (IQR)" Net median % (IQR)"
Cervix Blood Cervix Blood
CD4" Thl7  15(0.1-6.1)* 0.01 (0.0-0.03) 0.01 (0.0-0.03) 0.0 (0.0-0.01)
Thl 0.9 (0.6-3.5) 0.3(0.2-1.3) 0.3 (0.03-1.6) 0.0 (0.0-0.2)
CD8" Thl7  0.04(0.02-0.1)  0.02 (0.0-0.05) 0.0 (0.0-0.02) 0.0 (0.0-0.0)
Thi 1.3(0.3-8.2) 0.5(0.1-1.2) 0.3 (0.07-1.1) 0.1 (0.04-0.6)

®Net percentages of CD4 or CD8 T cells producing IL-17 (Th17) or IFN-y (Th1) in response to stimulation with
CEF peptide pool. Net = CEF-specific cytokine responses minus background cytokine responses (unstimulated
control cells). "Median (interquartile range). * denote that cervical Th17 responses were significantly higher in
frequency than Th17 responses in blood (p=0.0006).

Together, these results indicate that only low frequencies of CD4" Th17 cells respond to Gag
or CEF peptides. Viral antigen responses in both compartments were dominated by
Thi-secreting IFN-y CD4" and CD8" T cells in the cervix and the blood.

3.9 Impact of HIV infection on genital tract inflammatory and regulatory cytokines in

genital secretions and plasma

To evaluate whether genital tract inflammation or the innate genital cytokine milieu was
associated with recruitment of Th17 cells to the cervix, the concentrations of inflammatory
(IL-6, IL-8, IL-1P and IL-12p40) and regulatory (TGF-B, IL-23 and  1L-10) cytokines were
measured in cervical secretions (Figure 3.6A) and plasma (Figure 3.6B) from HIV-infected
and uninfected women. In the genital tract, concentrations of IL-12p40, IL-1pB, IL-6, and
IL-10 were significantly higher in HIV'HAART  women compared to uninfected women
(Figure 3.6A). HAART" women generally had similarly elevated inflammatory cytokine
concentrations in genital secretions as HAART" HIV-infected women. Irrespective of HIV
status, there was a significantly positive correlation between concentrations of IL-1p and IL-6
(Rho=0.6; p=0.0001 including all women) indicating that production of these inflammatory

markers may be co-regulated.
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Previous studies have shown that IL-23 stabilizes the final stage of Th17 cell differentiation
(Peng et al., 2009). In contrast to the inflammatory cytokines measured, 1L-23 concentrations
were significantly lower in genital secretions from HIV'HAART® women compared to
uninfected women (p=0.03). IL-23 is not an inflammatory but rather a regulatory cytokine
(Chen et al., 2006) and may be important in that it is down-regulated in HIV* women. These
results suggest that the cervical micro-environment of HIV-infected women was enriched
with inflammatory cytokines compared to uninfected women. In plasma, IL-10 was
significantly higher in HIV'HAART compared to HIV'HAART® women (p=0.02)
(Figure 3.6B). IL-6 was significantly higher in HIV'HAART compared to uninfected women
(p=0.04).

When concentrations of cytokines were compared in genital secretions and in plasma,
significantly higher concentrations of the inflammatory cytokines were detected in genital
secretions than in plasma [IL-12p40 (HIV-p=0.02; HIV" HAART p=0.0008), IL-6
(HIV'HAART p=0.0008; HIV'HAART" p=0.0002), IL-1B (uninfected p=0.003;
HIV'HAART p<0.001; HIV'HAART" p<0.001) and IL-8 (HIV" p=0.001, HIV'HAART
p<0.0001; HIV'HAART" p<0.0001)]. In contrast, regulatory cytokines were generally
detected at lower concentrations in genital secretions than in plasma [IL-10, HIV" p=0.006;
IL-17 (HIV" p=0.003, HIV'HAART p<0.0001; HIV'"HAART" p<0.0001), and TGF-B HIV"
p<0.0001, HIV*HAART p=0.0007, HIV'HAART" p=0.0005)].
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Figure 3.6: Cytokine concentrations in genital secretions (A) and plasma (B) of HIV,
HIV'HAART and HIV'HAART" women. (A) Genital cytokine concentrations (n=7, 14
and 13 for all HIV negatives, HIV'HAART and HIV'HAART" respectively). (B) Plasma
cytokine concentrations (n=7, 15 and 12 for all HIV negatives, HIV'HAART and
HIV'HAART" respectively). 1L-23 was not measured in the plasma. Floating bars show
range (min to max) of detectable cytokine concentrations in cervical supernatants from HIV
negative (red bars), HIV'"HAART  (green bars) and HIV'HAART" (blue bars) women. Line
within the bars indicates median cytokine concentrations. Significant differences of p<0.05

were calculated using an unpaired student t test.
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3.10 Relationship between inflammatory and regulatory cytokines in genital

secretions and Th17 cell frequencies at the cervix

TGF-B is an important cytokine involved the differentiation of naive T cells to Th17 cells.
This process is possible only if TGF-f is combined with IL-1p or IL-6 (Yang et al., 2008).
IL-23 aids in further stabilizing the final part of the differentiation process of naive T cells to
Th17 cells (Di Cesare et al., 2010) and has also been shown to be important in regulating
inflammation (Oppmann et al., 2001). It is believed that IL-10 dampens Th17 cell responses
(Bettelli et al., 2006; O’ Connor et al., 2010).

At the cervix, a significant positive relationship was observed between inflammatory
cytokines and IL-17 concentrations [Figure 3.7; IL-1p versus IL-17 (r=0.5; p=0.004) and
IL-12p40 versus IL-17 (r=0.4, p=0.03)]. In contrast, a negative relationship was found
between concentrations of the regulatory cytokine IL-10 and IL-17 (Figure 3.7C; r=0.4,
p=0.02). These results indicate IL-17 could be driving the increase in key cytokines involved
in Th17 cell differentiation (IL-12p40 and IL-1p).
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Figure 3.7: Association of inflammatory cytokines with IL-17 at the cervix of HIV
uninfected and HIV positive women. Scatter plots show relationship between
concentrations of IL-17 and IL-1p (A), IL-12p40 (B) and IL-10 (C). Pearson R values
indicate the strength of the relationship and P values were considered statistically significant
if p<0.05.
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In contrast, a significant negative correlation was found between the concentrations of genital
inflammatory cytokines and I1L-23 [Figure 3.8 IL-1p Rho=0.4, p=0.02; IL-6 Rho=0.6,
p=0.006; IL-12p40 Rho=0.5, p=0.006)]. These results indicate that the concentrations of
IL-23 and genital tract inflammation may be counter-regulated.
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Figure 3.8: Association of inflammatory cytokines with IL-23 at the cervix of HIV
uninfected and HIV positive women. Scatter plots show relationship between
concentrations of IL-23 and IL-1B (A), IL-6 (B) and IL-12p40 (C). Spearman Rho values
indicate the strength of the relationship and P values were considered statistically significant
if p< 0.05.

Interestingly, Th17 cell frequencies in the genital tract or blood did not correlate with the
amount of IL-17 measured in cervical supernatant or plasma, respectively (data not shown).
In addition, the frequencies of Thl7 cells detected at the cervix or in blood were not
associated with the concentration of inflammatory cytokines detected in genital secretions or
plasma (data not shown). In contrast, the frequency of Thl7 cells in blood from
HIV'HAART" and HIV'HAART women was significantly positively associated with the
concentration of TGF-B in plasma (Figure 3.9; r=0.6, p=0.04). This result could indicate that
TGF-B is possibly driving Th17 cell differentiation in the blood. This relationship between
genital tract TGF-p concentrations and Th17 cell frequencies was not observed at the cervix,

however.
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Figure 3.9: Relationship between Th17 cell responses and TGF-p concentrations in the
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TGF-B and Th17 cell responses in the blood. Pearson R values indicate the strength of the

relationship and P values were considered statistically significant if p< 0.05.

3.11 Relationship between Th17 cell frequencies at the cervix and Candida

albicans infection

The concentration of (1-3)-B-6-glucan from Candida albicans was measured in genital
supernatants to determine the prevalence of yeast infections in the women included in this
study. The concentration of (1-3)-B-8-glucan was significantly higher in HIV'HAART"
women compared to uninfected women (p=0.04) (Figure 3.10A) and HIV-infected women on
and off HAART had similar concentrations of (1-3)-p-6-glucan. Furthermore, there was a
significant negative correlation between the frequency of Th1l7 cells measured at the cervix
and the concentration of (1-3)-B-o-glucan in the genital tract (Rho=-0.34, p=0.04)
(Figure 3.10B) in HIV'HAART" and HIV'HAART women, although this relationship is
very weak. These results indicate that an increasing concentration of (1-3)-p-6-glucan at the

cervix results in a decrease in the number of Th17 cells present in this compartment.
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Figure 3.10: Effect of HIV infection on (1-3)-B-8-glucan concentrations at the cervix and
association with cervical Th17 frequencies. (A) (1-3)-B-6-glucan concentration in cervical
supernatants from uninfected, HIV-infected HAART and HAART" women; (B) Correlation
between CD4" Th17 frequencies and (1-3)-p-5-glucan concentrations in cervical supernatants.
Box and whisker plots show median and interquartile range of glucan concentrations in the
cervical supernatant of HIV negative (blue bars), HIV'HAART" (purple bars) and
HIV'HAART women (green bars). P<0.05 were considered significant. Spearman Rho

values indicate the strength of the relationship.

3.12 Relationship between Th17 cell frequencies at the cervix and concentrations of LPS
or soluble CD14

LPS binds to membrane bound or soluble CD14 (sCD14) (Scherberich et al., 2000). Binding
of LPS to sCD14 is important for initiating an inflammatory response and promoting the
secretion of pro-inflammatory cytokines (Hershberger et al., 1968). The concentration of LPS
and sCD14 were measured as surrogate markers for genital tract bacterial burden and
immune activation. No differences were found in either the concentrations of LPS and sCD14
for uninfected and HIV-infected women (Figure 3.11A and B, respectively). The frequency
of Th17 cells at the cervix was not associated with the concentration of sCD14 or LPS

measured in genital secretions (Figure 3.11C).
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Figure 3.11: Effect of HIV infection on LPS and sCD14 concentrations at the cervix
and their correlations with Th17 frequencies. (A) Concentration of LPS and (B) sCD14 in
genital secretions. Box and whisker plots showing median and interquartile ranges of LPS
and sCD14 concentrations in the cervix of HIV™ (blue bars), HIV'HAART+ (purple bars) and
HIV'HAART women (green bars). (C) Relationship between frequencies of CD4" Th17 cells
at the cervix and sCD14 concentrations. Pearson R value indicates the strength of the

relationship and P values < 0.05 were considered significant.
3.13 HIV shedding in the genital tract of HIV-infected women

A third of therapy naive HIV-infected women in this study were shedding HIV in their
genital secretions (Table 3.1). Previous studies from our group have shown that genital tract
inflammation is associated with HIV shedding (Gumbi et al., 2008; Anderson et al., 2008).
The role of genital tract inflammation, bacterial burden or Th17 cell frequencies in shedding
of HIV in this cohort was investigated (Figure 3.12). Concentrations of IL-6, IL-1p and IL-8
were elevated in genital secretions from women shedding HIV compared to those that were

not, although not significantly (Figure 3.12A).
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Although not significant, HIV-infected women shedding HIV in genital secretions had
elevated frequencies of Th17 cells but similar IL-17 concentrations at the cervix than women
not shedding HIV (Figure 3.12B and C). The results suggest that there may be some
relationship between inflammation, Th17 cells recruitment and HIV shedding in genital

secretions from HIV-infected women naive to therapy.
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Figure 3.12: Relationship between HIV shedding status in the female genital tract and
(A) inflammatory cytokines, (B) CD4" Th17 cell proportions, and (C) IL-17
concentrations. Floating bars show range (min to max) in HIV'HAART" and HIV'HAART"
women. n = sample size. Green bars = shedders and purple bars = non-shedders. (A): n = 5.
The line within the bars indicates the median concentrations of inflammatory cytokines or

Th17 frequencies. P<0.05 were considered significant.
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Chapter 4

Discussion
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CD4" T cell depletion is central to HIV pathogenesis and has been shown in both blood and
the GALT of HIV-infected individuals who are not on HAART during all stages of disease
(Prendergast et al., 2010; Schacker et al., 2008). The extent of CD4 depletion in tissue
associated with the FGT is not known. Recent studies have shown that the newly defined
Th17 cell subset also becomes depleted during HIV infection in the gut and that this mirrors
total CD4 depletion in this compartment (El Hed et al., 2010). In the gut, depletion of Th17
cells has been shown to result in deregulation of epithelial cell tight junction formation which
compromises gut mucosal barrier integrity (Dandekar et al., 2010). This has been suggested
to contribute to the “leaky gut” phenomenon, which is the major driver of microbial
translocation and may lead to high levels of systemic immune activation during HIV
infection (Brenchley et al., 2008).

In the genital tract of women, HIV is thought to be preferentially transmitted across the
mucosal barrier of the cervix. Studying the relationship between Th17 cells, genital
inflammation and other local innate factors may give insight into the role of this novel Th
subset in maintaining genital tract mucosal immunity during HIV infection. The impact of
HIV on CD4" Th17 cell numbers in the FGT remains unknown. Because Th17 cells have
been shown to recognize fungal and bacterial antigens, this subset may be important in the
FGT where fungal and bacterial infections are relatively common. Mucosal immunity in the
genital tract may be compromised due to depletion of CD4" Th17 cells in this compartment

during HIV infection.

The hypothesis of this study was that Th17 cells in the FGT, which may be essential for
anti-fungal and anti-bacterial responses in this compartment, are recruited to the genital
mucosa under an inflammatory gradient but are depleted during chronic HIV infection. There
have been no published studies showing that Th17 cells traffic out of blood to tissue sites
along an inflammatory gradient. Based on this hypothesis, the impact of inflammatory and
regulatory cytokines as well as markers of bacterial and fungal burden (LPS, sCD14 and
(1-3)-B-8-glucan respectively) on CD4" Th17 cells at the cervix and blood was investigated.
The phenotype and function of Th17 cells in the blood and cervix were characterized in
uninfected, HIV'HAART" and HIV'HAART women.
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This study showed that CD4" T cells are significantly depleted in both the cervix and the
blood of HIV'HAART  women compared to uninfected women. Similar to another study
from our group (Mkhize et al., 2010), these CD4" T cells were partially reconstituted at the
cervix of HIV-infected women on HAART. Because of this significant depletion of total
CD4" T cells in both compartments, the extent of CD4" Th17 cell depletion was investigated
in this study. While blood CD4" Th17 cells were significantly lower in HIV-infected women
compared to uninfected women, Th17 cell frequencies were significantly higher at the cervix
in HIV-infected compared to uninfected women. Elevated Th17 cell frequencies at the cervix
during HIV infection may reflect that Th17 cells are either selectively not depleted (possibly
because they are not directly infected with HIV) or that they are selectively recruited to the
genital mucosa because of increased fungal burden or incidence of bacterial vaginosis and
sexually transmitted infections (Yudin et al., 2003; Ernst et al., 1999).

It is important in future studies to investigate the possible mechanisms behind Th17-cell
preservation at the cervix during chronic HIV infection. Paiardini et al., (2010) has described
the activation state and expression of HIV entry receptors by CD4" Th17 cells and showed
that CD4" Th17 cells do not express CCR5 in the blood (Sato et al., 2007) but a significant
number of CD4" Thi17 cells in the human GIT express CCR5 (Brenchley et al., 2008).
CD4" Th17 cells are highly activated in the gut of HIV-infected individuals and express

lower levels of CCR5 in this compartment (Paiardini et al., 2010).

This study showed that CD4" Th17 cells in the cervix and the blood were predominantly
effector memory. It would be interesting to similarly measure the activation phenotype of
Th17 cells in the cervix, whether they are actively or latently infected with HIV and whether
they express markers of apoptosis.

El Hed et al. (2010) showed that Th17 cells were reduced in the blood of HIV'HAART" but
not in HIV'HAART individuals. HIV'HAART participants may have preserved Th17 cell
numbers to compensate for immune activation associated with HIV disease, keeping in mind
that Th17 cells respond to bacterial and fungal antigens. El Hed et al. (2010) suggested that
HAART may fail to restore Th17 numbers to those present before HIV infection, perhaps

because of a compromise in Th17 cell differentiation or survival during HIV infection.

80



In non-pathogenic primate models of lentiviral infection, despite intense viral replication,
there was no depletion of Th17 CD4" T cells at mucosal sites (Favre et al., 2009 & Campillo-
Gimenez et al., 2010). It can thus be hypothesised that indirect mechanisms may be involved
in Th17 cell depletion (Campillo-Gimenez et al., 2010). In HIV-infected individuals, Th17
cells are depleted in the GALT, due to ongoing local inflammation, even after initiation of
HAART (Brenchley et al., 2008; Guadalupe et al., 2006).

This study showed that concentrations of IL-1p3, IL-6, IL-8, IL-10 and IL-12p40 were
significantly higher at the cervix of HIV'HAART women than uninfected women, indicating
that inflammatory cytokines are elevated in the cervix of HIV-infected women. Nkwanyana
et al. (2009) also showed that inflammatory cytokines are increased in the cervix of
HIV-infected women compared to uninfected women and that HAART did not reduce genital
tract inflammation. In this study, the concentrations of IL-1p, IL-6 and I1L-12p40 at the cervix
were negatively associated with the concentration of IL-23. While 1L-23 has been shown to
be involved in the final stages of Th17 cell differentiation, IL-1p, IL-6 and IL-12p40 are
involved in earlier phases of differentiation (Jager et al., 2010). The negative association
between IL-23 and inflammatory cytokines possibly reflects that Th17 cell differentiation has

been completed in blood, before migration to tissue sites under an inflammatory gradient.

Previous studies have shown that TGF-p is associated with Thl7 cell differentiation
(Zhou et al., 2008). In this study, the concentrations of TGF-f and IL-17 were significantly
higher in the plasma of both uninfected and HIV-infected women, compared to the cervix.
The frequencies of Th17 cells in blood in HIV'HAART and HIV'HAART" women were
also positively correlated with TGF-f concentrations in plasma. These results may further
suggest that Th17 cell differentiation takes place in the blood rather than at tissue sites such

as the genital mucosa.

The concentration of 1L-17 at the cervix was positively associated with IL-1p and 1L-12p40,
but negatively associated with IL-10. Since IL-17 is recognized as a pro-inflammatory
cytokine (Wong et al., 2000), these findings may suggest that IL-17 released at the cervix
induces an inflammatory cascade. The negative relationship between IL-10 and IL-17 might
suggest that Tregs, which secrete IL-10 (Prendergast et al., 2010), are recruited to the genital
tract to suppress inflammation and Thl7 cell activity at the cervix. This could be a

mechanism to prevent tissue damage as a result of inflammation.
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The concentrations of LPS and sCD14 were measured in genital secretions of HIV-infected
and uninfected women as a surrogate measurement for bacterial antigenic load at the cervix.
While several inflammatory cytokines were shown to be elevated in HIV-infected compared
to uninfected women, concentrations of LPS and sCD14 were found to be similar in both
groups of women. Candida albicans is a common fungal opportunistic infection which is
more prevalent in HIV-infected than uninfected women (Wheeler et al., 2008) and

(1-3)-B-6-glucan is part of the cell wall of this common fungal pathogen.

The concentration of (1-3)-B-6-glucan was significantly higher in cervical secretions from
HIV'HAART" than uninfected women. Elevated (1-3)-p-5-glucan concentrations at the
cervix during HIV infection may result in recruitment Th17 cells to the cervix in direct

response to prevalent fungal infections.

A limitation of this study was that syndromic management was used for the management of
STIs and women with active STIs were excluded from the study. Asymptomatic STIs were
not taken into account. Some STIs are asymptomatic which could affect LPS and
(1-3)-B-6-glucan concentrations. Furthermore, “good” and “bad” bacteria were not
distinguished in this study; and LPS or sCD14 measurement would not be able to distinguish
these. Many STIs would also contribute to LPS and/or glucan concentrations in the genital
tract (Keane et al., 2006).

Previous work from this laboratory found a relationship between HIV shedding in the genital
tract and genital inflammation (Gumbi et al., 2008). In this study, no differences in Th17 cell
frequencies were observed between HIV shedders and non-shedders at the cervix, indicating
that Th17 cells are not affected by or involved in local HIV replication or trafficking of virus
from blood. Surprisingly, no significant differences were found in inflammatory cytokine
concentrations or concentrations of bacterial and fungal markers between HIV shedders and
non-shedders, suggesting that direct replication of HIVV were not associated with Th17 cell
depletion in the genital tract. As only a few women were studied, future studies should aim

for larger numbers of women to fully evaluate the relationships between shedding and Th17.
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Future studies and recommendations

The selective resistance of Th17 cells in the genital tract to depletion during HIV infection
was one of the more interesting findings from this study. Unravelling the mechanism behind
this resistance should be a priority of future studies in this field. Including markers of
proliferation (such as Ki67) and activation (such as HLA-DR) in future in vitro studies would
allow determination of the activation state of Th17 cells and address whether reduced
activation plays a role in resistance to depletion. To further evaluate if HIV directly infects
Th17 cells, CCR5-expression levels would need to be analysed, as previous studies have
shown a direct correlation between CCR5 expression and HIV infection (Ostrowski et al.,
2009).

Th17 cells could also be directly purified from cervical cytobrush samples by FACS sorting
and directly investigated for HIV infection by PCR. Investigating the relationship between
Th17 cells and Treg cells at the cervix may give insight into Th17 cell preservation in this
compartment. Defining Th17 cells by detection of IL-17 secretion might also underestimate
the presence of lineage committed Th17 cells (El Hed et al., 2010); and it may be better in
future studies to focus on CCR6 and CCR4 as Th17 cell markers.

To accurately assess the concentration of IL-17 in genital secretions, it would be vital in
future studies to assess a broader range of cells that secrete IL-17. An increased concentration
of TGF-B in an inflammatory environment supports the possible induction of IL-17-secreting
populations during HIV infection (Campillo-Gimenez et al., 2010). It has been shown that
CD8 T cells (He et al., 2006), y5 T cells (O’ Mara et al., 2005), CD4-CD8-TCR" T cells
(Shibata et al., 2007) and NK T cells (Michel et al., 2007) are all able to produce IL-17.
Furthermore, assessing Th17 cell expression of exhaustion markers, such as PD-1 and Tim-3,
in future studies may give insight into the mechanism of Th17 cell persistence in the genital
tracts of HIV-infected women. It would also be important to include bacterial and fungal
antigens to characterize Th17 cell responses at the cervix. Doing a longitudinal instead of a
cross sectional study during earlier phases of HIV infection would also be interesting as this
would show which phases of HIV infection Th17 cells in blood become depleted and when

Th17 cell enrichment at the cervix occurs.
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Ivanov et al., (2007) postulated that Thl7 cells play a role in mucous production by
mobilizing mucins and inducing neutrophil recruitment. Th17 cells may play a similar role in
response to genital infections in the FGT. Other possible functions of Th17 cells in the genital
tract could be maintenance of epithelial cell tight junctions, contributing towards mucosal
barrier integrity and anti-microbial protein production as has been described in the gut
(Artis et al., 2008). It is possible that epithelial tight junctions are compromised during HIV
infection due to the depletion of Th17 cells, resulting in subsequent dysregulation of mucous

production.
Conclusion

This study provides evidence for Th17 cell preservation or reconstitution at the cervix of
HIV-infected women compared to uninfected women. Investigating Th17 cells in the FGT is
crucial because Th17 cells have an anti-fungal and bacterial function. Their potential role in
combating STIs (perhaps through maintenance of epithelial tight junctions and mucous
production) in the genital tract during HIV infection may give important insight into
contributing factors to HIV disease progression. While the gut has highly organized lymphoid
structures, mucosal tissue associated with the cervix and vagina are tertiary effector sites and
lack similarly organized lymphoid aggregates (Brandtzaeg et al., 1997). The role of Th17
cells in the FGT may therefore be very different from their role in the gut-associated
lymphoid tissue. The lack of association between inflammation and Th17 frequencies argues
against selective recruitment of Thl7 cells along a pro-inflammatory gradient, but may

suggest selective resistance to cell death of Th17 in this compartment.
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