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Abstract

Human Immunodeficiency Virus-1 (HIV-1) is a retrovirus that was identified more
than thirty years ago as the cause of Acquired Immunodeficiency Syndrome (AIDS). The only
HIV-1 vaccine trial to demonstrate any potential, the Thai RV144 HIV-1 vaccine trial, was
correlated with antibody-dependent cellular cytotoxicity (ADCC) mediated by non-
neutralising antibodies (nnAb). This has led to speculation that ADCC and other antibody-
dependent cellular effector functions might provide an important defence against mucosal
acquisition of HIV-1 infection. However, the ability of antibody-dependent cellular effector
mechanisms to impact on early mucosal transmission events is unknown and will depend on
a variety of parameters including effector cell type, frequency, the class of Fc receptor (FcR)
expressed, the number of FcR per cell and the glycosylation pattern of the induced
antibodies. This project seeks to test the hypothesis that the protective effect of HIV-1
antibodies is likely dependent upon their functional activity in mucosal tissues, which may
not be predicted by conventional neutralisation assays.

To test this hypothesis, initial work was undertaken to characterise and compare the
frequency and phenotype of IgG (CD16 [FcyRIII], CD32 [FcyRII] and CD64 [FcyRI]) and IgA
(CD89 [FcaR]) receptor expression on effector cells within male and female genital mucosal
tissue, colorectal tissue and whole blood. The frequency of FcR expression on CD14+
monocytic cells, myeloid dendritic cells and natural Kkiller cells were similar across the three
mucosal tissue compartments, but significantly lower when compared to the FcR expression
profile of effector cells isolated from whole blood, with many cells negative for all FcRs.
Subsequently, the activity of neutralising (nAb) and nnAb within the mucosal explant
inhibition assay with penile glans, ectocervical and colorectal tissue was investigated. The
results showed that, within the three mucosal tissues, none of the nnAb tested were efficient
at preventing infection. Conversely, nAb demonstrated good levels of inhibition in all three
mucosal tissue types.

Finally, to determine whether a potential influx of effector cells from the periphery
could impact on antiviral activity, the ability of nAb and nnAb to reduce HIV-1 infection in
the presence of whole blood were assessed. Furthermore, the binding of these antibodies to
HIV-1 infected cells was investigated. The data showed that nnAb were unable to reduce
infection of CD4+ cells, although they showed some ability to reduce onward viral
transmission. However, nAb were able to reduce the level of infection in this assay system.
Antibody binding to infected cells did not correlate with reduction in HIV-1 infection.

In summary, the combined data demonstrated that nnAb were insufficient at
preventing HIV-1 transmission. Conversely, nAb were capable of reducing HIV-1 infection in
all of the assay systems investigated, indicating that it is nAb that should be the primary

focus of future vaccine discovery.
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1 Introduction

1.1 Introduction to HIV and AIDS

1.1.1 The HIV Pandemic

Human Immunodeficiency Virus (HIV) is a single-stranded RNA virus of
the retroviridae family, initially described as the causative agent of Acquired
Immunodeficiency Syndrome (AIDS) in the early 1980s [1, 2]. Since then, HIV has
become a worldwide pandemic, infecting over 70 million people in total, with
36.7 million [34 million - 39.8 million] people living with the infection in 2015

(www.unaids.org).

1.1.2 Origin and Classification of HIV

HIV is a zoonotic disease originating from Simian Immunodeficiency Virus
(SIV), a virus that infects non-human primates. HIV can be subdivided into HIV-1
and HIV-2, with HIV-1 originating from chimpanzees and gorillas and HIV-2
originating from sooty mangabeys [3]. Genetic analysis of HIV-1 has shown that
SIV has crossed the species barrier from chimpanzees (SIV¢y;) and gorillas
(SIVgor) on at least four distinct occasions, leading to the establishment of groups
M, N, O (SIV¢pz) and P (SIVgor). Of these four groups, N, O and P have caused only a
small number of HIV-1 cases in humans, whereas group M is responsible for the
global HIV-1 pandemic [4-6]. Group M originated in chimpanzees (Pan
troglodytes troglodytes) in Cameroon [7] and crossed over to humans in the late
19t /early 20t Century in the Kinshasa region of the Democratic Republic of

Congo (DRC) [8, 9]. Group M can be further subdivided into clades A-K and
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circulating (CRF) and unique recombinant strains (URF), of which clade C is the

predominant HIV-1 strain found worldwide (Figure 1.1) [10].
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TRENDS in Molecular Medicing

Figure 1.1 Global distribution of HIV-1 subtypes and recombinants from 2004-2007.

Pie charts are superimposed over regions to represent the distribution of HIV-1 subtypes and
recombinants. The size of the pie charts corresponds to the number of people living with HIV-1
within that region. Diagram taken, with permission, from J. Hemelaar (2012) Trends in Molecular

Medicine [11].

1.1.3 HIV-1 Clinical Symptoms

1.1.3.1 Acute Infection

During the first two weeks of HIV-1 infection, there are few symptoms.
After this point, the symptoms reflect those seen for other viruses including high
fever, nausea, headache, fatigue and a rash, although the exact symptoms vary

between viral clade. This represents the stage at which the virus has already
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rapidly multiplied within the body, leading to a ‘cytokine storm’ and clinical
symptoms. Once the initial symptoms resolve, a viral set-point is reached

whereby there is a period of relative calm, which can last for several years [12].

1.1.3.2 Progression to AIDS

AIDS is classified as a syndrome and not a disease itself, as there is no one
set of symptoms that define AIDS. As the HIV-1 infection progresses, a gradual
decline of CD4+ cells leads to immunodeficiency and susceptibility to a range of
opportunistic infections. The Center for Disease Control and Prevention (CDC)
and World Health Organisation (WHO) have produced a comprehensive list of
these infections and diseases, including, but not restricted to Kaposi’'s sarcoma,
Candidiasis and Cryptosporidiosis. Once an HIV-1 infected individual presents
with a CD4+ T cell count of <200 cells/uL. blood and one of the AIDS-defining
illnesses listed by the CDC/WHO, they are classified as having AIDS
(https://www.aidsetc.org/guide/hiv-classification-cdc-and-who-staging-
systems). However, improvements in HIV-1 therapy mean it is not the death-
sentence it once was. With treatment, the symptoms can be reversed, leading to
individuals being re-classified as AIDS-free, a status they can maintain for many

years, providing there is correct adherence to the HIV-1 medication.

1.1.4 The HIV-1 Genome
HIV-1 has a 9.7kb genome comprising numerous genes that function to
form the individual components of the virus [13]. Proteins critical to the viral

structure are encoded by gag, pol and env genes, while proteins essential for
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viral regulation are encoded by tat and rev and lastly, accessory regulatory

proteins are encoded by nef, vpr, vif and vpu (Figure 1.2).

1.1.4.1 Env

The env gene encodes for the viral envelope protein, which forms the
envelope spikes that enable HIV-1 to attach and enter the CD4+ target cells. The
envelope spikes are formed of a gp160 heterodimer, which is made up of two

non-covalently bound subunits, gp120 and gp41 [14, 15].

1.1.4.2 Gag
The gag gene encodes for the proteins that make up the internal viral core,
which houses HIV-1 RNA and replication machinery. These proteins include p17,

p24, p7, p6 and two spacer proteins (SP1 and SP2) [16, 17].

1.1.4.3 Pol

The pol gene encodes for HIV-1 enzymes involved in replication including
reverse transcriptase and integrase, as well as protease, an enzyme involved in
the final stages of HIV-1 maturation. Reverse transcriptase is a viral enzyme that
converts viral RNA into viral DNA to allow for integration into the host DNA. This
integration is aided by the viral enzyme integrase. Post-replication, the virions
mature with the help of viral proteases, which cleave the newly formed Gag and

Gag-Pol proteins [18, 19].

1.1.4.4 Rev

The rev gene encodes for the Rev protein, which is critical to the
regulation of HIV-1 protein expression. Without Rev, HIV-1 structural genes are
incapable of translocation out of the nucleus, hindering the viral replication cycle
[20].
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1.1.4.5 Tat

The tat gene encodes for the trans-activator of transcription (Tat) protein,
promoting transcription of HIV-1 RNA species from integrated DNA by binding
to the trans-activation response (TAR) element and recruiting transcription
factors needed to elongate the transcript from the long terminal repeat (LTR).
Furthermore, Tat can be found outside virally infected cells in the circulation of
HIV-1 infected individuals. Here, it is taken up by uninfected CD4+ T cells,

leading to their death and thus increasing the progression towards AIDS [21, 22].

1.1.4.6 Nef

The nef gene encodes for negative regulatory factor (Nef), which is a small
protein that acts to increase the virulence of HIV-1 by maintaining T cells in an
activated state and lowering the threshold for CD4+ cell activation. HIV-1 is fully

functional without Nef, although loss of the gene impacts on viral virulence [23].

1.1.4.7 Vif

The vif gene encodes for the viral infectivity factor (Vif) protein, which
serves to interrupt the antiviral activity of the human enzyme apolipoprotein B
mRNA editing enzyme, catalytic polypeptide-like 3G (APOBEC3G). The role of
APOBEC3G is to interfere with the replication process of retroviruses by
mutating viral nucleic acids. Without Vif, APOBEC3G leads to the development of

non-infectious virions [24-26].

1.1.4.8 Vpr
The vpr gene encodes for viral protein r (Vpr), which is involved in the

regulation of nuclear import of the HIV-1 pre-integration complex (PIC).

-25-



Furthermore, it is necessary for enabling viral replication in non-dividing cells,

such as macrophages [27].

1.1.4.9 Vpu

The vpu gene encodes viral protein unique (Vpu), which functions to
enhance virion release from virally infected cells by counteracting tetherin.
Furthermore, Vpu enhances degradation of the CD4 receptor within the
endoplasmic reticulum of infected cells. This leads to the -characteristic
downregulation observed in productively infected HIV-1+ cells. Downregulation
of CD4 prevents binding of Env from newly formed HIV-1 virions to CD4 within

the endoplasmic reticulum and enhances the assembly of HIV-1 virions [28, 29].
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Figure 1.2 HIV-1 viral genome.
Diagram from http://www.hiv.lanl.gov/content/sequence/HIV/MAP/landmark.html

1.1.5 The Structure of HIV-1

HIV-1 is an enveloped, positive-sense virus containing two copies of
single-stranded viral RNA, which is spherical in structure. From the envelope,
gp160 proteins protrude, which are used for attachment and entry into target
cells. Compared to other viruses, HIV-1 envelope proteins are relatively few in

number, with each virion containing an average of 14 spikes [30].
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Inside the envelope, matrix proteins (p17) form the inner viral protein
shell, which confers structural support to the virion. The capsid is comprised of
approximately 250 capsid proteins (p24), which form a stable fullerene cone and
also contains the RNA and proteins involved in replication [31] (Figure 1.3).

structure of the HIV virion

gp120 Vif, Vpr, Nef, p7
docking

glycoprotein protease
.
membrane membrane
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Figure 1.3 Structure of the HIV-1 virion and Envelope trimer

Figure adapted from www.fredhutch.org and B. Haynes et al. (2012) Nature Biotechnology [32]

1.1.6 HIV-1 Envelope Trimer

HIV-1 envelope ‘spikes’ are comprised of functional gp160 proteins,
which are heterodimers that are cleaved into three gp120 molecules non-
covalently bound to three gp41 transmembrane molecules. The functional
envelope spikes are in trimer formation, which engage with the CD4 receptor on

the surface of target cells [33]. Once engaged, the envelope spikes undergo a
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series of conformational changes that expose the co-receptor binding site and
lead to insertion of the viral capsid into the host cell (Figure 1.4).

However, the non-covalently bound gp120 and gp41 molecules are
unstable, leading to the development of a range of functional trimers, non-

functional dimers and gp41 ‘stumps’ [34].

[ g
Receptor Coreceptor - Six-helix bundle @
ii@i % binding . binding ¢ formation

Closed Relaxed Open Fusion peptide
extended After fusion

Figure 1.4 Conformations of the Env Trimer.

Before receptor engagement the Env trimers fluctuate between closed, slightly more open, and relaxed
conformations. Post CD4 receptor engagement, the trimers open out and the CCR5 (or CXCR4) co-receptor
binding sites become available. Co-receptor binding then triggers insertion of the fusion peptide into the
host membrane and formation of the six-helix bundle that pulls the host and the virus membrane into fusion

proximity. Adapted from Burton and Hangartner (2016) Annu. Rev. Inmunol [35].

1.1.7 HIV-1 Entry Receptors

CD4, found on the surface of CD4+ T cells, macrophages and dendritic
cells (DCs) is the primary receptor for HIV-1. In addition, these cell subsets also
express chemokine receptors, CCR5 and CXCR4, co-receptors used by the virus
to gain entry to the target cell [36, 37]. CCR5-tropic HIV-1 strains are the primary
source of early infection; with CXCR4 viral isolates not arising until after
infection has been established [38]. Furthermore, some viral strains are dual-
tropic and capable of engaging both co-receptors [39].

Individuals homozygous for the A32-ccr5 allele do not express CCR5 on

the cell surface and are subsequently extremely resistant to HIV-1 infection.
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Furthermore, A32-ccr5 heterozygous individuals display a lower CCR5 surface
expression and have a slower progression to AIDS [40].

Studies have been performed to determine the levels of CCR5 and CXCR4
expression on CD4+ T cells with results showing that not all T cells have the
same levels of CCR5 expression. Naive and memory CD4+ T cells have low or
absent levels of CCR5 expression, which means that they are less susceptible to
HIV-1 infection. Conversely, activated T cells have high levels of CCR5 expression,
which leaves this CD4+ T cell subset highly vulnerable to HIV-1 infection [41].
However, these studies were performed in PBMC and subsequent analysis of T
cells in the genital mucosa of macaques demonstrated that HIV-1 could
productively infect naive T cells in this compartment [42, 43]. Furthermore,
studies of SIV (Simian Immunodeficiency Virus) transmission and early infection
in the genital mucosa have highlighted that there is a local expansion of infected
resting CD4+ T cells that occurs before infection can be detected in the draining
lymph nodes and preceding viral dissemination [44].

More recently, it has been demonstrated that some HIV-1 isolates also
bind to the gut homing receptor a4~ integrin [45]. This receptor is found on the
surface of gut and vaginal homing T cells [46-48] and binds to the mucosal
vascular addressin cell adhesion molecule-1 (MadCAM-1), found in mucosal
epithelium. While not a co-receptor used for direct viral infection, a4f37 integrin
interacts with the gp120 on the surface of CD4+ T cells potentially providing a
means for HIV-1 to attach to target cells, bringing the virus into closer proximity

of CD4 and CCR5/CXCR4 [45, 49, 50].
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1.1.8 HIV-1 Infection

As mentioned previously, HIV-1 requires the cell surface receptor CD4
[51] and chemokine co-receptors CCR5 or CXCR4 [52] to infect a CD4+ cell.
Initially, gp120 interacts with CD4 on the surface of the target cell, which leads to
conformational changes in the HIV-1 envelope trimer that exposes the binding
site for the co-receptor. Once the co-receptor has bound, fusion peptides are
inserted into the cell membrane, ultimately leading to the fusion of the virus to

the target cell membrane (Figure 1.5).

1.1.9 HIV-1 Replication Cycle

Post-fusion, the viral capsid is released into the cytoplasm, where it is
degraded, revealing the reverse transcription complex, containing the internal
viral genome and viral replication enzymes. As HIV-1 is an RNA virus, it must
first reverse transcribe its genome into viral DNA to allow integration into the
host genome, which it does using reverse transcriptase. The transcribed viral
genome and Vpr protein form the pre-integration complex (PIC), which enters
the nucleus through the nuclear pore complex without disrupting the nuclear
envelope. Once inside the nucleus, the viral DNA is integrated into the host cell
DNA using integrase to form a provirus. In activated CD4+ cells, the provirus is
transcribed under the influence of transcription factors such as NF-kf3, and
translated to produce new viral RNA. However, it is important to note that
infection of resting CD4+ cells lacking active transcription factors results in the
creation of a latent pool of HIV-1 infected cells that can be reactivated at a later

time point [53, 54].
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Once transcribed, the new viral RNA and viral proteins are translated and
translocated to the cell surface, where the host cell membrane is used to form
new immature virions, which bud off and are released. The last stage of the
replication cycle is virion maturation, whereby the viral proteases induce the

formation of mature Gag proteins. Once this is complete, the virions are fully

infectious and ready to infect new target cells [55].
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Figure 1.5 Overview of the HIV-1 replication cycle.

Schematic showing the replication cycle of HIV-1, including targets for therapeutic antiviral interventions.
INSTI - Integrase strand transfer inhibitor; LTR - long terminal repeat; NNRTI - non-nucleoside reverse
transcriptase inhibitor; NRTI - nucleoside reverse transcriptase inhibitor; PIC - Pre-integration complex.

Taken, with permission, from A. Engelman & P. Cherepanov, Nature Reviews Microbiology (2012) [56].

1.2 HIV-1 Immunology
During the acute phase of HIV-1 infection, the innate immune system
attempts to halt the expansion of the virus and inflammatory cytokines are
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produced, which induce the early flu-like symptoms in the infected individual. By
around day 21, the first adaptive immune responses can be detected, with CD8+
T cells to the original virus in circulation. Shortly after this, the first humoral
immune responses can be detected, beginning with non-neutralising antibodies
(nnAb) to gp41 at around day 23 and gp120-specific nnAb following at around
day 38. However, neutralising antibodies (nAb) do not appear until around 90
days into infection, with broadly neutralising antibodies (bnAb) not arising for

many years [57].

1.2.1 Innate Immune System and HIV-1

The innate immune system is the first immunological line of defence
against an invading pathogen. The immune response is activated by danger
signals found on the surface of pathogenic material such as pathogen-associated
molecular patterns (PAMPS) like lipopolysaccharides (LPS), dsRNA and
unmethylated CpG motifs. The immune response is fast but non-specific, with no
immunological memory initiated. HIV-1 associated PAMPS include structural
proteins such as pl17, p24 and gp41, which are recognised by TLR2 [58] and
ssRNA, recognised by TLR7/8 [59]. However, HIV-1 has evolved mechanisms to
evade or subvert the innate immune system, enabling the virus to gain entry to

target cells without triggering an immune response [60, 61].

1.2.1.1 Dendritic Cells
Dendritic Cells (DCs) are professional antigen-presenting cells of the
innate immune system, constantly sampling their local environment to detect

any invading pathogens. Immature DCs are particularly efficient at taking up
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antigen via pattern recognition receptors (PRR). Once they have captured
antigen, they migrate to lymphoid tissues where they mature and upregulate
MHC class Il molecules becoming efficient T cell stimulators [62].

DCs express CD4 and HIV-1 co-receptors, CCR5 and CXCR4, on their
surface, and are therefore capable of becoming directly infected with HIV-1 [63-
65]. There are three main subtypes of DCs, CD1c+ myeloid DCs (mDC) and
CD141+ mDC, which also express CD11c, and CD303+ plasmacytoid DCs (pDC),
which also express CD123 [66].

DCs can initiate infection of CD4+ T cells via one of two routes: cis-
infection and trans-infection [67]. While HIV-1 replication within DCs is
relatively low, cis-infection involves the de novo replication of DCs and
subsequent onward infection of target cells. Cell-to-cell contact is a more
efficient mode of HIV-1 transfer from DC-to-CD4+ T cells and this is achieved via
trans-infection. Here, the DCs do not become productively infected, but infect
CD4+ T cells via an infectious synapse mediated by DC-SIGN-CD4 T cell receptor
interaction [68]. Furthermore, trans-infection can be mediated through viral
endocytosis and release of the virus in exosomes [69].

DCs express Fc receptors (FcR), which allow them to respond by
mounting an immune response to antibody-opsonised antigens. Myeloid DCs
have been shown to express activating FcR CD16A (FcyRlIlla), CD32A (FcyRIla),
FcyRI (CD64), CD89 (FcaR), as well as inhibitory FcR CD32B (FcyRIIb). Fc-
mediated effector functions by DCs include antibody-dependent cellular
phagocytosis (ADCP), antibody-dependent cellular cytotoxicity (ADCC) or, for
viruses, antibody-dependent cellular viral inhibition (ADCVI) [70, 71].

Furthermore, FcRs on DCs can also act to aid in the internalisation and
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subsequent antigen presentation of T cells. In addition, complement receptor
expression on DCs, leads to modulation of antigen presentation and regulation of
the adaptive immune response [72]. Fc- and complement receptors and their

associated effector functions are further discussed in later sections.

1.2.1.1.1 Langerhans Cells, Langerin and HIV-1

Langerhans cells (LC), a subset of mDC, reside in the stratified squamous
epithelium of the skin, oral and genital mucosa and are ideally placed to survey
mucosal surfaces [73-75]. LCs can be distinguished from other DC subsets by the
high expression of CD1a, as well as the C-type lectin, Langerin (CD207). Capture
of non-opsonised HIV-1 gp120 by Langerin leads to internalisation and
degradation of the virus within Birbeck granules inside the cells, preventing
onward transmission of the virus [76, 77], although this antiviral function can be
overwhelmed by high viral loads. Furthermore, a recent publication has
demonstrated that HIV-1 infection is restricted by tripartite-containing motif 5o
(TRIM5a) in Langerin-positive LC, but not DC-SIGN+ DCs [78]. LCs have also
been implicated in the capture and subsequent transfer of HIV-1 to CD4+ T cells

within mucosal tissue [79].

1.2.1.1.2 Dendritic Cells, DC-SIGN and HIV-1

Interstitial DC (iDC), found in the dermis, oral, vaginal and colonic lamina
propria express a different C-type lectin on their surface, DC-specific
intercellular adhesion molecule-3-grabbing non-integrin, DC-SIGN (CD209).
Unlike LCs, which only efficiently capture antigen when in their immature state,
iDCs can take up antigen irrespective of their maturation status and are

extremely efficient at transferring HIV-1 to T cells through trans-infection [80].
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Like Langerin on LCs, DC-SIGN complexes with the gp120 on the surface of HIV-1
but, whereas Langerin may have a function in protecting cells from infection, DC-
SIGN has been shown to protect the virus from degradation [81]. However,
colorectal mucus has been shown to interfere with DC-SIGN, preventing trans-
infection of CD4+ T cells [82]. Furthermore, it has been shown that antibody-
opsonisation of HIV-1 by nnAb significantly reduces the internalisation of virions

by DCs and also impairs subsequent trans-infection of CD4+ T cells [83].

1.2.1.1.3 Mannose-binding Lectin and HIV-1

Langerin and DC-SIGN are the C-type lectins most commonly associated
with HIV-1, but they are not the only lectins capable of interfering with HIV-1
infection. Mannose-binding lectin (MBL) has also been shown to interact with
gp120, disrupting the ability of the virus to engage entry receptors in a non-

complement dependent manner [84, 85].

1.2.1.2 Macrophages

Macrophages share a common myeloid progenitor cell within the bone
marrow that can develop into DCs, neutrophils, eosinophils, basophils and mast
cells [86]. They patrol the body acting as innate immune scavengers by
phagocytosing cellular debris, cancerous cells, foreign substances, infected cells
and invading pathogens. They also have a role in wound healing and antigen-
presentation and are found throughout the body, including mucosal surfaces
[87]. Once internalised, unwanted material is degraded within phagolysosomes
by enzymes and reactive oxygen species (ROS) [88].

Macrophages express CD4 and chemokine receptors CCR5 and CXCR4,

making them a target cell for HIV-1. Although usually not infected by T cell-
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tropic (T-tropic) transmitter/founder viruses, they are targets during the later
stages of infection [89]. Macrophage-tropic (M-tropic) HIV-1 viruses evolve to
specifically infect cells with low levels of CD4, such as macrophages, and are
often found within the central nervous system (CNS) as both R5 and X4 viruses
[90-92].

In the context of HIV-1 infection, macrophages can transmit the virus to
bystander CD4+ T cells, become productively infected and be induced to
phagocytose infected «cells via antibody- and complement-dependent
mechanisms [93, 94].

HIV-1 infection of macrophages by cell-free virions is limited due to low
expression of the entry receptors, but has been shown to occur [68, 95, 96]. In
vitro experiments have shown that macrophages are most commonly infected
through the phagocytosis of infected T cells or through direct cell-to-cell spread
[68, 97]. Indeed, a recent in vitro study investigating the cell-to-cell spread of
HIV-1 from infected CD4+ T cells to macrophages observed novel virological
synapse formation between monocyte-derived macrophages and CD4+ T cells
that is distinct from other synapse formations [98]. However, a recent in vivo
study using humanised mouse models demonstrated that macrophages could be
infected in the absence of infected T cells [99].

An important feature of macrophages is the expression of Fc- and
complement receptors that, through the process of opsonisation, assist in the
recognition and destruction of pathogenic material. Macrophages have been
shown to express activating FcR CD16A (FcyRIlla), CD32A (FcyRIla), CD64
(FcyRI), CD89 (FcaR), as well as inhibitory FcR CD32B (FcyRIlb), capable of

interacting with antibody-opsonised pathogens [100, 101]. Interaction with
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opsonised pathogens leads to destruction through ADCP, ADCC or, for viruses,
ADCVI [101]. Furthermore, complement-opsonisation of pathogens and
interaction with complement receptors on macrophages leads to removal of the
infecting pathogen through a process known as complement-dependent
cytotoxicity (CDC) [102]. FcRs, complement, ADCP, ADCC, ADCVI and CDC are all

discussed in depth later on in this introduction.

1.2.1.3 Natural Killer Cells

Natural killer (NK) cells are lymphoid-derived cells and the principle
innate effector cells to respond to virally-infected or tumour cells [103, 104].
They have been shown to be present within mucosal tissues associated with HIV-
1 infection and play a role in preventing HIV-1 transmission [105-107]. Once
virally-infected cells have been encountered, cytolysis is achieved through
activating NK cell receptors, NKG2D, leading to either release of cytotoxic
granules containing granzymes and perforin, which destroy the infected cells or
induction of apoptosis of infected cells through intracellular signalling [108].
Moreover, NK cells can bridge the gap between the innate and adaptive immune
systems by engaging antibody, through FcR (CD16A (FcyRlIlla)), leading to ADCC
[109, 110]. Furthermore, despite being part of the innate immune system, recent
investigations in mice and NHP have highlighted the potential for NK cells to
develop antigen-specific immunological memory [111, 112].

NK cell activity is regulated by inhibitory receptors, which recognise
major histocompatibility complex (MHC) class I molecules and prevent NK cells
from exerting their cytotoxic activities on uninfected or untransformed cells.
These inhibitory receptors are either in the form of killer immunoglobulin-like
receptors (KIR) or CD94/NKG2A, both of which recognise different variants of
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human leucocyte antigen (HLA) molecules. HIV-1 has evolved methods to
subvert NK cell immune responses to virally infected cells including selective up-
or downregulation of HLA alleles, inhibition of activating NK cell receptors and
modulation of cytokine expression [110, 113, 114].

NK cells express HIV-1 co-receptors CCR5 and CXCR4, but the majority
are CD4-negative. However, a small population of NK cells have been observed to
express CD4, as well as the co-receptors CCR5 and CXCR4. Investigations into the
infectivity of this NK cell subset have demonstrated these cells can become

productively infected with HIV-1 [115-117].

1.2.1.4 Neutrophils

Neutrophils are polymorphonuclear leucocytes that represent between
50-75% of the circulating leucocyte population, making them the most abundant
white blood cell. Through the use of PRRs, their primary function is to rapidly
recognise and phagocytose foreign microorganisms, killing them via production
of reactive oxygen species (ROS), proteolytic enzymes or neutrophil extracellular
traps (NETs) [118].

Neutrophils express CD89 (FcaR), CD16B (FcyRIlIb), CD32A (FcyRlIla),
CD32B (FcyRIIb) and CD64 (FcyRI) on the surface and have been observed to
perform antibody-dependent effector functions such as ADCC and ADCP [119].

During the course of HIV-1 infection, neutrophil-loss or neutropenia is
observed in 35-75% of infected individuals. Interestingly, it has been
demonstrated that HIV-1 can enter into the bone marrow and infect precursor
cells that reside there. Loss of neutrophils in HIV-1 infected individuals can lead

to increased susceptibility to bacterial and fungal infections [120].
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1.2.1.5 The Complement System

The complement system is comprised of cell-bound and plasma-based
proteins that function to modulate and enhance the innate or adaptive immune
responses through three different pathways. The classical pathway is activated
through complement components binding with high avidity to the Fc-portion of
an antibody-opsonised antigen or infected cell. The alternative pathway is
triggered when complement protein C3b binds to a pathogen or infected cell.
Lastly, the mannose-binding lectin (MBL) pathway is triggered when
complement components interact with mannose-binding lectin-opsonised
pathogens or infected cells [121]. Regardless of the pathway, a complement
cascade is initiated that usually concludes with the formation of the membrane
attack complex (MAC), causing lytic holes in the infected cell membrane and
culminating in the death of the cell in a process known as complement-
dependent cytotoxicity (CDC) [121]. In addition, complement can act through
complement receptors to induce complement-mediated phagocytosis and is also
capable of attracting macrophages and neutrophils to the site of infection [122].

The role of complement in HIV-1 infection is complex, with some studies
indicating that it may have a protective role in early HIV-1 infection [123-125]
and also in elite controllers [126]. However, HIV-1 has evolved a number of
mechanisms to evade complement activity and may even use the complement

system to enhance infectivity of target cells [127-129].

1.2.2 FcReceptors (FcR)
Fc receptors (FcR) recognise and bind to the Fc-portion of antibodies and,
in doing so, bridge the gap between the innate and adaptive immune systems by
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enabling innate immune cells to recognise and act against antibody-opsonised
pathogens. FcR are found on the surface of all innate immune cells in either
inhibitory or activating forms (Figure 1.6).

Inhibitory FcR (CD32B) are found on the surface of B cells, as well as
macrophages, DCs and granulocytes. Their activity is governed by the presence
of an immunoreceptor tyrosine-based inhibitory motif (ITIM) transmembrane
domain. Once internalised the immune-antigen complex is preserved intact for
transfer to B cells. The main function of the inhibitory receptor is a regulatory
one through modulation of the B cell responses to limit the development of
autoreactive B cells [130, 131].

The majority of FcR are activating, signally through the immunoreceptor
tyrosine-based activating motif (ITAM) transmembrane domain. Analogous to
the inhibitory FcR, they internalise immune-antigen complexes, but the final
outcome of the internalisation is degradation leading to antigen processing and
presentation or the initiation of further downstream effector functions, such as
ADCC, ADCP or ADCVI [131, 132].

FcyR differ in their ability to bind individual IgG subclasses, with 1gG1
more likely to interact with CD64 (FcyRI) and IgG3 more likely to bind to CD16A
(FcyRlIlla) [133]. Indeed the induction of IgG3 antibodies and the subsequent
effector functions are postulated to be one of the key correlates of protection in
the RV144 vaccine trial (discussed further in section 1.4.3.2) [134].

Genes encoding for FcR can lead to polymorphic variants of activating
receptors CD16A (FcyRIlla) and CD32A (FcyRlIla), which affects their ability to
bind to IgG subclasses. Allelic variants of CD16A (FcyRIlIa) include two variants

with polymorphisms at position 158, leading to variants FcyRlIllayiss and
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FcyRIllariss. Similarly, allelic variants within CD32A (FcyRIla) are caused by
polymorphisms at position 131, leading to two variants: FcyRIlariz1 and
FcyRIlan131. All allelic variants bind equally to IgG1l and IgG3, but FcyRIlani31
binds with higher affinity to IgG2 when compared to FcyRIlar131 and FcyRIllayiss.
IgG4 binds with high affinity to all FcR, with the exception of FcyRIllariss, which
binds at a lower affinity [133]. Allelic variants have been proposed as another
correlate of protection in the RV144 trial [135, 136] and are additionally thought

to be of relevance in the immune response to certain cancers and autoimmune

diseases [137, 138].
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Figure 1.6 Fc Receptors - cellular expression and IgG binding affinity.

Taken from K. Smith and M. Clatworthy - Nature Reviews Immunology (2010) [139].

1.2.2.1 CD16 (FcyRIII)

CD16A (FcyRIlla) is the low/intermediate affinity IgG receptor,
predominantly expressed by NK cells, but also found on monocytes,
macrophages and DCs and most commonly associated with ADCC [132, 140].

Meanwhile, CD16B (FcyRIIIb) is expressed by neutrophils and is most commonly
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associated with phagocytosis. CD16B is different in structure to other FcR in that
it is linked to the plasma membrane through a glycosylphosphatidylinositol
(GPI) anchor [141].

CD16 expressing cells have been found within mucosal tissues, indicating
that they may be able to mount a response to vaccine-induced antibody [142-
145].

CD16 preferentially binds to the IgG3 subclass. Indeed, induction of this
antibody subclass in the RV144 vaccine trial and subsequent effector functions

are thought to be some of the correlates of protection [134].

1.2.2.2 CD32 (FcyRII)

CD32 (FcyRII) is the low affinity receptor for IgG and can function as an
activating (CD32A and CD32C) or inhibitory (CD32B) receptor, depending on the
transmembrane ITAM or ITIM domain. Activating CD32A is predominately
expressed on monocytes, macrophages, DCs and neutrophils, whereas CD32C is
predominantly found on NK cells. Inhibitory CD32B is expressed on the same cell
subsets as CD32A, with the addition of expression on B cells and plasmablasts
[146]. Overall, CD32 is most broadly expressed FcyR on immune effector cells
found in the blood [147].

As mentioned, the inhibitory receptor CD32B modulates the B cell
response via a feedback loop. Its primary function is to limit the production of
autoreactive B cells [148]. Effector functions of the activating receptor, CD32A,
are initiated by the cross-linking of FcR-antibody complexes, leading to cell lysis
and/or phagocytosis [149, 150].

CD32 expressing cells are found throughout the body, including mucosal

surfaces associated with HIV-1 transmission, indicating a potential role in
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vaccine-induced antibody responses. Interestingly, it has been recently observed
that antibodies from HIV-1 controllers and untreated progressors exhibit
increased phagocytic activity, altered Fc domain glycosylation, and skewed
interactions with CD32A and CD32B in both bulk plasma and HIV-specific IgG

[151].

1.2.2.3 CD64 (FcyRI)

CD64 (FcyRI) is the high affinity FcR for IgG and is the only FcR that can
bind to monomeric IgG in addition to immune complexes. It is constitutively
found on the surface of macrophages and DCs, while its expression can be
induced on mast cells, eosinophils and neutrophils by cytokines such as IFN-y
and IL-10. Interestingly, IFN-y expression also increases the affinity of monocyte-
derived CD64 for immune complexes [146, 152-154]. CD64 expression within
tissue has been observed, largely due to its expression on macrophages, although
investigations into expression within mucosal tissues are more limited [155].

CD64 associates most avidly with IgGl and IgG3 followed by IgG4,
demonstrating no ability to bind to IgG2 [146]. Engagement of the receptor by
monomeric IgG or immune complexes culminates in phagocytosis of the target
cell, release of inflammatory cytokines, production of ROS and/or cross-

presentation of the antigen to T cells [156].

1.2.2.4 CD89 (FcaR)
CD89 (FcaR) is the FcR for IgA and is expressed by macrophages, DCs,
neutrophils, as well as platelets and NK cells [157]. CD89 expression on NK cells

can be upregulated in the presence of TNF-a [158, 159]. Expression of CD89
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within tissue is largely depended on the presence of neutrophils and
macrophages but it has been observe in gastrointestinal tract and skin [160].
Activity is induced through CD89 binding of aggregated IgA complexed

with antigen leading to phagocytosis and ADCC [100].

1.2.2.5 Neonatal Fc Receptor (FcRn)

Initial findings determined that the FcRn functioned to transport IgG
across the placenta from mother to foetus. However, it was subsequently found
to have further functions of transcytosis and recycling of IgG [161]. This
additional function has increased interest in FcRn as enhanced binding to the
receptor has been shown to prolong the half-life of an antibody, subsequently
leading to improved antibody function [162]. However, in the context of this

thesis, FcRn expression was not investigated.

1.2.3 Antibody-dependent Effector Mechanisms

Once immune complexes bind to activating FcR, a series of effector
functions are induced leading to the removal of antibody-complexed antigen
through one of a number of mechanisms. These mechanisms are dependent upon
a number of parameters, including the FcR engaged and effector cell type

induced, as well as immunoglobulin allotype and glycosylation pattern.

1.2.3.1 Antibody-dependent Cellular Cytotoxicity (ADCC)
Antibody-dependent cellular cytotoxicity (ADCC) is initiated most

efficiently through the binding of the Fc-portion of an antibody-opsonised cell to

CD16A. Furthermore, it can be triggered through binding of CD64 and CD32A on

myeloid cells (monocytes, macrophages and DCs) [140, 163].
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Monomeric IgG bound to FcyR is not sufficient to initiate ADCC, but
instead results in the recycling of the FcyR-IgG complex to the cell surface [164,
165]. For ADCC to occur, the FcyR must bind to a cross-linked IgG antibody
complex, which initiates FcyR clustering. Once these events have occurred, ADCC
is initiated, which culminates in the release of the contents of cytotoxic granules
containing perforin, granzymes and cytokines such as IFN-y. These cytotoxic
agents are released in a directional manner across a lytic synapse leading to
cytolysis of the opsonised cells [132].

ADCC-inducing antibodies have been shown to lower the viral set-point in
non-human primate (NHP) models of HIV-1 infection [166-169]. Furthermore,
studies in humans have indicated that the presence of ADCC antibodies correlate
with slower disease progression [167, 170], give rise to significantly lower
genital HIV-1 RNA levels in seropositive women [171] and, when found in breast

milk, reduce the risk of mother-to-child transmission of HIV-1 [172].

1.2.3.2 Antibody-dependent Cellular Phagocytosis (ADCP)
Antibody-dependent cellular phagocytosis (ADCP) is induced by the
binding of the Fc-portion of antibody to an FcR, primarily CD32A, CD64 and
CD89, found on the surface of professional phagocytic cells such as monocytes,
macrophages, neutrophils and DCs. Upon binding of the antibody-opsonised
infected cells or pathogens, FcR cluster and subsequently cross-link, initiating
phagocytosis. Once inside the phagocytic cell, the ingested material is degraded
by lytic enzymes and ROS [173] [151]. As mentioned previously, ADCC can also
be induced through engagement of CD32A and CD64 on myeloid cells [174].

However, the efficiency of this type of ADCC is low when compared to ADCP,
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which is reported to occur rapidly and efficiently within 1-4 h, compared to

incubation times of up to 24 h for CD32A- and CD64-induced ADCC [175].

1.2.3.3 Antibody-dependent Cellular Viral Inhibition (ADCVI)

Antibody-dependent cellular viral inhibition (ADCVI) is specifically
associated with FcyR-induced killing of virally infected cells by FcR effector cells.
It is a combination of ADCC and ADCP activity with the additional release of HIV-
1 inhibitory -chemokines from the effector cells, which block onward infection
of susceptible cells [176-178].

High ADCVI activity in serum from vaccinated individuals has been
demonstrated to inversely correlate with lower rates of sexually acquired HIV-1
infection [179]. Furthermore, ADCVI activity has been shown to inversely
correlate with HIV-1 plasma viral load during the acute phase of infection in

humans [180], as well as playing a protective role against SIV infection in NHP

[181].

1.2.4 Adaptive Immune System and HIV-1

Adaptive immunity is composed of cellular and antibody-mediated
immune responses that develop to provide long-lasting, highly specific immunity
to a particular pathogen and is the basis for the immunological memory induced

by vaccination.

1.2.4.1 T cells
T cells are lymphoid cells of the adaptive immune system that provide
cellular immunity in the form of effector and cytotoxic killing functions as well as

regulatory and helper functions to aid immune responses from other branches of
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the immune system. They originate from haematopoietic stem cells in the bone
marrow, but mature within the thymus [182].

T cells can be subdivided into two main groups: CD4+ T cells and CD8+ T
cells, with both cell subsets recognising antigen presented by antigen presenting
cells via major histocompatibility complex (MHC) molecules to T cell receptors
(TCR). In broad terms, CD4+ T cells provide ‘help’ to other immune cells,
whereas CD8+ T cells have cytotoxic functions, particularly in response to

viruses.

1.2.4.1.1 CD4+ T cells

CD4+ T cells are activated through presentation of antigenic peptides
complexed with MHC class II molecules together with co-stimulatory signals
from CD28 on T cells interacting with CD80 or CD86 proteins on antigen
presenting cells [183]. Depending on the cytokine environment, the resulting
effector CD4+ T cells can be classified into two main categories: T-helper (Th) 1
or Th2 cells. Th1 cells are induced by cytokines such as IL-2 and IL-12, in turn
producing inflammatory cytokines, IFN-y and TNF-a in response to activation.
Th2 cells are induced by cytokines such as IL-4, producing regulatory cytokines
such as [L-4 and IL-10 in response to activation [184].

A specific subset of T-helper cells that are found in the germinal centres of
secondary lymphoid tissue are T-follicular helper (Tfh) cells. These CD4+ T cells
are induced by IL-21 and interact with B cells through the expression of CD40L,
enhancing their proliferation and survival. Tfth cells are critical for the generation
of high affinity antibodies and proliferation of B cells within the germinal centres
and are thought necessary for the formation of antibodies in response to
vaccination [185].
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In the context of HIV-1, CD4+ T cells are the primary target for infection
that, over the course of disease, results in depletion of these cell subsets
throughout the circulation, although this depletion is particularly severe within
the gastrointestinal tract [186]. Moreover, helper Th17 cells and regulatory T cell
(Treg) subsets are critical in the maintenance of mucosal barriers. The ratio of
proinflammatory Th17 cells to Treg cells is delicately maintained under normal
circumstances. However, during HIV-1 infection Th17 cells are preferentially
infected and are particularly prone to depletion within mucosal surfaces [187-
189]. Furthermore, regulatory T cells, important for maintaining peripheral
tolerance and regulating immune activation, are found in elevated numbers in
circulating blood of chronically infected HIV-1 patients, albeit with decreased
total Treg cells throughout the individuals. It has been postulated that the
elevated Treg numbers found within the circulating blood of chronic HIV-1
patients could have an impact on HIV-1 specific immune responses and reduce

immune activation [190-193].

1.2.4.1.2 CD8+ T cells

CD8+ T cells are activated in a similar way to CD4+ T cells, however,
antigenic peptides are instead complexed with MHC class I molecules. Upon
activation, CD8+ T cells secrete inflammatory cytokines IFN-y, TNF-a and IL-2, as
well as perforin and granzymes [194].

CD8+ T cells are critical in the immune response to viruses, with strong
responses to HIV-1 detected in the acute phase of infection. However, the virus is
not controlled by CD8+ T cell responses due to the development of escape
mutants and downregulation of MHC class I on the surface of infected cells [195,
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196]. During the course of HIV-1 infection, continued high level stimulation and
proliferation of CD8+ T cells eventually leads to exhaustion of the cell subset,
impacting on its ability to mount an effective immune response [197]. Moreover,
memory CD8+ T cell responses are thought to be an important outcome of an
effective vaccine.

Human leucocyte antigens (HLA) are the human MHC molecules and they
play a key role in the immune response to antigens. Allelic variations within
individuals leads to differences in the ability to present certain antigens to CD8+
T cells and consequently impacts on the strength of the immune response. In
HIV-1 infection, HLA alleles B27 and B57 are associated with slower disease
progression, whereas B35 and B45 are associated with a faster disease

progression [198].

1.2.4.2 Bcells

B cells are lymphoid cells of the adaptive immune system that produce
antibody and also act as antigen-presenting cells. They develop and mature in
the bone marrow, where VD] recombination occurs during the very early stages
of B cell development. It involves rearrangement of the V (variable), D (diversity)
and ] (joining) sections of the immunoglobulin heavy and light chains (V and ],
only) and produces a wide repertoire of B cells of different specificities that are
released from the bone marrow and migrate to the secondary lymphoid tissue

[199].
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1.2.4.2.1 B cell Activation

Once inside the secondary lymphoid tissue, activation occurs when the B
cell receptor (BCR) interacts with its corresponding antigen in either a T cell-
independent or -dependent manner [199].

T cell-independent activation happens when BCR encounter antigens
associated with bacterial or viral pathogens, such as LPS (a particularly good
activator) or unmethylated CpG DNA, and leads to the production of relatively
low affinity antibody [200].

Conversely, T cell-dependent activation produces antibody of higher
affinity. Activation occurs when BCR engage and endocytose antigen, ultimately
leading to presentation of the constituent peptides via MHC class Il molecules on
the surface of B cells to TCR on CD4+ T-helper or CD4+ T-follicular helper cells.
The CD4+ T-helper cells express CD40L and produce cytokines such as IL-21,
which are essential co-stimulatory responses required by B cells to initiate
proliferation, antibody production, class-switching and somatic hypermutation

[201,202]

1.2.4.2.2 Antibodies

Human antibodies are found in five different isotype forms: IgM, IgD, IgG,
IgA and IgE. Each isotype is comprised of two heavy (H) and two light (L)
immunoglobulin chains, connected through disulphide bonds (Figure 1.7). The
CH2 and CH3 domains form the Fragment, Crystallisable (Fc)-region, which
contains binding regions for Fc- and complement receptors, leading to the
downstream effector functions previously described. The VH and VL domains
form the Fragment, Variable (Fv)-region, which is the section of the antibody
that binds antigen. The antigen binding section of the VH and VL domains are
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comprised of three complementarity-determining regions (CDR). Finally, the
CH1, CL, VH and VL sections combine to form the Fragment, Antigen binding
(Fab)-region, which binds antigen, but also gives the antibody a level of flexibility
[203].

Under normal circumstances IgG is the most commonly occurring isotype
in the blood, followed by IgA, IgM, IgD and IgE [204]. All isotypes are found in
monomeric form, however IgA and IgM are also found in dimeric and pentameric
forms, respectively. IgA and IgM form their respective structures through
association with the ] chain [205]. Furthermore, IgA is often found in association
with the secretory component, which enables the immunoglobulin to transcytose
into mucosal compartments, making IgA the most abundant isotype within

mucosal secretions [206].

Q Heawy chain domain A Jchain

O Light chain domain < Secretory component
Figure 1.7 Immunoglobulin Isotypes

Image taken from www.absoluteantibody.com

Moreover, immunoglobulin isotypes IgG and IgA can be subdivided into
subclasses: IgG1, 1gG2, 1gG3, and IgG4, IgA1 and IgA2. The subclasses differ in
their constant and hinge regions and number of disulphide bridges between the
two heavy chains, which alter their ability to interact with FcR and antigen
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(Figure 1.8) [133, 207]. Indeed, one of the proposed correlates of protection in
the RV144 vaccine trial was IgG3 production and associated ADCC effector
response [134]. T cell independent activation by polysaccharides tend to induce
class-switching to IgG2, whereas T cell dependent activation is more likely to

induce IgG1 or IgG3 [208].

ve Y Y

IgG1 1gG2 IgG3 IgG4

Figure 1.8 IgG Subclasses
Modified from G. Vidarsson et al (2014) Front. Inmunol [208].

1.2.4.2.3 Class-Switching

The first antibodies to be produced by naive B cells are isotypes IgM and
IgD, but once the BCR recognises antigen and B cells begin to proliferate, these
isotypes switch to IgG, IgA or IgE through a series of gene rearrangements within

the constant regions of the immunoglobulin [201].

1.2.4.2.4 Affinity Maturation and Somatic Hypermutation

Affinity maturation occurs in the germinal centres within secondary
lymphoid tissue and is the process by which antibodies enhance their affinity
and avidity for their target antigen. Antibodies achieve this through a
combination of somatic hypermutation (SHM) and clonal selection with the aid
of T-follicular helper (Tfh) cells [202, 209, 210].

SHM occurs in the dark zone of the germinal centre and is associated with

high rate of B cell expansion and subsequent point mutations, leading to
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rearrangement of the variable genes within immunoglobulins [211]. As B cells
quickly proliferate in response to antigen, there is an increase in the number of
mutations within the variable region, some of which may lead to increased
affinity for the target antigen. These mutated B cells leave the dark zone and
transit into the light zone of the germinal centre, where they interact with
antigen presented by Tth cells or follicular DCs. The higher the affinity of the BCR
for the presented antigen, the more antigens are internalised and the greater the
co-stimulatory feedback from the Tfh cells. This leads to positive selection of
higher affinity BCR, which cycle back to the dark zone [212]. This process of SHM
and clonal selection repeats and produces antibodies with affinities that are

significantly higher than the original BCR.

1.2.5 Antibody Production During HIV-1 Infection

The main objective of HIV-1 vaccine design is to produce a vaccine
capable of eliciting broadly neutralising antibodies (bnAb) that offer cross-clade
protection. During the natural course of HIV-1 infection the incidence of bnAb is
low, with ~10% developing high levels of bnAb capable of inhibiting 90% of
viruses and ~50% of HIV-1 infected individuals develop neutralising antibodies
(nAbs) capable of inhibiting more than 50% of viral isolates [213, 214].
Importantly, even in individuals who develop bnAb, viral escape means that
there remains continued infection [215]. Conversely, all HIV-1 infected
individuals develop nnAb from the early acute phase of infection onwards [216,
217]. Antibody development from nnAb to bnAb is not a linear process, and it is
important to note that these antibodies are found as a spectrum within infected
individuals [218].
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1.2.5.1 Neutralising Antibodies (nAb)

Neutralising antibodies (nAb) inhibit HIV-1 infection by binding to the
trimeric envelope spike, blocking key epitopes on the surface of the virus and
preventing it from engaging with its entry receptors [219]. However, prior to
binding to the host cell these epitopes are largely occluded by the heavily
glycosylated glycan shield, leading to limited opportunity for antibodies to
develop [220]. BnAb have been discovered against the CD4-binding site, gp41
Membrane Proximal External Region (MPER) and various glycan-dependent
epitopes on gp120 (Figure 1.9). BnAb to HIV-1 are unusual in that they have high
levels of SHM, combined with long heavy chain complementarity determining
region 3 (HCDR3) [35, 221], character traits often associated with self-reactive B
cells that are prone to clonal deletion [220, 222]. Indeed, certain HIV-1 bnAb
have been shown to have autoreactive and/or polyreactive properties [223].
Autoreactivity and clonal deletion pose problems for induction of bnAb via
vaccination. Furthermore, immunodominant nnAb epitopes mean that
antibodies are more likely to develop to these over less dominant bnAb epitopes
[34]. Lastly, early germline B cell receptors (BCR) have been shown to poorly
recognise HIV-1 Env [224]. Recent studies using humanised mouse models have
demonstrated that sequential immunisations in transgenic mice with specially
designed immunogens could be used to drive these early germline BCR toward
development of bnAb [225-228]. While these studies are in the early stages, they
represent the most encouraging results to date with regards to the development
of a vaccine to induced bnAb in humans.

Several passive immunisation studies using nAb in macaques have shown

topical application of nAb to be effective at preventing simian-human
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immunodeficiency virus (SHIV) infection [166, 168, 229]. More recently, human
phase I clinical trials designed for therapeutic use and involving passive infusion
of CD4bs-specific bnAb into infected participants have demonstrated the
antibodies to be well tolerated as an infusion [230], with their administration
leading to reduced viraemia [231, 232]. These studies highlight the potential for
use of passive infusion as a therapy or in HIV-1 prevention.

Furthermore, two antibody-mediated protection (AMP) phase II clinical
trials have recently begun in North and South America and Africa investigating
intravenous infusion of the CD4bs-specific bnAb, VRCO1 [233, 234]. The placebo-
controlled AMP trials investigate high-risk HIV-1 negative participants infused
with either 10 mg/kg or 30 mg/kg intravenous VRCO1 every 8 weeks with the
goal to determine the prevention of HIV-1 acquisition.

In addition to classical neutralisation, it has been demonstrated that nAb
also exert their activity through engagement of FcR. A NHP study observed that,
by mutating the Fc region of nAb, a reduction in ability to prevent SHIV infection
followed. Significantly, the inhibitory ability of the nAb was not completely
abolished [235]. This suggests that nAb have the potential to function through
both a combination of both Fab and Fc-interactions, indicating that modification
of the Fc region of nAb could have potential for increasing their function.
Furthermore, interactions with FcRn have been shown to increase the half-life of

SHIV-specific antibodies in vivo [236].
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Figure 1.9 HIV-1 trimer and associated broadly neutralising antibody binding sites.

Taken from B. Haynes et al. Cell Host Microbe (2016) [237]

1.2.5.2 Non-neutralising Antibodies (nnAb)

In contrast to bnAb, which may take years to develop, nnAb are found in
circulation from the acute stages of infection onwards [216]. NnAb activity is
delivered through Fc-mediated effector functions, such as ADCC, ADCP and
ADCVI. As previously described, HIV-1 envelope glycoproteins shield
neutralising epitopes, which are only revealed once binding of the virus to the
CD4-receptor induces conformational changes in the envelope structure [238].
Furthermore, HIV-1 envelope has been observed as a mixture of functional
trimers, dimers, monomers and gp41 stumps that have shed all of their gp120
[34]. This diversity of available epitopes leads to antibody development against
all forms of the envelope, albeit of a non-neutralising nature.

Interest in inducing nnAb responses through vaccine design has increased
since the results from the RV144 vaccine trial (described in full in section
1.4.3.3). Although, nnAb have so far not been able to prevent infection in NHP
models, they have demonstrated an ability to lower viral set-point post-infection

and limit the number of transmitter/founder viruses [166, 239, 240], indicating a
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role for Fc-mediated effector functions in HIV-1 transmission and infection.
Furthermore, during the natural course of infection, nnAb and associated Fc-
mediated effector functions have been shown to play a role in viraemic control,
as well as slowing disease progression and reducing rate of mother-to-child
transmission [126, 151, 170, 172]. Conversely, impairment of nnAb effector
functions has been demonstrated to advance disease progression [71].

Antibody subclass and glycosylation can also have an impact on the
function and protective capacity of nnAb. IgG1 and IgG3 antibodies have been
associated with control during natural infection and in vaccine-induced
responses [126, 134]. Glycosylation of the Fc-region of an antibody can
modulate the ability of nnAb to interact with FcR, with studies demonstrating
enhanced FcR binding and increased effector functions in Fc-glycan modified
antibodies [151, 241, 242].

However, a recent study highlighted the ability of ADCC-inducing nnAb to
enhance uninfected bystander CD4+ T cell depletion by selectively targeting
these cells over infected CD4+ T cells, an observation that should be taken into

consideration for vaccine-induced nnAb to HIV-1 [243].

1.3 Mucosal Surfaces and HIV-1 Acquisition

The majority of HIV-1 transmissions via mucosal surfaces occur during
sexual activity [244, 245]. Regardless of the mucosal surface, HIV-1 must gain
entry through the mucosal epithelium, go on to create a small foci of
productively infected cells within the subepithelium and finally be transported
to the lymph nodes, where systemic infection is initiated [246]. As mucosal
surfaces are the primary sites of HIV-1 infection, it is important to have an
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understanding of the cells that are present within these tissues, both in terms of

early transmission events and from an immunological point of view (Figure 1.10).

Columnar epithelium upiﬂmlium (@] Physacaj abrasion

Nature Reviews | Microbiology

Figure 1.10 Potential Mechanisms of HIV-1 Transmission across Mucosal Surfaces.

a) Direct infection of mucosal epithelial cells; b) Transcytosis through epithelial cells; ¢) Transmigration
through epithelial cells; d) Uptake by Langerhans cells or DCs through engagement with C-type lectins; €)
Entry through disrupted epithelium.

Diagram taken from R. Shattock & J. Moore Nature Reviews Microbiology (2003) [247].

In addition to mucosal surfaces, HIV-1 can also be transmitted through
transfusion of blood or blood products, intravenous drug use, occupational
exposure and mother-to-child transmission (Table 1.1). Risk factors that
increase the chances of HIV-1 infection occurring include high viral load,
additional pre-existing sexually transmitted infections (STIs) and inflammatory
conditions at transmission sites e.g. Bacterial Vaginosis [248-250]. While HIV-1
has been shown to be efficiently transmitted via cell-to-cell spread in vitro [94,
251-253], the contribution of this mode of transmission in vivo remains to be
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fully determined. Indeed, during the early days of the HIV-1 pandemic, virally
infected blood products were given haemophiliacs, which resulted in the
seroconversion of 60-80% of these individuals [254, 255]. Critically, the plasma-
derived factor VIII they were given was cell-free, indicating this mode of viral
transmission may also be a major contributing factor during the early stages of

HIV-1 transmission.

Table 1.1 Estimated per-act HIV Transmission Risk

Exposure Route Risk per 10000 exposures to infected source

Blood Transfusion 9250
Parental Exposure Needle-sharing injection drug use 63
Percutaneous needle stick 23

Receptive anal intercourse 138
Insertive anal intercourse 11
Sexual Exposure Recept.ive pen.ile—vag.inal .intercourse 8
Insertive penile-vaginal intercourse 4

Receptive oral sex Low

Insertive oral sex Low

Vertical Transmission Mother-to-child transmission 2260

Exposure risk in individuals not on therapy.

Table modified from P. Patel et al. (2014) AIDS [256]

1.3.1 Transcytosis and Mucosal Surfaces

Transcytosis occurs at polarised epithelial surfaces and is a method of
trafficking across the membrane from the apical to basal layer. HIV-1
transcytosis involves viral entry into epithelial cells and transport across the
membrane without direct infection of the cells [257]. It has also been
demonstrated that FcRn may play a role in HIV-1 transcytosis [258]. Once
through the epithelial barrier, the virus is then able to go on and infect sub-
epithelial CD4+ target cells (Figure 1.10). Cell-free virus has been shown to
transcytose through vaginal and genital epithelium [259], although the efficiency

of viral transmission via this method is thought to be extremely poor [260].
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Furthermore, transcytosis can occur through rectal and colonic tissue, with

monoclonal antibodies to HIV-1 shown to block this mode of infection [261, 262].

1.3.2 Female Genital Tract

Male-to-female transmission of HIV-1 represents approximately 47% of
global HIV-1 infection, rising to 57% in Sub-Saharan Africa (UNAIDS 2016
estimates: www.unaids.org). An undamaged epithelial layer forms a good, albeit
not completely impenetrable, primary barrier against HIV-1 infection. However,
differences in tissue structure throughout the female genital tract (Figure 1.11a),
changes induced by hormones (both cyclical and contraceptive-based), age,
sexual violence and the availability of HIV-1 target cells can all have an impact on

the probability of an HIV-1 transmission event occurring.

1.3.2.1 Vagina and Ectocervix

The lower female genital tract comprises the vagina and ectocervix,
tissues that are made up of a non-keratinised squamous epithelium, forming an
excellent barrier against HIV-1 infection, providing it remains intact [245, 263].
However, disruption of the epithelial layers by other sexually transmitted
diseases, inflammation or violent sexual activity increases the susceptibility of
HIV-1 acquisition due to easier access to CD4+ target cells within the
subepithelium. Within the epithelial layers, monocytic cells, DCs, LC and CD4+ T
cells have all been found, with the potential of becoming infected or transmitting
virions across the epithelium to the underlying subepithelium, where further

CD4+ target cells reside [264, 265].
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NHP models have demonstrated that, once in the subepithelium, a local
foci of infection expands before the virus is transferred to the lymph nodes and
systemic infection is established [43, 44]. While the exact processes involved in
HIV-1 transmission across the epithelium remain to be determined, LC have
been shown to transfer HIV-1 across the epithelial surfaces [264].

Fluctuations in some immune cell numbers exist throughout the
menstrual cycle, with studies demonstrating that NK cell and lymphocyte
numbers within the endometrium of the upper female genital tract can vary
across the different stages of the menstrual cycle [266]. However, macrophage
numbers within the vaginal tissue have been shown to remain constant
throughout the menstrual cycle [267], while neutrophils have been found in
higher numbers in the upper female genital tract, decreasing in quantity as the
tract descends [267].

Evidence from both human and NHP studies have suggested that
hormonal changes, either caused by the natural monthly cycle or through use of
contraceptive hormones, can alter the thickness of ectocervical tissue,
potentially increasing the opportunity for HIV/SIV to infect [268-270].
Furthermore, studies investigating the use of oral contraceptives have
demonstrated that there is an increase in CCR5 expressing CD4+ T cells within

the cervical tissue of women using hormonal contraception [271-273].

1.3.2.2 Transformational Zone and Endocervix

The transformational zone is a region within the cervix where ecto- and
endocervical tissues meet. It is a potentially vulnerable region for HIV-1
transmission and has been shown to be the primary site of infection for other
sexually transmitted diseases, such as human papilloma viruses (HPV) [274].
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The endocervix, comprised of a single columnar epithelium varies in
thickness throughout the hormonal cycle, from 10-30 um [263]. While the
endocervix represents a thinner barrier for the virus to traverse when compared
to the ectocervix, this region of the female genital tract contains mucus, which
has been shown to trap HIV-1 virions [275, 276]. As well as trapping virions, the
mucus is also of an acidic pH and contains anti-microbial properties and
immunoglobulins (both IgG and IgA), all of which help prevent infection [277].

The endocervix has more superficial CD4+ target cells when compared to
the lower female genital tract, although fewer LC have been observed than
within the ectocervix [264, 278]. Furthermore, an ex vivo study demonstrated
that endocervical explants were more susceptible to HIV-1 infection when
compared to ectocervical explants [265].

In addition, age has an impact on the thickness of the cervix. Menopause
induces changes in the cervix, leading to thinning of the epithelial layers [279].
Furthermore, cervical ectopy, an outgrowth of endocervical columnar epithelium
over the ectocervical surface, can increase the chance of transmission through
microabrasions and trauma at this site. Cervical ectopy is more common in

younger women, during pregnancy and in women taking oral contraceptives

[280-282].

1.3.3 Male Genital Tract

Approximately 53% of those living with HIV-1 globally are male, acquired
via female-to-male or male-to-male HIV-1 transmission (UNAIDS 2016
estimates: www.unaids.org). Once again, an intact epithelial layer forms the

primary defence against HIV-1 in the male genital tract. However, differences
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exist in the structural and immunological nature of the tissues of the foreskin,
penile glans and urethra, which are potentially important factors to consider in

terms of HIV-1 acquisition in males (Figure 1.11b).

1.3.3.1 Penile Foreskin and Glans

The penile foreskin (both inner and outer) and penile glans tissue are
comprised of keratinised stratified squamous epithelium. There is some debate
as to whether the inner foreskin is comprised of a thinner layer of keratinised
cells when compared to the outer foreskin and glans tissues, with some studies
providing evidence that it is thinner [283] and others stating that there is no
statistical difference in the thickness [284-286]. Regardless, the keratinised
epithelial layer represents a tough barrier to HIV-1 infection, providing it
remains intact. As with the female genital tract, infection or injury leads to
disruption of the epithelial layers and increases the rate of HIV-1 transmission.
Individuals co-infected with other bacterial and viral sexually transmitted
infections (STIs) are at an increased risk of HIV-1 infection [287, 288].

Once breached, CD4+ T cells, macrophages, LC and DCs, as well as cells
expressing CCR5 and CXCR4 have been shown to reside within both the foreskin
and glans tissues [77, 283]. LC are found within the superficial layers of the
epithelia when compared to other target cells [283, 289], and are thought to be
the first cells to come into contact with HIV-1, subsequently transferring the
infection to the underlying CD4+ T cells, macrophages and DCs.

While the exact mechanism of HIV-1 transmission across penile tissues
remains to be determined, is has been shown that HIV-1 acquisition can be
reduced by up to 60% through the relatively simple approach of male
circumcision [290-292], which involves removal of the foreskin, leaving behind
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the glans penis as the outer surface. It has been suggested that the observed
decrease in infection is simply due to the reduction in surface area for possible
HIV-1 transmission events to occur [293]. However, further investigations into
the mechanisms behind the reduction in HIV-1 acquisition in circumcised men
have indicated that there may be a number of possible causes. These include a
greater density of CD4+ T cells and Langerin-expressin LC within the inner
foreskin compared to the outer foreskin [294], upregulation of inflammatory
cytokines and co-receptor expression in the foreskin [295, 296], and removal of
the foreskin leading to a ‘drying out’ of the penile glans tissue, toughening up the
keratinised layer [297]. While male circumcision reduced the risk of HIV-1
acquisition during heterosexual intercourse, the evidence for it being an effective
method of protection in homosexual HIV-1 transmission remains to be

determined.

1.3.3.2 Penile Urethra

While circumcision reduces the rate of HIV-1 transmission by around
60%, there remains ~40% of incidences where transmissions still occur. A
possible vulnerable site for HIV-1 acquisition is the penile urethra, which is
formed of non-keratinised stratified squamous epithelium [298]. Although
research into HIV-1 transmission via the penile urethra is limited, studies have
shown that HIV-1 target cells are present within this tissue [298-300]. However,
it is currently unclear as to whether there is an increased risk of HIV-1
acquisition via the penile urethra, with studies observing no significant
difference in HIV-1 infection of ex vivo foreskin, penile glans, meatus and urethral

explants by an R5-virus [301].
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Figure 1.11 Illustrations of (A) the female reproductive tract and (B) the male
reproductive tract.

Image taken from Hladik & McElrath (2008) [289].
1.3.4 Gastrointestinal Tract

The gastrointestinal tract has a crucial role in both HIV-1 transmission
and subsequent pathogenesis. HIV-1 transmission can occur via the
gastrointestinal tract through sexual practices or through mother-to-child
transmission (MTCT) via the ingestion of virally infected blood or cervical mucus

during birth or postnatal breast milk. Once HIV-1 has established a systemic
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infection, the gastrointestinal tract is one of the primary areas affected due to

massive CD4+ T cell depletion and loss of structural integrity [186].

1.3.4.1 Upper Gastrointestinal Tract

HIV-1 transmission can occur via the upper gastrointestinal tract through
MTCT or oral-genital transmission during sexual intercourse. While in utero
transmission of HIV-1 across the placenta can occur in approximately 7% of
infected mothers [302], the majority of MTCT events occur during labour or
through the ingestion of infected breast milk. Despite antiretroviral therapy
being an effective preventative measure [303-306], MTCT via breast milk
accounted for almost 200,000 new transmission events in 2015

(www.unaids.org).

Furthermore, oral-genital transmission of HIV-1 during sexual intercourse
is a less frequent form of infection, but has been shown to occur [307, 308]. The
increased risk of HIV-1 transmission via the oral route in infants is thought to be
linked to differences in the stratified epithelial layers between infants and adults,

with adults possessing a more highly stratified epithelium [309].

1.3.4.2 Lower Gastrointestinal Tract

More commonly, HIV-1 is transmitted via the lower gastrointestinal tract
during anally-receptive sexual intercourse. Indeed, transmission events are
thought to occur in 1.4% of each unprotected receptive anal intercourse act,
which is approximately 18 times higher than for unprotected receptive vaginal

intercourse acts [310, 311].
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While the exact events involved in HIV-1 transmission across the lower
gastrointestinal tract remain to be determined, is it known that the rectal
epithelium is comprised of a single layer of columnar cells that is more
vulnerable to injury and trauma than the epithelium of the female genital tract
[312]. Moreover, there are numerous HIV-1 target cells residing within the rectal
lamina propria, including CD4+CCR5+ T cells [313], as well as multiple antigen
presenting cells, such as DCs and macrophages [314, 315]. In addition, it has
been demonstrated that HIV-1 infection can prompt DC migration through the
epithelial cells, where they efficiently capture virions and transfer them to the
underlying CD4+ target cells [316]. Lastly, it has been shown that gp120 from
some HIV-1 isolates can bind to the gut homing receptor integrin a4f37 [45],
increasing the susceptibility of gut homing CD4+ T cells for infection [49], with
NHP studies demonstrating that the frequency of CD4+ auf7+ T cells correlated
with susceptibility to rectal SIV infection [317]. Furthermore, a study in NHP
suggested that administering anti-o4f37 monoclonal antibodies to block these
interactions with SIV led to reduction in mucosal viral transmission and
protected the gut-associated lymphoid tissue from SIV infection [318].

From the acute stage of HIV-1 infection onwards, the gastrointestinal
tract is subject to significant CD4+ T cell depletion, which is only partially
rescued upon initiation of anti-retroviral therapy [319, 320]. In addition, there is
loss of barrier integrity and increased microbial translocation across the lamina
propria, which leads to the gastrointestinal symptoms of diarrhoea and
malabsorption observed during the course of infection [321-323]. Furthermore,

tissue-resident macrophages of the gastrointestinal system are one of the key
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cells involved in the development and sustainment of the HIV-1 viral reservoir

[324].

1.4 Prevention Strategies, Treatments and Vaccines

While condoms remain the most effective form of prevention against
sexually transmitted HIV-1, studies have highlighted the importance of education
and alternative strategies. Male circumcision has been shown to reduce the
incidence of HIV-1 transmission by ~60% [291, 292]. Furthermore, behavioural
counselling and the encouragement of partner number reduction have been
shown to lower the incidence of HIV-1 transmission [325, 326]. Importantly,
MTCT and infection via intravenous drug use or blood transfusions cannot be
prevented using barrier methods. The use of HIV-1 drugs and treatments
remains vital for the prevention of these forms of transmission. The incidence of
MTCT has been dramatically reduced due to increased testing of all pregnant
women (at least within the UK), leading to antiretroviral therapy during
pregnancy, the use of caesarean section method of delivery and the advice not to
breastfeed. However, in developing countries, prevention of breastfeeding
increases the risk of contracting other infectious diseases, which pose a greater
threat to the survival of an infant than HIV-1 infection. The World Health
Organisation (WHO) therefore recommends that breastfeeding should continue

within these nations [327].
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1.4.1 Current Prevention Drugs and Treatments

Research to discover a treatment for HIV-1 began soon after the virus was
identified as being the cause of AIDS. The first drug to be identified and given
Food and Drug Administration (FDA) approval for general use in the USA in 1987
was Azidothymidine (AZT). Originally a drug developed to treat cancer, AZT
works by inhibiting reverse transcriptase [328-330]. However, it was quickly
observed that HIV-1 could mutate to develop resistance to AZT on its own [331].
Modern HIV-1 prevention strategies have evolved to use highly active
antiretroviral therapy (HAART), usually combining at least three different HIV-1
drugs to different targets, given simultaneously to prevent HIV-1 developing
resistance and to confer a fitness cost to the virus (Figure 1.12). In 2015, of the
36.7 million people infected with HIV-1 globally, around 17 million had access to

antiretroviral drugs (www.unaids.org).

1.4.1.1 Attachment and Fusion Inhibitors

These drugs function by interrupting the binding of HIV-1 to either the
primary receptor (CD4) or the co-receptors (CCR5/CXCR4) or by preventing the
fusion and integration of gp41 into the cellular membrane. Examples include
Maraviroc (a CCR5 inhibitor) and Enfuvirtide (also known as T-20; blocks gp41

to prevent viral entry) [332].

1.4.1.2 Nucleoside/non-nucleoside Reverse Transcriptase Inhibitors
(NRTI/NNRTI)

Both NRTIs and NNRTIs work by blocking HIV-1 reverse transcription

enzymes needed to synthesise viral DNA. Examples include AZT, Emtricitabine

(NRTI) and Etravirine (NNRTTI) [332].
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1.4.1.3 Integrase Inhibitors
Integrase inhibitors (also known as integrase strand transfer inhibitors)
block the activity of integrase, a viral enzyme used to insert viral DNA into the

host DNA. Examples include Dolutegravir and Elvitegravir [332].

1.4.1.4 Protease Inhibitors
These drugs prevent the release of infectious viral particles by blocking
the viral protease responsible for viral cleavage of the Gag polyprotein. Examples

include Saquinavir and Ritonavir [332].

1.4.1.5 Combination Therapy

Current HIV-1 prevention strategies and treatments use highly active
antiretroviral therapy (HAART). These drugs are most commonly provided as
combined pills to improve ease of treatment and promote adherence to the

treatment regime.

1.4.1.6 Pre-Exposure Prophylaxis (PREP)

As well as being used as a treatment for those already infected with HIV-1,
ART can also be utilised as a pre-exposure prophylaxis (PREP) preventative
intervention to block infection. Several clinical trials have demonstrated that the
use of Truvada, a combination therapy comprising Tenofovir and Emtricitabine,
reduces the chance of HIV-1 transmission in high-risk individuals by up to 99%,

providing there is good adherence to the drug [333-336].

1.4.1.7 Post-Exposure Prophylaxis (PEP)
Post-exposure prophylaxis (PEP) can be used to prevent HIV-1 infection
after a potential exposure event that may have occurred either through high-risk

sexual activity or during occupational exposure, such as needle-stick injury. PEP
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must be administered within 72 hours of a potential exposure and involves

taking HAART over the course of a month [337].

1.4.1.8 Microbicides

The use of ARTs topically as microbicides to prevent the sexual
transmission of HIV-1 has been extensively researched. The CAPRISA 004 clinical
trial in South Africa demonstrated a reduction in HIV-1 acquisition of 39% in
women who applied 1% tenofovir gel vaginally prior to sexual intercourse [338].
More recently, The Ring Study/ASPIRE demonstrated that the use of a monthly
vaginal ring device designed to continually release dapivirine prevented HIV-1
infection, although there were differences observed in the efficacy that were

dependent on age and adherence [339].

1.4.1.9 Treatment as Prevention

The use of HAART in HIV-1 positive patients can reduce viral loads to
undetectable levels, meaning that these individuals are significantly less likely to
transmit virus. The use of HAART to control viral loads is so effective that it is
now a potent tool for preventing the onward transmission of the virus in

serodiscordant couples and during MTCT [340-342].

-71-



ddC 31C
AZT ddl  Zalcitabine daT  lamivudine
zidovudine didanosine stavudine

[
- *
| 1986 > 1987> 1988 > 1989 > 1990 > 1991 > 1992 > 1993 > 1994 /> 1995

sQ
saquinavir
hard gel

NVP

saqumawr FTC
m:.lvlrap\ne soft gel emtricitabine
ABC
mdmavu de\avlrdlne abacavir atagf‘arn‘;vir
NFV EFV APV ddIEC T-20 FPV TPV
r\tona\rlr ne\hnawr efavirenz |~ amprenavir didanosineEC enfuviritide ‘ fosamprenavir  tipranavir
B S * _ _Ass 4 B S
1996 1997 1998 1899 2001 > 2002 2003 2004 2005
3TC/AZT LPV/IRTV  ABC/3TC/AZT ABC/3TC TDFIFTC
Combivir Kaletra Trizivir Epzicom Truvada
mvc ETR
maraviroc  RAL etraviring EVG

DRV NPVXR RPV DTG elvitegravir COBI**

raltegravir
darunavir \—’ nevirapine  rilpivirine dolutegravir cobicistat
2006 > 2007 > 2008 > 2009 > 2010 > 2011 / 2012 ) 2013 > 2014 2015

TDF/FTC/IRPV
TORETERY Complera(STR) ATV/COBI DRV/COBI
Pla I TDF/FTC/ Evotaz Prezcobix
EVG/COBI
Stribild(STR) TAFFTC/
NRTI ¢ Pl ABC/3TC/DTG EVG/COBI
Triumeq(STR) Genvoya(STR)
m NNRTI A Entry inhibitor
® INSTI ® Pharmacokinetic booster

Currem Opinion in Visology

Figure 1.12 FDA-approved individual antiretroviral drugs and drug combinations

Taken from T. Cihlar & M. Fordyce (2016) Current Opinion in Virology [343].

1.4.2 Vaccines

Despite the development of numerous HIV-1 treatments and prevention
strategies, the epidemic remains a huge global burden, particularly in sub-
Saharan Africa. In 2015, it was estimated that there were 2.1 million individuals

newly infected with HIV-1 and 1.1 million AIDS-related deaths (www.unaids.org).

It is generally accepted that an effective vaccine is the only way to reverse the

HIV-1 epidemic.

1.4.2.1 A Brief History of Vaccines
It was Edward Jenner who first tested the theory of vaccination in 1796
after he observed that milkmaids exposed to cowpox, a relatively mild disease,

appeared to be immune to the more virulent smallpox. To test his hypothesis
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that cowpox was conferring immunity to smallpox, he enlisted the eight-year-old
son of one of his gardeners. He obtained infectious material from cowpox
pustules on the hands of one of the milkmaids and used it to infect the boy, who
became symptomatic for the disease. Once the symptoms had resolved, Jenner
re-challenged the boy with smallpox on two separate occasions, but the boy
remained smallpox-free [344]. He went on to repeat this experiment in a further
23 participants, before publishing his findings in a paper entitled ‘An Enquiry into
the Causes and Effects of the Variolae Vaccinae’in 1798 [345].

Since these very early days, vaccinology has progressed, with many
infectious diseases now controlled through vaccination programmes. Indeed, in
1980, after an intensive worldwide vaccination effort, smallpox became the first
infectious disease to be declared globally eradicated by the World Health

Assembly [346].

1.4.2.2 Forms of Vaccines

Almost all vaccines function through inducing antibody-driven humoral
immunity, with the aim of conferring immunological memory against the
pathogenic form of the disease. Different types of vaccine exist, including live-
attenuated and inactivated vaccines, whereby patients are vaccinated with live
pathogen that has been altered to make it less pathogenic or a killed version of
the pathogen, respectively. Protein subunit vaccines induce an immune response
through the administration of fragments of the pathogen, whereas DNA vaccines
use DNA from the infectious agent. To boost the immune response during
vaccination recombinant vector vaccines have been developed, which combine
the DNA of the desired immunogen packaged within the vector of a different
immunogen [347]. Finally, vaccine regimes have been developed to enhance the
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immune response to a vaccine, for example, prime-boost vaccine regimes might
employ an initial prime with a DNA vaccination, followed some weeks later with

a recombinant vector boost vaccination [348].

1.4.3 HIV-1 Vaccines

To date, there have been numerous HIV-1 vaccine trials that have got as
far as phase I clinical trials in humans, although few have gone further than this
stage, usually due to lack of sufficient immunogenicity.

The VaxGen trials, VAX003 and VAXO004, enrolled participants from
Thailand and the USA and Europe, respectively, and were the first phase III HIV-
1 vaccine trials to be conducted. It was hypothesised that the vaccines would
induce neutralising antibodies to HIV-1 capable of clearing infection before it
became established. However, the results revealed the vaccines demonstrated no
efficacy in preventing HIV-1 infection or lowering viral load upon seroconversion
[349, 350]. Due to the disappointing results, subsequent vaccine trials moved to
elicit a T cell response. However, the phase IIb STEP/Phambili vaccine trials in
South Africa and the USA demonstrated a possible increase in HIV-1 acquisition
in vaccine participants, potentially due to CD4+ T cell activation [351, 352]. The
most successful vaccine trial to date is the phase III RV144 trial, conducted in
Thailand. This trial demonstrated 31.2% efficacy, which correlated to the
production of non-neutralising IgG, ADCC-inducing antibodies to the V1V2
region of HIV-1 Env, in the absence of IgA to the same region of Env [353-358].
The general consensus for vaccine design is now that a successful HIV-1 vaccine

should be able to induce both B- and T cell immunity.
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1.4.3.1 VaxGen Trials

1.4.3.1.1 VAX003

Vax003 was a phase IIl randomised, double-blind, placebo-controlled
vaccine trial that took place in Thailand between 1999 and 2000. The study
enrolled 2546 HIV-1 negative participants who were intravenous drug users
(IDUs) at high-risk of HIV-1 infection. The participants were vaccinated
intramuscularly over seven time points with alum-adjuvanted AIDSVAX B/E,
containing two recombinant gp120 proteins isolated from subtype B and E HIV-1
strains. Reduction in HIV-1 infection rates were the primary outcome for vaccine
efficacy, with secondary endpoints being safety and delayed disease progression.
In addition, the participant samples were tested for gp120-specific antibody
responses. The results demonstrated that the vaccine elicited no protective
efficacy, with 8.4% of the vaccine group seroconverting versus 8.3% of the
placebo-control group. Furthermore, there was no significant difference in
disease progression or gpl20-specific antibody production between the
vaccinated and placebo groups [350]. While the vaccine was well-tolerated and
deemed safe, the lack of efficacy meant that it was discontinued as a stand-alone

vaccine.

1.4.3.1.2 VAX004

Vax004 was a phase III randomised, double-blind, placebo-controlled
vaccine trial that took place in the USA and Europe in 2003, before the results of
the Vax003 trial became available. The study design and vaccination regimen
were the same as for Vax003, this time enrolling men who have sex with men

(MSM) and high-risk female volunteers to receive the alum-adjuvanted AIDSVAX
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B/B vaccine. The vaccine contained two recombinant gp120 envelope antigens
derived from two separate subtype B HIV-1 strains. Once again, primary
outcome was to determine vaccine efficacy through decreased infection rates,
with secondary outcomes of safety and delayed disease progression. The results
demonstrated no efficacy, with 6.7% of the vaccinees seroconverting versus
7.0% of the placebo group. Furthermore, the vaccine demonstrated no significant
ability to reduce viral load post-infection [349]. Subsequent analysis of the trial
samples demonstrated higher CD8+ T cell responses in vaccinees who
seroconverted [359]. Once again, the vaccine was found to be safe and well-
tolerated, however, it too was discontinued as a stand-alone vaccine due to lack

of efficacy.

1.4.3.2 The STEP/Phambili Trial

The STEP/Phambili trials were multi-centre, double-blind, randomised,
placebo-controlled, test-of-concept phase IIb studies using an Ad5 vector vaccine
with genes for HIV-1 gag, pol, nef inserted, designed to induce T cell responses.
HIV-1 negative male and female participants at high risk of HIV-1 infection were
recruited at sites across North America, South America, Australia, the Caribbean
(STEP trial) and South Africa (Phambili Trial) [351, 352]. The studies divided
the participants into two groups; those with Ad5 antibody titres <200
(seronegative) and those with Ad5 antibody titres >200 (seropositive). The main
objectives of both studies were to show safety, tolerability and efficacy (defined
as a decrease in HIV-1 infection in the vaccinated group over the placebo group
or decrease in early viral loads) [360]. However, in 2007, the STEP trial was
halted early due to safety concerns when interim analysis showed increased
seroconversion rates in the Ad5 seropositive, vaccinated group over the other
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groups. In 2008, the Phambili Trial was also halted due to concerns raised over
the results of the STEP trial. While the increase in HIV-1 seroconversion never
reached statistical significance, it was always higher in the Ad5 seropositive
groups. Subsequent follow-up analyses of the vaccine participants have
continued to demonstrate a higher rate of HIV-1 infection in uncircumcised Ad5
seropositive males, while the vaccine conferred no protection in female
participants [361-363].

Sieve analysis of these trials demonstrated that, while there may be some
vaccine-induced immune pressure on the founder virus, no specific CD8+ T cell
response could be identified [364]. Further investigations failed to elucidate the
reasons behind the increase in HIV-1 acquisition in the uncircumcised Ad5
seropositive participants. Some studies claim that the pre-existing immunity to
Ad5 was not responsible for the increase susceptibility to HIV-1 [365, 366].
However, other investigations have shown that the Ad5 vector induced
activation of CD4+ T cells [367], potentially of gut-homing phenotype [368],
suggesting that an influx of activated CD4+ T cells may have provided an
enhanced environment for HIV-1 infection. Whether pre-existing immunity to
adenovirus was to blame for the increased infection rates, the HIV-1 vaccine field
has moved away from using this viral vector for the time being. However, the use
of Chimpanzee adenoviruses as vectors has demonstrated some promising
results, highlighting potential for their use in future HIV-1 vaccine trials [369,

370].
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1.4.3.3 RV144 Vaccine Trial

The phase III RV144 vaccine trial was a randomised, multicentre, double
blind, placebo controlled trial carried out in community risk volunteers in
Thailand in 2009 and is the most promising HIV-1 vaccine trail to date [353].

The prime-boost vaccine regime was comprised of 4 primes with ALVAC-
HIV (canarypox vector expressing HIV gag, env and pol genes) followed by two
boosts with AIDSVAX B/E, which was a genetically engineered HIV-1 gp120 Env
protein. Use of these vaccine components caused some controversy and criticism
from vaccine experts at the time because, in two separate vaccine trials, the
individual vaccines had demonstrated little immunogenicity and it was thought
futile by some to begin a new vaccine trial using ALVAC-HIV and AIDSVAX B/E
[349, 350, 371, 372].

However, the vaccine trial went ahead, enrolling 16402 healthy male and
female participants at low risk of HIV-1 infection. Results showed an efficacy of
31.2% in vaccinated individuals, which was determined by examining the 125
participants of the trial who became infected with HIV-1 after 42 months of
follow-up. Of these 125 participants, 74 were found to be in the placebo group,
whereas 51 were in the vaccinated group [353]. Once infected, the course of
disease was not altered by vaccination, with no difference observed in viral set-
point, post-infection CD4 counts or time to AIDS between the vaccinated and
placebo groups [353, 373].

The initial published results showed that the vaccine produced weak
CD8+ T cells responses [353], with subsequent analysis revealing a lack of bnAb
production [374]. However, extensive correlates of protection analysis have

since been performed that demonstrate a clear positive correlation between
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levels of non-neutralising IgG antibodies against the gp120 variable regions
V1V2 of the envelope glycoprotein structure, with ADCC activity and a reduced
risk of infection. This protection was abrogated in the presence of IgA to the
same region of gp120 [354, 355, 358, 375].

Further analysis of the antibodies induced during the trial revealed 1gG3
antibodies to the V1V2 region with high ADCC activity appeared early after
vaccination, but waned over time, correlating with the protection observed [134].
Furthermore, polymorphisms within CD32C, which can impact Fc-binding and
effector functions, have been shown to correlate with protection in some
participants of the trial [135]. Additionally, investigations have also highlighted
potential correlations between class I HLA alleles and vaccine efficacy, with
individuals with HLA A*02 demonstrating greater vaccine efficacy than
individuals with other HLA alleles [376].

There was a lack of mucosal sampling within the RV144 trial, so any
mucosally-derived correlates of protection could not be assessed. However,
subsequent trials in NHP and follow-up studies in human participants will
hopefully provide further insight into the immune responses key to successful
vaccine-induced immunity.

In many ways, the results from the RV144 trial are the basis for this
research and work by other groups. Data from the RV144 trial have
strengthened the idea that nnAb and ADCC should not be overlooked when
considering vaccine development. However, the results leave many questions
unanswered, including whether nnAb and ADCC are true correlates of protection

or mechanistic correlates, linked to alternative modes of protection.
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1.5 Overall Aims

The overarching hypothesis of this thesis is that the protective efficacy of
HIV-1 antibodies is likely dependent upon their functional activity in mucosal
tissue that may not be predicted by conventional neutralisation. The thesis aims
to assess functional activity in a range of tissue models thought to mimic the
initial steps required to establish infection. Critical to these models is the initial
characterisation of target cells for HIV-1 infection and effector cells involved in

antibody function.

1.5.1 Aims

1.5.1.1 Characterise the expression profiles of Fc Receptors in mucosal
tissue, specifically colorectal, penile glans and ectocervical.

As antibody function is likely critically dependent upon FcR function
(particularly for nnAb), FcR expression levels, effector cell location and
frequency in the different tissues will be assessed using flow cytometry panels

and confocal microscopy.

1.5.1.2 Determine the role of antibody Fc-mediated antiviral activity in
different tissue models.

The role of antibody Fc-mediated antiviral activity will be assessed in
different tissue and cellular models designed to mimic the first events required

to establish mucosal infection. To this end a panel of nAb and nnAb, including
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those associated with protection in the RV144 vaccine trial, will be assessed for

antiviral activity.

1.5.1.3 Determine the role of infiltrating peripheral cells on HIV-1
infection in the presence of neutralising and non-neutralising antibodies.
The role of whole blood on the activity of nAb and nnAb at reducing HIV-1
infected CD4+ cells will be assessed. Further to this, the ability of nAb and nnAb
to bind to HIV-1 infected CD4+ cells will be investigated to determine whether
there is a correlation between the reduction in infection observed by the HIV-1

specific antibody and the ability of the antibody to bind to infected cells.
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1.5.2 Outline

Chapter 2 outlines the materials and methods used throughout this thesis.

Chapter 3 investigates the expression of FcR (CD16, CD32, CD64 and CD89) and
effector cell phenotypes (CD14+ monocytic cells, myeloid DCs and NK cells) in
blood, penile glans, ectocervical and colorectal tissue using multiparametric flow

cytometry panels and deconvolution microscopy.

Chapter 4 investigates the function of neutralising and non-neutralising
antibodies at reducing HIV-1 infection in cellular and mucosal tissue models

designed to mimic the early events in HIV-1 transmission.

Chapter 5 investigates a whole blood model to compare the reduction of HIV-1

infection by neutralising and non-neutralising antibodies to immunoglobulin

binding to infected cells.

Chapter 6 summarises and concludes the results of this thesis and discusses

limitations and future research.
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CHAPTER 2 - MATERIALS AND METHODS
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2 Materials and Methods

2.1 Reagents

2.1.1 Materials

Table 2.1 Commercially available reagents

Material Supplier Catalogue number
0.2 um syringe filters Sartorius Stedim 16354GUK
15 mL Centrifuge Tubes Sigma T1943

50 mL Centrifuge Tubes Sigma T2318

60 mm petri dishes Corning 391-1917
70 wm cell strainers BD Biosciences 352350
White 96-well, flat-bottom, high-bind plates | Corning CC705
AALTO p24 ELISA Coating Antibody, Polyclonal AALTO Bio Reagents Ltd D7320
AALTO p24 ELISA Secondary Conjugate Antibody, Polyclonal AALTO Bio Reagents Ltd BC 1071-AP
ACK Lysing Buffer Lonza 10-548E
AIM-V medium Thermo Fisher Scientific 12055091
Amphotericin B (Fungizone) GE Hyclone 11526481
Anti-Mouse Ig, x/Negative Control Compensation Beads | BD Biosciences 552843
Anti-Rat Ig, k/Negative Control Compensation Beads BD Biosciences 552844
ArC™ Amine Reactive Compensation Bead Kit Molecular Probes A-10346
CytoFix/CytoPerm kit BD Biosciences 554714
Dimethyl Sulfoxide (DMSO) Sigma D2650
DNase | New England Biolabs MO0303S
Dried whole milk powder AppliChem. Inc. A0830
Dulbecco’s Modified Eagles Medium (DMEM) Sigma D6546
Dynabead CD4 Positive Isolation Kit Invitrogen 11331D
DynaMag™ -15 Invitrogen 12301D
ELISA-light Immunoassay System with CSPD and | ThermoFisher Scientific T1023
Sapphire-II Substrate/Enhancer Solution

Empigen BB Detergent Sigma 45165
FACS tubes BD Biosciences 352063
Flat-bottom culture plates, 96-well Corning 353072
Freestyle media Gibco 12338
Gentamicin Sigma G7513-100 mL
Granulocyte-Macrophage Colony Stimulating Factor | R & D Systems 215-GM
(GM-CSF)

Heat-inactivated Foetal Calf Serum Gibco 10500
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Histopaque

Sigma

H8889-500 mL

Lysed HIV-1 (MN) CL-4 H9 ELISA Standard

Frederick National Laboratory

for Cancer Research

N/A

Human Immunodeficiency Virus-1 gal, NIH AIDS Reagent Program 510
Human HIV-1 Antibody 2F5 Polymun Scientific AB001
Human HIV-1 Antibody 2G12 Polymun Scientific AB002
Human HIV-1 Antibody 4B3 Polymun Scientific AB012
Human HIV-1 Antibody 4E10 Polymun Scientific AB004
Human HIV-1 Antibody b12 Polymun Scientific AB011
Human HIV-1 Antibody F240 Polymun Scientific AB017
Human HIV-1 Antibody PG16 Polymun Scientific ABO16
Human HIV-1 Antibody PG9 Polymun Scientific AB015
Hyaluronidase Sigma H3884-50 mg
Interleukin-2 R & D Systems 202-1L
Interleukin-4 R & D Systems 204-1L

L-Glutamine Sigma G7513-100 mL
Leucoagglutinin (PHA-L), lyophilized powder Sigma L2769
Liberase DH Roche 05401054001
Liberase DL Roche 05401160001
Liberase TH Roche 05401135001
Liberase TL Roche 05401020001
Liberase TM Roche 05401119001
LIVE/DEAD Fixable Aqua Dead Stain Kit Molecular Probes L34956
Luciferase Promega E4530

Mouse anti-human CD11c A700, B-ly6 BD Biosciences 561352
Mouse anti-human CD123 PECy5, 9F5 BD Biosciences 561009
Mouse anti-human CD14 Qdot 605, TiiK4 Molecular Probes Q10013
Mouse anti-human CD15 BV650, W6D3 Biolegend 323034
Mouse anti-human CD16 Pacific Orange, 3G8 Molecular Probes MHCD1630
Mouse anti-human CD16 PECy7, 3G8 Biolegend 302016
Mouse anti-human CD19 FITC, HIB19 BD Biosciences 560994
Mouse anti-human CD3 V450, UCHT1 BD Biosciences 560365
Mouse anti-human CD3 PECy7, OKT3 Biolegend 317334

Goat anti-human a-IgG A647, Polyclonal Invitrogen A-21445
Mouse anti-human CD32 APC, FLI8.26 BD Biosciences 559769
Mouse anti-human CD4 PE, RPA-T4 BD Biosciences 555347
Mouse anti-human CD4 PECy7, RPA-T4 Biolegend 300512
Mouse anti-human CD45 A700, HI30 Biolegend 304024
Mouse anti-human CD56 PECy5, HCD56 Biolegend 318308
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Mouse anti-human CD64 APC H7, 10.1 BD Biosciences 561190
Mouse anti-human CD66b FITC, G10F5 Biolegend 305104
Mouse anti-human CD8 APC, RPA-T8 BD Biosciences 555369
Mouse anti-human CD89 PE, A59 BD Biosciences 555686
Mouse anti-human p24 FITC, KC57 Beckman Coulter 6604665
Penicillin/Streptomycin Gibco 15140-122
Phosphate-buffered Salt Solution (PBS) Sigma P5368
PM-1 cell line NIH AIDS Reagent Program 3038
RETROtek HIV-1 p24 Antigen ELISA Kit ZeptoMetrix Corporation | 0801200
RPMI medium Sigma R0883
Sheep Serum Sigma S$2263-100 mL
T-175 flasks Corning 431466
T-25 flasks Corning 431463
T-75 flasks Corning 431464
Tris-buffered salt solution (TBS) Sigma T5912
Trypsin-EDTA Sigma T4049
Tween-20 ThermoFisher Scientific 337-500
TZM-bl cell line NIH AIDS Reagent Program 8192
U-bottom culture plates, 96-well Corning 734-0027

2.2 Media and Other Solutions

2.2.1 Complete RPMI

Roswell Park Memorial Institute medium (RPMI) supplemented with

penicillin (100 U/mL), streptomycin (100 ug/mL), 2 mM L-glutamine and 10%

heat-inactivated Foetal Bovine Serum (FBS).

2.2.2 Complete DMEM

Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with

penicillin (100 U/mL), streptomycin (100 ug/mL), 2 mM L-glutamine and 10%

heat-inactivated Foetal Bovine Serum (FBS).
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2.2.3 Colorectal Tissue Culture Medium

Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with
penicillin (100 U/mL), streptomycin (100 ug/mL), 2 mM L-glutamine, 50 ug/mL
gentamicin, 1 ug/mL fungizone and 10% heat-inactivated Foetal Bovine Serum

(FBS).

2.2.4 Penile and Ectocervical Tissue Digestion Cocktail
Serum-free complete RPMI supplemented with 12.5 ug/mL Liberase TL,

25 ug/mL Hyaluronidase, 200 ug/mL DNase.

2.2.5 Colorectal Tissue Digestion Cocktail
Serum-free complete RPMI supplemented with 12.5 ug/mL Liberase DL,

25 ug/mL Hyaluronidase, 200 ug/mL DNase.

2.2.6 CytoFix/CytoPerm Wash Buffer

10x buffer was diluted 1:10 with dH-O0.

2.2.7 0.05% PBS/Tween (PBST) Buffer

500 uL. Tween-20 added to 1 L. PBS

2.2.8 TBS Buffer

10x buffer was diluted 1:10 with dH-O0.

2.2.9 0.1% Empigen in TBS

175 uL 35% Empigen was added to 50 mL 1x TBS.

2.2.10 AALTO p24 ELISA conjugate
For each full 96-well plate, 10 mL conjugate was prepared:

8 mL 1x TBS
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2 mL Sheep Serum
50 uL 10% PBST

1.25 uL ELISA p24 secondary conjugate

2.3 Cell Lines

2.3.1 TZM-bl Cells

TZM-bl indicator cells, previously described as JC53-bl (clone 13), are
derived from a HeLa cell line and stably express CD4, CXCR4 and CCR5. The TZM-
bl cell line has been genetically modified to express Escherichia coli [3-
galactosidase and firefly luciferase genes under the transcriptional control of the
HIV LTR. TZM-bl cells are highly susceptible to HIV infection and introduction of
the indictor genes allows for easy quantitative analysis of HIV infection [377,
378]. TZM-bl cells are an adherent cell line and were cultured in complete DMEM
medium. Every 3-4 days the TZM-bl cells were washed once with Phosphate
Buffered Saline (PBS) and incubated with 1x Trypsin-EDTA for 5 mins at 37°C to
allow detachment. Post-detachment, the cells were washed 1x with complete
DMEM medium and passaged 1 in 10. The cells were cultured in a 95%

humidified incubator with 5% CO; at 37°C.

2.3.2 PM-1T cells

PM-1 cells are CD4+ T cells clonally derived from a HUT-78 cell line. The
cells are permissive for growth of macrophage and T cell-specific HIV-1 [379].
PM-1 cells are grown in suspension in complete RPMI. Every 3-4 days the PM-1
cells were washed once with complete RPMI medium and passaged 1 in 10. The

cells were cultured in a 95% humidified incubator with 5% CO; at 37°C.
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2.4 Primary Cells

2.4.1 Peripheral Blood Mononuclear Cells (PBMC)

Blood was freshly isolated from HIV-negative donors and processed
within 6 h. Blood was layered on to 20 mL room temperature histopaque and
centrifuged for 30 minutes at 400x g. The mononuclear layer was recovered and
washed once in 50 mL complete RPMI followed by centrifugation for 5 minutes
at 400x g. Red blood cells were lysed with 1-5 mL ACK lysis buffer for 5 minutes
and washed with complete RPMI before being resuspended in 10 mL complete

RPMI and counted.

2.4.2 Leucocyte Cones

Leucocyte cones were obtained from NHS Blood and Transplant Centre,
Colindale, London, UK. Cones were diluted 1:1 with PBS and layered on to 20 mL
room temperature histopaque. Tubes then underwent the exact procedure as

described in 2.4.1.

2.4.3 Red Blood Cell-lysed Whole Blood

Whole blood was isolated from HIV-1 negative donors mixed 1:1 with 1x
RBC lysis buffer for 5 minutes at room temperature in the dark. Cells were
washed twice with complete RPMI and the pellet was resuspended in 5 mL ACK
lysis buffer for 5 minutes to remove any residual RBC. Cells were washed twice

in PBS with centrifugation prepared for flow cytometry staining, as described in

2.8.
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2.4.4 Monocyte-derived Macrophages (MDM)

Freshly isolated PBMC were washed and resuspended at 3x10° cells/mL in
serum free AIM-V medium containing 20 ng/mL GM-CSF. Cells were seeded at
3x105cells in 100 pL in flat-bottomed high binding 96-well plates and incubated
at 37°C (5% CO3). After 3-4 days, fresh serum free AIM-V media supplemented
with 20 ng/mL GM-CSF was added and the cells were cultured for a total of 7

days.

2.4.5 Monocyte-derived Dendritic Cells (MDDC)

Freshly isolated PBMC were used to separate mononuclear cells by CD14
positive selection using an AutoMacs separation system.

20 uL of CD14 MicroBeads were added per 107 cells and incubated for 20
minutes at 4°C. Cells were washed once with AutoMacs running buffer by
centrifugation for 10 minutes at 400x g and resuspended in 2 mL of AutoMacs
running buffer for magnetic separation.

CD14 positive cells were resuspended in 40 mL complete RPMI
supplemented with 30 ng/mL IL-4 and 25 ng/mL GM-CSF and cultured for 3-4
days at 37°C (5% CO:). Media was replaced after 3-4 days with fresh RPMI
complete medium supplemented with 30 ng/mL IL-4 and 25 ng/mL GM-CSF and

incubated for a further 3 days at 37°C (5% CO3).

2.5 Human Tissue

2.5.1 Ethics Statement
Written informed consent was obtained from all donors. All tissues were

collected under protocols approved by the Imperial College NHS Trust Tissue
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Bank and the National Research Ethics Committee in accordance with the Human
Tissue Act 2004. Approval for this project was granted by the Imperial College
Healthcare Tissue Bank, under their HTA research licence, and ethics thus
conveyed through this process by the Multi Research Ethics Committee (MREC),

Wales.

2.5.2 Ectocervical Tissue
Ectocervical tissue was acquired from women undergoing planned

therapeutic hysterectomy at St Mary’s Hospital (London, United Kingdom).

2.5.3 Penile Tissue
Penile glans tissue was acquired from men undergoing elective gender

reassignment surgery at Charing Cross Hospital (London, United Kingdom).

2.5.4 Colorectal Tissue

Surgically resected specimens of colorectal tissue were collected at St
Mary’s Hospital (London, United Kingdom) from patients undergoing rectocele
repair and colectomy for colorectal cancer. Only healthy tissue obtained 10 to 15

cm away from any tumour was employed.

2.6 Virus Culture

2.6.1 HIV-1gaL
HIV-1gaL virus is a macrophage and monocyte-tropic clade B laboratory

isolate originally obtained from human infant lung tissue [380].
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2.6.1.1 Growth in PBMC

Pooled blood from three leucocyte cones was incubated with 3 mL
RosetteSep CD8 depletion cocktail for 20 minutes at room temperature. After the
incubation, the PBMC were isolated using the exact procedure detailed in 2.4.1.
After the PBMC isolation, 4 x 107 cells were stimulated in 40 mL volumes in three
separate T-75 flasks for 72 h with 0.4 ug/mL OKT3 + 10 U/mL IL-2, 5 ug/mL
PHA-L +10 U/mL IL-2 and 0.5 ug/mL PHA-L + 10 U/mL IL-2. After 72 h the cells
from the three stimulations were pooled and resuspended to 1x10° cells/mL
ready for infection with HIV-1ga.. PBMC were added to HIV-1ga at a 2:1 ratio and
cultured for 3-4 days in a 95% humidified incubator with 5% CO; at 37°C. After
this, the supernatant was harvested by centrifugation and fresh, uninfected
PBMC were added to the infected PBMC at a ratio of 1:1. Every 3-4 days, the
supernatant was harvested and the cell culture was doubled using uninfected

PBMC. This process continued until sufficient virus had been grown.

2.6.1.2 Growth in PM-1T cells

PM-1 T cells were resuspended at 1x10° cells/mL in 1 mL complete RPMI
and 1 mL HIV-1g.. was added in a 24-well culture plate. Cells and virus were
incubated in a 95% humidified incubator with 5% CO2 at 37°C for 3-4 days.
Supernatant was harvested and fresh, uninfected PM-1 T cells were added to the
infected PM-1 T cells at a ratio of 1:1. The virus supernatant was harvested and
the culture volume was doubled every 3-4 days until sufficient virus had been

grown.
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2.7 Human Tissue Digestion

2.7.1 Penile and Ectocervical Tissue Digestion

Tissue was cut into 3 mm?3 explant-sized pieces. A maximum of 5 of these
pieces were further diced using a scalpel blade and placed into 1 mL enzyme
digestion cocktail for 2 x 1.5 h at 37°C with 1200 rpm shaking. After each 1.5 h
enzymatic digestion, the tissue was further mechanically disrupted and isolated
cells were washed with complete RPMI, collected and passed through a 70 um
nylon filter. Cells were stained with the flow cytometry panels (Tables 2.2 and

2.3) immediately after isolation.

2.7.2 Colorectal Tissue Digestion

Tissue was cut into 3 mm3 explant-sized pieces. A maximum of 5 of these
pieces were further diced using a scalpel blade and then placed into 1 mL of
Liberase enzyme digestion cocktail for 1 h at 37°C with 1200 rpm shaking. After
enzymatic digestion, the tissue was further mechanically disrupted and isolated
cells were washed with complete RPMI, collected and passed through a 70 um
nylon filter. Cells were stained with the flow cytometry panels (Tables 2.2 and

2.3) immediately after isolation.

2.8 Flow Cytometry

2.8.1 Viability Staining
Aqua viability dye was diluted 1:400 in PBS. After isolation from tissue or

blood, cells were washed once with PBS by centrifugation and incubated with
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100 uL Aqua viability dye at room temperature for 20 minutes in the dark. After

incubation, cells were washed twice with PBS using centrifugation.

2.8.2 Surface Staining

Post-viability dye staining, cells were incubated for 20 minutes at RT in
the dark with 50 uL final volume of one the surface staining panels listed below
in Tables 2.2 and 2.3 for Fc receptor phenotyping. All antibodies were titrated to
ensure optimum staining levels. After incubation, cells were washed twice with
PBS using centrifugation. Cells were fixed with 3% paraformaldehyde and placed

at 4°C in the dark until acquisition.

2.8.3 Intracellular Staining

Only cells used in the whole blood assay required intracellular staining.
Post-viability, cells were incubated with BD CytoFix/CytoPerm buffer at 4°C for
20 minutes. After incubation, cells were washed twice with 1x BD CytoPerm
wash buffer using centrifugation. Post fixation, the cells were incubated with 50
uL of the intracellular staining panel listed in Tables 2.4 or 2.5 for 20 minutes at
4°C in the dark. Cells were washed twice with 1x BD CytoPerm wash buffer by
centrifugation and resuspended in 3% paraformaldehyde. Cells were kept at 4°C

in the dark until acquisition.
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2.8.4 Flow Cytometry Staining Panels

Table 2.2 Fc Receptor Panel - Monocytes and DCs

Marker/Clone

Fluorophore

Volume per sample

Viability Dye Aqua N/A
CD3, UCHT1 V450 2.5 uL
CD14, TiK4 Qdot605 1 uL
CD16, 3G8 Pacific Orange 2.5 uL
CD32, FLI8.26 APC 10 uL
CD64,10.1 APCH7 5uL
CD89, A59 PE 5uL
CD11c, B-ly6 A700 5uL
CD123, 9F5 PECy5 5uL
CD19, HIB19 FITC 5uL
PBS N/A 7.5 uL

Table 2.3 Fc Receptor Panel - NK Cells and Granulocytes

Marker/Clone

Fluorophore

Volume per sample

Viability Dye Aqua N/A
CD3, UCHT1 V450 2.5 uL
CD15,wWe6D3 BV650 2.5 uL
CD45, HI30 A700 2.5 uL
CD56, HCD56 PECy5 1.25 uL
CD16, 3G8 PECy7 2.5 uL
CD32, FLI8.26 APC 10 uL
CD64,10.1 APCH7 5 uL
CD89, A59 PE 5 uL
CD66b, G10F5 FITC 2.5 uL
PBS N/A 16.25 uL
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Table 2.4 Whole Blood Assay Panel

Marker/Clone Fluorophore Volume per sample
Viability Aqua N/A
CD3, OKT3 PECy7 2.5uL
CD4, RPA-T4 PE 2.5uL
CD8, RPA-T8 APC 5uL
p24, KC57 FITC 2.5 uL
BD CytoPerm Buffer N/A 37.5 uL

Table 2.5 Antibody Binding Panel

Marker/Clone Fluorophore Volume per sample
Viability Aqua N/A
a-IgG, Polyclonal A647 1 ug/mL
CD3,UCHT1 V450 2.5 uL
CD4, RPA-T4 PE 2.5 uL
p24, KC57 FITC 2.5 uL
BD CytoPerm Buffer N/A 42.5 uL

2.8.5 Flow Cytometry Acquisition and Data Analysis

All samples were acquired on a BD FortessaLSR equipped with 50 mW 405
nm, 50 mW 488 nm, 50 mW 561 nm, 20 mW 633 nm lasers. Data was analysed
using Flow]o (TreeStar, Ashland, OR, USA). Boolean gating plots for presentation
purposes were made using data obtained in Flow]o and transferring it to SPICE

5.3, via PESTLE 1.7 (M. Roederer Vaccine Research Center at NIAID, MD, USA).

2.9 Cellular Inhibition Assays

2.9.1 Antibodies Screened

Table 2.6 Antibodies Screened and/or used in the Inhibition Assays and/or Whole Blood

Assay.
AbID Isotype Epitope
17b G1 CD4i (Cluster C)
2F5 G1/dA2 gp41 (MPER)
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2G12 G1 gp120V3

4B3 G1 gp41 (ClusterI)

4E10 G1 gp41 (MPER)

7B2 G1/mA2/dA2 gp41 (Cluster I)

7B2 AAA G1 gp41 (Cluster )

A32CL4 G1 CD4i C1 (Cluster A)

b12 G1 CD4bs

CHO1 G1 gp120,V1V2/V2V3

CH20 G1 CD4i C1; non-A32 blockable
CH22 AAA G1 gp120 V3, linear

CH23 G1 gp120 V3, linear

CH27 AAA G1/A2 Consensus C.Con gp140 Env
CH28 G1/A DU123/Con-S A2, VH3-66
CH29 G1/A2 CD4i C1, A32-blockable
CH31 G1/mA2/dA2 CD4bs, VRCO1-like, bnAb
CH38 G1/A1 CD4i C1, A32-blockable
CH54 G1 CD4i C1, A32-blockable
CH55 G1 CD4i C1, A32-blockable
CH57 G1 CD4i C1, A32-blockable
CH58 G1 gp120,V2

CH59 G1 gp120,V2

CH65 G1/A2 HA, H1 - Flu Control Ab
CH90 AAA G1 CD4i C1, A32-blockable
CH115 G1/A1 gp41

F240 G1 gp41 (ClusterI)

HG107 G1 gp120,V2

HG116 G1 gp120

HG118 G1 gp120

HG120 G1 gp120,V2

HG129 G1/A1 C1 linear peptide

HG130 G1/A1 Consensus S gp140 Env.
HIVIG B G Clade B polyclonal IgG
HIVIG C G Clade C polyclonal IgG
M785-U1 G1 gp41

N10-U1 G1 gp41

PG9 G1 gp120, V1V2; Quaternary Structure
PG16 G1 gp120, V1V2; Quaternary Structure
VRCO1 G1 CD4bs

Neutralising antibodies in bold; Antibodies used in the Inhibition Assays and Whole Blood Assay in
grey; CD4i = CD4 inducible; AAA = Fc region modified to increase Fc receptor binding.
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2.9.2 MDM Inhibition Assay

Antibodies were prepared at 100 pg/mL in AIM-V media and incubated
1:1 with cell free HIV-1ga. (10# TCIDso) for 1 hour at 37°C. The virus-antibody
suspension was added onto 5 day-old macrophage cultures and incubated for 2
hours at 37°C. Post-incubation, cells were washed 3 times with PBS and
antibodies at 50 ug/mL in 200 pl AIM-V media + 20 ng/mL GM-CSF. The cells
were further incubated for 7 days in a 95% humidified incubator with 5% CO: at
37°C.

All assays were performed in triplicate and included controls: medium
only, virus only and antibody isotype controls at the same concentration as the

test antibodies (Figure 2.1a).

2.9.3 MDDC Inhibition Assay

Antibodies were prepared at 100 pg/mL in complete RPMI media and
incubated 1:1 with cell free HIV-1ga. (104 TCIDso) for 1 hour at 37°C. 4 x 104
MDDC were added in 100 uL complete RPMI medium to the virus antibody
suspension and incubated overnight 37°C. Post-incubation, cells were washed 3
times with PBS by centrifugation and antibodies were added at 50 ug/mL in 200
uL complete RPMI media + 30 ng/mL IL-4 and 25 ng/mL GM-CSF. The cells were
further incubated for 7 days in a 95% humidified incubator with 5% COz at 37°C.

All assays were performed in triplicate and included controls: medium
only, virus only and antibody isotype controls at the same concentration as the

test antibodies (Figure 2.1a).
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2.9.4 MDDC-PM-1-T cells Trans-infection Inhibition Assay

MDDC at 2x 104 cells per well were incubated with cell free HIV-1ga;, (104
TCIDso) for 1 hour at 37°C. Post-incubation, MDDC were washed 3 times with
PBS by centrifugation and 50 pg/mL antibody was incubated with the cells for 30
minutes at 37°C. Post-incubation, 4 x 10* PM-1 T cells were added per well and
the cells were further incubated for 7 days in a 95% humidified incubator with
5% COz at 37°C.

All assays were performed in triplicate and included controls: medium
only, virus only and antibody isotype controls at the same concentration as the

test antibodies (Figure 2.1b).

A
Virus and 50ug/mL Ab Virus/Ab mix added to cells 50ug/mL Ab added baﬁk to
incubated together for for 2hr/O/N incubation at cells - incubation at 37°C for
1hr at 37°C 37°C 7d
B viAs e
o . o @ )‘:A} . ’ ,%E‘ O @ 9» O A ‘Jk
i, oW - <o )4 e D ¢
* e % *F K Ok F
o L ‘o L :64’ 1.:
v — N o — o e ¥
[ ]
}‘.1 Unbound virus washed off { o O O
Y " : :’l.}
é& h&
DCs and virus incubated DC/ captured virus mix !)C/fﬁtt:ired.t\:rg;{ﬁtfrmlx
together for 1hr at 37°C incubated with 50ug/mL ::r;c"t; :t ;70‘::"for 7d )
Ab together for 30mins at
37°C

Figure 2.1 Inhibition assay setup in MDM and MDDC (A) or MDDC-T cells (B)
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2.10 Human Mucosal Tissue Explant Inhibition Assays

2.10.1 Mucosal Tissue Explant

Antibodies were prepared at 100 pg/mL in complete RPMI media and
incubated 1:1 with cell free HIV-1gaL (2x10% TCIDs) for 1 hour at 37°C. Tissue
explants were cut to 3 mm3 and added to the virus/antibody suspension for
overnight incubation at 37°C. Post-incubation, tissues were washed 3 times with
PBS and antibodies were added at 50 ug/mL in 200 puL complete RPMI media.
The tissues were further incubated in a 95% humidified incubator with 5% CO>
at 37°C for a total of 21 days. Every 3-4 days 100 pL of supernatant was removed
and replaced with 100 pL fresh complete RPMI.

All assays were performed in triplicate and included controls: medium
only and antibody isotype controls at the same concentration as the test

antibodies (Figure 2.2a).

2.10.2 Mucosal Migratory Cells

Post-overnight infection, migratory cells were collected from the tissue
explants and washed three times with PBS by centrifugation [381, 382]. The cells
were further incubated with 50 pg/mL antibody and 4 x 10* PM-1 T cells for 7

days in a 95% humidified incubator with 5% COz at 37°C (Figure 2.2b).
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Figure 2.2 Inhibition assay setup in mucosal tissue explants (A) and migratory cell-T cells

(B)
2.11 TZM-bl Neutralisation Assay

TZM-bl cells were utilised to assess the potential neutralising ability of
antibodies against HIV-1ga. [380]. Test antibodies were titrated 1:4 from a
starting concentration of 40 ug/mL in final volume of 50 pL in triplicate wells of
a 96-well flat bottom culture plate. TZM-bl cells were prepared at 10> cells/mL
and 100 uL cells were added the antibody titrations. Finally, 50 uL of HIV-1gaL
was added at a concentration previously determined by titration on TZM-bl cells.
Positive control (virus + cells only) and negative control (cells only) wells were
included in the assay setup. The cells were incubated in a 95% humidified
incubator with 5% CO2 at 37°C for 36-72 h.

Post-incubation, all supernatant was removed from the cells, which were
washed once with 200 uL PBS. Luciferase lysis buffer was diluted 1:5 with dH20
and 100 uL was added to all wells. Plates were placed at -80°C for at least 2 h to

allow for full lysis.
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Post-lysis, the plates were thawed and 50 uL of the lysate was transferred
to a white 96-well high-bind plate. Luciferase substrate was reconstituted by
adding 10 mL luciferase buffer to the lyophilised substrate. 50 uL of luciferase
substrate was added to the lysate and mixed well. Plates were read immediately
in relative light units (RLU) using a FLUOstar Omega plate reader (BMG Labtech,

UK).

2.12 AALTO HIV-1 p24 Antigen ELISA

AALTO HIV-1 p24 antigen ELISA was used as an end-point read out to test
supernatants derived from the cellular and mucosal explant inhibition assays.
White high-bind 96-well plates were coated with 100 uL. 5 ug/ml p24 coating
antibody and incubated overnight at RT. Post-incubation, plates were washed
twice with 1x TBS and blocked using 100 uL/well 2% whole milk for 1 h at RT.
Post-block, plates were frozen at -20°C until required.

Coated p24 plates were thawed and washed once with 1x TBS and lysed
HIV-1 (MN) CL-4 H9 was used as a standard, starting concentration 10 ng/mL,
1:2 serial dilution in 0.1% Empigen TBS.

HIV-1 positive samples were first treated with 1% Empigen to inactivate
the virus and 100 uL final volume of sample was added to the coated ELISA plate
for 2-3 h incubation at RT.

Plates were washed twice with 1x TBS and 100 uL 1:8000 conjugate was
added per well for 1 h incubation at RT. Plates were washed four times with
0.05% PBST and then two times with ELISA Light assay buffer. CSPD with

Sapphire Substrate was diluted 1:3 with ELISA light assay buffer and 50 uL/well
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of the substrate was added. Plates were incubated for 20-30 minutes at room
temperature and relative light units (RLU) were read using FLUOstar Omega

plate reader (BMG Labtech).

2.13 RETROTek HIV-1 p24 Antigen ELISA
For more sensitive detection of HIV-1 p24, the RETROTek ELISA kit was
utilised as per manufacturers’ instructions, as the detection range for this assay

is between 4 - 125 pg/mL.

2.14 Whole Blood Assay

2.14.1 PBMC Stimulation and CD4+ Cell Isolation

Fresh PBMC were isolated from HIV-negative donors, as described in
2.4.1. The PBMC were stimulated for 72 h in 40 mL complete RPMI
supplemented with 5 ug/mL PHA-L and 10 U/mL IL-2. Post-stimulation, the
CD4+ T cells were isolated from the PBMC using the CD4+ dynabead isolation kit.
PBMC were resuspended at 1x107 cells/mL in 2% FBS/PBS. CD4+ dynabeads
were washed once in 2% FBS/PBS and used at 25 uL/mL cells. PBMC and CD4+
dynabeads were incubated together at 4°C with gentle tilting and rotation for 90
minutes.

Post-incubation, the sample was placed in a DynaMag -15 magnet for 2
minutes and, with the tube still in the magnet, the supernatant was removed and
discarded. The tube was removed from the magnet and 1 mL 2% FBS/PBS was
added to wash the cells. The tube was placed back into the magnet for a further 2

minutes and the supernatant discarded. This process was repeated once more to
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improve the purity of the CD4+ population and the cell pellet was resuspended
in 1 mL complete RPMI.

To remove the dynabeads from the CD4+ cells, the samples were further
incubated with 10 uL DetachaBead per 1x107 cells (starting volume) at RT for 45
minutes. Post-incubation, the cells were placed on the magnet for 1 minute and
the supernatant was collected and placed in a fresh tube. Residual cells were
collected through washing the beads 2-3 more times with 1 mL complete RPMI,
collecting the supernatant each time. The CD4+ T cells were washed once in 15
mL complete RPMI, counted and resuspended at the desired concentration for

use in the whole blood assay.

2.14.2 Staining with Cell Trace Violet (CTV)

CD4+ T cells were resuspended at a concentration of 1x10¢/mL in PBS 5%
FBS in a 50 mL falcon tube. CTV was reconstituted in DMSO to a final
concentration of 5 uM and 1 uL. was added for every 1x106 CD4+ T cells. The CTV
was added to the side of a falcon tube tilted to a 45° angle. The falcon tube was
quickly inverted and vortexed to ensure consistent staining. The cells were
incubated in the dark for 20 minutes with constant rotation. Post incubation, the
falcon tube was topped up to 50 mL with complete RPMI and incubated in the
dark with rotation for a further 5 minutes. Cells were washed once with
complete RPMI and resuspended in complete RPMI supplemented with 10 U/mL

IL-2.

2.14.3 HIVgaL Infection
CD4+ T cells were resuspended in complete RPMI supplemented with 10

U/mL IL-2 at a concentration of 1x10° - 3x10° cells/mL. 100 uL of cells were
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added per well and 100 uL of HIVgar, (grown in PBMC) was added to the cells at a
1:5 final dilution (2x103 TCIDso). Cells and virus were co-incubated for 7 days in

a 95% humidified incubator with 5% CO; at 37°C.

2.14.4 Whole Blood Assay Setup

%
—> —_> I
A Stimulate PBMC

with 5ug/mL PHA-L
& 10U/mL IL-2 for
72h at 37°C.

Day 1:Bleed Donor  Isolate Day 4: Isolate CD4+ Day 4: Infect CD4+ cells with
PBMC cells using Dynabeads HIV-1,,, for 7 days at 37°C
and stain with Cell Bal
Trace Violet
A WITH A F AR
\/ WHOLE =y
BLOOD

Day 12: Lyse RBC

3 and stain with Viability N Acquire cells on
dye, a-CD3, a-CD4, FortessaLSR
a-CD8 and a-p24, Cytometer

Q

Wash off
unbound
virus

Add 150uL donor matched
whole blood + 50ug/mL
antibody onto infected CD4+
cells for 24h at 37°C.

Day 11: Re-bleed
Donor

WITHOUT
WHOLE
BLOOD

Add 150uL complete RPMI +
50ug/mL antibody onto
infected CD4+ cells for 24h
at 37°C.

Figure 2.3 Schematic of the Whole Blood Assay

CTV+ CD4+ T cells were infected with HIV-1ga, as described in 2.14.3.
Post-infection, the cells were co-incubated with the panel of antibodies, outlined
in Table 4.3, at 50 ug/mL final volume and 150 uL donor-matched whole blood
(WB) for 24 hours in a 95% humidified incubator with 5% COz at 37°C. Post-
incubation, the red-blood cells (RBC) were lysed using 200 uL ACK lysis buffer
for 5 minutes at room temperature. Cells were washed twice with PBS and

stained with Aqua, as described in 2.8.1. Post-incubation, cells were stained with

-105-




flow cytometry panel listed in Table 2.4, as described in section 2.8.3,
resuspended in 3% formaldehyde and kept at 4°C in the dark until acquisition

(Figure 2.3).

2.14.5 HIV-1 Antibody Binding Experiments

& 10U/mL IL-2 for

7
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CD4+ cells for 1h at
37°C.

Figure 2.4 Schematic for the detection of antibody binding

CD4+ T cells were infected with HIV-1ga1, as described in 2.14.3. Infected
cells were then stained with Aqua viability dye, as described in 2.8.1, before
being incubated with 5 ug/mL HIV-1 antibody chosen from the panel outlined in
Table 4.3 for 1 hour in a 95% humidified incubator with 5% CO: at 37°C. Post-
incubation, cells were stained for 20 minutes at room temperature with the flow
cytometry panel listed in Table 2.5, as described in section 2.8.3, resuspended in

3% formaldehyde and kept at 4°C in the dark until acquisition.
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2.15 Statistical Analysis

All statistical analyses were performed using Prism 7.0 (Graphpad, USA).
For non-parametric data, statistical analyses were performed using Kruskal-
Wallis test with Dunn’s multiple comparison correction. For parametric data,
statistical analyses were performed using one-way ANOVA with Dunnett’s
multiple comparison correction. P<0.05 was considered significant: *P<0.05;

**P<0.01; ***P<0.001; ****P<0.0001.
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CHAPTER 3 - RESULTS:

Characterisation of Fc Receptor Expression within Mucosal

Tissues Associated with HIV-1 Transmission
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3 Characterisation of Fc Receptor Expression within Mucosal

Tissues Associated with HIV-1 Transmission

3.1 Introduction

In recent years, interest in nnAb to HIV-1 and their associated effector
functions has increased. This interest is largely due to post-trial analysis
performed on RV144 vaccine participant samples, which demonstrated that the
partial protective efficacy conferred by this vaccine could be correlated with high
levels of ADCC-inducing IgG3 antibodies to the V1V2 region of Env [134, 353,
355, 358, 375, 383, 384]. This positive IgG response was negated in the presence
of IgA antibodies to the same region of Env. Furthermore, studies have revealed
that nAb activity is enhanced by FcR effector functions, broadening the
importance of these receptors in the prevention of HIV-1 infection [385-387].

For ADCC and other antibody-effector functions to occur, the Fc portion of
an antigen-bound antibody must bind to its associated FcR, found on the surface
of immune effector cells. Although some FcR are expressed by B cells [388], they
are predominantly found on the surface of innate effector cells, such as NK cells,
macrophages, DCs and neutrophils [146]. As such, FcR are an integral component
in bridging the gap between innate and adaptive immune responses.

Once bound to an antigen, antibodies complex together leading to
localised clustering of FcR on the cell membrane. It is this clustering that initiates
antibody-dependent cellular effector functions. In terms of HIV-1, antibody
complexes are formed when infected cells and/or cells coated with viral particles
are opsonised by HIV-1 specific antibodies [389]. The protective abilities

conferred by antibody-dependent cellular effector mechanisms are dependent
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on a variety of parameters. The effector cell type and frequency, the allotype of
FcR expressed, the frequency of FcR per cell, and the glycosylation pattern of the
induced antibodies are all capable of impacting the functional activities of FcR.
Furthermore, FcR can be either inhibiting or activating, which, depending on the
FcR in question, can be attributed to their association with immunoreceptor
tyrosine-based inhibitory (ITIM) or immunoreceptor tyrosine-based activation
(ITAM) motifs. For example, despite being almost identical in structure, CD32A
and CD32B differ in their functional activities due to their relative associations
with the ITAM and ITIM motifs, respectively [146, 390].

ADCC is activated most efficiently through CD16A, predominantly
expressed on NK cells, but also found on other immune cells such as neutrophils,
and subpopulations of monocytes, macrophages and DCs [132, 140]. Upon
interaction of the opsonised cell and CD16A-expressing NK cells, the contents of
cytotoxic granules including perforin, granzymes and cytokines such as IFN-y,
are released in a directional manner across a lytic synapse leading to cytolysis of
the opsonised cells.

ADCC is not the only antibody-dependent effector function that may have
a protective role against HIV-1 transmission. ADCP and ADCVI have both
demonstrated activity against HIV-1 [391]. The primary mode of activity for
ADCP is through interaction between the Fc region of an HIV-1 specific antibody
and FcR CD32A, CD64 and CD89. These FcR are found on the surface of
professional phagocytic cells such as monocytes, macrophages and DCs. When
the FcR binds the opsonised virally infected cells, they are engulfed by the
phagocytic cells and subsequently degraded [173] [151]. ADCVI is specifically

associated with virally infected cells and is a combination of ADCC and ADCP
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activity with the additional release of HIV inhibitory 3-chemokines, which block
onward infection of susceptible cells [176-178].

ADCC can also be triggered through engagement of CD64 and CD32 on
myeloid cells (monocytes, macrophages and DCs) [140, 163]. However, the
efficiency of ADCC induced by myeloid cells contrasts when compared to ADCP,
which for myeloid cells is reported to occur rapidly within 1-4 h, versus up to 24
h for ADCC [175].

Sexual transmission of HIV-1 via mucosal surfaces, particularly those of the
rectal mucosa and male and female genital tracts account for around 90% of
newly acquired infections [289]. Despite this, comparatively little is known
about the composition of immune cells found within these tissues or their
potential to interact with antibodies in defending against pathogenic infections.
Therefore, critical to vaccine design is the characterisation of the phenotype and
frequency of antibody effector cells present within mucosal surfaces most
commonly associated with HIV-1 transmission.

Past research from the early 1990s used RNA and histological techniques
to determine that CD16 and CD32 were expressed on colorectal and cervical
mucosa [142-145]. Further characterisation of cervical tissue has been
performed in more recent years using flow cytometry methods, although these
investigations did not look at FcR expression, but solely focused on immune cell
phenotype [145, 265]. The most comprehensive study to date, which combined
flow cytometry techniques to investigate immune effector cell phenotype and
FcR expression with additional immunohistology to determine the location of
effector cells within tissue, did so using colorectal and cervical tissue only [174].

Significantly, all studies performed so far neglect to define the effector cells and
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FcR expression found within penile tissue, which is an important site of HIV-1
transmission.

The aim of this chapter is to determine the immune effector cell and FcR
expression profile within mucosal tissues associated with HIV-1 transmission,
specifically penile glans, ectocervical and colorectal tissue. In this chapter, results
from flow cytometric analysis of cells isolated from the three different mucosal
tissue types will be compared to determine immune effector cell phenotype and
frequency. In addition, expression of IgG (CD16, CD32 and CD64) and IgA (CD89)
FcR on CD14+ monocytes, myeloid DCs and NK cells will be assessed. All data
from mucosal tissues will be compared to data from cells isolated from red-blood
cell-lysed whole blood. Furthermore, deconvolution immunofluorescent
microscopy will be used to identify the location of immune effector cells and
their associated FcR within the three types of mucosal tissue.

The data obtained here will be valuable to inform on whether immune
cells found within mucosal tissues are capable of inducing an immune response
in the presence of nnAb to HIV-1 that are functionally active through the Fc-

portion.

This chapter has formed the basis of a paper, which has been published in

PLoS One [392].
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3.2 Results

3.2.1 Tissue Digestion and Experimental Setup

Before any characterisation could take place using flow cytometry, it was
important to develop a protocol that would efficiently isolate cells from mucosal
tissue without degrading cell surface markers.
3.2.1.1 Titration of Liberase DL on PBMC

A titration of Liberase Dispase Low (DL) was performed on PBMC to
determine the concentration at which surface expression of vulnerable markers,
such as CD4 and CD8, was lost. The data showed that detection of the CD4+
receptor began to reduce at 25 ug/mlL, therefore a concentration of 12.5 ug/mL

was used for the next stage (Figure 3.1A).

3.2.1.2 The Effect of Hyaluronidase and DNase on PBMC

Based on a literature search, additional digestion reagents, hyaluronidase
and DNase, were added to the final enzyme cocktails at 25 ug/mL and 100
ug/mL, respectively, to maximise cellular recovery [393, 394]. An assessment of
the effect of these digestion reagents on CD4+ and CD8+ markers was made
using PBMC. The results demonstrated that there was no adverse reduction in
expression of either of these markers (Figure 3.1B), so they were included in the

final digestion cocktail.

3.2.1.3 Liberase Selection on Penile Glans and Colorectal Tissue

A panel of Liberase enzymes (Dispase Low (DL) or High (DL) and
Thermolysin Low (TL), Medium (TM) or High (TH)) were tested on colorectal
and penile glans tissue to determine the best recovery of markers CD4 and CD8.

The results indicated that Liberase DL at 12.5 ug/mL was the best enzyme to use
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in colorectal tissue (Figure 3.1C) as it yielded the best recovery of CD4+ and
CD8+ cells. For penile tissue, a titration of the Liberase enzymes that had shown
loss of the CD4+ and CD8+ markers at 12.5 ug/mL was performed to assess if
they would yield better recoveries at lower concentrations (Figure 3.1D).
However, these enzymes continued to exhibit CD4+ receptor loss at low
concentrations and their use was discontinued at this point. The best recovery of
CD4+ and CD8+ cells was noted when using Liberase TL at 12.5 ug/mL (Figure
3.1D), therefore this was the enzyme and concentration selected for future
penile tissue digestion. Due to low availability of tissue, no comparison was
made for ectocervical tissue, however, as this tissue is more structurally similar
to penile tissue than colorectal tissue [395], it was decided that Liberase TL

should also be used for digestion of this tissue type.
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Figure 3.1 Liberase Selection and Titration in PBMC, Colorectal and Penile Tissue.

(A) Liberase DL titrated on PBMC to determine the concentration at which vulnerable markers
were degraded. (B) Hyaluronidase titration on PBMC in the presence of 12.5 ug/mL Liberase DL
and 100 ug/mL DNase. (C) A panel of Liberase enzymes [Liberase Dispase Low (DL), Dispase
High (DH), Thermolysin Low (TL), Thermolysin Medium (TM) and Thermolysin High (TH) were
screened on colorectal tissue at a concentration of 12.5 ug/mL and relative expression of CD4+
and CD8+ markers were assessed. (D) The same panel of Liberase enzymes were used to digest

penile glans tissue at a range of concentrations. (Pink = Concentrations/Enzyme selected)
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3.2.2 Flow Cytometry Panel Development

To enable the characterisation of FcR expression, two flow cytometry
panels were designed. The design of these panels allowed for characterisation of
immune effector cells isolated from mucosal tissues before expanding to identify

the expression of CD16, CD32, CD64 and CD89 on these effector cells.

3.2.2.1 FACS Antibody Selection and Titration

The FACS antibody selection was based on knowledge of surface marker
expression and fluorochrome brightness, where the brightest fluorochromes
were used for low-level marker expression and vice versa. Details of the staining
panels and procedures are outlined in section 2.8.

All FACS antibodies were titrated on PBMC to obtain the optimal staining
concentration. Briefly, a starting titration of double the recommended
concentration was added to the cells in a final staining volume of 50 uL. A 2-fold
serial dilution was then performed. To ensure there was no bleed-over from
other staining channels during acquisition of the PBMC, only the channel of
interest was opened for each fluorochrome. The chosen concentrations were
those with the greatest difference in MFI between the positive and negative

populations (Figure 3.2).

3.2.2.2 Fluorescence Minus One (FMO) Experiments

Fluorescence minus one (FMO) experiments, designed to allowed correct
interpretation of the flow cytometry data, were also performed in PBMC. Briefly,
the cells were stained with the full antibody panel with one fluorochrome

sequentially removed to enable accurate determination of where gates should be
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placed (Figure 3.3). The data generated here allowed for the gating strategies set

out in Figure 3.4 to be used to analyse all subsequent experiments.

3.2.2.3 Effects of Liberase Digestion on Markers of Interest

To ensure there were no adverse effects of the digestion process on any
markers of interest, full FACS panels were used to stain RBC-lysed whole blood
in the presence or absence of the complete enzyme digestion cocktail (Figure
3.5). Results demonstrated that expression levels of all markers of interest
remained comparable across all conditions, therefore confidence could be taken
that the digestion process did not influence expression profiles of digested

tissues.

3.2.2.4 Ability of FcR FACS Antibodies to Bind in the Presence of Human
Serum

Lastly, to have confidence that the FcR FACS antibodies were capable of
binding their respective markers in the presence of human immunoglobulin,
PBMC were stained with 0%, 10% or 20% human serum. Results showed no
difference in the expression levels of CD16, CD32, CD64 or CD89 across the three
concentrations demonstrating that any observed difference in FcR expression
levels across the three tissue types were not simply artefacts of varying
immunoglobulin levels found within these diverse mucosal compartments

(Figure 3.6).
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Figure 3.4 Flow Cytometry Gating Strategies used in Flow]o.

To analyse the data, a time gate was first applied to exclude any electronic noise. Following this,
a singlet gate excluded any doublets and a viability gate excluded any dead cells. (A) FcR
expression on monocytic CD14+ cells and mDC; CD14+ monocytic cells were defined as CD3-
CD14+; mDC were defined as CD3-CD14-CD19-CD11c+. (B) FcR expression on NK cells and
neutrophils. NK cells were defined as CD45+CD3-CD56+, whereas neutrophils were defined as
CD45+CD3-CD15+CD66b+. All cell types were assessed for expression of CD16, CD32, CD64 and

CD89 (data shows representative plots for cells isolated from penile glans tissue.)
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CD14+ monocytic cells; (C) FcR expression on mDC and (D) FcR expression on NK cells isolated

from RBC-lysed whole blood (n=3).
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human serum were used to stain PBMC (n=3).
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3.2.3 Characterisation of Inmune Cell Phenotypes within Mucosal Tissues

Basic characterisation of immune cells isolated from penile glans,
ectocervical and colorectal tissue was performed and compared to the immune
profile found in cells isolated from red-blood cell-lysed whole blood. The use of
RBC-lysed whole blood instead of PBMC was to ensure a direct comparison
could be made between peripherally- and mucosally-isolated cells and to ensure
neutrophils were included in the overall comparison.

Comparison of CD3+ T cells, CD19+ B cells, myeloid DCs (mDC), NK cells,
NKT cells, CD14+ monocytic cells and neutrophils was made, with results
indicating no significant difference between percentages of NKT cells, mDC or
CD3+ T cells isolated from the three mucosal tissues and the whole blood. A
trend towards higher expression of CD3+ T cells was observed for cells isolated
from penile tissue, however, this did not reach statistical significance (Figure
3.7A).

Cells isolated from whole blood showed greater percentage expression of
CD14+ monocytic cells when compared to cells isolated from penile glans
(P=0.046) and ectocervical tissue (P=0.037) (Figure 3.7A). Although there was
no statistical significance, a trend for an increased percentage of CD14+
monocytic cells isolated from colorectal tissue was noted when compared to the
other mucosal tissue types (Figure 3.7B). CD19+ B cells were isolated from
colorectal tissue at higher percentages when compared to penile glans tissue
(P=0.037) and whole blood (P=0.029) (Figure 3.7A).

Percentages of NK cells isolated from penile glans tissue were higher

when compared to cells isolated from all other tissue types and whole blood,
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although this trend only reached significance when compared to NK cells
isolated from colorectal tissue (P=0.011) (Figure 3.7A.).

The most abundant cell subset isolated from whole blood were the
neutrophils (CD3-CD15+CD66b+), representing approximately 80% of all viable
cells. There were significantly higher percentages of neutrophils isolated from
whole blood when compared to penile glans (P=0.035) and ectocervical tissue
(P=0.011) (Figure 3.7A), with a trend for higher levels when compared to
colorectal tissue. Importantly, in the context of this investigation, it should be
noted that neutrophils were found infrequently within all three mucosal tissues.
This low expression meant that too few cell numbers were acquired to perform
meaningful FcR expression analysis, so this cell subset is not represented in the
FcR profile analysis.

Combined phenotypic analysis of the three cell subsets of interest for
further in depth investigation into FcR expression (CD14+ monocytic cells, mDC
and NK cells) show that, while there is a trend for higher expression of CD14+
monocytic cells isolated from colorectal tissue and NK cells isolated from penile
glans tissue, these differences do not reach statistical significance in most

instances when compared to the other tissue types (Figure 3.7).
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Figure 3.7 Overall immune cell phenotypes found within penile glans, ectocervical and
colorectal tissue and RBC-lysed whole blood.

The percentage of CD3+ T cells, CD14+ monocytic cells, CD19+ B cells, myeloid DCs (mDC), NK
cells, NKT cells and neutrophils in total viable cells isolated from (A) penile glans (n=9),
ectocervical (n=5) and colorectal (n=6) tissue and RBC-lysed whole blood (n=6). (B) Relative
proportions of the cells of interest for FcR expression. (Mean and SD values shown in both
graphs). Statistical analysis performed using Kruskal-Wallis with Dunn’s multiple comparison

test. [*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001]
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3.2.4 CD14+ Monocytic Cell FcR Expression in Whole Blood and Mucosal

Tissue Compartments

CD14 is a surface marker expressed by monocytic cells, mainly
macrophages and DCs. These cells are capable of killing pathogens through
ADCC and ADCP. Expression of FcR (CD16, CD32, CD64 and CD89) on monocytic
cell populations isolated from mucosal tissues or whole blood was determined
using the gating strategy outlined in Figure 3.4A.

CD14+ monocytic cells isolated from whole blood expressed higher levels
of all FcR stained for when compared to mucosal tissues. CD16 was found at
significantly higher levels when compared to penile tissue (P=0.005) (Figure
3.8A). CD32 was found at higher levels when compared to penile (P=0.005) and
colorectal (P=0.007) tissue, however the lower levels of expression noted on
cells isolated from ectocervical tissue did not reach significance. Greater levels of
CD64 and CD89 were observed when compared to penile glans (P=0.007 &
P=0.014, respectively), ectocervical (P=0.022 & P=0.038, respectively) and
colorectal tissue (P=0.028 & P=0.008, respectively) (Figure 3.8A).

Boolean gating, a method of analysing large flow cytometry panels by
producing data on all possible combinations of selected markers, was applied to
investigate the combinatorial nature of FcR expression on CD14+ monocytic
cells. Interestingly, approximately half of all viable CD14+ monocytic cells
isolated from the three mucosal tissues were found to be negative for the FcR
investigated (Figure 3.8B & C). These data are in contrast to the expression
pattern seen in whole blood, which revealed co-expression of CD32, CD64 and
CD89 in around 65% of CD14+ monocytic cells (Figure 3.8B & C). This

observation could be caused by downregulation of FcR at the mucosal sites to
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avoid over-stimulation of the effector cells within the mucosal environment
and/or reflect terminal differentiation.

When investigating the cells that were positive for FcR in all mucosal
tissues, higher expression levels of receptors associated with ADCP and ADCVI
(CD32, CD64 and CD89) were observed when compared to ADCC (CD16).
Although the level of FcR expression between the three mucosal tissues is
statistically comparable, it is important to note that there were approximately 6-
fold more CD14+ monocytic cells found in colorectal tissue when compared to
penile glans and ectocervical tissue (Figure 3.7B). This observation potentially
indicates that, while FcR expression patterns do not differ significantly between
mucosal tissue types, there could be a variation in the absolute number of cells

available to elicit downstream effector functions.
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3.2.5 FcR Expression on Myeloid DCs

Myeloid DCs (mDC) are primarily involved in antigen presentation;
however, they are also capable of phagocytosis of infectious pathogens through
engagement of FcR. Expression of FcR on the surface of mDC isolated from the
mucosal tissues or whole blood was investigated, with mDC defined as any
viable cells that were CD3-, CD14-, CD19-and CD11c* (Figure 3.4A).

The most prevalent FcR detected on mDC isolated from mucosal cells and
whole blood was CD32. Significantly higher levels of CD32 were found on mDC
isolated from whole blood when compared to colorectal (P=0.036) and penile
glans (P=0.012) tissue. mDC isolated from whole blood demonstrated higher
levels of CD16 when compared to all mucosal tissue types, reaching significance
when compared to ectocervical (P=0.004) and penile glans (P=0.002) tissue. A
trend was observed for greater levels of CD64 on the surface of mDC isolated
from all three mucosal tissues when compared to whole blood, although this
difference did not reach significance. All compartments demonstrated similar
levels of CD89 (Figure 3.9A)

When combinatorial Boolean gating was used to investigate the
complexity of FcR expression, a greater diversity of FcR expression was
observed on mDC isolated from mucosal tissues. Indeed, mDC isolated from
whole blood demonstrated almost exclusive expression of CD32, which was
expressed on approximately 90%, (Figure 3.9B & C). As was observed for CD14+
monocytic cells, a greater proportion of mDC isolated from mucosal tissue did
not express any FcR when compared to the whole blood. However, the mDC that
were positive for FcR were more diverse in their expression (Figure 3.9B & C).

Although no significant difference was noted between the percentages of mDC
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found across the three mucosal tissues, a trend for increased percentages in

penile glans and colorectal tissue was observed (Figure 3.7B).
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(A) Percentage expression of CD16, CD32, CD64 and CD89 on viable mDC isolated from mucosal
tissues and whole blood [Mean and SD values shown. Statistical analysis performed using
Kruskal-Wallis with Dunn’s multiple comparison tests]. (B) and (C) show Boolean gating to show

the combinations of FcR expression across the isolated mDC [Mean values shown]. [*P<0.05;

**P<0.01; ***P<0.001; ****P<0.0001]
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3.2.6 NK Cell FcR Expression in Whole Blood and Mucosal Tissue

Compartments

NK cells are innate cytotoxic cells that are primarily involved in the
killing of virally infected cells through release of cytokines during ADCC. FcR,
particularly CD16, play an important role in enabling the gap to be bridged
between these innate cells and antibodies of the humoral immune system. Here,
the gating strategy outlined in Figure 3.4B was used to determine the FcR on the
surface of NK cells, which were defined as any viable cells that were CD3-, CD56*.

CD16 was the most prevalent FcR detected on NK cells isolated from
ectocervical and penile glans tissue and whole blood. While fewer CD16+ NK
cells were isolated from colorectal tissue when compared to the other
compartments, this variability was only significant when compared to NK cells
isolated from whole blood (P=0.033). Similar levels of CD32, CD64 and CD89
were observed on NK cells isolated from ectocervical and colorectal tissue and
whole blood, with lower levels noted on penile glans tissue. However, this
difference did not reach significance (Figure 3.10A).

Once again, Boolean gating analysis was applied to assess the
combinatorial expression of FcR on NK cells. As observed for monocytic CD14+
cells and mDC, there were more FcR negative NK cells isolated from mucosal
tissues when compared to whole blood, with the phenotypic difference most
evident for NK cells isolated from colorectal tissue, which included
approximately 65% FcR negative cells. The most diverse FcR expression was
noted in NK cells isolated from ectocervical tissue (Figure 3.10B & C).

A trend for a higher percentage of NK cells was noted in the penile glans

tissue when compared to all other compartments, reaching significance when
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compared to the colorectal tissue (Figure 3.7B). Although this increased
percentage does not inform on absolute numbers of NK cells present, it could
impact on the number of FcR and effector cells available for further downstream

functions.
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Figure 3.10 Fc Receptor expression on NK cells isolated from penile glans, ectocervical
and colorectal tissue and RBC-lysed whole blood.

(A) Overall percentage expression of CD16, CD32, CD64 and CD89 on viable NK cells isolated
from mucosal tissue and whole blood [mean and SD values shown. Statistical comparisons were
made using Kruskal-Wallis with Dunn’s multiple comparison tests]. (B) and (C) show the
Boolean gating analysis, demonstrating the combinations of FcR expression found on NK cells
isolated from the mucosal tissues or whole blood. [*P<0.05; **P<0.01; ***P<0.001;

*4%P<0,0001]
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3.2.7 Location of Immune Effector Cells and FcR within Mucosal Tissue.

To inform on the potential availability of immune effector cells to interact
with antibody and initiate further downstream effector functions within
mucosal tissues, deconvolution microscopy was used to determine the location
of CD14+, CD11c+ or CD56+ cells. Secondary staining was used to further assess
FcR location and co-localisation within the tissues.

To assist with this work, samples of tissue were frozen within our
laboratory and sent to the laboratory of Thomas ]. Hope, Northwestern
University, Chicago, USA. In collaboration, the staining antibodies were selected
to determine CD14, CD11c, CD56 and FcR (CD16, CD32, CD64 and CD89)
expression. Sections were prepared and stained by Ann M. Carias at the
laboratory in Chicago, with final images being sent back to our laboratory for
analysis and presentation purposes.

Within penile glans tissue, CD14+ were almost exclusively located in the
subepithelial lamina propria of the squamous epithelium. In one, rare instance, a
CD14+ cell was noted within the stratum basale (Figure 3.11A). CD14+ cells
were found to reside within the subepithelium and stratum basale of
ectocervical tissue (Figure 3.11B) while, within the colorectal tissue, CD14+ cells
were exclusively found within the lamina propria (Figure 3.11C).

The subepithelial lamina propria of the penile tissue was the exclusive
location for CD11c+ cells (Figure 3.12A), while they were more diffusely located
throughout the squamous epithelium of the ectocervical tissue, from the stratum
spinosum into the stratum basale and deeper into the subepithelium (Figure
3.12B). The lamina propria of the colorectal tissue was the only location that

CD11c+ cells were noted (Figure 3.12C).
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The most diffusely located effector cell type stained for within penile
tissue were the CD56+ cells, with the majority residing within the subepithelial
lamina propria, However, CD56+ cells were also observed within the stratum
basale and, on one occasion, a CD56+ cell was noted near the luminal border
(Figure 3.13A). Within ectocervical tissue, CD56+ cells were primarily observed
within the subepithelium or stratum basale (Figure 3.13B), whereas CD56+ cells
of the colorectal tissue were, once again, found to be exclusively located within
the lamina propria (Figure 3.13C). Co-localisation of the effector cells and FcR
were in line with the flow cytometry data in all mucosal tissue types investigated

(Figures 3.11-3.13).
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Figure 3.11 Location of CD14+ cells within mucosal tissues.

Deconvolution fluorescent microscopy of (A) penile glans, (B) ectocervical and (C) colorectal
tissue to show CD14+ cellular location (green) and relative co-localisation of (i) CD16, (ii) CD32,
(iii) CD64 and (iv) CD89 (all red). DAPI staining is shown in blue. Images taken at 40x
magnification. Scale bar is set to 40 microns. All sectioning, staining and imaging performed by

Ann Carias, Northwestern University, Chicago, USA.
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Figure 3.12 Location of CD11c+ cells within mucosal tissues.

Deconvolution fluorescent microscopy of (A) penile glans, (B) ectocervical and (C) colorectal
tissue to show CD11c cellular location (green) and relative co-localisation of (i) CD16, (ii) CD32,
(iii) CD64 and (iv) CD89 (all red). DAPI staining is shown in blue. Images taken at 40x
magnification. Scale bar is set to 40 microns. All sectioning, staining and imaging performed by

Ann Carias, Northwestern University, Chicago, USA.
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Figure 3.13 Location of CD56+ cells within mucosal tissues.

Deconvolution fluorescent microscopy of (A) penile glans, (B) ectocervical and (C) colorectal
tissue to show CD56 cellular location (green) and relative co-localisation of (i) CD16, (ii) CD32,
(iii) CD64 and (iv) CD89 (all red). DAPI staining is shown in blue. Images taken at 40x
magnification. Scale bar is set to 40 microns. All sectioning, staining and imaging performed by

Ann Carias, Northwestern University, Chicago, USA.
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3.3 Discussion

This chapter set out to characterise the relative FcR expression levels and
composition of FcR positive cells within male and female genital mucosal tissue,
colorectal tissue and RBC-lysed whole blood with the goal that this would help
better understand the potential of antibody-dependent cellular effector
functions to impact on early HIV-1 transmission events at mucosal surfaces.

Firstly, it was important to determine the cellular phenotypes found
within penile glans, ectocervical and colorectal tissue and whole blood before
further investigating the effector cell subsets for FcR expression. Similar
percentages of CD3+ T cells, NKT cells and mDC were observed across the three
tissue types and whole blood. However, there were significantly different
percentages of CD14+ monocytic cells, CD19+ cells and neutrophils observed
between the mucosal tissues and whole blood.

Colorectal tissue displayed higher percentages of CD19+ cells when
compared to ectocervical and penile glans tissue, which is reflective of previous
studies that have shown high CD19+ cells within the lower gastrointestinal tract
[396, 397]. Furthermore, the percentage of CD14+ monocytic cells isolated from
the colorectal tissue was higher when compared to penile glans or ectocervical
tissue, albeit at lower levels than those isolated from whole blood. Previous
investigations into CD14 expression within intestinal tissue have revealed some
conflicting data. While low-level CD14 expression has previously been observed
on macrophages isolated from colonic tissue [145, 398], it is important to note
that these studies used pure macrophage populations, whereas this study
investigates pan-CD14+ monocytic cells isolated from colorectal tissue, with no

subsequent markers of macrophage phenotype. More reflective of the data
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observed in this chapter are results from a recent study using confocal
microscopy to investigate CD14+ cells within the sigmoid colon and rectal
mucosa [399]. Furthermore, the higher frequency of colorectal CD14+
monocytic cells observed here when compared to the penile glans or
ectocervical tissues could be attributed to an influx of monocytes from the
periphery, as tissue-resident macrophages of the gastrointestinal tract are
almost exclusively derived from the recruitment of blood monocytes [400, 401].

Neutrophils are reported to be the most common leucocyte subset within
whole blood, which is reflected in the data observed in this chapter [402]. When
investigating neutrophils isolated from the mucosal tissues, it was not possible
to perform an accurate analysis of FcR expression due to low recovery of this
cell type. This is similar to the results of others who observed low neutrophil
numbers within the skin (penile glans) [403], ectocervical [404] and colorectal
tissue [405]. However, given that neutrophils constitutively express high levels
of CD16B and CD89 and low levels of CD16A and CD32, and are one of the first
cell subsets recruited during inflammation, it is possible that they may still
provide a functional role in mucosal HIV-1 immunity [406]. Furthermore,
neutrophils can be induced to express CD64 by IFN-y leading to increased ADCC
activity [153], which may be of relevance in an inflammatory environment such
as that induced during the early stages of HIV-1 infection.

When investigating the location of immune effector cells (CD14+, CD11c+
and CD56+), the results reflect previous studies demonstrating that these cell
subsets tend to reside in the subepithelial and basal layers of mucosal tissue

[265, 297, 397, 407]. The fact that these cells are not found superficially within
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the tissue could be important when considering their availability to interact with
vaccine-induced HIV-1 antibodies and prevent early viral transmission events.

The second aim of this chapter was to determine the FcR expression on
the surface of CD14+ monocytic cells, mDC and NK cells. The effector functions
induced by Fc-FcR engagement depend upon the type of FcR activated and the
effector cell subset the FcR is expressed by. Most commonly associated with
ADCC activity through NK cells, CD16 is the low/intermediate affinity receptor
for IgG. Effector functions include release of lytic vesicles containing perforin
and granzyme, induction of phagocytosis of immune complexes and cytokine
release. As the low affinity IgG FcR, CD32 requires antibodies to have formed
immune complexes with the antigen, inducing crosslinking of the FcR, to trigger
further downstream effects such as target cell lysis and/or phagocytosis. The
high affinity IgG FcR, CD64, also induces phagocytosis and has particular affinity
for IgG1 and IgG3 [146]. Finally, in the context of this thesis, CD89 (FcaR), the
IgA receptor, binds aggregated IgA complexed with antigen leading to
phagocytosis and ADCC [100]. Furthermore, in addition to antibody-mediated
effector functions, FcyR have a regulatory role in DC activity and are important
in determining whether an inflammatory or tolerogenic response is initiated
during antigen presentation from DCs to T cells. [130].

High levels of CD16 were observed on NK cells isolated from penile glans
and ectocervical tissues and whole blood, while levels were low on NK cells
isolated from colorectal tissue. This is reflective of a previous study that found
NK cells within normal colorectal tissue to be of a CD56+ CD16°/- phenotype
[408]. Furthermore, on CD14+ monocytic cells, CD16 expression was
comparatively low when compared to CD32, CD64 and CD89, receptors more
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commonly associated with ADCP and ADCVI. This possibly indicates that ADCP
and ADCVI might have increased potential over ADCC for impacting on HIV-1
transmission events. While it is not possible to determine whether the CD14+
monocytic cells investigated are macrophages, recent work by another group
has demonstrated that macrophages can be isolated from colonic and cervical
mucosal tissue. Indeed, this group further explored the phagocytic activity of
tissue-resident macrophages and showed them to have a greater propensity for
antibody-mediated activity when compared to tissue-resident NK cells,
potentially indicating a role for these cell types in protection from infection
[174].

It should be observed that the CD16 monoclonal antibody used
throughout this study was not capable of distinguishing between CD16A and
CD16B receptors. However, previous studies have demonstrated that CD16B is
exclusively found on the surface of neutrophils, while CD16A is found on the
surface of NK cells, DCs and macrophages [409, 410]. These studies lend weight
to the summaries made throughout this chapter that the CD16 expression
observed on CD14+ monocytic cells, DCs and NK cells is CD16A.

The most commonly observed FcR here was CD32, which was found
predominantly on CD14+ monocytic cells and mDCs, irrespective of tissue type.
This is unsurprising, given that CD32 has been shown to be the most broadly
expressed FcyR on immune effector cells found in the blood [147]. However, a
caveat of this study is that it was not designed to distinguish between inhibitory
(CD32B) or activating (CD32A or CD32C) forms of CD32. Inhibitory receptors
are found on the surface of B cells, as well as some subsets of macrophages, DCs

and granulocytes. The regulatory function of the inhibitory receptor is
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controlled by the presence of an immunoreceptor tyrosine-based inhibitory
motif (ITIM) transmembrane domain [411]. CD32B on the surface of DCs is
important in enforcing immune tolerance by preventing T cell responses [412].
Activating FcR signal through the immunoreceptor tyrosine-based activating
motif (ITAM) transmembrane domain, with the ultimate outcome of receptor
activation being antigen processing and presentation or initiation of further
downstream effector functions, such as ADCC, ADCP or ADCVI. In the context of
HIV-1, antibodies isolated from HIV-1 infected individuals not on therapy have
been shown to have skewed interactions with CD32A and CD32B, preferentially
binding to CD32A. The antibodies were deemed to have altered Fc domain
glycosylation in both total plasma and HIV-specific IgG, leading to increased
phagocytic activity [151]. Furthermore, CD16 and CD32 receptors are subject to
allelic variation, which this study was not designed to investigate. However, it is
important to observe that polymorphic variants of activating receptors CD16A
and CD32A can affect their ability to bind to IgG subclasses. CD16A can include
two variants with polymorphisms at position 158, leading to variants
FcyRlIllayisg and FcyRIllarisg. Similarly, allelic variants within CD32A are caused
by polymorphisms at position 131, leading to two variants: FcyRIlari31 and
FcyRIlan131. All allelic variants bind equally to IgG1 and IgG3, but FcyRIlani31
binds with higher affinity to IgG2 when compared to FcyRIlari31 and FeyRIllayiss.
[gG4 binds with high affinity to all FcR, with the exception of FcyRIIlariss, which
binds at a lower affinity [133]. Allelic variants have been proposed as another
correlate of protection in the RV144 trial [135, 136]. The ability to distinguish

between the CD32 receptor phenotypes and allelic variants within individuals
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and across different mucosal tissue types would be important to fully
characterise in future studies.

CD64 was found at significantly lower levels on the surface of CD14+
monocytic cells isolated from all three mucosal tissues when compared with
freshly isolated whole blood. Loss of CD64 expression is a key early indicator of
myeloid cell maturation [413]. It is therefore possible that this observation is
indicative of mucosal CD14+ cells being of a more mature phenotype than those
found within whole blood. If this is found to be the case, it could be of relevance
when considering the ease of inducing CD64-specific effector immune responses
at mucosal surfaces through vaccination.

Regardless of the source, low-level CD89 surface expression was
observed on NK cells, while similar levels were found on the surface of CD14+
monocytic cells and mDC isolated from mucosal tissue. However, reflective of
previous studies, CD89 expression on the surface of tissue-isolated CD14+
monocytic cells was significantly lower than that found on cells isolated from
whole blood [160].

The expression of FcR is controlled by a number of factors. For example,
cytokines such as IL-4 and IFN-y can upregulate the expression of FcyR on
monocytes and neutrophils [414, 415], while TNF-a expression upregulates
FcyR and CD89 expression on NK cells [158, 159]. Furthermore, IL-10 has been
shown to downregulate FcyR expression on monocytes [416]. Within a mucosal
environment such as the gastrointestinal tract, cytokine levels and production
can be affected by factors such as diet, pre/probiotics and antibiotics [417, 418].
Furthermore, within the female reproductive tract cyclical hormonal

fluctuations can also change the cytokine environment [266, 267]. While within
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penile tissue, cytokine production differs between inner & outer foreskin and
the penile glans [301], with separate studies investigating cytokine profiles in
penile foreskin in healthy and HIV-1 infected individuals [295, 296, 419]. For
penile glans, studies investigating cytokine profiles within the skin may also be
considered, with results indicating differences in profiles observed between the
skin and periphery [420]. Therefore, it should not be discounted that the lower
FcR expression levels observed within the three mucosal tissues are as a result
of the different local environments from which they were isolated.

A further caveat is that all mucosal tissues used in this chapter were
obtained from patients attending clinics in London, UK. There is potential for
FcR expression profiles to vary in individuals from different countries
throughout the world, where external influences could alter FcR expression. For
example, it has been shown that Plasmodium falciparum infection induces
upregulation of FcyR on monocytes and subsets of DC [421, 422]. Given that a
large number of HIV-1 vaccine trials are conducted in malaria endemic regions,
it would be important to further characterise the FcR expression in mucosal
tissue from individuals from these regions.

Overall, this chapter sought to characterise the pattern of FcR expression
on CD14+ monocytic cells, mDC and NK cells across three different mucosal
tissues associated with HIV-1 transmission. To summarise, the data showed:

* FcR expression levels were significantly lower on effector cells
isolated from mucosal tissues than whole blood.
* Immune effector cells were predominantly located deeper within

healthy mucosal tissue.
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* A large proportion of mucosal myeloid cells were negative for all
FcR.
* Mucosal myeloid cells positive for FcR displayed a greater

diversity of FcR expression than those in the periphery

Together, the results show that immune cells of mucosal tissue are
phenotypically different when compared to those found in the periphery, which
may have important implications for the potential of antibody-dependent
cellular effector mechanisms to impact on HIV-1 transmission events. To date,
most in vitro ADCC assays use blood-derived NK cells, neutrophils, monocytes or
macrophages. While blood-derived monocytes mediate similar levels of ADCC to
NK cells [423], it is unclear as to the relative potency of their mucosal
counterparts. Indeed, it may be that other antibody-mediated functions such as
ADCP, play a greater role in HIV-1 protection in mucosal tissues [174].

Experiments conducted in Chapter 4 further investigate the relative
activity of nAb and nnAb within mucosal explant models and will help to
determine whether antibody-mediated effector functions are enough to prevent

infection within mucosal tissues.
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CHAPTER 4 - RESULTS:

Functional Assessment of Antibody Activity in Cellular and

Mucosal Tissue Explant Inhibition Assays
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4. Functional Assessment of Antibody Activity in Cellular and

Mucosal Tissue Explant Inhibition Assays

4.1.Introduction

During the natural course of HIV-1 infection, the development of effective
immune responses varies between individuals. BnAb, capable of neutralising
infection across multiple viral clades, are approximated to occur in around 10%
of infected individuals. Furthermore, nAb, capable of neutralising clade-specific
virus, are thought to occur in approximately 50% of HIV-1 infected individuals
[424]. While both bnAb and nAb require several years and many rounds of SHM
before developing [425], nnAb are found in all HIV-1 infected individuals from
the acute stage of infection onwards [426].

Classical neutralisation of HIV-1 infection by nAb is triggered by the
binding of the antibody to the trimeric envelope spike, blocking key epitopes on
the surface of the virus, inhibiting engagement with cell receptors and thus
preventing viral fusion and entry [219]. Amongst others, nAb have been found
against the CD4bs, gp41 MPER, and glycan-dependent epitopes on gp120.
However, it is important to note that there is some diversity in the HIV-1
envelope structure, leading to a complex mix of functional trimers and non-
functional dimers, monomers and gp41 stumps that have shed all of their gp120
[34]. Antibodies developing against these various non-functional forms of the
envelope are more likely to be non-neutralising [220].

For nnAb to confer protection, the Fab portion of the antibody must first
recognise and bind to an epitope on the surface of a pathogen, coating it with

antibody. Interaction of the opsonised pathogens with FcR leads to activation of
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effector cells and further downstream activities, such as ADCP, ADCC or ADCVL
It is also important to remember that antigen can be opsonised by complement
that initiates an immune response when it interacts with the CR1 receptor on
the surface of innate immune effector cells [125, 427]. However, given the scope
and purpose of this project to investigate Fc-mediated antiviral function,
complement activity will not be studied.

Published data has demonstrated that FcR are also important for the
activity of nAb. A study in macaques demonstrated that, by mutating the Fc-
region of the nAb, a reduced ability to prevent Simian-Human Immunodeficiency
Virus (SHIV) infection was observed, although the inhibitory ability of nAb was
not completely abolished [385]. This data has been used to highlight the
potential importance of Fc function in nAb and to show the potential relevance
of FcR effector function in nnAb-derived inhibition of HIV-1.

The only vaccine trial to date to show any protective efficacy, the RV144
trial, did so in the absence of bnAb or tier 2 virus neutralising ability [353].
Extensive correlate of protection analysis identified that there was a positive
association with high levels of serum IgG antibodies to the V1V2 region of Env
capable of ADCC [134, 354, 356]. It is important to note that this positive
association was reduced in the presence of high levels of IgA antibodies, capable
of competitively binding to the same V1V2 region [356]. The discovery that the
protection conferred by the vaccine was linked to nnAb capable of ADCC
combined with the challenges of inducing bnAb has boosted the idea that nnAb
might constitute an important role in the development of a prophylactic vaccine
[354, 355, 358, 374, 375, 383, 384]. Although it is important to note that it is

currently unclear if this is a mechanistic correlate or a surrogate of another
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immune response.

Several passive immunisation studies using nAb and nnAb in macaques
have shown that topical application of nAb was effective at preventing SHIV
infection [166, 168]. Further passive infusion studies noted that, while nnAb
were not capable of preventing infection, a lower viral set-point was achieved
and the number of founder viruses were more limited after administration of
nnAb [240, 428]. These findings indicate that antibody-FcR interactions play an
important role at the initial stages of infection and their role in subsequent
disease progression should not be discounted. Indeed, studies of HIV-1 positive
individuals have indicated that the presence of nnAb capable of ADCC correlate
with slower disease progression [167, 170], give rise to significantly lower
genital HIV-1 RNA levels in seropositive women [171] and, when found in breast
milk, reduce the risk of MTCT [172]. Further investigations into the functional
activities of nnAb in HIV-1 positive long-term slow-progressors (LTSP) have
identified that ADCC-inducing antibodies in these individuals exhibit wider
breadth of antibody reactivity and greater magnitude of response [429, 430]. In
addition, glycosylation of the Fc-domain of an antibody can modulate how an
antibody interacts with the FcyR. Agalactosylated antibodies have a greatly
augmented ability to bind CD16, leading to enhanced effector functions.
Increased frequencies of agalactosylated antibodies have been documented in
HIV-1 controllers [241].

During the initial stages of HIV-1 transmission at mucosal surfaces,
antigen-presenting cells such as DCs and macrophages, play a role in the uptake
and subsequent presentation of HIV-1 to CD4+ target cells [431-434]. DCs

transfer HIV-1 infection to T cells via one of two routes: Cis-infection, where de
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novo infection of DC subsequently transmits the virus to effector cells, and trans-
infection [67], where DC do not become productively infected, but instead infect
CD4+ cells via an infectious synapse mediated by DC-SIGN-CD4 T cell receptor
interaction or by endocytosis and release of the virus containing exosomes. LC, a
subset of DCs, have been found in the skin, oral and genital mucosa, but not in
the intestinal mucosa [73-75]. These cells express Langerin (CD207), a C-type
lectin that captures antigen and presents it to T cells. Langerin has been shown
to bind gp120 on the surface of HIV-1, limiting infection by internalising the
virus and degrading it within Birbeck granules [76, 77]. If HIV-1 has been
opsonised by IgG nnAb, Langerin cannot bind the gp120 on the virus and the
antiviral protection it provides is no longer active [83, 435]. However, this is a
complex picture, with other research demonstrating that nnAb are capable of
inhibiting infection, in vitro [436]. In addition, a study in South Africa showing
that circumcised men had a greatly reduced risk of acquiring HIV-1, which is
thought due to the lack of foreskin and therefore lower numbers of LC at site of
potential transmission [290].

While both macrophages and DCs are capable of becoming productively
infected by HIV-1 [68], importantly, they are also both capable of initiating
antibody-dependent effector functions through FcR-engagement [437]. In
Chapter 3, the FcR expression and effector cell profiles of tissues associated with
mucosal HIV-1 transmission were investigated. Results demonstrated that FcR
and effector cells (CD14+ monocytic cells, mDCs and NK cells) were all present
in mucosal tissues, albeit at lower levels than RBC-lysed whole blood. However,
the potential for these cells to exert an inhibitory effector function when in the

presence of HIV-1 specific antibodies remains to be determined.
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In this chapter, the role of antibody Fc-mediated antiviral activity will be
assessed in different tissue and cellular models designed to mimic the initial
events required to establish mucosal infection. A panel of nAb and nnAb,
including those associated with protection in the RV144 vaccine trial, will be
developed and assessed for antiviral activity within the inhibition models.

The cellular inhibition assays use monocyte-derived macrophages
(MDM), monocyte-derived DCs (MDDC) or peripheral blood mononuclear cells
(PBMC) to determine the ability of antibodies to inhibit direct infection of these
cells. Expanding on the concept that DCs are capable of promoting onward HIV-1
transmission to CD4+ T cells, the DC-T cell model assesses the ability of the

antibodies to block trans-infection from DC-to-CD4+ T cells (Figure 4.1)
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Figure 4.1 Inhibition assay setup to assess (A) direct infection of MDM, MDDC or PBMC
and (B) trans-infection from DC-to-CD4+ T cells

Furthermore, the mucosal explant models investigate the ability of

antibodies to prevent direct infection of penile glans, ectocervical and colorectal
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tissue. After overnight infection, cells that have migrated out of the mucosal
explants are collected and used in assay in a similar set up to the DC-T
experiment, to investigate the ability of antibodies to prevent onward
transmission from mucosal migratory cells to CD4+ T cells (Figure 4.2).
Supernatants were collected on day 7 (cellular and migratory models) or
21 (mucosal explant models) and analysed for p24 concentration (ELISA) as an
indication of viral replication. Results were calculated by comparing p24 levels
detected in the positive control well (tissue, plus virus-only) with the p24 levels

in the experimental wells to give a percentage of infection value:

% infection = p24 concentration in test antibody well x 100
p24 concentration in virus-only control well

These results will help determine the ability of nAb and nnAb to inhibit

HIV-1 infection at mucosal surfaces. This chapter forms the basis of a paper
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The aims of this chapter are to:

1. Assess the activity of nAb and nnAb at inhibiting direct HIV-1 infection of
PBMC and PBMC-derived macrophages and DCs.

2. Assess the ability of nAb and nnAb at inhibiting trans-infection of CD4+ T
cells by DCs.

3. Assess the ability of nAb and nnAb to prevent direct infection of penile
glans, ectocervical and colorectal tissue explants.

4. Assess the ability of nAb and nnAb at inhibiting onward infection of CD4+
T cells from infected migratory cells collected from penile glans,

ectocervical and colorectal tissue explants.

-155-



4.2. Results

4.2.1. FcR Expression Profile of Macrophages, DCs and PBMC Used in the
Inhibition Assays.

Macrophages and DCs play an important role in the early stages of HIV-1
transmission and the cellular inhibition models utilised in this chapter have
been designed to mimic the early stages of infection. Macrophages and DCs were
derived from PBMC (described in sections 2.4.4 and 2.4.5). Before using the cells
in the inhibition assays, it was important to characterise the FcR expression
phenotypes, as previously described in Chapter 3 for penile glans, ectocervical
and colorectal tissue and whole blood. To this end, cells were stained using the
FcR flow cytometry panel listed in Table 2.2 and acquired on a BD FortessaLSR
flow cytometer before being analysed for the expression of FcR CD16, CD32,
CD64 and CD89 on total viable cells.

High levels of expression of CD32, CD64 and CD89 were observed in all
cell types, with good expression of CD16 also noted (Figure 4.3A). Boolean
gating analysis to investigate the combinatorial nature of the FcR indicated that
the majority of macrophages were triple positive for CD32, CD64 and CD89,
whereas DCs and PBMC were more diverse in their FcR expression (Figure 4.3B).
However, all cell types demonstrated high levels of FcR expression, with very
few macrophages or DCs and only around 16% of the PBMC exhibiting a FcR-
negative phenotype. This is in contrast to the large FcR-negative populations

previously observed in mucosal tissues in Chapter 3.
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Figure 4.3 Fc receptor phenotyping of macrophages, DCs and PBMC used in the cellular
inhibition assays.

(A) Flow cytometry analysis of the percentage expression of CD16, CD32, CD64 and CD89 FcR expression
on total viable macrophages, DCs and PBMC used in the cellular inhibition assays (n=3). (B) Boolean gating

analysis of the FcR expression on total viable cells to show the combinatorial variability of the Fc receptors.
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4.2.2. Assessment of HIV-1 Specific Antibodies in Cellular Inhibition
Assays.

The Center for HIV/AIDS Vaccine Immunology (CHAVI) consortium
have isolated and characterised multiple HIV-1 specific tier-1 nAb and nnAb
from participants of the RV144 and subsequent vaccine trials. For the purpose of
this study, a large panel of non- or weakly-neutralising IgG and IgA antibodies
from the CHAVI consortium (Table 4.1) were screened to assess their relative
abilities to inhibit direct infection of macrophages and DCs, or to block the
onward transmission from DC-to-CD4+ T cells. The backbone of some of the
HIV-1 specific IgG1 antibodies included the S298A/E333A/K334A mutations in
the IgG1 constant region, denoted by AAA, which improves FcR engagement and
enhances effector function, in particular ADCC [439].

To ensure that antibody inhibitory activity was detected, a high
antibody concentration of 50 ug/mL was used to set up all cellular inhibition
assays with HIV-1g,, and analysed using p24 ELISA. p24 levels in the positive
control (virus plus cells, only) were compared to the p24 levels in the antibody
samples to provide a percentage of infection score, with 100% denoting no
reduction in HIV-1g,L in the supernatant and 0% denoting a reduction in p24 to
undetectable levels. Comparisons of these percentage scores to influenza-
specific CH65 IgG1l or CH65 mligA isotype control antibodies using one-way
ANOVA, with Dunnett’s correction for multiple comparisons enabled assessment
of antibody inhibitory function in terms of statistical significance.

Direct infection of macrophages was significantly inhibited by 7B2 AAA
(*P<0.05), CH20 AAA (****P<0.0001) and CH28 AAA (****P<0.0001) when

compared to the IgGl influenza-specific control, CH65 AAA. Interestingly, in
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contrast to 7B2 AAA IgG, 7B2 mIgA2 and dIgA2 failed to show any ability to
reduce infection in macrophages (Figure 4.5A). As the antigen binding epitopes
of these antibodies are identical and only their FcR-binding abilities differ, this
hints at a potential role for FcR-induced effector functions and signalling
through FcyR as a mechanism of inhibition for these antibodies.

Although no statistically significant levels of inhibition were noted in
the DC model, an average inhibition of 61.6% was determined for CH22 AAA IgG
(Figure 4.4B & Table 4.2). No inhibition was detected for any of the antibodies
assessed in the DC-to-CD4+ T cell trans-infection model (Figure 4.4C).

IgG antibodies F240, N10-U1 and M785-U1 demonstrated good levels of
inhibition in both the macrophage and DC direct-infection models (Figure 4.4A &
B). However, due to limited antibody availability, it was only possible to perform
these experiments once, therefore preventing these results from reaching
statistical significance. Intriguingly, these antibodies did not show any ability to
inhibit trans-infection in the DC-to-CD4+ T cell model (Figure 4.4C). With fewer
effector cells available in this model, a potential role for FcR binding and further
downstream effector cell functions such as ADCC, ADCP or ADCVI in the
inhibitory activity of these antibodies is possible

As none of the IgA antibodies demonstrated any ability to inhibit
infection in these cellular models, they were not used in subsequent assays
(Figure 4.5). Furthermore, as there were no IgG antibodies that displayed clear
inhibitory activity across all three cellular models, results were instead used to
inform the development of antibody cocktails designed to work synergistically
with the aim of enhancing the inhibitory effect seen by nnAb. Although CH20

and CH28 performed the best in the macrophage model, these antibodies were
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not used in future experiments due to limited antibody availability. Therefore,
based on the combination of data obtained in these experiments and
information from literature searches, IgG1 antibodies 7B2AAA, CH58, CH90AAA,
CH22AAA, F240, N10-Ul and M785-Ul1 were selected for use in antibody
cocktails. The gp41-specfic antibody 7B2ZAAA showed an ability to reduce HIV-
1gaL infection in macrophages by a mean value of 75.9% (Table 4.2), with
additional studies demonstrating inhibitory activity for 7B2AAA in in vitro
models and also ADCC activity [240]. CH22AAA, a gp120-V3-specific antibody
demonstrated limited ability to inhibit HIV-1ga. infection in DCs and had
additionally been shown to have tier-1 neutralising abilities [440]. While CD4i
C1-specific CH90AAA and gp120-V2-specific CH58 showed no inhibitory
abilities in any of the cellular models, other studies have shown these antibodies
to have good ADCC-inducing abilities and, for CH58, to have a tier-1 neutralising
ability [441]. Furthermore, a previous study investigating the ability of HIV-1
specific antibodies to capture infectious virions showed an increased inhibitory
effect was achieved when 7B2AAA and CH58 antibodies were combined [442].
As such, antibody cocktails containing 7B2AAA/CH58/CH90 and
7B2AAA/CH58/CH22, all with different epitope specificities, were assembled.
Additionally, gp41-specific F240, N10-U1 and M785-U1, which showed good
inhibitory activity in the macrophage and DC assays (Figure 4.4) and have also
been shown by others to exhibit good ADCC-activity [443], were combined to

assess for enhanced inhibitory ability.
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Table 4.1 Antibodies for assessment in cellular inhibition assays.

Ab ID Isotype Epitope Comments
7B2 AAA G1/mA2/dA2 gp41 (Cluster I) Non-neutralising
A32 CL4 G1 CD4i C1 (Cluster A) Non-neutralising; Good ADCC
CHO1 AAA | G1 gp120,V1V2/V2V3 Tier-1 neutralising
CH20 AAA G1 CD4i C1; non-A32 blockable Non-neutralising
CH22 AAA | G1 gp120 V3, linear Tier-1 neutralising
CH23 AAA | G1 gp120 V3, linear Tier-1 neutralising
CH27 AAA | G1/A2 Consensus C.Con gp140 Env Non-neutralising
CH28 AAA | G1/A2 DU123/Con-S A2, VH3-66 Non-neutralising
CH29 G1/A2 CD4i C1, A32-blockable Non-neutralising
CH38 AAA | G1/A2 CD4i C1, A32-blockable Non-neutralising
CH54 G1 CD4i C1, A32-blockable Non-neutralising
CH57 G1 CD4i C1, A32-blockable Non-neutralising
CH58 G1 gp120,V2 Tier-1 neutralising
CH59 G1 gp120,V2 Tier-1 neutralising
CH65 AAA | G1/A2 HA, H1 Influenza-specific control
CH90 AAA G1 CD4i C1, A32-blockable Non-neutralising
CH115 A2 gp41 Non-neutralising
F240* G1 gp41 (Cluster I) Non-neutralising
HG116 G1 gpl120 Non-neutralising
HG118 G1 gpl120 Non-neutralising
HG120 G1 gp120,V2 Non-neutralising
HG129 A2 C1 linear peptide Non-neutralising
HG130 A2 Consensus S gp140 Env. Non-neutralising
M785-U1* G1 gp41 Non-neutralising
N10-U1* G1 gp41 Non-neutralising

Antibodies isolated from HIV-1 vaccine participants or HIV-1 positive individuals by the CHAVI consortium
or kindly provided by G. K. Lewis, University of Maryland, USA (*). AAA denotes IgG1 antibodies containing
the S298A/E333A/K334A mutations in the IgG1 constant region, which have been shown to improve ADCC

activity.
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Figure 4.4 Assessment of IgG antibodies in cellular models

The ability of IgG antibodies (50 ug/mL) to reduce levels of HIV-1ga, infection in (A)
Macrophages (n=3; except ¥, where n=1), (B) DCs (n=3; except #, where n=1) or (C) DC-to-
CD4+ T cell models (n=3). Graphs show percentage infection in comparison to the infected,
media-only control. Statistical analysis performed using one-way ANOVA with Dunnett’s
multiple comparison correction comparing individual antibodies to the CH65 IgG1 influenza-

specific control monoclonal antibody. [¥*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001]
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Figure 4.5 Assessment of IgA antibodies in cellular models

The ability of IgA antibodies (50 ug/mL) to reduce levels of HIV-1gaLinfection in (A) Macrophages (n=3;
except 1, where n=1), (B) DCs (n=3) or (C) DC-to-CD4+ T cell models (n=3). Graphs show percentage
infection in comparison to the infected, media only control. Statistical analysis performed using one-way
ANOVA with Dunnett’s multiple comparison correction comparing individual antibodies to the CH65 mIgA2

influenza-specific control monoclonal antibody.
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Table 4.2 Summary of percentage inhibition to HIV-1g,. detected across the cellular

inhibition assays

Inhibition Assay
Antibody Antibody Specificity Macrophages|Dendritic Cells| DC-T Cells
Mean| SD [Mean| SD [Mean| SD

7B2 AAA gp41 (Cluster 1) +29.0] 04 576 56 86.5
A32 CD4i C1 (Cluster A) 175 +37.1| -24 +343|-18.0 +52.0
CHO1 AAA gp120, V1-V2/V2-V3 -11.5 $34.4]-19.9 £31.6] 10.9 1.9
CH20 AAA CD4i C1; non-A32 blockable [ 6.3 | -59.1 164.7] 24.6 9.1
CH22 AAA gp120 V3, linear 171 +3.7 | 616 22.2|-134 164.0
CH23 AAA gp120 V3, linear -32.3 1624 -16.7 +38.2] 23.9 1519
CH27 AAA Consensus C.Congp140 Env| 11.3 +17.1] 16.3 #26.2] 7.0 *11.2
CH28 AAA DU123/Con-S A2, VH3-66 56 | 7.9 £222| 96 #13.1
CH29 CD4i C1, A32-blockable 36.5 122.1| ND ND ND ND
CH38 AAA CD4i C1, A32-blockable 1.1 £23 ]| 36.0 +29.1] 5.7 18.1
CH54 CD4i C1, A32-blockable -11.9 £19.2| -17.7 £39.9| -04 1528
CH57 CD4i C1, A32-blockable 53 $30.3| 4.0 $423]| 171 £124
CH58 gp120, V2 -1.4  +154]-121 +51.6] 23.6 +25.6
CH59 gp120, V2 -46.1 +43.3| 6.6 +23.0] 36.7 0.9
CH90 AAA CD4i C1, A32-blockable 21 56 | 322 £17.3] -0.1 £17.8
F240 gp41 (Cluster I) 00.0 NI/ N/A | 33.9 +49.1
HG116 AAA gp120 169 N/A | 234 £16.6| 109 +12.7
HG118 AAA gp120 384 N/A | 163 £179] 49 121
HG120 AAA gp120, V2 SRR N/A | 23.8 +20.3| 3.6 +16.6
M785-U1 gp41 479 N/A BEEKE N/A | -85.5 +65.7
N10-U1 gp41 50.1  N/A EERM N/A | -73.2 2795
CH65 AAA IgG1 Flu Haemagglutinin 1.5 3.0 | 126 +21.7| 10.2 1259
Control IgG Polyclonal IgG -151 +476| -0.3 1526 6.9 +23.9
7B2 migA2 gp41 (Cluster 1) -36.2 +316| 36.0 8.8 | 16.9 +36.6
7B2 digA2 gp41 (Cluster 1) 8.9 #47.2] 10.7 +£15.0] 53 335
CH27 IgA2 Consensus C.Congp140 Env] 16.2 £2.9 | 151 #256] 7.1 4.9 L
CH28 1gA2 DU123/Con-SA2, VH3-66 | 7.0 N/A [ 302 #159| -37 #31.5 [ibipition
CH29 migA2 CD4i C1, A32-blockable -3.1 126 | 23.0 +18.8| 10.9 +13.8 "
CH38 IgA2 CD4i C1, A32-blockable -385 N/A | 1563 +19.0| 11.8 %137
CH115 IgA2 gp41 249 N/A | 376 +256| 9.2 +10.0
HG129 IgA2 C1 linear peptide 30.0 #13.2]| 235 +12.3| 4.6 +23.7
HG130 IgA2 Consensus S gp140 Env. 80 74 | ND ND ND ND
CH65 migA2 Flu Haemagglutinin -0.2 +11 ] 149 182 | 84 216
Control IgA Polyclonal IgA 9.1 186 -7.7 +36.5] 2.8 £19.0 <0%

Antibodies assessed at 50 ug/mL. Mean values are shown with SD. Highlighted cells <2SD. ND = Not done.

N/A = Not applicable due to n=1.
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4.2.3. NAb and nnAb Panel Design

Leading on from the development of nnAb cocktails, the next stage was to
investigate and compare and contrast the relative abilities of nAb in preventing
HIV-1gaL infection with those of the nnAb cocktails. To this end, a panel of single,
monoclonal nAb and nnAb was developed, comprising of antibodies with
specificities to known major HIV-1 neutralising epitopes including CD4bs, gp120
glycans and MPER. Antibody isotypes IgG1l, mIgAl, mIgA2 and dIgA2 were
tested and, unless specified, antibodies are of the IgG1 isotype in all subsequent
results. For completeness, polyclonal HIV-IG antibodies to clade B and clade C
viruses were also compared to determine their relative impact on inhibiting
HIV-1ga. infection (Table 4.3). A32, a known efficient ADCC-inducing antibody
[240, 444] was also included as a comparative control, as were influenza-specific
CH65 IgG and IgA isotypes. All antibodies within the panel were screened on the
cellular inhibition assays and further tested for inhibitory activity on mucosal

explants and mucosal migratory-to-CD4+ T cell models.
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Table 4.3 Panel of nAb and nnAb used in the cellular and mucosal explant models.

Antibody Antibody Specificity

VRCO01 IgG
CH31IgG
CH31 migAl o
CH31 migA2 CD4-binding site
CH31 dIgA2
b12 IgG
2F5 1

> 196 Membrane-Proximal
2F5 digA _
4E10 IgG External Region
4B3 196G (MPER)/gp41
2G12 IgG
PGY9 IgG Glycan
PG16 IgG
7B2/CH58/CH90
7B2/CH58/CH22 Various (IgG)
F240/M785-U1/N10-U1
HIV-IG B
HIV-IG C Polyclonal
A32 1gG CD4i Cluster 1
CH65 IgG —

Flu H ]

CH65 IgA u Haemagglutinin

Antibodies were used in assay at 50 ug/mL for the single antibodies or 25 ug/mL (each) for the antibody

cocktails. Bold = Neutralising Antibodies.
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4.2.4. Antibody Neutralisation in PBMC and TZM-bl Cells

Initial inhibitory function of the antibodies was assessed at 50 ug/mL to
ensure the antibodies were at a high enough concentration to detect inhibitory
activity. Once the nAb and nnAb panel had been designed (Table 4.3), it was
important to further define the neutralising abilities of these antibodies through
titration on TZM-bl indicator cells and PBMC. The use of two different cell types
enabled an assessment of the neutralisation capacities of the antibodies in an
environment void of FcR and effector cells (TZM-bl) i.e. classical neutralisation,
with an environment where FcR and effector cells were present (PBMC).

The CD4bs antibodies demonstrated good neutralisation ability in TZM-
bl cells, with 1C90 values of <50 ug/mL determined for all antibodies tested.
Indeed, VRCO1 IgG, CH31 IgG and b12 IgG achieved 1C90 values of 0.087 ug/mL,
6.125 pug/mL and 0.070 ug/mL, respectively (Figure 4.6A & Table 4.4). The
neutralisation data for CD4bs antibodies obtained from PBMC also showed good
ability to neutralise HIV-1ga, even at low concentrations (Figure 4.7A).
Interestingly, the CH31 IgA isotype antibodies were not as efficient at
neutralising virus in either cell type when compared to the CH31 IgG isotype
(Figures 4.6 and 4.7).

The MPER/gp41-specific antibodies did not demonstrate any ability to
neutralise HIV-1ga1, in the TZM-bl cells (Figure 4.6B). However, when tested on
PBMC, 2F5 IgG and 4E10 IgG demonstrated good neutralisation ability, with
observed IC90 values of 25.204 ug/mL and 24.416 ug/mL, respectively (Figure
4.7B). In contrast, 4B3 IgG and 2F5 dIgA did not show any ability to neutralise in

PBMC.
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Glycan-specific antibodies PG9 IgG and PG16 IgG demonstrated good
neutralisation of HIV-1ga. in TZM-bl cells, with IC90 values of 0.036 ug/mL and
0.243 ug/mlL, respectively, whereas no neutralisation was observed for 2G12
IgG (Figure 4.6C and Table 4.4). When tested on PBMC, all of the assayed glycan-
specific antibodies demonstrated an ability to neutralise HIV-1ga. (Figure 4.7C).
PGI9 IgG and PG16 IgG showed greater neutralisation abilities when compared to
2G12 IgG, however, 1C90 values of 0.019 ug/mL, 9.274 ug/mL and 24.735
ug/mL, respectively, were determined for these antibodies in PBMC (Table 4.4).

No neutralisation was observed for any of the nnAb cocktails tested on
TZM-bl cells (Figure 4.6D). However, when assayed on PBMC, IC80 values of
11.324 pug/mL and 18.775 ug/mL were observed for 7B2/CH58/CH90 and
7B2/CH58/CH22, respectively (Table 4.4). Similarly, ADCC-control, A32,
demonstrated no inhibitory activity in TZM-bl cells (Figure 4.6F), but an IC50
value of 28.256 ug/mL was determined in PBMC (Figure 4.7F and Table 4.4).

Polyclonal HIV-IG antibodies were not able to neutralise HIV-1ga;, in TZM-
bl cells (Figure 4.6E). However, as was observed for the nnAb cocktails,
7B2/CH58/CH90 and 7B2/CH58/CH22, both HIV-IG B and C demonstrated an
ability to neutralise HIV-1ga. in PBMC (Figure 4.7E and Table 4.4).

The dichotomy in neutralisation observed between TZM-bl cells and
PBMC, in particular for the nnAb cocktails and HIV-IG antibodies, but also within
the CD4bs-, MPER- and glycan-specific antibodies, could indicate the use of FcR

and downstream effector functions in the PBMC assay.
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Figure 4.6 Neutralisation data in TZM-bl cells

Percentage neutralisation curves for HIV-1 specific antibodies titrated from a starting concentration of 50

ug/mL for single antibodies (10 ug/mL for b12, VRCO01, PG9 & PG16,) or 25 ug/mL (each) for the antibody

cocktails in TZM-bl indicator cells (n=3). Mean values shown.
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Figure 4.7 Neutralisation data in PBMC

Ab Concentration (ug/mL)

Percentage neutralisation curves for HIV-1 specific antibodies titrated from a starting

concentration of 50 ug/mL for single antibodies (10 ug/mL for b12, VRC01, PG9 & PG16,) or 25

ug/mL (each) for the antibody cocktails in PBMC (n=3). Mean values shown.
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Table 4.4 Summary of neutralisation data in TZM-bl cells and PBMC

IC50 1C80 1C90

Antibody Antibody Specificity TZM-bl PBMC TZM-bl PBMC TZM-bl PBMC
VRCO01 IgG 0.015 0.062 0.042 0.465 0.087 1.253
CH31IgG 0.322 0.060 1.621 0.444 6.125 1.643
CH31 migA1 CD4-binding site 1.009 19.091 3.162 27.024 9.432 32.511
CH31 migA2 2.867 0.439 14.052 6.133 35.205 15.528
CH31 dIgA2 2.671 1.076 11.506 13.287 23.082 27.912
b12 IgG 0.013 0.167 0.036 1.243 0.070 3.638
2F51gG Membrane-Proximal X 20.219 X 23.236 X 25.204
2F5 digh External Region X X X X X X
4E10 IgG (MPER)/gp41 X 2.253 X 13.963 X 24.416
4B3 IgG X X X X X X
2G121gG X 8.731 X 18.289 X 24.735
PG9 IgG Glycan 0.007 0.001 0.019 0.007 0.036 0.019
PG16 IgG 0.011 0.002 0.056 0.536 0.243 9.274
7B2/CH58/CH90 X 1.159 X 11.324 X X
7B2/CH58/CH22 Various (IgG) X 1.018 X 18.775 X X
F240/M785-U1/N10-U1 X X X X X X
HIV-IG B Polyclonal X 2.984 X 24.393 X X
HIV-IG C X 1.573 X 12.045 X 31.537
A32 1gG CD4i Cluster 1 X 28.256 X X X X
CHE5 I9G Flu Haemagglutinin X X X X X X
CH65 IgA X X X X X X

IC50, IC80 and IC90 values (ug/mL) determined from neutralisation data of HIV-1 specific antibodies in
TZM-bl cells (n=3) or PBMC (n=3). X = no neutralisation seen at 25 ug/mL (antibody cocktails) or 50 ug/mL

(single antibodies).
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4.2.5. Inhibition in Cellular Models

Although the previous TZM-bl and PBMC titration data informed on the
relative neutralisation abilities of the different antibodies, to ensure inhibition
was seen in the subsequent inhibition models, a high concentration of 50 ug/mL
was used. Initially, the inhibitory activities of single antibodies and antibody
cocktails were investigated in the same macrophage and DC models used in
section 4.2.2, with the addition of a PBMC model to determine antibody
inhibitory activity in a more complete cellular setting.

CD4bs antibodies were capable of significantly inhibiting direct infection
of macrophages, with IgG and mIgA1l isotypes demonstrating a significance of
#**¥P<0.0001 and IgA2 isotypes demonstrating a significance of *P<0.05 (Figure
4.8A). Direct infection of DCs was significantly inhibited by VRC01, CH31, b12
IgG and CH31 mIgA1 (**P<0.01), whereas no inhibition was observed for CH31
mlgA2 or dIgA2 (Figure 4.8B). Trans-infection from DC-to-CD4+ T cells was
significantly inhibited by VRC01 and b12 IgG antibodies and CH31 mIgA2 and
dIgA2 antibodies (**P<0.01) (Figure 4.8C). Although CH31 IgG and miIgA1l did
not reach statistically significant levels of inhibition, they were capable of
reducing infection by 66.3% and 52.8%, respectively (Table 4.5). All CD4bs
antibodies were capable of high levels of inhibition in PBMC, with VRC01 IgG,
CH31 IgG, mIgA1l, mIgA2 and dIgA2 and b12 IgG demonstrating between 98.9-
100% inhibition of HIV-1gaL (Figure 4.8D and Table 4.5.).

MPER/gp41-specific antibodies, 2F5, 4E10 and 4B3 IgG all demonstrated
significant levels of inhibition of direct infection of macrophages (****P<0.0001),
while 2F5 dIgA was not able to inhibit in this model (Figure 4.8A and Table 4.5).

Similarly, significant levels of inhibition were observed for 2F5 IgG and 4E10 IgG
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in the direct DC infection assay (**P<0.01) (Figure 4.8B). While inhibition levels
did not reach significance for 4B3 IgG in this assay, there was a mean inhibition
of 73.9% (Table 4.5). As in the macrophage inhibition assay, no reduction of
infection was observed for 2F5 dIgA in the DC assay (Figure 4.8B). MPER/gp41-
specific antibodies 2F5 and 4E10 IgG showed good abilities to inhibit trans-
infection of CD4+ T cells by DCs (**P<0.01). Although 2F5 dIgA and 4B3 IgG did
not achieve significant levels of inhibition, they were able to reduce infection by
71.9% and 47.9%), respectively (Table 4.5). In PBMC, 2F5 and 4E10 IgG inhibited
100% of HIV-1gaL infection, while 4B3 IgG was not able to significantly inhibit
infection (Figure 4.8D). Due to limited antibody stock, it was not possible to
assess the inhibitory ability of 2F5 dIgA in this assay model.

Glycan-specific IgG antibodies PG9, PG16 and 2G12 demonstrated high
levels of inhibition in all cellular models (Figure 4.8). Direct infection of
macrophages and DCs and trans-infection of CD4+ T cells was inhibited by 98.1-
100% by these antibodies (Table 4.5). In the PBMC assay, 100% inhibition was
observed by PG9 and 2G12, while PG16 reduced infection by 75% compared to
the isotype control (Figure 4.8D).

The nnAb cocktails demonstrated significant levels of inhibition
(****P<0.0001) in the macrophage assay, inhibiting infection by a mean of
90.7% (7B2/CH58/CH90), 95.8% (7B2/CH58/CH22) and 97.2% (F240/M785-
U1/N10-U1) (Figure 4.8A and Table 4.5). In the DC model, nnAb cocktails
7B2/CH58/CH22  (*P<0.05) and F240/M785-U1/N10-U1  (**P<0.01)
demonstrated significant levels of inhibition when compared to the CH65 IgG
isotype control (Figure 4.8B). Although not significant, a mean inhibition of

56.5% was determined for 7B2/CH58/CH90 in DCs (Table 4.5). No significant
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levels of inhibition were noted in the trans-infection DC-to-CD4+ T cell model
(Figure 4.8C). In the PBMC model, 7B2/CH58/CH90 demonstrated significant
levels of inhibition (*P<0.05) and, although the antibody cocktails
7B2/CH58/CH22 and F240/M785-U1/N10-U1 did not reach significance, they
still demonstrated an ability to reduce HIV-1gaL infection by 82.2% and 41.7%,
respectively (Figure 4.8D and Table 4.5).

The HIV-IG B and HIV-IG C antibodies inhibited 100% of HIV-1gaL
infection in macrophages and DCs (Figure 4.8A and B). However, due to limited
antibody availability, it was only possible to perform these experiments n=1,
therefore the results did not reached statistical significance. In the trans-
infection DC-to-CD4+ T cell model, HIV-IG B was not able to inhibit infection,
whereas HIV-IG C significantly inhibited infection (**P<0.01) by an average of
89.5% (Figure 4.8C and Table 4.5). In PBMC, good levels of inhibition were
observed for both HIV-IG antibodies, reducing levels of infection by 91.0% and
94.7%, respectively (Table 4.5).

ADCC-control antibody, A32, exhibited no inhibitory activity in the
macrophage, DC or DC-to-CD4+ T cell models, but a mean neutralisation value of

83.5% was observed in PBMC (Table 4.5).
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Figure 4.8 Inhibition of single antibodies and antibody cocktails in cellular inhibition
assays

Inhibition of HIV-1ga. by antibody panels in the direct infection of (A) macrophages (n=3) and
(B) DCs (n=3), (C) trans-infection of CD4+ T cells from DCs (n=3) and (D) PBMC (n=3). Data is
presented as percentage infection when compared to the HIV-1ga-positive control. One-way
ANOVA with Dunnett’s multiple comparison test followed by an unpaired t test was used to
compare the antibodies with the CH65 isotype controls. [*P<0.05; **P<0.01; ***P<0.001;
***%P<0.0001]
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4.2.6. Inhibition in Mucosal Tissue Explant Models

As the majority of HIV-1 infections are transmitted via mucosal surfaces, it
was important to ascertain the ability of nAb and nnAb to inhibit direct infection
of mucosal tissue. To this end, experiments were set up as described in Figure
4.2A.

All CD4bs antibodies tested were capable of significantly reducing the
levels of infection detected in penile glans tissue when compared to the CH65
isotype controls (Figure 4.9A and Table 4.5). Within ectocervical tissue, VRCO1,
CH31 IgG and b12 IgG showed significant inhibitory abilities when compared to
the isotype control (P**<0.01)(Figure 4.9B). Although the inhibition induced by
CH31 mIgA2 and dIgA2 did not reach significance, levels of infection were
reduced by 60.7% and 62.3%, respectively. Within colorectal tissue, there was a
greater deviation observed within the CH65 isotype control meaning that, for
the CD4bs antibodies, only CH31 mIgA2 reached significant levels of inhibition
(P*<0.05) (Figure 4.9C). However, when compared to the penile glans and
ectocervical tissue, similar percentages of inhibition were noted for VRCO1
(86.0%), CH31 IgG (76.1%) and CH31 dIgA2 (69.6%) (Table 4.5). b12 IgG was
also shown to reduce levels of infection by an average of 47.6%, although there
was a high variability within the assay for this antibody.

MPER/gp41-specific antibodies were comparatively less efficient at
inhibiting infection when compared to the CD4bs antibodies. In penile glans and
ectocervical tissue, only 2F5 IgG demonstrated any significant ability to reduce
infection (****P<0.0001 and **P<0.01, respectively) (Figure 4.9A and B). Due to
the high variability in the CH65 isotype control antibody observed in colorectal

tissue, none of the MPER/gp41-specific antibodies significantly inhibited
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infection in this tissue (Figure 4.9C). However, it should be noted that there
were good levels of inhibition seen throughout the MPER/gp41-specific panel,
with an average reduction of infection of 94.0% 2F5 IgG, 91.3% 2F5 dIgA, 91.7%
4E10 IgG and 51.4% 4B3 IgG (Table 4.5).

Glycan-specific antibody, PG9, demonstrated good inhibition in penile
glans and ectocervical tissue (***P<0.001) (Figure 4.9A and B), although this
inhibitory ability was not observed in colorectal tissue (Figure 4.9C). PG16 did
not significantly inhibit infection in any of the tissue models (Figure 4.9).
Infection was reduced by 94.3% by 2G12 in colorectal tissue (Table 4.5),
whereas this antibody was capable of reducing infection by 41.8% in penile
glans tissue and 71.0% in ectocervical tissue.

The nnAb cocktails were not able to significantly reduce infection within
the penile glans or ectocervical tissue models (Figure 4.9A and B). Interestingly,
in colorectal tissue, the antibody cocktail F240/N10-U1/M785-U1 showed the
ability to reduce infection by 89.7% (Figure 4.9C and Table 4.5), potentially due
to higher numbers of CD14+ monocytic cells found in this tissue, as described in
Chapter 3 (Figure 3.7).

Both HIV-IG antibodies demonstrated some ability to inhibit HIV-1gaL
infection in all of the tissue models (Figure 4.9). In penile glans tissue, similar
levels of inhibition were observed for both HIV-IG antibodies, with HIV-IG B
reducing infection by 62.5% and HIV-IG C by 59.2% (Table 4.5). Although not
statistically significant, a similar pattern of inhibition was noted in ectocervical
tissue, with HIV-1G B reducing infection by 52.1% and HIV-IG C by 65.1% (Table
4.5). A greater inhibitory effect was observed in colorectal tissue, with HIV-IG B

significantly inhibiting HIV-1gaL infection when compared to the isotype control
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(*P<0.05) by 96.7%. Although HIV-IG C did not reach statistical significance in
this model, a reduction of infection of 76.1% was determined (Table 4.5).
ADCC-control antibody, A32, exhibited limited inhibitory activity in the
tissue explant models, where mean inhibition values of 42.3%, 57.7% and 77.5%
were observed in penile glans, ectocervical and colorectal tissue, respectively
(Table 4.5).
Overall, the CD4bs antibodies demonstrated the widest and most

complete ability to lower infection across the three tissue models investigated.
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Figure 4.9 Inhibition by single antibodies and antibody cocktails in mucosal tissue
explants.

Inhibition of HIV-1g.. by antibody panels in the direct infection of (A) penile glans (n=3), (B)
ectocervical (n=2 HIV-IG B & C; n=3, remaining Ab) and (C) colorectal tissue (n=3). Data is
presented as percentage infection when compared to the HIV-1ga-positive control. One-way
ANOVA with Dunnett’s multiple comparison test followed by an unpaired t test was used to
compare the antibodies with the CH65 isotype controls. [*P<0.05; **P<0.01; ***P<0.001;
***%P<0.0001]
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4.2.7. Inhibition Assay Designed to Mimic Onward Transmission from
Mucosal Tissue to CD4+ Target Cells.

During early HIV-1 transmission events at mucosal surfaces, cells migrate
away from the site of primary infection and infect CD4+ target cells. To
determine the ability of HIV-1 antibodies at preventing this onward
transmission, cells that had migrated out of tissue explants during the overnight
infection were collected and set up in culture with CD4+ target cells, as
described in Figure 4.2B.

Across all tissue migratory cell models, both IgG and IgA isotypes of
CD4bs-specific antibodies were very efficient at blocking the onward
transmission of HIV-1 to the CD4+ target cells, with percentage inhibition levels
ranging between 89.4-100% (Figure 4.10 and Table 4.5).

The MPER/gp41-specific antibodies were less efficient at inhibiting
infection, with only 2F5 IgG demonstrating any significant ability to block
onward infection of HIV-1ga. from penile glans (82.3%; *P<0.05), ectocervical
(86.1%; ***P<0.001) and colorectal (100%; ***P<0.001) migratory cells (Figure
4.10 and Table 4.5).

Glycan-specific antibodies showed a more diverse ability to inhibit
onward infection. A significant reduction of 86.4% [***P<0.001] was observed in
ectocervical migratory cells (Figure 4.10B). Although not statistically significant,
2G12 demonstrated an ability to reduce onward infection by mean percentages
of 61.2%, and 73.7% in penile glans and colorectal migratory cells, respectively
(Table 4.5). PG9 did not show any ability to block onward transmission of
infection from penile glans (Figure 4.10A) or colorectal (Figure 4.10C) migratory

cells. However, a good level of inhibition was observed in the ectocervical
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migratory cell model (95.7%; ****P<0.0001) (Figure 4.10B and Table 4.5). PG16
was not able to block HIV-1g,. transmission from penile glans or colorectal
migratory cells. While not statistically significant, a mean inhibition percentage
reduction of 54.2% was determined in the ectocervical cell model (Table 4.5).

Interestingly, similar to the results observed in DC-to-CD4+ T cell model,
the nnAb cocktails showed no inhibitory ability in blocking onward infection in
any of the migratory tissue cell models (Figure 4.10).

HIV-IG and ADCC-control, A32, antibodies were not able to significantly
inhibit the onward transmission of HIV-1g. in any of the migratory cell models

(Figure 4.10).
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Inhibition of HIV-1ga. by antibody panels in preventing the onward infection of CD4+ T cells by
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compared to the HIV-1ga.-positive control. One-way ANOVA with Dunnett’s multiple comparison
test followed by an unpaired t test was used to compare the antibodies with the CH65 isotype

controls. [*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001]
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4.3. Discussion

This chapter set out to investigate the functional activity of nAb and nnAb
in a series of cellular and tissue explant models designed to mimic the early
events of transmission at mucosal surfaces.

The initial assessment of non- or weakly-neutralising antibodies for
inhibition of HIV-1ga;, infection in cellular models yielded few antibodies capable
of significantly reducing levels of detectable virus across all cellular models.
However, a small number of antibodies demonstrated moderate levels of
inhibition in at least one of the cellular models. Interestingly, 7B2AAA
demonstrated moderate levels of inhibition in the macrophage cellular model,
but was ineffective in mIgA2 or dIgA2 isotypes. Indeed, it has been shown that
this antibody was ineffective at inhibiting HIV-1 infection in its natural IgG1
form and only gained inhibitory properties once the AAA mutation was
introduced in the Fc-region, increasing FcR binding ability and effector function
activity [240].

The nnAb, F240, exhibited good levels of protection against direct
infection of macrophages and DCs by HIV-1gai, although this protective efficacy
was lost in the trans-infection DC-to-CD4+ T cell model. This echoes previous
experimental work where F240 exhibited good inhibition of HIV-1ga1, infection of
macrophages and DCs, although this inhibition was partially abrogated in PBMC
infection [166, 445]. The FcR expression data demonstrated that the
macrophages and DCs used within the inhibition assays were high FcR

expressers, in particular CD32, CD64 and CD89, whereas PBMC FcR expression
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was slightly lower, with approximately 16% of the cells negative for all FcR. This
suggests the inhibition observed was most likely Fc-mediated.

CD4bs-specific antibodies were the most efficient at inhibiting HIV-1gaL
infection across all inhibitory models investigated. In the neutralisation assays,
there was little difference observed between the PBMC and TZM-bl inhibition
data, suggesting that CD4bs-specific HIV-1 antibody activity was not dependent
upon of FcR-engagement. However, in vivo NHP models have demonstrated that
FcyR-interactions play an important role in extending the half-life of CD4bs
antibodies in plasma [446] and also in viral clearance [447]. Furthermore, the
neutralising ability of b12 IgG was reduced when FcyR-binding activity was
mutated out [385, 437].

A recent study used an alternative analysis method to interpret
neutralisation data, where the dose-response slope was measured and related to
breadth of HIV-1 neutralisation [448]. The study assessed multiple HIV-1
specific antibodies in TZM-bl neutralisation assays, including CD4bs-specific
antibodies VRCO1 and CH31 IgG, and identified antibodies with a dose-response
curve <1 as being the most potent and broadly neutralising antibodies. The
TZM-bl neutralisation assay data obtained in this chapter was not analysed in
using this method, however, it is interesting to note that the antibodies they
predicted to be the broadest neutralisers are the antibodies that exhibit the
greatest inhibition across all inhibition assays used here.

CH31, a VRCO1-like antibody, was assayed in IgG1, mIgA1 (for the cellular
assays only), mIgA2 and dIgA2 isotype forms. Interestingly, the data indicated
that there was no statistical difference in the performance of the CH31 isotypes
across the macrophage, PBMC, DC-to-CD4+ T cell and tissue models. However,
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within the DC direct infection model, antibody isotypes IgG and IgA1 efficiently
blocked infection within this model, whereas the IgA2 isotypes were not able to
inhibit infection of HIV-1ga. While not statistically significant, the inhibition
pattern observed in macrophages for the CH31 IgA2 antibodies was similar. The
reasons for these differences in inhibition between the CH31 isotypes observed
in these two models, particularly IgA1 versus IgA2, are not clear. One possibility
is a difference in structural flexibility between IgA1 and IgAZ2 isotypes, which
could potentially confer improved epitope access to IgA1l isotypes [449, 450].
However, this does not explain the inhibitory activity of the CH31 IgA2
antibodies seen in the DC-to-CD4+ T cell and tissue models. Unfortunately, there
was insufficient mIgA1 antibody to perform the inhibition assays in the tissue
models to enable full isotype comparisons to be made. These differences in
isotype efficacy are interesting observations that may warrant further
investigation.

HIV-1 can be transmitted via direct infection by cell-free virus and
through cell-to-cell contact of productively infected cells. The CD4bs antibodies
demonstrated equivalently high levels of inhibitory activity in the direct
infection macrophage cellular and tissue models and in also the DC- and tissue
migratories-to-CD4+ T cell models. Previous research has shown that VRC01
and other nAb are capable of blocking cell-free and cell-to-cell transmission of
lab-adapted and transmitter/founder viruses, although it was noted that VRC01
was not as efficient as other CD4bs-specific antibodies, NIH45-46 and 3BNC60,
which were not used in this chapter [253]. However, it is important to note that

the investigators used VRCO1 at a concentration of 15 ug/mL, whereas it was
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used at 50 ug/mL in this chapter, which possibly accounts for its increased
efficacy.

The CD4bs-specific antibody data observed in the inhibition assays in this
chapter are promising for future clinical trials. Indeed, recent studies using
CD4bs-specific HIV-1 antibodies, including VRCO01, in passive infusion
experiments in NHP and humans have demonstrated excellent efficacy for the
antibody at blocking infection and at lowering the viral load of infected
individuals [446, 447, 451-453].

Neutralising MPER-specific antibodies, 2F5 and 4E10 and non-
neutralising gp41-specific antibody 4B3, showed mixed levels of inhibitory
activity in across the models. These antibodies performed well in the PBMC
neutralisation assays, but were ineffective in the TZM-bl classical neutralisation
experiments, leading to a possible function for the Fc-region in the activity of
these antibodies. Indeed, similar experiments using TZM-bl cells engineered to
express CD64 demonstrated improved neutralisation activity for MPER-specific
antibodies 2F5 and 4E10 by as much as 5000-fold when compared to wild-type
TZM-bl cells [454].

Of the MPER-specific nAb, only 2F5 IgG demonstrated inhibitory ability
across all cellular and tissue models investigated, consistent with in vivo NHP
challenge experiments that concluded 2F5 IgG was capable of preventing
SHIVg.. infection in a dose-dependent manner [455, 456]. Interestingly, in
contrast to the IgG isotype, 2F5 dIgA was unable to inhibit in the majority of
inhibition assays tested, which is reflective of previous studies showing the

neutralisation ability of 2F5 was reduced in polymeric dIgA and pIgM isotypes
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[457, 458]. However, some inhibition was observed in the DC-to-CD4+ T cell and
colorectal tissue models.

4E10 demonstrated good levels of inhibition across all the cellular
models, with moderate inhibition seen in the colorectal tissue assay. However,
negligible inhibition was noted in the penile glans and cervical tissue models,
while no inhibition was observed in the tissue migratory cell-to-CD4+ T cell
models. NHP studies have been used to show that 4E10 blocks intrarectal
challenge of SHIVgay, although the authors note that the half-life of MPER-specific
antibodies in vivo is relatively short and they therefore had to boost protection
through the administration of a second antibody infusion [456].

Gp41-specific nnAb, 4B3, demonstrated good inhibitory activity in the
macrophage and DC models, but was unable to significantly inhibit in any of the
other inhibition models. This is reflective of data showing that 4B3 has good
inhibitory activity in macrophages, with an ability to bind free HIV-1 virions and
induce high levels of ADCC, but was not capable of in vivo neutralisation in NHP
vaginal challenge [166].

The results for the MPER/gp41-specific antibodies suggest that 2F5 and
4E10 IgG could have potential to prevent HIV-1 infection in vivo. However, some
caution should be used with MPER-specific antibodies as research indicates that,
in some individuals, these antibodies can have auto-reactive properties, which
could possibly reduce their effectiveness [459]. Additionally, it is important to
recognise that the MPER-binding site can be occluded to antibody in more highly
resistant HIV-1 isolates [460], while binding to the CD4 target receptor has been
shown to decrease the recognition of 2F5 and 4E10 to the MPER-epitope on

cleaved HIV-1 envelope spikes [461]. Furthermore, it has been observed that
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4E10, although comparatively efficient at blocking direct infection of cell-free
virus, was poor at inhibiting cell-to-cell spread of HIV-1 [253].

V1V2 glycan-specific antibodies, PG9 and PG16, and V3 glycan-specific
antibody, 2G12, demonstrated good levels of inhibition across all cellular models.
However, despite high levels of classical neutralisation in the TZM-bl assay,
more variable results were observed in the tissue inhibition assays for PG9 and
PG16. PGY9 demonstrated good levels of inhibition in penile glans and
ectocervical tissue, but inhibited poorly in colorectal tissue, whereas PG16 was
poor at inhibiting HIV-1ga. infection across all tissue models. Within the
migratory-to-CD4+ T cell assays, PG9 demonstrated good levels of inhibition in
the ectocervical migratory cell assay, but was a poor inhibitor in the other two
tissue migratory cell models, whereas PG16 did not inhibit infection in any of the
migratory models. This is partially reflective of a similar ex vivo study, which
used colorectal and ectocervical tissue explants to investigate the activity of PG9
and PG16 against HIV-1jr.csr and demonstrated that levels of virus were
continuously inhibited within the ectocervical tissue model, but viral control
was lost within the colorectal tissue models after 21 days in culture [462].
However, it should be noted that the authors used 50-fold higher antibody
concentration on the ectocervical tissue, which could account for this sustained
inhibitory activity.

Interestingly, with the exception of the penile glans tissue explant model,
2G12 performed well across all inhibition assays and exerted similar levels of
inhibition in the migratory cell assays for the tissue types tested, although it
performed poorly in the classical neutralisation assay on TZM-bl cells. 2G12 has

previously been shown to strongly bind to CD16 and moderately bind to CD32
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[166], which could explain the lack of inhibition seen in the TZM-bl
neutralisation assay. Moreover, in vivo passive infusion experiments have
demonstrated that 2G12 exerts potent inhibitory activity within NHP models,
which was not correlated to its activity within classical neutralisation assays
[463]. 2G12 recognises epitopes exclusively at positions N295, N332, N394,
N386, N448 in the HIV-1 glycan shield [464, 465].

While the glycan-specific antibodies generally performed well, it is
important to note that, due to heterogeneity in glycosylation of HIV-1 Env,
glycan-specific antibodies are not able to neutralise 100% of virus within assays
[466, 467]. This leaves these antibodies vulnerable to virus escape, which could
explain some of the results obtained within this chapter, especially for the
longer, 21 day, tissue explant experiments. Furthermore, underglycosylation of
transmitter/founder viruses has been reported, leading to an inability of glycan-
specific antibodies to bind [468, 469].

NnAb exert their inhibitory activity through FcR-engagement; therefore,
it was not surprising that the nnAb cocktails antibodies demonstrated little
activity in the classical neutralisation assay using TZM-bl indicator cells,
whereas moderate activity was observed in the PBMC assay.

Within the cellular inhibition assays, the nnAb cocktails showed good
levels of inhibition in the macrophage and DC models. The FcR expression data
demonstrated that both of the cell subsets used within these assays expressed
high levels of FcR. Both macrophages and DCs can mediate ADCP, ADCC and
ADCVI (reviewed in [101]), while previous ex vivo experiments using 7B2, CH22

and F240, have demonstrated that these antibodies bind well to FcR and inhibit
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within macrophage and DC models [240, 445]. Therefore, it can be assumed that
the modes of inhibition within these models are FcR-dependent.

Within the DC-to-CD4+ T cell model, the nnAb were not capable of
preventing the onward transmission of HIV-1ga.. Here, DCs were co-incubated
with HIV-1ga. for 1 hour to allow for virus capture, but not productive infection;
therefore, the mode of transmission was predominantly via trans-infection. Cell-
to-cell transmission of HIV-1 is extremely efficient, with mathematical modelling
suggesting that it may be 100-1000 times faster than cell-free transfer [252].
Indeed, research investigating the ability of DCs to transfer HIV-1 to CD4+ T cell
has shown they efficiently transmit the virus via both cis- and trans-infection
[68]. As previously mentioned, studies investigating the abilities of bnAb to
block cell-to-cell transmission of HIV-1 have shown that the efficacy of some
antibodies is reduced when compared to blocking of cell-free virus [253, 470].
Therefore, it is possible that nnAb are not able to block cell-to-cell transmission
of HIV-1.

Within the tissue explant models, the nnAb were not able to significantly
inhibit the direct infection of tissue. The data obtained in Chapter 3 indicated
that FcR-expression was low across all three mucosal tissues, which is of
potential relevance to the results obtained here, as there may be too few effector
cells and associated FcR expressed to enable sufficient inhibitory immune
responses to block infection. Similar to the results observed in DC-to-CD4+ T
cell model, the antibody cocktails showed no inhibitory ability in blocking
onward infection in any of the migratory tissue cell models.

However, it should be noted that the F240/M785-U1/N10-U1 antibody

cocktail exerted a mean inhibitory value of 89.7% within the colorectal tissue
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model. The results from Chapter 3 demonstrated that this tissue type had the
greatest percentage expression of CD14+ monocytic cells. While the absolute
numbers of cells were not enumerated within this study, it is possible that they
are sufficient to reduce HIV-1gaL infection within the colorectal tissue. However,
given that the antibody activity was lost in the migratory-to-CD4+ T cell model
for this tissue type, it may be that this activity would not be sufficient to prevent
the onward transmission of virus, in vivo.

Although there was no statistically significant inhibition seen within the
mucosal tissue explant models, the nnAb cocktail 7B2/CH58/CH22
demonstrated a trend toward greater levels of inhibition when compared to the
7B2/CH58/CH90 cocktail across the three tissue types. Recent in vivo
experiments investigated the ability of intravenous passive infusion of 7B2AAA,
CH22AAA and A32 to prevent SHIVg,. infection in Indian-origin Rhesus monkeys
post-intrarectal challenge. The results demonstrated that nnAb 7B2AAA and
A32 had no ability to block infection, while CH22 prevented infection in 4 out of
6 animals challenged [240].

Although several investigations have used nnAb in passive infusion
experiments in NHP, none have successfully demonstrated an ability to block
HIV/SHIV transmission [166, 239, 240, 428]. However, several groups have
suggested that nnAb have an ability to reduce the number of
transmitter/founder viruses [240] and reduced viral set point post-infection
[166], indicating that nnAb could have a role in the final outcome of HIV-1
transmission.

One important caveat is that the majority of this study uses monoclonal

antibodies, with a maximum combination of three different mAb used in the
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nnAb cocktails. HIV-IGs are polyclonal in nature, potentially conferring an
advantage over monoclonal antibodies through the ability to target multiple
HIV-1 epitopes. Here, clade B- and clade C-specific HIV-IGs demonstrated good
inhibition in the macrophage, DC and PBMC models, while HIV-IG C reduced
HIV-1ga infection in the DC-to-CD4+ T cell model. Within the mucosal explant
models, both HIV-IG B and C exerted a limited amount of inhibitory function,
irrespective of mucosal tissue type, while no inhibition was noted in the tissue
migratory-to-CD4+ T cell models. Historically, passive IV-IG therapy has been
used effectively in the prevention of a range of infectious viral diseases including
Hepatitis A and B, Measles, Rabies and Ebola (reviewed in [471, 472]), although
efficacy trials investigating the use of HIV-1 specific immunoglobulin therapy in
preventing MTCT [473] or for post-infection treatment proved unsuccessful
[474]. Similar to the HIV-IG passive infusion trials in humans, NHP studies have
demonstrated no efficacy with polyclonal HIV-IG (isolated from elite controllers)
[239], SIV-IG [428] or SHIV-IG [475] in blocking virus transmission. However,
the SIV-IG and SHIV-IG studies highlighted the potential for the polyclonal
antibodies to bind HIV-1 Gag, Tat and Rev of different clades and commented
that the neutralisation activity seen in PBMC assays was reduced 20-fold after
depletion of NK cells, suggesting SHIV-IGs exert inhibitory activity through Fc-
FcR interactions and effector functions. HIV-IGs have also been shown to bind a
fraction of infectious HIV-1ga. virions, which could be of relevance when
interpreting in the inhibition conferred by HIV-IGs in this chapter [476].

While the relative composition of subclasses for the HIV-1Gs used in this
chapter were not determined, it is important to note that all monoclonal

antibodies used here were IgG1l, whereas the HIV-IGs were a composite of all
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subclasses, which could potentially impact their effector function activity. Of
relevance is a study that dissected the comparative effectiveness of the
individual HIV-IG IgG subclasses at blocking HIV infection in vitro and found
HIV-IG IgG3 was more potent when compared to HIV-IG IgG1l or IgG2 [477].
Although the investigators attributed the difference in inhibition to the more
flexible hinge region found on IgG3 subclasses, other studies have shown that
IgG3 is an efficient inducer of antibody-dependent effector functions [133].

However, given the overall results determined in this study and the
combined historical use of HIV-IGs by the wider HIV field, it seems that a more
specific, monoclonal antibody approach may be more effective at preventing
HIV-1 acquisition than a generic polyclonal antibody approach.

Due to limited antibody availability, it was only possible to investigate
the activity of antibodies in inhibiting infection of the clade B laboratory isolate
HIV-1ga. throughout. It would be of interest to investigate the activity of
antibodies using transmitter/founder isolates and a wider range of viral clades.

NnAb demonstrated greater variability across all tissue assays. As
discussed in Chapter 3, FcR expression can be influenced by a number of factors
including cytokine milieu, infectious diseases [421, 422], diet, antibiotic use
[417] and hormonal changes [266, 267, 416]. In addition, FcR genetic variation
can alter the outcome of Fc-FcR interactions, a factor that has been shown to
impact on MTCT of HIV-1 [478, 479]. Combined, these influences could account
for the wider variability in data observed for the nnAb within the assays used in

this study.
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Overall, this chapter sought to determine the ability of a range of nAb and

nnAb to inhibit infection of HIV-1g.., in cellular and tissue explant models. To

summarise, the data showed:

CD4bs-specific nAb consistently demonstrated high levels of
inhibition of HIV-1ga1 across all cellular and tissue models.

MPER- and glycan-specific nAb demonstrated high levels of
inhibition in the cellular models, but were less efficient at
inhibiting HIV-1gaL in the tissue models.

NnAb cocktails demonstrated high levels of inhibition in the
macrophage and DCs models, but this inhibitory effect was lost in
the DC-to-CD4+ T cell model. Furthermore, in the tissue and
migratory-to-CD4+ T cells models, the nnAb cocktails showed
limited ability to inhibit HIV-1ga. infection.

Polyclonal HIV-IG antibodies demonstrated similar patterns of

inhibition to those seen with nnAb cocktails.

The combination of higher FcR expression on macrophages and DCs and

good levels of antibody inhibition irrespective of conventional antibody

neutralisation ability demonstrate that these cell types have interesting

potential that will be further investigated in Chapter 5. The previous results

chapter determined the FcR profile of cells isolated from mucosal tissue and

demonstrated that a large proportion of effector cells within mucosal tissue are

negative for CD16, CD32, CD64 and CD89. However, it is of importance to note

that these surfaces are associated with high circulatory blood flow, which could

potentially impact on the inhibitory activity conferred by the nnAb. Infiltrating

cells from the whole blood are a composite of innate and adaptive immune
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leucocytes. Of interest in the context of this thesis, are the high numbers of
immune effector cells such as neutrophils, NK cells, macrophages and DCs, all
capable of FcR-dependent cellular effector functions. This will be further
explored in Chapter 5 using an experiment designed to mimic infiltrating whole
blood and assess the relative impact of peripheral effector cells on the activity of

nAb and nnAb in inhibiting HIV-1ga1, infection.
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CHAPTER 5 - RESULTS:

Whole Blood Assay to Assess Antiviral Function of HIV-1 Specific

Antibodies
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5. Whole Blood Assay to Assess Antiviral Function of HIV-1

Specific Antibodies

5.1. Introduction

HIV-1 transmission occurs most frequently at mucosal surfaces through
sexual intercourse. During the very early stages of infection, a small foci of
infected target cells quickly leads to systemic dissemination of the virus through
inflammatory signals attracting fresh target cells to the area and also dendritic
cell tracking to the lymph nodes, fuelling interaction with target cells [44, 246].
While cells from the periphery are known to play a role in viral dissemination,
they also have potential to enhance Fc-mediated effector functions in the
presence of HIV-1 antibodies.

Fc-mediated effector functions, such as ADCC, ADCP and ADCVI are
initiated through cross-linking of FcR. These receptors are found on the surface
of NK cells, macrophages, DCs and neutrophils, the latter being the most
abundant leucocyte within whole blood, rapidly recruited to sites of
inflammation [118]. Once HIV-1 has gained entry through mucosal epithelium
and established a foci of infection, NHP studies have shown an increased
expression of chemokines, such as CCL3, CCL20 and CXCL8 [480]. In turn, these
chemokines are thought to drive the recruitment of DCs, macrophages and NK
cells to the mucosal site of infection [480, 481]. Therefore, these cells have the
potential to mediate Fc effector functions that may be key to an effective
immune response during the early stages of HIV-1 infection at mucosal surfaces.

In addition to antibody-mediated cellular effector functions, complement

activity should also be considered at the early stages of HIV-1 infection. The
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complement cascade acts through one of three pathways; the classical,
alternative or MBL pathway, each culminating in CDC and the death of the target
cell. The complement pathways have the potential to impact on HIV-1 infection,
although their exact roles during early infection remain unclear. While studies
have demonstrated that complement may have a protective role in early HIV-1
infection [123, 124] and also in elite controllers [126], the virus has evolved a
number of mechanisms to evade complement activity and may potentially use
the complement system to enhance infectivity of target cells [127-129]. Of
particular interest in the context of antibody-mediated HIV-1 activity is the
classical complement pathway, which is activated through complement
components binding with high avidity to the Fc-portion of an antibody-
opsonised antigen or infected cell [125].

Fc-mediated effector functions also play an important role during the
course of natural infection. ADCC-inducing antibodies can lower the viral set-
point in NHP models [166-169], while studies in humans indicate that ADCC
antibodies correlate with slower disease progression [167, 170] and
significantly lower genital HIV-1 RNA levels in seropositive women [171]. In
addition, high ADCVI activity in vaccinated individuals inversely correlates with
lower rates of sexually acquired HIV-1 infection [179]. Furthermore, the RV144
trial showed an efficacy of 31.2%, despite the lack of nAb and limited CD8+ T cell
responses [353, 440]. Subsequent correlates of protection analysis
demonstrated a clear positive association between levels of non-neutralising
[gG3 antibodies to the gp120 variable regions V1V2 of the envelope glycoprotein
structure, with high ADCC activity and a reduced risk of infection. The correlated

protection was reduced in the presence of IgA to the same region of gp120 [134,
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354, 355, 358, 375]. Finally, while nnAb act through Fc-mediated effector
functions, it is important to remember that nAb are also capable of engaging FcR,
which further enhances the neutralising activity of these antibodies [236, 482,
483].

The plethora of cells and components capable of effector functions found
within whole blood means that it is important for an assay system to contain all
elements of the immune system. At present, the majority of assays used to
investigate ADCC and ADCP require isolation of a particular cell subset from
PBMC(, i.e. NK cells, neutrophils or macrophages. Moreover, in vitro assays
further expand the purified effector cell populations to setup an effector:target
ratio that is optimised to demonstrate a biological effect. This may be far
removed from the natural in vivo context, whereby infiltrating cells will not only
contain a mixture of immune effector cells, but will also contain complement and
other blood-borne factors. These immune cells or factors are capable of
antibody-dependent functions, which could work in cooperation with one
another, so it is more relevant that any assay used to determine their function
contains a combination of all components. Furthermore, with immune cells from
the whole blood known to infiltrate mucosal tissue in response to early HIV-1
infection, their antiviral response to HIV-1 in the presence of antibodies (both
nAb and nnAb) could be important. However, if antibodies show minimal
activity within a whole blood environment, their ability to prevent HIV-1
transmission at mucosal sites is likely to be negligible.

This thesis has so far sought to determine the expression of FcR and
availability of immune effector cells within penile glans, ectocervical and

colorectal tissue, demonstrating in Chapter 3 that FcR expression and immune
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cells are found at significantly lower levels when compared to cells isolated from
the whole blood. Furthermore, investigations into the activity of nAb and nnAb
within the mucosal tissues in Chapter 4 revealed that nAb had the greatest
inhibitory activity within these in vitro assay systems. However, it is important
to note that these assay systems are isolated and devoid of infiltrating cells from
the periphery. This chapter attempts to determine whether whole blood has the
ability to induce antibody-dependent cellular immune responses to HIV-1 that
differ from those seen in mucosal tissues. In addition, results from this chapter
will help inform on whether peripheral immune cells with the potential to
infiltrate mucosal tissues have the ability to reduce HIV-1 infection. As such, an
assay has been developed that allows for assessment of antibody activity in the

presence or absence of whole blood, as depicted in Figure 5.1.
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Figure 5.1 Schematic of whole blood assay setup.

Experimental design for the whole blood assay. NB. For the initial screening experiments, cell trace violet

(CTV) was not added at day 4.
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The aims of this chapter are to:

1. Develop a whole blood assay to assess antibody-induced antiviral
activity.

2. Assess the antiviral activity of nAb and nnAb against HIV-1 infected CD4+
cells in the presence or absence of whole blood.

3. Assess the binding of nAb and nnAb to HIV-1 infected CD4+ T cells in
vitro.

4. Assess the ability of nAb and nnAb to prevent onward cell-to-cell

infection within whole blood cultures.
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5.2.Results

5.2.1. HIV-1g,. Titration and Experimental Setup

As an initial step in establishing the whole blood assay, experiments were
performed to determine the appropriate concentration of virus (HIV-1ga.) and
length of incubation required to generate a sufficient population of p24 antigen
positive CD4+ cells by flow cytometry. As such, CD4+ cells were isolated from
PBMC and stimulated for 72 hours with 5 ug/mL PHA-L and 10 U/mL IL-2
before being exposed to HIV-1ga. at TCIDso 2x103, 1x103 or 1x102 for 3, 5 or 7
days (Figure 5.2). The data were analysed using a flow cytometry panel to assess
the percentage p24+ CD4+ cells within the total population. Previous studies
have demonstrated that 40% p24+CD4+ cells in the total viable population is an
acceptable percentage to enable adequate assessment of antiviral antibody
activity via flow cytometry [484, 485]. The results here indicate that the optimal
conditions to achieve at least 40% p24+CD4+ cells were a TCIDso of 2x103and an
incubation period of 7 days (Figure 5.3). This concentration of virus and length

of incubation was used for all subsequent experiments.
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72h at 37°C.

Day 1: Bleed Donor  Isolate Day 4: Isolate CD4+ Day 4: Infect CD4+ cells with
PBMC cells using Dynabeads HIV-14,, for 7 days at 37°C.

Figure 5.2 Schematic for the isolation and infection of CD4+ cells.
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Figure 5.3 HIV-1g,.. titration and time course experiment

Assessment of viral infectivity was determined using CD4+ cells (n=5), incubated with HIV-1gaL at 2x103,

1x103 or 1x102 TCIDso for 3, 5 or 7 days.
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5.2.2. Impact of Whole Blood on Antibody Antiviral Function

During the course of infection at mucosal surfaces, inflammatory signals
could potentially lead to an influx of immune cells, such as NK cells, DCs,
monocytes, macrophages and neutrophils, from the periphery. Here, an in vitro
whole blood assay was designed to investigate the potential impact of these
peripheral cells on the ability of nAb and nnAb to reduce HIV-1g.. infection
(Figure 5.1). The initial experiment sought to determine any difference between
the levels of infection, as determined by the frequency of p24+ cells, with or
without the addition of whole blood to the assay system.

CD4bs-specific antibodies, VRC01, CH31 and b12 reduced the percentage
of p24+ cells when compared to the infected control, irrespective of the addition
of whole blood to the system. Without whole blood, VRCO1 reduced the
percentage of p24+ cells by 63.5% [****P<0.0001] (Figure 5.4A), whereas with
whole blood, this reduction was 50.5% [** P<0.01] (Figure 5.4B). Similarly,
CH31 reduced the percentage of p24+ cells by 47.0% [**P<0.01] (Figure 5.4A)
without whole blood and 57.0% [**P<0.01] (Figure 5.4B) with whole blood,
whilst b12 reduced p24+ cells by 57.6% [***P<0.001] (Figure 5.4A) without
whole blood and 58.0% [**P<0.01] (Figure 5.4B) with whole blood.

MPER-specific antibodies, 2F5 and 4E10 showed no significant ability to
reduce p24+ cells when compared to the infected control in either of the assay
models (Figure 5.4).

Of the glycan-specific antibodies, PG9 and PG16 demonstrated significant
reduction of p24+ cells without whole blood when compared to the infected
control, 61.4% [****P<0.0001] and 42.3% [**P<0.01], respectively, whereas no

significant reduction was observed for 2G12 (Figure 5.4A). With the addition of
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whole blood, only PG9 showed a significant reduction in p24+ cells, 54.2%
[**P<0.01] (Figure 5.4B).

No significant reduction in the percentage of p24+ cells was observed for
the nnAb antibody cocktails without whole blood (Figure 5.4A). However, with
the addition of whole blood, p24+ cells were significantly reduced by 41.2%
[*P<0.05; 7B2/CH58/CH90], 45.8% [*P<0.05; 7B2/CH58/CH22] and 53.9%
[**P<0.01; F240/M785-U1/N10-U1] (Figure 5.4B).

Single nnAb, 17b and A32, were used as control antibodies for their
ability to bind CD4-inducible epitopes and induce ADCC. However, no reduction
in p24+ cells was observed for either antibody, irrespective of the addition of
whole blood (Figure 5.4).

However, the assay format does not distinguish between whether the
p24+ cells were from the original population of CD4+ cells incubated with virus
on day 4 of the assay or whether they are CD4+ cells from whole blood, added on
day 11. Subsequent experiments were performed to determine whether
percentage p24+ cells were reduced by antibodies targeting productively
infected cells or if antibodies were preventing onward transmission of HIV-1gaL

to fresh CD4+ T cells introduced by the addition of whole blood.
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Figure 5.4 Whole Blood Assay antibody screen

The ability of nAb and nnAb (50 ug/mL or 25 ug/mL, each (cocktails)) to reduce levels of HIV-
1garinfection (A) without the addition of whole blood (n=3) or (B) with the addition of whole
blood (n=3). Statistical analysis performed using two-way ANOVA with Dunnett’s multiple
comparison correction. [*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001].
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5.2.3. Reduction of p24+CD4+ Cells Cultured with HIV-1 for 7 days

To further investigate the inhibitory activities observed in the whole
blood assay, a cell trace violet stain was added to the CD4+ cells on the day of
infection to allow for discrimination between the original CD4+ cells and CD4+
cells contained within the supplemented whole blood. As before, nAb and nnAb
were added at the same time as the whole blood (Figure 5.1). This allowed for
direct assessment of reduction in percentage of p24+ cells in the original CD4+
cell (CTV+) population without inclusion of CD4+ cells in whole blood added to
the culture for the last 24 hours (CTV-). The results were determined using flow
cytometry and the gating strategy outlined in Figure 5.5 was applied.

Addition of the CD4bs-specific antibody, b12, provided a significant
reduction in CD4+CTV+p24+ cells [**P<0.01] when compared to the infected
control. A similar trend was observed for VRCO1 and CH31, although they did
not reach significance (Figure 5.6).

The MPER-specific antibodies, 2F5 and 4E10 demonstrated no reduction in
the CD4+CTV+p24+ cell subset (Figure 5.6). Similarly, the glycan-specific, nnAb
cocktails and single nnAb showed no ability to reduce the percentage of
CD4+CTV+p24+ cells compared to the infected control (Figure 5.6).

Interestingly, the results here show a similar pattern of reduction to that
seen in Figure 5.4A, suggesting that the addition of whole blood to the assay
system may not be contributing to the reduction in p24+ cells observed for the

CD4bs-specific antibodies over the 24 h culture period.
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Figure 5.5 Whole blood assay flow cytometry gating strategy

To analyse the data a time gate was first applied to exclude any electronic noise. Following this, a singlet

gate excluded any doublets and a lymphocyte gate ensured only cells of interest were analysed. Next, a

viability gate excluded any dead cells. CD3+ cells were then selected, followed by CD8- cells. CD3+CD8- cells

were divided into cell trace violet (CTV) positive and negative and the amount of p24 expression was

investigated. (Data shows representative plots for CD4+ cells incubated with HIV-1gaLfor 7days, followed

by the addition of 150 uL blood for a further 24 hour incubation.)

NB. The additional gates in the CTV+ population distinguish between the CD4hip24le and CD4lop24hi cell

subsets used in the antibody binding experiments,
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Figure 5.6 Antibody-induced reduction of p24+ cells.

The ability of nAb and nnAb (50 ug/mL or 25 ug/mL, each (cocktails)) to reduce levels of HIV-
1ga. p24 with the addition of whole blood in CD4+ cell trace violet (CTV+) positive cells,
productively infected with HIV-1g,., for 7 days (n=3). Graph shows percentage p24 reduction in
relation to the infected, media-only control. Statistical analysis performed using two-way ANOVA

with Dunnett’s multiple comparison correction. [*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001].
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5.2.4. Comparison of HIV-1 Specific Antibody Binding to CD4+ Cells

During HIV-1 infection, CD4 is downregulated, which is indicative of a cell
that is productively infected with the virus. To investigate whether the
antibodies used throughout these experiments had a propensity to bind to
productively infected cells or newly infected/virally captured CD4+ cells, the

experimental design described below was employed (Figure 5.7).
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Figure 5.7 Schematic of the antibody binding experiment

CD4+ cells were isolated and infected with HIV-1gaL for 7 days. HIV-1 specific antibodies were
incubated with the cells at 5 ug/mL and anti-IgG-APC used to investigate the amount of antibody binding
using flow cytometry. Antibody binding to CD4 cell subsets was determined based on the expression of CD4

and p24 markers.

The analysis focused on CD4hip24lo, CD4lop24hi or CD4+p24- populations,
as an indicator of level of HIV-1g.. infection (Figure 5.5). As all antibodies were

IgG1, relative binding to the distinct populations could be determined.
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Three main antibody profiles were observed (Figure 5.8): a) preferential
binding to CD4lep24hi cells; b) preferential binding to CD4hip24le cells; c)
preferential binding to CD4+p24- cells. Antibodies falling into category a)
included VRCO1, CH31, b12, 2F5, PG9 and PG16. Antibodies in category b)
included 17b, A32 and the two 7B2 antibody cocktails. Lastly, antibodies in
category c) included the F240 nnAb cocktail. 4E10 and 2G12 were exceptions,
with 4E10 binding equally to populations a) and b) and 2G12 binding similarly
to populations b) and c).

These data are corroborated by analysis of mean fluorescent intensity
(MFI) plots for CD4+p24-, CD4hip24le and CD4!° p24hi populations. These display
the three main categories. Antibodies in category a) displayed preferential
binding to CD4!° p24hi cells, including VRC01, CH31, b12, 2F5, PG9 and PG16,
with low background levels of binding to CD4+ p24- and CD4h p24lo cells.
Antibodies in category b), particularly 2G12, 17b, A32 displayed high level of
binding to CD4+ p24- cells relative to those in category a) while the three nnAb
cocktails displayed levels of binding to CD4+ p24- cells that were higher than
category a) antibodies but lower than those of 2G12, 17b, A32 (Figures 5.9-5.13).

The CD4bs- (Figure 5.9), MPER- (Figure 5.10) and V1V2-glycan-specific
(Figure 5.11) antibodies demonstrated similar binding MFIs, whereby the MFI of
CD4+p24- and CD4hip24lo cells were analogous, but there was an increased MFI
for CD4lep24hi cells, indicating that the antibodies were binding to these cells in
increased numbers.

2G12 binding showed increased MFI for the CD4+p24- and CD4hip24lo
populations compared to the CD4l°p24hi, which was not observed for the other

nAb tested (Figure 5.11). Similarly, this increased MFI was observed for the
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nnAb cocktails (Figure 5.12) and the single nnAb (Figure 5.13), although there
was greater variability in the antibody binding MFI across the donors for the
nnAb. Direct comparison of non-specific binding to HIV-1 negative cells was not
made for these antibodies. Future work needs to include these controls to allow
for a more defined comparison of IgG binding.

The high endogenous level of binding to CD4+ p24- cells is a significant
potential confounder when interpreting the binding patterns for category b)
antibodies. This is clearly illustrated by the binding patterns for 2G12. When
assessing the total population of cells by MFI for 2G12 there is an apparent drop
in the staining for CD4lo p24hi population and increase in staining for CD4hi p24lo
relative to CD4+ p24- cells (Figure 5.11). However, if using the binding of 2G12
to CD4+ p24- cells (red plot) as a “gating parameter”, a significant tail of staining
to the right (blue plot) can be observed with respect to the binding to CD4!e p24hi
cells. Traditionally, these cells would be taken as the population showing specific
staining for Env positive cells. Nevertheless, when considering antibody function
such as potential engagement of ADCC the relative proportion of antibodies
bound to the surface of the cells irrespective of their specificity may have
greater significance. Similar complex patterns were observed for A32 and 17b

and the antibody combinations (Figure 5.13).
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Figure 5.8 Antibody binding to CD4+ cells infected with/exposed to HIV-1gar.

The ability of nAb and nnAb (5 ug/mL or 5 ug/mL, each (cocktails)) to bind to CD4+ cells
infected with HIV-1ga.for 7 days that (A) exhibited downregulated CD4 and high levels of p24
expression (n=3), (B) high CD4 and low levels of p24 expression (n=3), (C) high CD4 expression
and negative p24 and (D) a comparison of the IgG binding observed between the (A), (B) and (C).
Graphs show fold increase in IgG binding in relation to the infected, media-only control. (A) and
(B) statistical analysis performed using two-way ANOVA with Dunnett’s multiple comparison
correction. (D) statistical analysis performed using multiple t-tests with Holm-Sidak multiple

comparison test [*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001].
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5.2.5. Ability to Reduce Onward Transmission of HIV-1

The most efficient form of HIV-1 transmission in vitro is via cell-to-cell
contact [251, 252]. The addition of cell trace violet to the whole blood assay
system allowed for further investigation into the ability of the antibodies to
prevent the onward transmission of HIV-1 to the CTV-CD4+ cells found within
the whole blood added 24 hours before analysis. Percentages of p24+ cells were
recorded in CTV-CD4+ cells and compared to the infected control. Further
comparisons were then made between reduction of p24+ cells observed in CTV-
and CTV+ CD4+ cells.

CD4bs-specific antibodies VRC01, b12 and CH31 significantly reduced CTV-
p24+ cells by 84.7% [***P<0.001], 89.7% [***P<0.001] and 93.7%
[****P<0.0001], respectively (Figure 5.14A). Although there was no significant
difference observed between the CTV+ and CTV-CD4+p24+ cell percentages,
there was a trend for greater reduction in the CTV-CD4+p24+ population for all
the CD4bs-specific antibodies (Figure 5.14B).

MPER-specific 4E10 led to a significant reduction in the percentage of p24+
CTV- cells of 67.2% [**P<0.01] (Figure 5.14A). Although this was not as
pronounced as the reduction of p24+ cells observed with CD4bs-specific
antibodies, p24+ cell reduction induced by 4E10 in the CTV+ and CTV-CD4+p24+
cells were significantly different [*P<0.05] (Figure 5.14B).

For V1V2-specific antibody PG9, a significant reduction in the CTV- p24+
cell population was observed, 98.2% [****P<0.0001], whilst V3-specific 2G12,

demonstrated a reduction in CTV- p24+ cells of 56.9% [*P<0.05] (Figure 5.14A).
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When comparing CTV+ and CTV- populations, this difference only reached
significance for PG9 [*P<0.05] (Figure 5.14B).

All of the nnAb cocktails significantly reduced the percentage of CTV-p24+
cells by approximately 75% [**P<0.01] (Figure 5.14A). When comparing the
reduction of p24+ cells in the CTV+ or CTV- cell populations this difference only
reached significance for 7B2/CH58/CH22 [***P<0.001] (Figure 5.14B).
Furthermore, the single nnAb were not capable of reducing p24+ cells in either
CTV+ or CTV- populations (Figure 5.14).

The reduction in CTV-p24+ cells (Figure 5.14A) are reflective of the
inhibition observed in PBMC, as reported in Chapter 4 (Figure 4.8D) and
potentially indicate a functional role in blocking HIV-1 transmission for the

antibodies.
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Figure 5.14 Reduction of p24+ cells in the CTV-CD4+ cell population after 24 h incubation
versus that observed in the CTV+CD4+ population

The ability of nAb and nnAb (50 ug/mL or 25 ug/mL, each (cocktails)) to reduce percentage of
p24+ cells with the addition of whole blood in (A) CD4+CTV- whole blood cells, incubated with
the CTV+ cells for 24 hours (n=3) and (B) a comparison of the p24+ cell reduction observed
between the CTV+ and CTV- CD4+ cells. Graphs show percentage p24 reduction in relation to the
infected, media-only control. (A) statistical analysis performed using two-way ANOVA with
Dunnett’s multiple comparison correction. (B) statistical analysis performed using multiple t-

tests with Holm-Sidak multiple comparison test [*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001].
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5.3.Discussion

This chapter set out to investigate the functional activity of nAb and nnAb
with or without the addition of whole blood to the assay system. This was done
to assess the potential antiviral antibody effector functions that might be
conferred by infiltrating peripheral immune cells in an attempt to further
understand their potential for limiting HIV-1 infection at mucosal sites.
Furthermore, the binding of HIV-1 antibodies to CD4+ cells was explored to
establish a potential correlation between binding and reduction in p24+ cells.

The initial experiment to determine whether whole blood added to the
assay system improved the activity of HIV-1 antibodies demonstrated significant
reduction in the percentage of p24+ cells for all of the CD4bs nAb and for glycan-
specific PG16 and PG9. However, the remaining nAb and nnAb tested did not
reduce the percentage of p24+ cells by a significant amount. With the addition of
whole blood, the percentage reduction of p24+ cells by the CD4bs nAb remained
comparable to that observed without whole blood, potentially suggesting the
addition of whole blood did not enhance the antiviral activity of CD4bs nAb.
Conversely, the addition of whole blood to the assay system containing the nnAb
cocktails demonstrated significant reduction in percentage of p24+ cells for all
three cocktails (Figure 5.4). However, the assay system in this format was unable
to discriminate between activity against the originally infected CD4+ cells from
those introduced with the addition of whole blood after 7 days of infection. The
use of cell trace violet dye enabled distinction between the two populations to be
made. Similar to the results observed for the assay without the addition of whole
blood, the CD4bs nAb all reduced the percentage of p24+ cells by approximately

50%, although significance was only reached for b12. The remaining antibodies
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tested showed no ability to reduce the percentage of CTV+p24+ cells within the
assay, indicating that the addition of whole blood did not enhance the activity of
any of the antibodies or improve reduction of p24+ cells in already infected
CD4+ cells (Figure 5.6). While the mechanism remains unknown, the reduction
in HIV-1 infected cells by the CD4bs antibodies is reflective of a recent, small in
vivo trial whereby VRCO1 was given intravenously to HIV-1 positive ART-treated
or untreated individuals. VRCO1 showed a reduction in viral load of between 1.1
to 1.8 log1o in 6/8 ART-untreated viraemic subjects. Interestingly, the 2/8 ART-
untreated subjects that did not respond to VRCO1 infusion were subsequently
found to be infected with VRCO1-resistant virus [486]. This study highlights the
potential for VRCO1 as a therapeutic treatment for HIV-1, although the use of a
single monoclonal antibody may not be enough to confer universal therapeutic
activity.

Within this assay setting, it was not possible to determine if the reduction
in p24+ cells was linked to ADCC (or other antibody-mediated functions).
However, it would be of interest in future experiments to further explore these
elements and also to determine whether pooling nAb into cocktails could boost
the observed activity. Some caveats should be mentioned with regards to this
assay. Reduction of p24+ cells was assessed by investigating percentage p24+
cells within the total viable cell population and percentage reduction was
determined by comparing this value to that seen within the infected control.
While this gives a good indication of whether an antibody can reduce the overall
percentage of p24+ cells it cannot accurately determine depletion of CD4+ cell
numbers. An ideal method would be able to assess whether the CD4+p24+ cells

are being lost through antibody-mediated functions using flow cytometric bead
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quantification during acquisition to normalise the data. Furthermore, although
the data cannot determine whether the reduction in p24+ cells observed were
associated with antibody- or complement-mediated functions such as ADCC,
ADCP, ADCVI or CDC, it is possible that one of these mechanisms are responsible.
Interestingly, others have demonstrated that nAb and sera from HIV-1 infected
individuals are capable of exerting ADCC in vitro [483, 487]. However, these
groups purified NK cell populations to assess the ADCC activity producing an
artificial effector to target cell ratio not seen in vivo. By investigating cytokine
expression and release within the assay system, it may be possible to establish a
correlation with antibody activity and HIV-1 control. For example, a previous
study investigating cytokine release in response to monoclonal antibody cancer
therapy observed a positive correlation between ADCC and the release of IFN-y,
TNF-o, monocyte-chemotactic protein (MCP)-1 and IL-6. Interestingly, the
authors also observed a negative correlation between release of the same
cytokines and complement-dependent cytotoxicity [488]. Cytokine release
assays have already been established for use in monoclonal antibody therapies
for diseases such as cancer and could easily be modified and implemented here
[489]. Furthermore, sequential deletion of individual cell subsets could allow
further insight into the effector cell subset associated with the greatest viral
control. By sequentially deleting individual cell subsets using methods such as
magnetic beads, and examining the reduction of p24+ cells, combined with
potential changes in the cytokine milieu, it might be possible to correlate
antibody effector function with the antiviral activity observed.

During in vivo infection, peripheral cells are recruited to mucosal sites of

HIV-1 infection by cytokines and chemokines [480, 481]. Furthermore, changes
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in cytokine environment have been shown to alter the maturation status and FcR
expression levels of a number of effector cells [153, 413, 415, 416, 490].
However, within this assay cells from whole blood were added without
additional cytokines or chemokines. It would be relevant to investigate whether
altering the cytokine environment in conjunction with the addition of whole
blood influences the Fc-mediated activity of effector cells. Regardless of the
mechanism, once fully optimised, this assay has the potential for use within
vaccine clinical trials as a determinant of correlates of protection.

The results of the antibody binding experiments were interesting in that
there was no apparent correlation between total binding observed and
percentage p24+ cells. Preferential binding to the productively infected
CD4lop24hi cell subset was observed for nAb VRCO1, CH31, b12, 2F5, PG9 and
PG16. Interestingly, the CD4bs-specific antibodies, which have consistently
demonstrated the greatest ability to reduce HIV-1 infection in assays used
throughout this thesis, were found within this group and demonstrated
negligible binding to the CD4hip24lc or CD4+p24- cell subsets. Other groups have
demonstrated a positive correlation between polyvalent sera antibody binding
to infected cells and ADCC activity, although no association was observed
between monoclonal antibody binding and ADCC [487]. However, it has been
observed that efficient ADCC requires that there is sustained binding of nAb to
an infected cell [483]. Furthermore, although this experiment could not identify
binding of antibody to cell-free virus, other groups have shown that the most
effective nAb are better at capturing free-virus [491]. Therefore, the improved

antibody activity and lower cellular binding observed for CD4bs-specific
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antibodies could be attributed to enhanced capture of free-virus over antibodies
with different antibody specificities or functions.

2G12 was the only nAb where high binding to CD4hip24lc and CD4+p24-
cell subsets was observed (Figure 5.8). Unfortunately, this assay design omitted
key controls to establish non-specific background binding in a virus-free
environment. This experimental control would be of particular relevance for
deciphering the antibody binding patterns observed for 2G12 where the average
MFI of 2G12 binding to CD4hip24lc and CD4+p24- cell subsets are higher when
compared to the CD4lop24hi cell subsets (Figure 5.11).

The nnAb, both as cocktails and single antibodies, showed a tendency to
bind to the CD4hip24lo or CD4+p24- cell subsets. This is in accordance with
previous studies that have demonstrated non-neutralising HIV-1 epitopes found
on the viral envelope structure are only exposed once the virus has bound to the
CD4 entry receptor [34, 444, 492, 493]. Additionally, the apparent lack of binding
by nnAb to infected cells could be also attributed to the induced downregulation
of the CD4 receptor by HIV-1 viral protein, Vpu. Downregulation of the CD4
receptor prevents newly formed HIV-1 Env from binding to CD4 within the
endoplasmic reticulum and therefore enhances virion assembly [28, 29].
However, this downregulation also reduces the ability of HIV-1 to bind to CD4+ T
cells and, given that nnAb often require this interaction to expose binding
epitopes, it also reduces the ability of nnAb to bind to infected cells. Furthermore,
nnAb have been shown to preferentially bind to shed gp120, which could explain
the binding observed on the CD4+p24- cell subset [243, 494]. NnAb interaction
with CD4hip24le or CD4+p24- cells could be of relevance mechanistically. Others

have shown that binding of nnAb to non-infected CD4+ cells that have captured
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virus or shed gp120 are subject to bystander killing through ADCC, exacerbating
the CD4+ T cell loss seen during HIV-1 infection [243, 483]. Indeed, experiments
using small CD4+ mimetics, compounds that bind to the CD4bs on cell-free virus
or shed gp120, have shown some promising results in vitro. Introduction of the
compounds into the assay system blocked binding of ADCC-inducing antibodies
to bystander CD4+ T cells and also exposed HIV-1 infected cells to killing by
ADCC [243]. It would be of interest to use such compounds within the
experiments performed here to potentially enhance the activity of nnAb.

By examining the p24+ cells within the CTV-CD4+ cell fraction, it was
possible to determine the impact of antibodies on reducing the onward
transmission of HIV-1 during the 24 h incubation period post addition of whole
blood. Both nAb and nnAb cocktails showed some promise at reducing the
onward transmission of HIV-1. All CD4bs and nnAb cocktails, plus MPER-specific
4E10 and glycan-specific PG9 and 2G12 significantly reduced the percentage of
p24+CD4+ cells found within the CTV- cell population (Figure 5.14).

Interestingly, several studies have indicated that some bnAb are less
efficient at preventing cell-to-cell transfer of HIV-1 when compared to
transmission by cell-free virus [253, 495]. However, it should be observed that
both of these studies were performed in an environment lacking FcR-associated
effector cells or complement. Furthermore, it cannot be excluded that the
complement system may have an impact on HIV-1 transmission. Viral infection
leads to an immediate response through the alternative complement pathway,
while HIV-1 antibodies can further activate the classical complement pathway.
The role of complement in HIV-1 infection remains controversial and largely

understudied. Very early studies showed that complement enhanced HIV-1
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infection [496, 497], while more recent work has indicated that it may also have
a protective component [125, 498, 499]. However, previous work demonstrated
that blocking CR3, but not FcR, reduced the killing of Streptococcus pyogenes by
neutrophils [500]. Furthermore, a role for complement killing has been observed
for Dengue virus, West Nile virus and Influenza [501-503]. However, NHP
experiments using SHIV demonstrated that modifying the Fc-portion of nAb to
reduce interaction with complement receptors did not adversely affect the
neutralising capability of CD4bs antibody, b12 [385]. Despite this, it would be of
interest to explore the function of complement within this assay system further.
Receptor-blocking methods or the use of complement-blocking drugs [504] or
modified antibodies could be implemented to determine the activity of the
complement system at blocking HIV-1 cell-to-cell spread.

While HIV-1 infection of CD4+ cells occurs more readily if the cells are
activated, the CD4+ cells added within the whole blood were not activated,
making them less permissive to viral infection [505, 506]. However, studies have
shown that resting CD4+ cells can become infected with HIV-1 [42, 43]. Results
from Chapter 4 described the activity some of the antibodies used in this chapter
in a series of cellular and mucosal tissue explant assays designed to mimic the
early stages of infection. While only CD4bs antibodies consistently demonstrated
an ability to inhibit HIV-1 infection across all models tested, some parallels can
be drawn between the results seen in Chapter 4 and the results observed within
this chapter. Although the nnAb were not capable of preventing onward infection
of HIV-1 in the DC-T, tissue explant or migratory cell models, they efficiently
inhibited infection within the macrophage, DC and PBMC models. Interestingly,

these models were shown to contain high levels of FcR expressing cells. It is
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therefore possible that the reduction in onward transmission of HIV-1 observed
here is linked to Fc-mediated activity. The use of F’'ab, F’'ab2 or Fc/FcR-blocking
could be employed in future experiments to confirm whether the antiviral
activity observed here is linked to Fc-mediated effector functions. Indeed,
previous NHP studies have demonstrated a reduction in the activity of nAb

against SIV/SHIV infection when the Fc-region is removed or mutated [385, 455].

Overall, this chapter sought to develop a whole blood assay to determine
whether infiltrating cells from the periphery might have the potential to enhance
antiviral antibody activity during the early stages of HIV-1 infection at mucosal
sites. Furthermore, this chapter sought to characterise the binding abilities of
these antibodies and to correlate binding with antibody activity. To summarise,
the data indicate that:

* (CD4bs-specific nAb consistently demonstrated the greatest
reduction of p24+ CD4+ cells, irrespective of the addition of whole
blood.

* MPER- and glycan-specific nAb and nnAb (both in cocktail or as
single antibodies) were not able to reduce the percentage of
p24+CD4+ cells, irrespective of the addition of whole blood.

* Three antibody binding profiles were observed; a) preferential
binding to CD4lep24hi; b) preferential binding to CD4hip24'° and c)
preferential binding to CD4+p24-. The overall amount of binding

observed did not correlate with reduction in p24+ cells.
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* With the exception of the single nnAb, MPER-specific 2F5 and
Glycan-specific PG16, all antibodies tested reduced the onward

transmission of HIV-1gaL.

Although there are several ways by which this assay design could be
improved, the results demonstrate that the addition of whole blood does not
appear to enhance the activity of any of the antibodies at reducing the
percentage of HIV-1 infected CD4+ cells. This suggests that infiltrating cells from
the periphery may be insufficient to eradicate the primary foci of infection within
mucosal tissues, further investigations are warranted to determine if this is
indeed the case. However, the majority of antibodies were able to reduce the
onward transmission of HIV-1, which may be relevant during the early stages of
infection. Additionally, this chapter supports the experimental work described in
Chapter 4 and further defines the potential for CD4bs antibodies as promising

therapeutic agents for the prevention of HIV-1 infection.
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CHAPTER 6 - DISCUSSION AND CONCLUSIONS
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6 Discussion and Conclusions

HIV-1 has been a global epidemic for more than thirty years. In 2015, 36.7
million people were thought to be living with HIV-1, with around 17 million
having access to antiretroviral therapy (ART) [www.unaids.org]. Despite
advances in ART, a preventative vaccine is still thought necessary to further slow
the epidemic, particularly in developing nations, where access to ART is more
limited. However, many challenges remain for the development of an HIV-1
vaccine. The RV144 trial suggested that nnAb and antibody-dependent effector
functions could be important. NnAb are more readily induced post-infection,
although they are to all forms of the envelope spike, both functional and non-
functional [34]. Furthermore, difficulties exist in the induction of bnAb, such as
clonal deletion, immune tolerance, the need for high levels of somatic
hypermutation and long HCDR3 regions; all of which will need to be overcome
[35, 220-222, 442]. However, even if bnAb are induced, it has been shown that
Fc-mediated effector functions enhance their activity in vivo [386, 483]. With the
majority of HIV-1 transmission events occurring at mucosal surfaces via sexual
transmission, the ability of immune cells within these tissues to mount an
effective immune response is important to define.

Significantly, this thesis investigated the expression profile and location of
FcR, CD16 (FcyRIIl), CD32 (FcyRII), CD64 (FcyRI) and CD89 (FcaR) within
colorectal, ectocervical and penile glans tissue, as well as defining the effector
cell populations found within these tissues. This is the first time this has been
described for all tissues associated with mucosal transmission of HIV-1.

Furthermore, the finding that nnAb are insufficient to prevent HIV-1 infection of
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the three different mucosal tissues associated with HIV-1 transmission has not
been shown before. Finally, the development of an assay to determine whether
infiltrating cells from the periphery have the potential to enhance Fc-mediated

response has not been previously investigated.

6.1 Conclusions

The initial aim of this thesis was to characterise the expression profiles of
FcR in mucosal tissue associated with HIV-1 transmission, specifically colorectal,
penile glans and ectocervical. This was important to define from the outset, as
lack of FcR or associated effector cells with mucosal tissue would potentially
limit the activity of nnAb at sites of HIV-1 transmission. The data revealed:

* Significantly lower levels of FcR expression on effector cells isolated
from the mucosal tissues when compared to whole blood.

* FcR expressing myeloid cells isolated from mucosal tissue had
higher variation in FcR expression than cells from the periphery,
although the majority of cells isolated from mucosal tissues were
completely negative for any FcR expression.

* Cells isolated from whole blood were predominantly FcR-
expressing.

* FcR-expressing cells were located deep within tissue and therefore
not readily accessible to mucosally-induced antibody.

* There may be insufficient FcR expression within mucosal tissue to

respond to nnAb in an Fc-mediated manner.
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Sips et al. recently demonstrated similar FcR expression in cervical and
colorectal tissue, although this study failed to report the FcR-negative fraction or
compare the FcR expression to that seen in peripheral cells [174]. While
comment cannot be made on the functional activity of these mucosally-derived
FcR expressing effector cells, the research undertaken in this thesis is the first
time FcR expression has been investigated across multiple mucosal tissues,

including penile glans.

Having defined FcR expression within mucosal tissue, the second aim of the
thesis was to determine the antiviral activity of nAb and nnAb in different
cellular and mucosal tissue models designed to mimic the early stages of
infection. The results revealed that:

* FcR expression on PBMC, macrophages and dendritic cells used
within the cellular assays was high and good levels of antiviral
activity were observed within these assays, irrespective of
conventional antibody neutralisation.

* Single nnAb showed limited antiviral activity within the cellular
models and were pooled into cocktails in an attempt to enhance the
inhibitory activity within mucosal tissue. However, while these
cocktails demonstrated high levels of inhibitory activity within the
majority of cellular models, their activity within the mucosal tissue
models was limited.

* Across all cellular and tissue models, CD4bs-specific nAb

consistently displayed the greatest ability to inhibit HIV-1 infection,
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while MPER- and glycan-specific nAb only demonstrated efficient
inhibition in the cellular models.

* In a static system, nnAb were insufficient to prevent HIV-1
infection, whereas CD4bs-specific nAb displayed superior ability to
inhibit infection irrespective of the cellular or tissue model.

* While other groups have investigated the activity of nAb and nnAb
within tissue explant models, this is the first study to investigate
antiviral antibody activity across colorectal, ectocervical and penile

glans tissue.

Taken together the data from the first results chapters indicated that
mucosal tissue in isolation could not mount a sufficient antibody mediated
effector immune response to inhibit HIV-1 infection. Thus, the final aim was to
determine whether infiltrating immune cells from whole blood could enhance
antiviral antibody activity to HIV-1. Furthermore, the binding of HIV-1
antibodies to infected cells was investigated to attempt to correlate binding with
antiviral function. The results suggest that:

* (CD4bs-specific antibodies were the most effective at reducing HIV-1
infection, irrespective of the addition of whole blood.

* Conversely, the remaining nAb and nnAb tested demonstrated no
ability to reduce HIV-1 infection, irrespective of the addition of

whole blood.
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* With the exception of MPER-specific 2F5 and glycan-specific PG16,
all antibodies investigated reduced the onward transmission of HIV-
1.

* The binding of antibody to CD4+ cells within the assay revealed
three antibody binding profiles; a) preferential binding to
CD4lop24hi; b) preferential binding to CD4"ip24l°c and c) preferential
binding to CD4+p24-.

* These profiles did not correlate with reduction in HIV-1 infection.

We believe that this is the first time an in vitro whole blood assay has been
used to assess the antiviral activity of HIV-1 specific antibodies. Overall, the
results demonstrate that infiltrating cells from the periphery may be insufficient
to eliminate already infected cells, but they may have a function in preventing

onward cell-to-cell transmission in the presence of HIV-1 antibodies.

6.2 Limitations and Future Work

One limitation of this study is that HIV-1ga. is the only virus used
throughout. HIV-1ga. is a clade B macrophage-tropic tier 1 virus, chosen for use
in these studies as it readily infects CD4+ T cells and macrophages within tissue.
In addition, it is more easily neutralised when compared to a tier 2 virus or some
transmitter/founder strains. These two character traits were integral in the
rationale behind choosing HIV-1ga., for use in the experiments throughout this

thesis. However, it would be relevant in the future to investigate the antiviral
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activity of antibodies against other viral strains and clades to determine whether
similar inhibition of HIV-1 is observed.

Another limitation may be that all antibodies used throughout this thesis
were of the IgG1 subclass. Differences between IgG subclasses in their ability to
induce Fc-mediated effector functions are known and it would therefore be
important to further examine the role of these different subclasses at inhibiting
HIV-1 infection, both for nAb and nnAb. Furthermore, IgA is the most prevalent
immunoglobulin at mucosal surfaces, so it would be of interest to further
examine the ability of IgA1 and IgA2, in both monomeric and dimeric forms, to
inhibit HIV-1 infection within mucosal tissues. Moreover, future experiments
could investigate F’'ab and F’ab2 fragments or Fc/FcR-blocking to determine
whether the antiviral activity is linked to Fc-mediated effector functions. Lastly,
it would be relevant to investigate pooling nAb in an attempt to further enhance
the inhibitory effect observed for these antibodies.

While the main objectives of this thesis were to investigate antibody-
mediated effector functions, future work should be conducted to gather more
information as to the role of antiviral activity conferred by complement within
these mucosal tissues and assay systems. This could be achieved using
complement receptor-blocking methods, the use of complement-blocking drugs
[504] or Fc-mutated antibodies that lack the ability to bind complement.

Throughout this thesis, tissue samples were acquired from patients
attending clinics in London, UK. While information regarding the demographics
of these patients was not obtained, it is probable that these individuals were not
living outside the UK. Of relevance here could be external influences that can

alter FcR expression, with environmental factors such as Plasmodium falciparum
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infection, diet and the use of pro- and antibiotics shown to have an effect [417,
418, 421, 422]. Therefore, it would be of great interest to determine the FcR
expression and perform the tissue explant experiments using tissue obtained
from a developing nation. In addition, at risk patients have a greater probability
of being co-infected with other STIs, which may also alter the FcR expression and
inflammatory immune environment. It may be important to further define the
impact of concurrent STI infections on the activity of HIV-1 antibodies at sites of
mucosal transmission. Furthermore, as it is known that cyclical hormonal
fluctuations can alter the cytokine environment within the female reproductive
tract [266, 267], it would be key to determine the FcR expression within cervical
tissue at different stages of the menstrual cycle.

When characterising FcR expression for CD16 and CD32, due to antibody
availability, antibodies were used that could not distinguish between the
inhibitory and activating forms of these receptors. Given the varied functions of
the receptors in terms of inducing either immune tolerance (inhibitory) or
downstream antibody-mediated effector functions (activating), such as ADCC,
ADCP and ADCV], it would be of interest to determine the relative expression of
these receptors within tissue. Similarly, it was not possible to investigate allelic
variation between donors, which could be applicable when investigating Fc-
mediated antibody activity in larger studies with donors from wider
geographical areas.

In future experiments, it would be of relevance to determine the role of
cytokines and chemokines on FcR expression within tissue and on the impact of
introducing these components into the tissue or whole blood assay systems to

potentially increase the activity of effector cells. Furthermore, the use of small
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CD4+ mimetics to possibly enhance the activity of nnAb warrants further
investigation.

The whole blood assay system requires some additional optimisation to
enable it to deliver a more complete set of results. By measuring cytokine release,
it might be possible to establish a correlation with antibody activity and HIV-1
control. This could be achieved by employing techniques such as luminex,
cytometric bead array or ELISA to determine the cytokine expression profiles
and relate them back to function. Furthermore, it is not possible to quantify the
loss of CD4+ T cells from the system through antibody-mediated activity, such as
ADCC, ADCP and ADCVI. Introducing flow cytometric beads into the assay would
enable quantification of the data. Similarly, when characterising the effector cell
profiles within mucosal tissues, it was not possible to enumerate the cell
numbers. The use of flow cytometric beads has the potential to better quantify
the cells isolated from mucosal tissue.

Short-term future goals would include performing the experiments with
multiple viral strains and clades and different antibody isotypes and subclasses,
as well as investigating the role of cytokines and small CD4 mimetic compounds
at enhancing the activity of nnAb. In the long-term, performing the experiments
with tissue samples from donors from developing nations and from those at
high-risk of infection to understand the impact of environmental influences on
FcR expression and subsequent antibody activity within the tissue models would

be of relevance.
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6.3 Future for HIV-1 Vaccine Design

Despite the challenges, it is now widely accepted that a successful HIV-1
vaccine must induce a broad, multi-faceted immune response. However, a better
understanding of the correlates and mechanisms of protection for HIV-1 are
needed, particularly at mucosal surfaces.

The use of novel viral vectors to increase the immunogenicity of vaccines
has demonstrated potential in recent years. NHP studies using cytomegalovirus
(CMV) vectors have shown that it is possible to induce broad central memory T
cell immunity to SIV infection [507], although the use of CMV as a viral vector in
human clinical trials remains controversial.

While the limited protection elicited by the RV144 vaccine trial correlated
with nnAb and antibody-effector functions, the focus of HIV-1 vaccine design
should not solely be on the induction nnAb. Recent mouse experiments have
demonstrated that it is possible to guide the development of early germline B
cells toward bnAb production [225-227]. Although it remains to be determined
whether this can be achieved in humans, it has given fresh optimism to the
vaccine field that the goal of inducing bnAb through vaccination can be reached.
Moreover, the results from a recent study demonstrated that a new generation
glycan-specific bnAb, PGT121, could partially block mucosal SHIV infection in
NHP, although some viral escape to distal tissues was detected. Upon closer
investigation, the authors observed progressive clearance of the virus from these
tissues over a 7-day period, indicating that bnAb can exert antiviral activity even
after the infection has spread to distal tissues [508]. The results suggest that a

vaccine capable of eliciting bnAb responses may not have to block all viral
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transmission at mucosal surfaces if they can exert activity once distal infection

has been established.

6.4 Final Remarks

A prophylactic HIV-1 vaccine remains crucial for halting the HIV-1
epidemic. Successful vaccine-induced immunity will most like require both T-
and B cell responses.

The primary aims of this thesis were to investigate the protective efficacy
of nAb and nnAb at preventing HIV-1 transmission within mucosal tissues and to
determine whether the functional activity was linked to conventional
neutralisation or Fc-mediated effector functions. Work carried out in this thesis
suggests that:

* FcR expression on cells isolated from mucosal tissues is lower than
that found on cells isolate from the periphery, an important detail
when attempting to engage Fc-mediated functions to enhance the
activity of HIV-1 antibodies.

* nAb display superior abilities to prevent infection over nnAb.

* nAb hold the greatest potential for eliminating HIV-1 infected cells,
while nnAb may have some impact at reducing onward
transmission.

Overall, the results from this thesis suggest that nnAb and Fc-mediated
effector functions may not be sufficient to block HIV-1 transmission at mucosal
surfaces. Future vaccine design should focus on inducing a nAb response that

will engage all elements of the innate and adaptive immune responses.

-242-



7

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

References

Barre-Sinoussi, F., et al., Isolation of a T-lymphotropic retrovirus from a
patient at risk for acquired immune deficiency syndrome (AIDS). Science,
1983.220(4599): p. 868-71.

Gallo, R.C,, et al,, Frequent detection and isolation of cytopathic retroviruses
(HTLV-1II) from patients with AIDS and at risk for AIDS. Science, 1984.
224(4648): p. 500-3.

Sharp, P.M. and B.H. Hahn, Origins of HIV and the AIDS pandemic. Cold
Spring Harb Perspect Med, 2011. 1(1): p. a006841.

De Leys, R, et al, Isolation and partial characterization of an unusual
human immunodeficiency retrovirus from two persons of west-central
African origin. ] Virol, 1990. 64(3): p. 1207-16.

Simon, F., et al,, Identification of a new human immunodeficiency virus type
1 distinct from group M and group O. Nat Med, 1998. 4(9): p. 1032-7.
Plantier, ].C., et al, A new human immunodeficiency virus derived from
gorillas. Nat Med, 2009. 15(8): p. 871-2.

Keele, B.F., et al, Chimpanzee reservoirs of pandemic and nonpandemic
HIV-1. Science, 2006. 313(5786): p. 523-6.

Korber, B., et al, Timing the ancestor of the HIV-1 pandemic strains.
Science, 2000. 288(5472): p. 1789-96.

Worobey, M., et al., Direct evidence of extensive diversity of HIV-1 in
Kinshasa by 1960. Nature, 2008.455(7213): p. 661-4.

Stebbing, J. and G. Moyle, The clades of HIV: their origins and clinical
significance. AIDS Rev, 2003. 5(4): p. 205-13.

Hemelaar, |., The origin and diversity of the HIV-1 pandemic. Trends Mol
Med, 2012. 18(3): p. 182-92.

Cohen, M.S,, et al., Acute HIV-1 Infection. The New England journal of
medicine, 2011. 364(20): p. 1943-1954.

Comas-Garcia, M., S.R. Davis, and A. Rein, On the Selective Packaging of
Genomic RNA by HIV-1. Viruses, 2016. 8(9): p. 246.

Bernstein, H.B,, et al., Oligomerization of the hydrophobic heptad repeat of
gp41.] Virol, 1995. 69(5): p. 2745-50.

Landau, N.R,, M. Warton, and D.R. Littman, The envelope glycoprotein of
the human immunodeficiency virus binds to the immunoglobulin-like
domain of CD4. Nature, 1988. 334(6178): p. 159-62.

Gottlinger, H.G., ].G. Sodroski, and W.A. Haseltine, Role of capsid precursor
processing and myristoylation in morphogenesis and infectivity of human
immunodeficiency virus type 1. Proc Natl Acad Sci U S A, 1989. 86(15): p.
5781-5.

Freed, E.O., HIV-1 Gag Proteins: Diverse Functions in the Virus Life Cycle.
Virology, 1998. 251(1): p. 1-15.

Jacks, T., et al., Characterization of ribosomal frameshifting in HIV-1 gag-
pol expression. Nature, 1988. 331(6153): p. 280-3.

Hill, M., G. Tachedjian, and ]. Mak, The packaging and maturation of the
HIV-1 Pol proteins. Curr HIV Res, 2005. 3(1): p. 73-85.

Blissenbach, M., et al.,, Nuclear RNA Export and Packaging Functions of
HIV-1 Rev Revisited. Journal of Virology, 2010. 84(13): p. 6598-6604.

-243-



21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Feinberg, M.B., D. Baltimore, and A.D. Frankel, The role of Tat in the human
immunodeficiency virus life cycle indicates a primary effect on
transcriptional elongation. Proc Natl Acad Sci U S A, 1991. 88(9): p. 4045-
0.

Benelli, R, et al., Human Immunodeficiency Virus Transactivator Protein
(Tat) Stimulates Chemotaxis, Calcium Mobilization, and Activation of
Human Polymorphonuclear Leukocytes: Implications for Tat-Mediated
Pathogenesis. Journal of Infectious Diseases, 2000. 182(6): p. 1643-1651.
Ross, T.M., A.E. Oran, and B.R. Cullen, Inhibition of HIV-1 progeny virion
release by cell-surface CD4 is relieved by expression of the viral Nef protein.
Curr Biol, 1999.9(12): p. 613-21.

Simon, J.H., et al., Evidence for a newly discovered cellular anti-HIV-1
phenotype. Nat Med, 1998. 4(12): p. 1397-400.

von Schwedler, U, et al., Vif is crucial for human immunodeficiency virus
type 1 proviral DNA synthesis in infected cells. ] Virol, 1993. 67(8): p. 4945-
55.

Sheehy, A.M,, et al., Isolation of a human gene that inhibits HIV-1 infection
and is suppressed by the viral Vif protein. Nature, 2002. 418(6898): p. 646-
50.

Heinzinger, N.K,, et al., The Vpr protein of human immunodeficiency virus
type 1 influences nuclear localization of viral nucleic acids in nondividing
host cells. Proc Natl Acad Sci U S A, 1994.91(15): p. 7311-5.

Willey, R.L., et al, Human immunodeficiency virus type 1 Vpu protein
induces rapid degradation of CD4. ] Virol, 1992. 66(12): p. 7193-200.
Klimkait, T., et al., The human immunodeficiency virus type 1-specific
protein vpu is required for efficient virus maturation and release. | Virol,
1990. 64(2): p. 621-9.

Schiller, J. and B. Chackerian, Why HIV Virions Have Low Numbers of
Envelope Spikes: Implications for Vaccine Development. PLoS Pathogens,
2014.10(8): p. e1004254.

Ganser, B.K, et al., Assembly and analysis of conical models for the HIV-1
core. Science, 1999. 283(5398): p. 80-3.

Haynes, B.F., et al, B-cell-lineage immunogen design in vaccine
development with HIV-1 as a case study. Nat Biotechnol, 2012. 30(5): p.
423-33.

Kwong, P.D., et al., Structure of an HIV gp120 envelope glycoprotein in
complex with the CD4 receptor and a neutralizing human antibody. Nature,
1998. 393(6686): p. 648-59.

Moore, P.L., et al., Nature of nonfunctional envelope proteins on the surface
of human immunodeficiency virus type 1. ] Virol, 2006. 80(5): p. 2515-28.
Burton, D.R. and L. Hangartner, Broadly Neutralizing Antibodies to HIV and
Their Role in Vaccine Design. Annu Rev Immunol, 2016. 34: p. 635-59.

Lee, B., et al,, Quantification of CD4, CCR5, and CXCR4 levels on lymphocyte
subsets, dendritic cells, and differentially conditioned monocyte-derived
macrophages. Proceedings of the National Academy of Sciences of the
United States of America, 1999.96(9): p. 5215-5220.

Deng, H., et al,, Identification of a major co-receptor for primary isolates of
HIV-1. Nature, 1996. 381(6584): p. 661-666.

-244-



38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49,

50.

51.

52.

53.

Xiao, L., et al., Adaptation to promiscuous usage of CC and CXC-chemokine
coreceptors in vivo correlates with HIV-1 disease progression. AIDS, 1998.
12(13): p. F137-43.

Simmons, G., et al., Primary, syncytium-inducing human immunodeficiency
virus type 1 isolates are dual-tropic and most can use either Lestr or CCR5
as coreceptors for virus entry. Journal of Virology, 1996. 70(12): p. 8355-
8360.

Samson, M., et al, Resistance to HIV-1 infection in caucasian individuals
bearing mutant alleles of the CCR-5 chemokine receptor gene. Nature, 1996.
382(6593): p. 722-5.

Bleul, C.C, et al.,, The HIV coreceptors CXCR4 and CCR5 are differentially
expressed and regulated on human T lymphocytes. Proc Natl Acad Sci U S A,
1997.94(5): p. 1925-30.

Li, Q. et al., Peak SIV replication in resting memory CD4+ T cells depletes
gut lamina propria CD4+ T cells. Nature, 2005. 434(7037): p. 1148-52.
Zhang, Z., et al., Sexual transmission and propagation of SIV and HIV in
resting and activated CD4+ T cells. Science, 1999. 286(5443): p. 1353-7.
Miller, C.J., et al., Propagation and dissemination of infection after vaginal
transmission of simian immunodeficiency virus. ] Virol, 2005. 79(14): p.
9217-27.

Arthos, ], et al, HIV-1 envelope protein binds to and signals through
integrin alpha4beta?7, the gut mucosal homing receptor for peripheral T
cells. Nat Immunol, 2008. 9(3): p. 301-9.

Johansson-Lindbom, B. and W.W. Agace, Generation of gut-homing T cells
and their localization to the small intestinal mucosa. Immunol Rev, 2007.
215:p. 226-42.

Kelly, KA., et al,, Differential regulation of CD4 lymphocyte recruitment
between the upper and lower regions of the genital tract during Chlamydia
trachomatis infection. Infect Immun, 2000. 68(3): p. 1519-28.

Kelly, K.A. and R.G. Rank, Identification of homing receptors that mediate
the recruitment of CD4 T cells to the genital tract following intravaginal
infection with Chlamydia trachomatis. Infect Immun, 1997. 65(12): p.
5198-208.

Cicala, C,, et al,, The integrin alpha4beta?7 forms a complex with cell-surface
CD4 and defines a T-cell subset that is highly susceptible to infection by HIV-
1. Proc Natl Acad Sci U S A, 2009.106(49): p. 20877-82.

Byrareddy, S.N., et al., Sustained virologic control in SIV+ macaques after
antiretroviral and alpha4beta7 antibody therapy. Science, 2016.
354(6309): p. 197-202.

Dalgleish, A.G., et al., The CD4 (T4) antigen is an essential component of the
receptor for the AIDS retrovirus. Nature, 1984. 312(5996): p. 763-7.
Alkhatib, G., et al., CC CKR5: a RANTES, MIP-1alpha, MIP-1beta receptor as
a fusion cofactor for macrophage-tropic HIV-1. Science, 1996. 272(5270):
p. 1955-8.

Nabel, G. and D. Baltimore, An inducible transcription factor activates
expression of human immunodeficiency virus in T cells. Nature, 1987.
326(6114): p. 711-713.

-245-



54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Lin, X,, et al.,, Transcriptional profiles of latent human immunodeficiency
virus in infected individuals: effects of Tat on the host and reservoir. ] Virol,
2003.77(15): p. 8227-36.

Sundquist, W.I. and H.G. Krausslich, HIV-1 assembly, budding, and
maturation. Cold Spring Harb Perspect Med, 2012. 2(7): p. a006924.
Engelman, A. and P. Cherepanov, The structural biology of HIV-1:
mechanistic and therapeutic insights. Nat Rev Micro, 2012. 10(4): p. 279-
290.

McMichael, A.]., et al., The immune response during acute HIV-1 infection:
clues for vaccine development. Nat Rev Immunol, 2010. 10(1): p. 11-23.
Henrick, B.M,, et al., HIV-1 Structural Proteins Serve as PAMPs for TLRZ2
Heterodimers Significantly Increasing Infection and Innate Immune
Activation. Frontiers in Immunology, 2015. 6(426).

Giraldo, D.M., J.C. Hernandez, and S. Urcuqui-Inchima, HIV-1-derived
single-stranded RNA acts as activator of human neutrophils. Immunol Res,
2016.

Malim, M.H. and M. Emerman, HIV-1 accessory proteins--ensuring viral
survival in a hostile environment. Cell Host Microbe, 2008. 3(6): p. 388-98.
de Vries, W., et al., Increased virus replication in mammalian cells by
blocking intracellular innate defense responses. Gene Ther, 2008. 15(7): p.
545-52.

Banchereau, |, et al., Immunobiology of dendritic cells. Annu Rev Immunol,
2000.18: p. 767-811.

Turville, S.G., et al., HIV gp120 receptors on human dendritic cells. Blood,
2001.98(8): p. 2482-8.

Blauvelt, A, et al,, Productive infection of dendritic cells by HIV-1 and their
ability to capture virus are mediated through separate pathways. ] Clin
Invest, 1997.100(8): p. 2043-53.

Zaitseva, M., et al.,, Expression and function of CCR5 and CXCR4 on human
Langerhans cells and macrophages: implications for HIV primary infection.
Nat Med, 1997. 3(12): p. 1369-75.

Ziegler-Heitbrock, L., et al., Nomenclature of monocytes and dendritic cells
in blood. Blood, 2010. 116(16): p. e74-80.

Turville, S.G., et al., Immunodeficiency virus uptake, turnover, and 2-phase
transfer in human dendritic cells. Blood, 2004. 103(6): p- 2170-9.

Peressin, M., et al., Efficient transfer of HIV-1 in trans and in cis from
Langerhans dendritic cells and macrophages to autologous T lymphocytes.
Aids, 2014. 28(5): p. 667-77.

Wiley, R.D. and S. Gummuluru, Immature dendritic cell-derived exosomes
can mediate HIV-1 trans infection. Proc Natl Acad Sci U S A, 2006. 103(3):
p. 738-43.

Schmitz, M., et al., Native human blood dendritic cells as potent effectors in
antibody-dependent cellular cytotoxicity. Blood, 2002. 100(4): p. 1502-
1504.

Dugast, A.S., et al,, Decreased Fc receptor expression on innate immune cells
is associated with impaired antibody-mediated cellular phagocytic activity
in chronically HIV-1 infected individuals. Virology, 2011. 415(2): p. 160-7.

-246-



72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Li, K, et al, Expression of complement components, receptors and
regulators by human dendritic cells. Molecular Immunology, 2011. 48(9-
10): p. 1121-1127.

Ballweber, L., et al., Vaginal langerhans cells nonproductively transporting
HIV-1 mediate infection of T cells. ] Virol, 2011. 85(24): p. 13443-7.
Kawamura, T, et al., The role of Langerhans cells in the sexual transmission
of HIV. ] Dermatol Sci, 2005. 40(3): p. 147-55.

Blauvelt, A, S. Glushakova, and L.B. Margolis, HIV-infected human
Langerhans cells transmit infection to human lymphoid tissue ex vivo. Aids,
2000. 14(6): p. 647-51.

de Witte, L., A. Nabatov, and T.B. Geijtenbeek, Distinct roles for DC-SIGN +-
dendritic cells and Langerhans cells in HIV-1 transmission. Trends Mol
Med, 2008. 14(1): p. 12-9.

de Witte, L., et al., Langerin is a natural barrier to HIV-1 transmission by
Langerhans cells. Nat Med, 2007. 13(3): p. 367-71.

Ribeiro, C.M.S., et al., Receptor usage dictates HIV-1 restriction by human
TRIM5a in dendritic cell subsets. Nature, 2016. 540(7633): p. 448-452.
Ganor, Y., et al., Within 1 h, HIV-1 uses viral synapses to enter efficiently the
inner, but not outer, foreskin mucosa and engages Langerhans-T cell
conjugates. Mucosal Immunol, 2010. 3(5): p. 506-22.

Frank, [, et al,, Infectious and whole inactivated simian immunodeficiency
viruses interact similarly with primate dendritic cells (DCs): differential
intracellular fate of virions in mature and immature DCs. ] Virol, 2002.
76(6): p- 2936-51.

Geijtenbeek, T.B., et al., DC-SIGN, a dendritic cell-specific HIV-1-binding
protein that enhances trans-infection of T cells. Cell, 2000. 100(5): p. 587-
97.

Stax, M.]., et al., Colorectal mucus binds DC-SIGN and inhibits HIV-1 trans-
infection of CD4+ T-lymphocytes. PLoS One, 2015. 10(3): p. e0122020.
Wilflingseder, D., et al., I[gG opsonization of HIV impedes provirus formation
in and infection of dendritic cells and subsequent long-term transfer to T
cells. ] Immunol, 2007.178(12): p. 7840-8.

Saifuddin, M., et al., Interaction of mannose-binding lectin with primary
isolates of human immunodeficiency virus type 1. ] Gen Virol, 2000. 81(Pt
4): p. 949-55.

Ying, H., et al., Interaction of mannose-binding lectin with HIV type 1 is
sufficient for virus opsonization but not neutralization. AIDS Res Hum
Retroviruses, 2004. 20(3): p. 327-35.

Auffray, C, M.H. Sieweke, and F. Geissmann, Blood monocytes:
development, heterogeneity, and relationship with dendritic cells. Annu Rev
Immunol, 2009. 27: p. 669-92.

Varol, C., A. Mildner, and S. Jung, Macrophages: development and tissue
specialization. Annu Rev Immunol, 2015. 33: p. 643-75.

Levin, R, S. Grinstein, and ]. Canton, The life cycle of phagosomes:
formation, maturation, and resolution. Immunol Rev, 2016. 273(1): p.
156-79.

Ochsenbauer, C,, et al., Generation of transmitted/founder HIV-1 infectious
molecular clones and characterization of their replication capacity in CD4 T

-247-



90.

91.

92.

93.

94,

95.

96.

97.

98.

99,

100.

101.

102.

103.

104.

105.

106.

107.

lymphocytes and monocyte-derived macrophages. ] Virol, 2012. 86(5): p.
2715-28.

Arrildt, K.T., et al., Phenotypic Correlates of HIV-1 Macrophage Tropism. ]
Virol, 2015. 89(22): p. 11294-311.

Salimi, H., et al., Macrophage-tropic HIV-1 variants from brain demonstrate
alterations in the way gp120 engages both CD4 and CCR5. ] Leukoc Biol,
2013.93(1): p. 113-26.

Yi, Y., et al,, An unusual syncytia-inducing human immunodeficiency virus
type 1 primary isolate from the central nervous system that is restricted to
CXCR4, replicates efficiently in macrophages, and induces neuronal
apoptosis. Journal of NeuroVirology, 2003. 9(4): p. 432-441.

Duncan, C.J., et al, High-multiplicity HIV-1 infection and neutralizing
antibody evasion mediated by the macrophage-T cell virological synapse. ]
Virol, 2014. 88(4): p. 2025-34.

Groot, F., S. Welsch, and Q.J. Sattentau, Efficient HIV-1 transmission from
macrophages to T cells across transient virological synapses. Blood, 2008.
111(9): p. 4660-3.

Lee, B, et al, Coreceptor/chemokine receptor expression on human
hematopoietic cells: biological implications for human immunodeficiency
virus-type 1 infection. Blood, 1999. 93(4): p. 1145-56.

Lee, B., et al,, Quantification of CD4, CCR5, and CXCR4 levels on lymphocyte
subsets, dendritic cells, and differentially conditioned monocyte-derived
macrophages. Proc Natl Acad Sci U S A, 1999.96(9): p. 5215-20.

Groot, F., et al., Efficient macrophage infection by phagocytosis of dying
HIV-1 -infected CD4+T cells. Retrovirology, 2011. 8(2): p. 031.

Baxter, A.E., et al., Macrophage infection via selective capture of HIV-1-
infected CD4+ T cells. Cell Host Microbe, 2014. 16(6): p. 711-21.
Honeycutt, ].B.,, et al, Macrophages sustain HIV replication in vivo
independently of T cells. The Journal of Clinical Investigation, 2016.
126(4): p. 1353-1366.

Bakema, J.E. and M. van Egmond, The human immunoglobulin A Fc
receptor FcalphaRI: a multifaceted regulator of mucosal immunity. Mucosal
Immunol, 2011. 4(6): p. 612-24.

Guilliams, M., et al,, The function of Fc[gamma] receptors in dendritic cells
and macrophages. Nat Rev Immunol, 2014. 14(2): p. 94-108.

van Lookeren Campagne, M., C. Wiesmann, and E.J. Brown, Macrophage
complement receptors and pathogen clearance. Cell Microbiol, 2007. 9(9):
p. 2095-102.

Brandstadter, ].D. and Y. Yang, Natural Killer Cell Responses to Viral
Infection. Journal of Innate Immunity, 2011. 3(3): p. 274-279.

Vivier, E., et al., Functions of natural killer cells. Nat Immunol, 2008. 9(5):
p. 503-10.

Ferlazzo, G. and P. Carrega, Natural killer cell distribution and trafficking in
human tissues. Frontiers in Immunology, 2012. 3(347).

Sips, M,, et al,, Altered distribution of mucosal NK cells during HIV infection.
Mucosal immunology, 2012. 5(1): p. 30-40.

I[sitman, G., et al, Antibody-Dependent Cellular Cytotoxicity Activity of
Effector Cells from HIV-Infected Elite and Viral Controllers. AIDS Res Hum
Retroviruses, 2016.32(10-11): p. 1079-1088.

-248-



108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Topham, N.J. and E.W. Hewitt, Natural killer cell cytotoxicity: how do they
pull the trigger? Immunology, 2009. 128(1): p. 7-15.

Morel, P.A,, L.K. Ernst, and D. Metes, Functional CD32 molecules on human
NK cells. Leuk Lymphoma, 1999. 35(1-2): p. 47-56.

Scully, E. and G. Alter, NK Cells in HIV Disease. Current HIV/AIDS Reports,
2016.13: p. 85-94.

O’Sullivan, Timothy E., Joseph C. Sun, and Lewis L. Lanier, Natural Killer
Cell Memory. Immunity. 43(4): p. 634-645.

Reeves, RK,, et al, Antigen-specific NK cell memory in rhesus macaques.
Nat Immunol, 2015. 16(9): p. 927-932.

Holzemer, A, et al., Selection of an HLA-C*03:04-Restricted HIV-1 p24 Gag
Sequence Variant Is Associated with Viral Escape from KIRZ2DL3+ Natural
Killer Cells: Data from an Observational Cohort in South Africa. PLoS Med,
2015.12(11): p. e1001900; discussion e1001900.

van Teijlingen, N.H., et al., Sequence variations in HIV-1 p24 Gag-derived
epitopes can alter binding of KIRZDLZ to HLA-C*03:04 and modulate
primary natural killer cell function. Aids, 2014. 28(10): p. 1399-408.
Bernstein, H.B,, et al., CD4+ NK cells can be productively infected with HIV,
leading to downregulation of CD4 expression and changes in function.
Virology, 2009. 387(1): p. 59-66.

Harada, H., et al, Proliferative activation up-regulates expression of CD4
and HIV-1 co-receptors on NK cells and induces their infection with HIV-1.
Eur ] Immunol, 2007. 37(8): p. 2148-55.

Valentin, A., et al.,, Persistent HIV-1 infection of natural killer cells in
patients receiving highly active antiretroviral therapy. Proc Natl Acad Sci U
S A, 2002.99(10): p. 7015-20.

Kruger, P., et al.,, Neutrophils: Between host defence, immune modulation,
and tissue injury. PLoS Pathog, 2015. 11(3): p. e1004651.

Futosi, K., S. Fodor, and A. Mdécsai, Neutrophil cell surface receptors and
their intracellular signal transduction pathways(). International
Immunopharmacology, 2013. 17(3): p. 638-650.

Shi, X,, et al., Neutropenia during HIV Infection: Adverse Consequences and
Remedies. International reviews of immunology, 2014. 33(6): p. 511-536.
Stoermer, K.A. and T.E. Morrison, Complement and Viral Pathogenesis.
Virology, 2011. 411(2): p. 362-373.

Banki, Z., et al., Complement dependent trapping of infectious HIV in human
lymphoid tissues. AIDS, 2005. 19(5): p. 481-6.

Sullivan, B.L., et al., Susceptibility of HIV-1 plasma virus to complement-
mediated lysis. Evidence for a role in clearance of virus in vivo. | Immunol,
1996.157(4): p. 1791-8.

Sullivan, B.L., D.M. Takefman, and G.T. Spear, Complement can neutralize
HIV-1 plasma virus by a C5-independent mechanism. Virology, 1998.
248(2): p. 173-81.

Aasa-Chapman, M.M,, et al., Detection of antibody-dependent complement-
mediated inactivation of both autologous and heterologous virus in primary
human immunodeficiency virus type 1 infection. ] Virol, 2005. 79(5): p.
2823-30.

-249-



126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Ackerman, M.E,, et al., Polyfunctional HIV-Specific Antibody Responses Are
Associated with Spontaneous HIV Control. PLoS Pathog, 2016. 12(1): p.
e1005315.

Takefman, D.M,, et al., Mechanisms of resistance of HIV-1 primary isolates
to complement-mediated lysis. Virology, 1998. 246(2): p. 370-8.

Lund, O, et al,, Increased adhesion as a mechanism of antibody-dependent
and antibody-independent complement-mediated enhancement of human
immunodeficiency virus infection. ] Virol, 1995. 69(4): p. 2393-400.
Nielsen, S.D., et al.,, Complement-mediated enhancement of HIV-1 infection
in peripheral blood mononuclear cells. Scand | Infect Dis, 1997. 29(5): p.
447-52.

Bolland, S. and ].V. Ravetch, Inhibitory pathways triggered by ITIM-
containing receptors. Adv Immunol, 1999. 72: p. 149-77.

Daeron, M., Fc receptor biology. Annu Rev Immunol, 1997. 15: p. 203-34.
Teillaud, J.-L., Antibody-dependent Cellular Cytotoxicity (ADCC), in eLS.
2012, John Wiley & Sons, Ltd: Chichester.

Bruhns, P., et al.,, Specificity and affinity of human Fcgamma receptors and
their polymorphic variants for human IgG subclasses. Blood, 2009.
113(16): p. 3716-25.

Yates, N.L., et al,, Vaccine-induced Env V1-V2 IgG3 correlates with lower
HIV-1 infection risk and declines soon after vaccination. Sci Transl Med,
2014. 6(228): p. 228ra39.

Li, S.S., et al, FCGRZ2C polymorphisms associate with HIV-1 vaccine
protection in RV144 trial. | Clin Invest, 2014. 124(9): p. 3879-90.

Peng, X, et al, FCGR2C Polymorphisms Associated with HIV-1 Vaccine
Protection Are Linked to Altered Gene Expression of Fc-gamma Receptors in
Human B Cells. PLoS One, 2016. 11(3): p. e0152425.

Wu, ., et al,, A novel polymorphism of FcgammaRIlla (CD16) alters receptor
function and predisposes to autoimmune disease. ] Clin Invest, 1997.
100(5): p. 1059-70.

Mellor, ].D., et al., A critical review of the role of Fc gamma receptor
polymorphisms in the response to monoclonal antibodies in cancer. Journal
of Hematology & Oncology, 2013. 6(1): p. 1.

Smith, K.G.C. and M.R. Clatworthy, Fc[gamma]RIIB in autoimmunity and
infection: evolutionary and therapeutic implications. Nat Rev Immunol,
2010.10(5): p. 328-343.

Schmitz, M., et al., Native human blood dendritic cells as potent effectors in
antibody-dependent cellular cytotoxicity. Blood, 2002. 100(4): p. 1502-4.
Unkeless, ].C,, et al., Function of human Fc gamma RIIA and Fc gamma
RIIIB. Semin Immunol, 1995. 7(1): p. 37-44.

Hussain, L.A,, et al., The expression of Fc receptors for immunoglobulin G in
human rectal epithelium. Aids, 1991. 5(9): p. 1089-94.

Hussain, L.A,, et al., Expression and gene transcript of Fc receptors for IgG,
HLA class Il antigens and Langerhans cells in human cervico-vaginal
epithelium. Clin Exp Immunol, 1992.90(3): p. 530-8.

Hussain, L.A. and T. Lehner, Comparative investigation of Langerhans' cells
and potential receptors for HIV in oral, genitourinary and rectal epithelia.
Immunology, 1995. 85(3): p. 475-84.

-250-



145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

Rogler, G., et al, Isolation and phenotypic characterization of colonic
macrophages. Clin Exp Immunol, 1998. 112(2): p. 205-15.

Nimmerjahn, F. and ].V. Ravetch, Fcgamma receptors as regulators of
immune responses. Nat Rev Immunol, 2008. 8(1): p. 34-47.

van de Winkel, J.G. and P.J. Capel, Human IgG Fc receptor heterogeneity:
molecular aspects and clinical implications. Immunol Today, 1993. 14(5):
p.215-21.

Amigorena, S., et al., Cytoplasmic domain heterogeneity and functions of
IgG Fc receptors in B lymphocytes. Science, 1992. 256(5065): p. 1808-
1812.

Banki, Z., et al, Cross-linking of CD32 induces maturation of human
monocyte-derived dendritic cells via NF-kappa B signaling pathway. ]
Immunol, 2003. 170(8): p. 3963-70.

Rollet-Labelle, E., et al, Cross-linking of IgGs bound on circulating
neutrophils leads to an activation of endothelial cells: possible role of
rheumatoid factors in rheumatoid arthritis-associated vascular dysfunction.
J Inflamm (Lond), 2013. 10(1): p. 27.

Ackerman, M.E., et al, Enhanced phagocytic activity of HIV-specific
antibodies correlates with natural production of immunoglobulins with
skewed affinity for FcgammaRZ2a and FcgammaRZ2b. ] Virol, 2013. 87(10):
p. 5468-76.

Swisher, ].F. and G.M. Feldman, The many faces of FcgammaRlI:
implications for therapeutic antibody function. Immunol Rev, 2015.
268(1): p. 160-74.

Petroni, K.C, L. Shen, and P.M. Guyre, Modulation of human
polymorphonuclear leukocyte IgG Fc receptors and Fc receptor-mediated
functions by IFN-gamma and glucocorticoids. ] Immunol, 1988. 140(10): p.
3467-72.

Michon, J.M,, et al,, In vivo induction of functional Fc gammaRI (CD64) on
neutrophils and modulation of blood cytokine mRNA levels in cancer
patients treated with G-CSF (rMetHuG-CSF). Br ] Haematol, 1998. 100(3):
p. 550-6.

Tuijnman, W.B., D.F. Van Wichen, and H.J. Schuurman, Tissue distribution
of human IgG Fc receptors CD16, CD32 and CD64: an immunohistochemical
study. Apmis, 1993.101(4): p. 319-29.

Chenoweth, A.M,, et al., The high-affinity receptor for IgG, FcgammaRlI, of
humans and non-human primates. Immunol Rev, 2015. 268(1): p. 175-91.
Mkaddem, S.B., et al., IgA, IgA receptors, and their anti-inflammatory
properties. Curr Top Microbiol Immunol, 2014. 382: p. 221-35.

Shen, L., et al., LIPOPOLYSACCHARIDE AND CYTOKINE AUGMENTATION OF
HUMAN MONOCYTE IGA RECEPTOR EXPRESSION AND FUNCTION. Journal
of Immunology, 1994. 152(8): p. 4080-4086.

Gessl, A, et al,, Influence of Tumour Necrosis Factor-a on the Expression of
Fc IgG and IgA Receptors, and Other Markers by Cultured Human Blood
Monocytes and U937 Cells. Scandinavian Journal of Immunology, 1994.
39(2): p. 151-156.

Hamre, R, et al,, Expression and Modulation of the Human Immunoglobulin
A Fc Receptor (CD89) and the FcR y Chain on Myeloid Cells in Blood and
Tissue. Scandinavian Journal of Immunology, 2003. 57(6): p. 506-516.

-251-



161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

Roopenian, D.C. and S. Akilesh, FcRn: the neonatal Fc receptor comes of
age. Nat Rev Immunol, 2007. 7(9): p. 715-725.

Zalevsky, ]., et al., Enhanced antibody half-life improves in vivo activity.
Nature biotechnology, 2010. 28(2): p. 157-159.

Graziano, R.F. and M.W. Fanger, Fc gamma RI and Fc gamma RII on
monocytes and granulocytes are cytotoxic trigger molecules for tumor cells.
J Immunol, 1987.139(10): p. 3536-41.

Davis, W., et al., Two distinct regions of FC gamma RI initiate separate
signalling pathways involved in endocytosis and phagocytosis. Embo j,
1995. 14(3): p. 432-41.

Sulica, A, et al, Regulation of human natural cytotoxicity by IgG. IV.
Association between binding of monomeric IgG to the Fc receptors on large
granular lymphocytes and inhibition of natural killer (NK) cell activity. Cell
Immunol. 1993 Apr 1;147(2):397-410., 1993.

Moog, C, et al., Protective effect of vaginal application of neutralizing and
nonneutralizing inhibitory antibodies against vaginal SHIV challenge in
macaques. Mucosal Immunol, 2014. 7(1): p. 46-56.

Chung, AW, et al.,, Activation of NK cells by ADCC antibodies and HIV
disease progression. ] Acquir Immune Defic Syndr, 2011. 58(2): p. 127-31.
Burton, D.R,, et al,, Limited or no protection by weakly or nonneutralizing
antibodies against vaginal SHIV challenge of macaques compared with a
strongly neutralizing antibody. Proc Natl Acad Sci U S A, 2011. 108(27): p.
11181-6.

Lambotte, O., et al., Heterogeneous neutralizing antibody and antibody-
dependent cell cytotoxicity responses in HIV-1 elite controllers. AIDS, 2009.
23(8): p. 897-906.

Baum, L.L., et al., HIV-1 gp120-specific antibody-dependent cell-mediated
cytotoxicity correlates with rate of disease progression. | Immunol, 1996.
157(5): p. 2168-73.

Nag, P., et al, Women with cervicovaginal antibody-dependent cell-
mediated cytotoxicity have lower genital HIV-1 RNA loads. ] Infect Dis,
2004.190(11): p. 1970-8.

Mabuka, J., et al.,, HIV-specific antibodies capable of ADCC are common in
breastmilk and are associated with reduced risk of transmission in women
with high viral loads. PLoS Pathog, 2012. 8(6): p. e1002739.

Su, B. and C. Moog, Which Antibody Functions are Important for an HIV
Vaccine? Front Immunol, 2014. 5: p. 289.

Sips, M., et al,, Fc receptor-mediated phagocytosis in tissues as a potent
mechanism for preventive and therapeutic HIV vaccine strategies. Mucosal
Immunol, 2016.

Herter, S., et al., Glycoengineering of therapeutic antibodies enhances
monocyte/macrophage-mediated phagocytosis and cytotoxicity. ] Immunol,
2014.192(5): p. 2252-60.

Asmal M, S.Y., Lane S, et al, Antibody-Dependent Cell-Mediated Viral
Inhibition Emerges after Simian Immunodeficiency Virus SIVmac251
Infection of Rhesus Monkeys Coincident with gp140-Binding Antibodies and
Is Effective against Neutralization-Resistant Viruses. Journal of Virology,
2011.85(11): p. 5465-5475.

-252-



177.

178.

179.

180.

181.

182.

183.

184.
185.
186.

187.

188.

189.

190.

191.

192.

193.

194.

Forthal, D.N.,, et al, Antibody-dependent cell-mediated virus inhibition
antibody activity does not correlate with risk of HIV-1 superinfection. ]
Acquir Immune Defic Syndr, 2013. 63(1): p. 31-3.

Kramski, M., et al., HIV-specific antibody immunity mediated through NK
cells and monocytes. Curr HIV Res, 2013. 11(5): p. 388-406.

Forthal, D.N., et al., Recombinant gp120 vaccine-induced antibodies inhibit
clinical strains of HIV-1 in the presence of Fc receptor-bearing effector cells
and correlate inversely with HIV infection rate. ] Immunol, 2007. 178(10):
p. 6596-603.

Forthal, D.N., G. Landucci, and E.S. Daar, Antibody from patients with acute
human immunodeficiency virus (HIV) infection inhibits primary strains of
HIV type 1 in the presence of natural-killer effector cells. ] Virol, 2001.
75(15): p. 6953-61.

Forthal, D.N,, et al., Rhesus macaque polyclonal and monoclonal antibodies
inhibit simian immunodeficiency virus in the presence of human or
autologous rhesus effector cells. ] Virol, 2006. 80(18): p. 9217-25.

Kurd, N. and E.A. Robey, T-cell selection in the thymus: a spatial and
temporal perspective. Immunol Rev, 2016. 271(1): p. 114-26.
Smith-Garvin, J.E., G.A. Koretzky, and M.S. Jordan, T Cell Activation. Annual
review of immunology, 2009. 27: p. 591-619.

Romagnani, S., Th1/ThZ cells. Inflamm Bowel Dis, 1999. 5(4): p. 285-94.
Crotty, S., T Follicular Helper Cell Differentiation, Function, and Roles in
Disease. Immunity. 41(4): p. 529-542.

Brenchley, |.M., et al., CD4+ T cell depletion during all stages of HIV disease
occurs predominantly in the gastrointestinal tract. | Exp Med, 2004.
200(6): p. 749-59.

Pandiyan, P., et al., Mucosal Regulatory T Cells and T Helper 17 Cells in HIV-
Associated Immune Activation. Front Immunol, 2016. 7: p. 228.

Stieh, D.J., et al, Th17 Cells Are Preferentially Infected Very Early after
Vaginal Transmission of SIV in Macaques. Cell Host Microbe, 2016. 19(4):
p. 529-40.

McKinnon, L.R, et al, Early HIV-1 infection is associated with reduced
frequencies of cervical Th17 cells. | Acquir Immune Defic Syndr, 2015.
68(1): p. 6-12.

Tran, T.A, et al., Resting regulatory CD4 T cells: a site of HIV persistence in
patients on long-term effective antiretroviral therapy. PLoS One, 2008.
3(10): p. e3305.

Weiss, L., et al, Human immunodeficiency virus-driven expansion of
CD4+CD25+ regulatory T cells, which suppress HIV-specific CD4 T-cell
responses in HIV-infected patients. Blood, 2004. 104(10): p. 3249.

Presicce, P., et al., Frequency of circulating regulatory T cells increases
during chronic HIV infection and is largely controlled by highly active
antiretroviral therapy. PLoS One, 2011. 6(12): p. e28118.

Bi, X,, et al,, High frequency and proliferation of CD4+ FOXP3+ Treg in HIV-
1-infected patients with low CD4 counts. Eur | Immunol, 2009. 39(1): p.
301-9.

Zhang, N. and M.]. Bevan, CD8(+) T cells: foot soldiers of the immune
system. Immunity, 2011. 35(2): p. 161-8.

-253-



195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

2009.

210.

211.

212.

213.

Choma, MK, et al, A Genome-Wide Screen for Machinery Involved in
Downregulation of MHC Class I by HIV-1 Nef. PLoS One, 2015. 10(10): p.
e0140404.

Garcia, V. and R.R. Regoes, The Effect of Interference on the CD8(+) T Cell
Escape Rates in HIV. Front Immunol, 2014. 5: p. 661.

Hoffmann, M., et al., Exhaustion of Activated CD8 T Cells Predicts Disease
Progression in Primary HIV-1 Infection. PLoS Pathog, 2016. 12(7): p.
e1005661.

Kloverpris, H.N., A. Leslie, and P. Goulder, Role of HLA Adaptation in HIV
Evolution. Front Immunol, 2015. 6: p. 665.

Takemori, T., et al, Generation of memory B cells inside and outside
germinal centers. Eur | Immunol, 2014. 44(5): p. 1258-64.

Bortnick, A. and D. Allman, What is and what should always have been:
long-lived plasma cells induced by T cell-independent antigens. ] Immunol,
2013.190(12): p. 5913-8.

Honjo, T., K. Kinoshita, and M. Muramatsu, Molecular mechanism of class
switch recombination: linkage with somatic hypermutation. Annu Rev
Immunol, 2002. 20: p. 165-96.

Gitlin, A.D., Z. Shulman, and M.C. Nussenzweig, Clonal selection in the
germinal centre by regulated proliferation and hypermutation. Nature,
2014.509(7502): p. 637-40.

Wang, W,, et al,, Antibody structure, instability, and formulation. ] Pharm
Sci, 2007.96(1): p. 1-26.

Oyeyinka, G.0., et al., Range of normal serum immunoglobulin (IgG, IgA and
IgM) values in Nigerians. Afr ] Med Med Sci, 1984. 13(3-4): p. 169-76.
Castro, C.D. and M.F. Flajnik, Putting J-chain back on the map: how might
its expression define plasma cell development?(). Journal of immunology
(Baltimore, Md. : 1950), 2014. 193(7): p. 3248-3255.

Mantis, N.J, N. Rol, and B. Corthesy, Secretory IgA's complex roles in
immunity and mucosal homeostasis in the gut. Mucosal Immunol, 2011.
4(6): p. 603-611.

Vidarsson, G., G. Dekkers, and T. Rispens, IgG subclasses and allotypes:
from structure to effector functions. Front Immunol, 2014. 5: p. 520.
Vidarsson, G., G. Dekkers, and T. Rispens, IgG Subclasses and Allotypes:
From Structure to Effector Functions. Frontiers in Immunology, 2014.
5(520).

Victora, G.D., et al., Germinal center dynamics revealed by multiphoton
microscopy with a photoactivatable fluorescent reporter. Cell, 2010.
143(4): p. 592-605.

Shulman, Z., et al., Dynamic signaling by T follicular helper cells during
germinal center B cell selection. Science, 2014. 345(6200): p. 1058-62.

De Silva, N.S. and U. Klein, Dynamics of B cells in germinal centres. Nat Rev
Immunol, 2015. 15(3): p. 137-148.

Gitlin, A.D., Z. Shulman, and M.C. Nussenzweig, Clonal selection in the
germinal centre by regulated proliferation and hypermutation. Nature,
2014.509(7502): p. 637-640.

Hraber, P., et al., Prevalence of broadly neutralizing antibody responses
during chronic HIV-1 infection. Aids, 2014. 28(2): p. 163-9.

-254-



214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

Stamatatos, L., et al., Neutralizing antibodies generated during natural HIV-
1 infection: good news for an HIV-1 vaccine? Nat Med, 2009. 15(8): p. 866-
70.

Wei, X, et al,, Antibody neutralization and escape by HIV-1. Nature, 2003.
422(6929): p. 307-312.

Alter, G. and M.A. Moody, The humoral response to HIV-1: new insights,
renewed focus. ] Infect Dis, 2010. 202 Suppl 2: p. S315-22.

Tomaras, G.D. et al, Initial B-cell responses to transmitted human
immunodeficiency virus type 1: virion-binding immunoglobulin M (IgM) and
IgG antibodies followed by plasma anti-gp41 antibodies with ineffective
control of initial viremia. ] Virol, 2008. 82(24): p. 12449-63.

Doria-Rose, N.A,, et al., Breadth of human immunodeficiency virus-specific
neutralizing activity in sera: clustering analysis and association with
clinical variables. ] Virol, 2010. 84(3): p. 1631-6.

Pantophlet, R. and D.R. Burton, GP120: target for neutralizing HIV-1
antibodies. Annu Rev Immunol, 2006. 24: p. 739-69.

Burton, D.R. and ].R. Mascola, Antibody responses to envelope glycoproteins
in HIV-1 infection. Nat Immunol, 2015. 16(6): p. 571-576.

Davenport, T.M., et al., Somatic Hypermutation-Induced Changes in the
Structure and Dynamics of HIV-1 Broadly Neutralizing Antibodies.
Structure, 2016.

Verkoczy, L., et al., Autoreactivity in an HIV-1 broadly reactive neutralizing
antibody variable region heavy chain induces immunologic tolerance. Proc
Natl Acad SciUS A,2010.107(1): p. 181-6.

Liu, M,, et al,, Polyreactivity and autoreactivity among HIV-1 antibodies. ]
Virol, 2015. 89(1): p. 784-98.

Xiao, X., et al., Germline-like predecessors of broadly neutralizing antibodies
lack measurable binding to HIV-1 envelope glycoproteins: implications for
evasion of immune responses and design of vaccine immunogens. Biochem
Biophys Res Commun, 2009. 390(3): p. 404-9.

Tian, M., et al., Induction of HIV Neutralizing Antibody Lineages in Mice
with Diverse Precursor Repertoires. Cell, 2016. 166(6): p. 1471-1484.e18.
Escolano, A, et al, Sequential Immunization Elicits Broadly Neutralizing
Anti-HIV-1 Antibodies in Ig Knockin Mice. Cell, 2016. 166(6): p. 1445-
1458.e12.

Briney, B., et al., Tailored Immunogens Direct Affinity Maturation toward
HIV Neutralizing Antibodies. Cell, 2016. 166(6): p. 1459-1470.e11.
Steichen, ].M,, et al., HIV Vaccine Design to Target Germline Precursors of
Glycan-Dependent Broadly Neutralizing Antibodies. Immunity, 2016.
45(3): p. 483-96.

Liu, |., et al., Antibody-mediated protection against SHIV challenge includes
systemic clearance of distal virus. Science, 2016.

Ledgerwood, J.E, et al,, Safety, pharmacokinetics and neutralization of the
broadly neutralizing HIV-1 human monoclonal antibody VRCO1 in healthy
adults. Clin Exp Immunol, 2015. 182(3): p. 289-301.

Caskey, M,, et al., Viraemia suppressed in HIV-1-infected humans by broadly
neutralizing antibody 3BNC117. Nature, 2015. 522(7557): p. 487-91.

-255-



232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242,

243.

244,

245.

246.

247.

248.

249,

250.

Lynch, R.M,, et al,, Virologic effects of broadly neutralizing antibody VRC01
administration during chronic HIV-1 infection. Sci Transl Med, 2015.
7(319): p. 319ra206.

Health, U.Lo.
https://clinicaltrials.gov/ct2 /show/NCT02716675?term=hvtn&rank=31.
2016.

Health, U.Lo.
https://clinicaltrials.gov/ct2 /show/NCT02568215?term=hvtn&rank=11.
2016.

Hessell, A]., et al.,, Fc receptor but not complement binding is important in
antibody protection against HIV. Nature. 2007 Sep 6;449(7158):101-4.,
2007.

Ko, S.Y,, et al., Enhanced neonatal Fc receptor function improves protection
against primate SHIV infection. Nature, 2014. 514(7524): p. 642-5.
Haynes, B.F,, et al., HIV-Host Interactions: Implications for Vaccine Design.
Cell host & microbe, 2016. 19(3): p. 292-303.

Pancera, M., et al,, Structure and immune recognition of trimeric pre-fusion
HIV-1 Env. Nature, 2014. 514(7523): p. 455-61.

Dugast, AS. et al, Lack of protection following passive transfer of
polyclonal highly functional low-dose non-neutralizing antibodies. PLoS
One, 2014. 9(5): p. e97229.

Santra, S., et al, Human Non-neutralizing HIV-1 Envelope Monoclonal
Antibodies Limit the Number of Founder Viruses during SHIV Mucosal
Infection in Rhesus Macaques. PLoS Pathog, 2015. 11(8): p. e1005042.
Ackerman, M.E,, et al., Natural variation in Fc glycosylation of HIV-specific
antibodies impacts antiviral activity. ] Clin Invest, 2013. 123(5): p. 2183-
92.

Chung, A.W.,, et al., Identification of antibody glycosylation structures that
predict monoclonal antibody Fc-effector function. Aids, 2014. 28(17): p.
2523-30.

Richard, J., et al., Small CD4 Mimetics Prevent HIV-1 Uninfected Bystander
CD4 + T Cell Killing Mediated by Antibody-dependent Cell-mediated
Cytotoxicity. EBioMedicine, 2016. 3: p. 122-34.

Royce, R.A,, et al., Sexual transmission of HIV. N Engl ] Med, 1997. 336(15):
p. 1072-8.

Shattock, R.J. and ].P. Moore, Inhibiting sexual transmission of HIV-1
infection. Nat Rev Microbiol, 2003. 1(1): p. 25-34.

Haase, A.T., Targeting early infection to prevent HIV-1 mucosal
transmission. Nature, 2010. 464(7286): p. 217-23.

Shattock, R.J. and ].P. Moore, Inhibiting sexual transmission of HIV-1
infection. Nat Rev Micro, 2003. 1(1): p. 25-34.

Cameron, DW.,, et al, FEMALE TO MALE TRANSMISSION OF HUMAN
IMMUNODEFICIENCY VIRUS TYPE 1: RISK FACTORS FOR
SEROCONVERSION IN MEN. The Lancet, 1989. 334(8660): p. 403-407.
Koblin, B.A,, et al,, Risk factors for HIV infection among men who have sex
with men. AIDS, 2006. 20(5): p. 731-739.

Atashili, ]., et al., Bacterial vaginosis and HIV acquisition: A meta-analysis of
published studies. AIDS (London, England), 2008. 22(12): p. 1493-1501.

-256-



251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

Chen, P, et al, Predominant mode of human immunodeficiency virus
transfer between T cells is mediated by sustained Env-dependent
neutralization-resistant virological synapses. | Virol, 2007. 81(22): p.
12582-95.

Dimitrov, D.S,, et al., Quantitation of human immunodeficiency virus type 1
infection kinetics. ] Virol, 1993. 67(4): p. 2182-90.

Malbec, M., et al,, Broadly neutralizing antibodies that inhibit HIV-1 cell to
cell transmission. The Journal of Experimental Medicine, 2013. 210(13): p.
2813-2821.

Franchini, M. and P.M. Mannucci, Past, present and future of hemophilia: a
narrative review. Orphanet | Rare Dis, 2012. 7: p. 24.

Di Minno, G. et al, Current concepts in the prevention of pathogen
transmission via blood/plasma-derived products for bleeding disorders.
Blood Rev, 2016.30(1): p. 35-48.

Patel, P, et al, Estimating per-act HIV transmission risk: a systematic
review. Aids, 2014. 28(10): p. 1509-109.

Bomsel, M., Transcytosis of infectious human immunodeficiency virus
across a tight human epithelial cell line barrier. Nat Med, 1997. 3(1): p. 42-
47.

Gupta, S., et al, The Neonatal Fc Receptor (FcRn) Enhances Human
Immunodeficiency Virus Type 1 (HIV-1) Transcytosis across Epithelial Cells.
PLoS Pathogens, 2013.9(11): p.e1003776.

Kinlock, B.L., et al.,, Transcytosis of HIV-1 through Vaginal Epithelial Cells Is
Dependent on Trafficking to the Endocytic Recycling Pathway. PLoS ONE,
2014.9(5): p. e96760.

Bobardt, M.D., et al., Cell-Free Human Immunodeficiency Virus Type 1
Transcytosis through Primary Genital Epithelial Cells. Journal of Virology,
2007.81(1): p. 395-405.

Shen, R, et al, GP41-Specific Antibody Blocks Cell-Free HIV Type 1
Transcytosis through Human Rectal Mucosa and Model Colonic Epithelium.
The Journal of Immunology, 2010. 184(7): p. 3648-3655.

Hocini, H. and M. Bomsel, Infectious Human Immunodeficiency Virus Can
Rapidly Penetrate a Tight Human Epithelial Barrier by Transcytosis in a
Process Impaired by Mucosal Immunoglobulins. Journal of Infectious
Diseases, 1999. 179(Supplement 3): p. S448-5453.

Carias, A.M., et al., Defining the interaction of HIV-1 with the mucosal
barriers of the female reproductive tract. ] Virol, 2013. 87(21): p. 11388-
400.

Miller, C.J. and R.J. Shattock, Target cells in vaginal HIV transmission.
Microbes and Infection, 2003. 5(1): p. 59-67.

Trifonova, R.T., J. Lieberman, and D. van Baarle, Distribution of immune
cells in the human cervix and implications for HIV transmission. Am ]
Reprod Immunol, 2014. 71(3): p. 252-64.

Wira, C.R., M. Rodriguez-Garcia, and M.V. Patel, The role of sex hormones in
immune protection of the female reproductive tract. Nat Rev Immunol,
2015.15(4): p. 217-30.

Wira, C.R, et al, Innate and adaptive immunity in female genital tract:
cellular responses and interactions. Immunological Reviews, 2005. 206(1):
p. 306-335.

-257-



268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

Tjernlund, A. et al, Progesterone-Based Intrauterine Device Use Is
Associated with a Thinner Apical Layer of the Human Ectocervical
Epithelium and a Lower ZO-1 mRNA Expression. Biology of Reproduction,
2015.92(3): p. 68.

Smith, S.M. et al, Topical estrogen protects against SIV vaginal
transmission without evidence of systemic effect. Aids, 2004. 18(12): p.
1637-43.

Marx, P.A., et al., Progesterone implants enhance SIV vaginal transmission
and early virus load. Nat Med, 1996. 2(10): p. 1084-9.

Prakash, M., et al.,, Oral contraceptive use induces upregulation of the CCR5
chemokine receptor on CD4(+) T cells in the cervical epithelium of healthy
women. | Reprod Immunol, 2002. 54(1-2): p. 117-31.

Prakash, M., et al., Ex vivo analysis of HIV-1 co-receptors at the endocervical
mucosa of women using oral contraceptives. Bjog, 2004. 111(12): p. 1468-
70.

Prakash, M,, S. Patterson, and M.S. Kapembwa, Hormonal upregulation of
CCR5 expression on T lymphocytes as a possible mechanism for increased
HIV-1 risk. ] Acquir Immune Defic Syndr, 2005. 38 Suppl 1: p. S14-6.
Schiffman, M. and N. Wentzensen, Human papillomavirus (HPV) infection
and the multi-stage carcinogenesis of cervical cancer. Cancer epidemiology,
biomarkers & prevention : a publication of the American Association for
Cancer Research, cosponsored by the American Society of Preventive
Oncology, 2013. 22(4): p. 553-560.

Lai, S.K, et al, Human immunodeficiency virus type 1 is trapped by acidic
but not by neutralized human cervicovaginal mucus. ] Virol, 2009. 83(21):
p. 11196-200.

Shukair, S.A,, et al.,, Human cervicovaginal mucus contains an activity that
hinders HIV-1 movement. Mucosal Immunol, 2013. 6(2): p. 427-434.
Fahrbach, K.M,, et al.,, Differential binding of IgG and IgA to mucus of the
female reproductive tract. PLoS One, 2013. 8(10): p. e76176.

Poonia, B., X. Wang, and R.S. Veazey, Distribution of simian
immunodeficiency virus target cells in vaginal tissues of normal rhesus
macaques: implications for virus transmission. ] Reprod Immunol, 2006.
72(1-2): p. 74-84.

Chappell, C.A,, et al., The Effect of Menopause on the Innate Anti-Viral
Activity of Cervicovaginal Lavage. American journal of obstetrics and
gynecology, 2015.213(2): p. 204.e1-204.e6.

Gray, R.H,, et al,, Increased risk of incident HIV during pregnancy in Rakai,
Uganda: a prospective study. Lancet, 2005. 366(9492): p. 1182-8.
Moscicki, A.B., et al.,, Cervical ectopy in adolescent girls with and without
human immunodeficiency virus infection. ] Infect Dis, 2001. 183(6): p. 865-
70.

Venkatesh, K.K. and S. Cu-Uvin, Assessing the relationship between cervical
ectopy and HIV susceptibility: implications for HIV prevention in women.
Am ] Reprod Immunol, 2013. 69 Suppl 1: p. 68-73.

McCoombe, S.G. and R.V. Short, Potential HIV-1 target cells in the human
penis. Aids, 2006. 20(11): p. 1491-5.

-258-



284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294,

295.

296.

297.

298.

299.

300.

301.

Qin, Q., et al, Langerhans' cell density and degree of keratinization in
foreskins of Chinese preschool boys and adults. Int Urol Nephrol, 2009.
41(4): p. 747-53.

Dinh, M.H,, et al., Keratinization of the adult male foreskin and implications
for male circumcision. Aids, 2010. 24(6): p. 899-906.

Dinh, M.H,, et al., No difference in keratin thickness between inner and outer
foreskins from elective male circumcisions in Rakai, Uganda. PLoS One,
2012.7(7): p. e41271.

Barnabas, R.V,, et al., The role of coinfections in HIV epidemic trajectory and
positive prevention: a systematic review and meta-analysis. Aids, 2011.
25(13): p. 1559-73.

Sexton, ]., G. Garnett, and ]J.A. Rottingen, Metaanalysis and metaregression
in interpreting study variability in the impact of sexually transmitted
diseases on susceptibility to HIV infection. Sex Transm Dis, 2005. 32(6): p.
351-7.

Hladik, F. and M.]. McElrath, Setting the stage: host invasion by HIV. Nat
Rev Immunol, 2008. 8(6): p. 447-57.

Auvert, B., et al, Randomized, controlled intervention trial of male
circumcision for reduction of HIV infection risk: the ANRS 1265 Trial. PLoS
Med, 2005. 2(11): p. e298.

Bailey, R.C,, et al.,, Male circumcision for HIV prevention in young men in
Kisumu, Kenya: a randomised controlled trial. Lancet, 2007. 369(9562): p.
643-56.

Gray, R.H., et al., Male circumcision for HIV prevention in men in Rakai,
Uganda: a randomised trial. Lancet, 2007. 369(9562): p. 657-66.

Kigozi, G., et al., Foreskin surface area and HIV acquisition in Rakai, Uganda
(size matters). Aids, 2009. 23(16): p. 2209-13.

Hirbod, T., et al., Abundant expression of HIV target cells and C-type lectin
receptors in the foreskin tissue of young Kenyan men. Am ] Pathol, 2010.
176(6): p. 2798-805.

Lemos, M.P.,, et al., The inner foreskin of healthy males at risk of HIV
infection harbors epithelial CD4+ CCR5+ cells and has features of an
inflamed epidermal barrier. PLoS One, 2014. 9(9): p. e108954.

Prodger, ].L., et al.,, Foreskin T-cell subsets differ substantially from blood
with respect to HIV co-receptor expression, inflammatory profile, and
memory status. Mucosal Immunol, 2012. 5(2): p. 121-8.

Anderson, D., J.A. Politch, and ]. Pudney, HIV infection and immune defense
of the penis. Am ] Reprod Immunol, 2011. 65(3): p. 220-9.

Nguyen, P.V,, et al, Innate and adaptive immune responses in male and
female reproductive tracts in homeostasis and following HIV infection.
Cellular and Molecular Immunology, 2014. 11(5): p. 410-427.

McClure, C.P,, et al., HIV coreceptor and chemokine ligand gene expression
in the male urethra and female cervix. Aids, 2005. 19(12): p. 1257-65.
Ganor, Y., et al., The adult penile urethra is a novel entry site for HIV-1 that
preferentially targets resident urethral macrophages. Mucosal Immunol,
2013. 6(4): p. 776-86.

Fischetti, L., et al., HIV-1 infection of human penile explant tissue and
protection by candidate microbicides. AIDS (London, England), 2009.
23(3): p- 319-328.

-259-



302.

303.

304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

3109.

Johnson, E.L. and R. Chakraborty, HIV-1 at the placenta: immune correlates
of protection and infection. Curr Opin Infect Dis, 2016. 29(3): p. 248-55.
Kilewo, C., et al., Prevention of mother-to-child transmission of HIV-1
through breastfeeding by treating mothers with triple antiretroviral
therapy in Dar es Salaam, Tanzania: the Mitra Plus study. ] Acquir Immune
Defic Syndr, 2009. 52(3): p. 406-16.

Chasela, C.S,, et al., Maternal or infant antiretroviral drugs to reduce HIV-1
transmission. N Engl | Med, 2010. 362(24): p. 2271-81.

Cohen, M.S,, et al.,, Antiretroviral Therapy for the Prevention of HIV-1
Transmission. N Engl ] Med, 2016. 375(9): p. 830-9.

Kumwenda, N.I, et al, Extended antiretroviral prophylaxis to reduce
breast-milk HIV-1 transmission. N Engl | Med, 2008. 359(2): p. 119-29.
Truong, H.M,, et al., Concordance between HIV source partner identification
and molecular confirmation in acute retroviral syndrome. ] Acquir Immune
Defic Syndr, 2002. 29(3): p. 232-43.

Page-Shafer, K, et al., Risk of HIV infection attributable to oral sex among
men who have sex with men and in the population of men who have sex with
men. Aids, 2002. 16(17): p. 2350-2.

Tugizov, S.M., et al., Differential transmission of HIV traversing fetal
oral/intestinal epithelia and adult oral epithelia. ] Virol, 2012. 86(5): p.
2556-70.

Baggaley, R.F,, et al,, Heterosexual anal intercourse: a neglected risk factor
for HIV? Am ] Reprod Immunol, 2013. 69 Suppl 1: p. 95-105.

Baggaley, R.F., R.G. White, and M.C. Boily, HIV transmission risk through
anal intercourse: systematic review, meta-analysis and implications for HIV
prevention. Int ] Epidemiol, 2010. 39(4): p. 1048-63.

Tanaka, E., et al.,, Morphology of the epithelium of the lower rectum and the
anal canal in the adult human. Med Mol Morphol, 2012. 45(2): p. 72-9.
Poles, M.A,, et al., A preponderance of CCR5(+) CXCR4(+) mononuclear cells
enhances  gastrointestinal =~ mucosal  susceptibility @~ to  human
immunodeficiency virus type 1 infection. ] Virol, 2001. 75(18): p. 8390-9.
McElrath, M.]., et al., Comprehensive assessment of HIV target cells in the
distal human gut suggests increasing HIV susceptibility toward the anus. ]
Acquir Immune Defic Syndr, 2013. 63(3): p. 263-71.

Jameson, B, et al., Expression of DC-SIGN by dendritic cells of intestinal and
genital mucosae in humans and rhesus macaques. ] Virol, 2002. 76(4): p.
1866-75.

Cavarelli, M,, et al., R5 HIV-1 envelope attracts dendritic cells to cross the
human intestinal epithelium and sample luminal virions via engagement of
the CCR5. EMBO Mol Med, 2013. 5(5): p. 776-94.

Martinelli, E., et al, The frequency of alpha(4)beta(7)(high) memory
CD4(+) T cells correlates with susceptibility to rectal simian
immunodeficiency virus infection. ] Acquir Immune Defic Syndr, 2013.
64(4): p. 325-31.

Byrareddy, S.N., et al., Targeting alpha4beta?7 integrin reduces mucosal
transmission of simian immunodeficiency virus and protects gut-associated
lymphoid tissue from infection. Nat Med, 2014. 20(12): p. 1397-400.
Guadalupe, M., et al., Severe CD4+ T-cell depletion in gut lymphoid tissue
during primary human immunodeficiency virus type 1 infection and

-260-



320.

321.

322.

323.

324.

325.

326.

327.

substantial delay in restoration following highly active antiretroviral
therapy. ] Virol, 2003.77(21): p. 11708-17.

Guadalupe, M., et al., Viral suppression and immune restoration in the
gastrointestinal mucosa of human immunodeficiency virus type 1-infected
patients initiating therapy during primary or chronic infection. ] Virol,
2006.80(16): p. 8236-47.

Brenchley, .M., et al., Microbial translocation is a cause of systemic immune
activation in chronic HIV infection. Nat Med, 2006. 12(12): p. 1365-71.
Estes, ].D., et al.,, Damaged intestinal epithelial integrity linked to microbial
translocation in pathogenic simian immunodeficiency virus infections. PLoS
Pathog, 2010. 6(8): p. e1001052.

Mudd, J.C. and ].M. Brenchley, Gut Mucosal Barrier Dysfunction, Microbial
Dysbiosis, and Their Role in HIV-1 Disease Progression. | Infect Dis, 2016.
214 Suppl 2: p. S58-66.

Brown, D. and ].J. Mattapallil, Gastrointestinal tract and the mucosal
macrophage reservoir in HIV infection. Clin Vaccine Immunol, 2014.
21(11): p. 1469-73.

Ota, E., et al., Behavioral interventions to reduce the transmission of HIV
infection among sex workers and their clients in high-income countries.
Cochrane Database Syst Rev, 2011(12): p. Cd006045.

LaCroix, ].M., et al., Behavioural interventions to reduce sexual risk for HIV
in heterosexual couples: a meta-analysis. Sex Transm Infect, 2013. 89(8):
p. 620-7.

WHO Guidelines Approved by the Guidelines Review Committee, in
Guideline: Updates on HIV and Infant Feeding: The Duration of
Breastfeeding, and Support from Health Services to Improve Feeding
Practices Among Mothers Living with HIV. 2016, World Health
Organization

Copyright (c) World Health Organization 2016.: Geneva.

328.

329.

330.

331.

332.

333.

334.

Nakashima, H., et al., Inhibition of replication and cytopathic effect of
human T cell lymphotropic virus type Ill/lymphadenopathy-associated virus
by 3'-azido-3'-deoxythymidine in vitro. Antimicrob Agents Chemother,
1986.30(6): p. 933-7.

Herzyk, P., A. Beveridge, and S. Neidle, Conformational properties of 3'-
azido-3'deoxy-thymidine (AZT), an inhibitor of HIV reverse transcriptase.
Biochem Biophys Res Commun, 1987. 145(3): p. 1356-61.

Lyerly, H.K,, 0.]. Cohen, and K.J. Weinhold, Transmission of HIV by antigen
presenting cells during T-cell activation: prevention by 3'-azido-3'-
deoxythymidine. AIDS Res Hum Retroviruses, 1987. 3(1): p. 87-94.
Multiple mutations in HIV-1 reverse transcriptase confer high-level
resistance to zidovudine (AZT). Dis Markers, 1990. 8(3): p. 163-4.

De Clercq, E. and G. Li, Approved Antiviral Drugs over the Past 50 Years.
Clin Microbiol Rev, 2016. 29(3): p. 695-747.

Grant , R.M,, et al., Preexposure Chemoprophylaxis for HIV Prevention in
Men Who Have Sex with Men. New England Journal of Medicine, 2010.
363(27): p. 2587-2599.

Baeten, ].M,, et al,, Antiretroviral Prophylaxis for HIV-1 Prevention among
Heterosexual Men and Women. The New England journal of medicine,
2012.367(5): p- 399-410.

-261-



335.

336.

337.

338.

339.

340.

341.

342.

343.

344,

345.

346.

347.

348.

349.

350.

Choopanya, K. et al, Antiretroviral prophylaxis for HIV infection in
injecting drug users in Bangkok, Thailand (the Bangkok Tenofovir Study): a
randomised, double-blind, placebo-controlled phase 3 trial. The Lancet.
381(9883): p. 2083-2090.

Thigpen , M.C, et al, Antiretroviral Preexposure Prophylaxis for
Heterosexual HIV Transmission in Botswana. New England Journal of
Medicine, 2012. 367(5): p. 423-434.

Cresswell, F., et al, UK guideline for the use of HIV Post-Exposure
Prophylaxis Following Sexual Exposure, 2015. Int | STD AIDS, 2016. 27(9):
p. 713-38.

Abdool Karim, Q. et al, Effectiveness and safety of tenofovir gel, an
antiretroviral microbicide, for the prevention of HIV infection in women.
Science, 2010. 329(5996): p. 1168-74.

Baeten, ].M,, et al,, Use of a Vaginal Ring Containing Dapivirine for HIV-1
Prevention in Women. New England Journal of Medicine. 0(0): p. null.
Connor, E.M,, et al,, Reduction of maternal-infant transmission of human
immunodeficiency virus type 1 with zidovudine treatment. Pediatric AIDS
Clinical Trials Group Protocol 076 Study Group. N Engl ] Med, 1994.
331(18): p. 1173-80.

Del Romero, J., et al., Absence of transmission from HIV-infected individuals
with HAART to their heterosexual serodiscordant partners. Enfermedades
Infecciosas y Microbiologia Clinica, 2015. 33(10): p. 666-672.

Kouanda, S., et al.,, Impact of maternal HAART on the prevention of mother-
to-child transmission of HIV: results of an 18-month follow-up study in
Ouagadougou, Burkina Faso. AIDS Care, 2010. 22(7): p. 843-50.

Cihlar, T. and M. Fordyce, Current status and prospects of HIV treatment.
Curr Opin Virol, 2016. 18: p. 50-6.

Rusnock, A.A., Historical context and the roots of Jenner's discovery. Hum
Vaccin Immunother, 2016: p. 1-4.

Jenner, E., An enquiry into the causes and effects of the variolae vaccinae, a
disease discovered in some of the western counties of England, particularly
Gloucestershire, and known by the name of cow pow. 1798, Printed for the
author Sampson Law.

Strassburg, M.A., The global eradication of smallpox. Am | Infect Control,
1982.10(2): p. 53-9.

Ellis, RW., Technologies for the design, discovery, formulation and
administration of vaccines. Vaccine, 2001. 19(17-19): p. 2681-7.

Kardani, K., A. Bolhassani, and S. Shahbazi, Prime-boost vaccine strategy
against viral infections: Mechanisms and benefits. Vaccine, 2016. 34(4): p.
413-23.

Flynn, N.M., et al., Placebo-controlled phase 3 trial of a recombinant
glycoprotein 120 vaccine to prevent HIV-1 infection. ] Infect Dis, 2005.
191(5): p. 654-65.

Pitisuttithum, P., et al, Randomized, double-blind, placebo-controlled
efficacy trial of a bivalent recombinant glycoprotein 120 HIV-1 vaccine
among injection drug users in Bangkok, Thailand. ] Infect Dis, 2006.
194(12): p. 1661-71.

-262-



351.

352.

353.

354.

355.

356.

357.

358.

359.

360.

361.

362.

363.

364.

365.

366.

Buchbinder, S.P., et al,, Efficacy assessment of a cell-mediated immunity
HIV-1 vaccine (the Step Study): a double-blind, randomised, placebo-
controlled, test-of-concept trial. The Lancet. 372(9653): p. 1881-1893.
Gray, G.E., et al., Safety and efficacy of the HVTN 503/Phambili study of a
clade-B-based HIV-1 vaccine in South Africa: a double-blind, randomised,
placebo-controlled test-of-concept phase 2b study. Lancet Infect Dis, 2011.
11(7): p. 507-15.

Rerks-Ngarm, S., et al., Vaccination with ALVAC and AIDSVAX to prevent
HIV-1 infection in Thailand. N Engl ] Med, 2009. 361(23): p. 2209-20.
Haynes, B.F,, et al., Immune-correlates analysis of an HIV-1 vaccine efficacy
trial. N Engl ] Med, 2012. 366(14): p. 1275-86.

Gottardo, R,, et al., Plasma IgG to linear epitopes in the V2 and V3 regions of
HIV-1 gp120 correlate with a reduced risk of infection in the RV144 vaccine
efficacy trial. PLoS One, 2013. 8(9): p. e75665.

Tomaras, G.D., et al., Vaccine-induced plasma IgA specific for the C1 region
of the HIV-1 envelope blocks binding and effector function of IgG. Proc Natl
Acad SciUS A, 2013.110(22): p. 9019-24.

Yates, N.L., et al., HIV-1 gp41 envelope IgA is frequently elicited after
transmission but has an initial short response half-life. Mucosal Immunol,
2013.6(4): p. 692-703.

Zolla-Pazner, S., et al., Analysis of V2 antibody responses induced in
vaccinees in the ALVAC/AIDSVAX HIV-1 vaccine efficacy trial. PLoS One,
2013.8(1): p. e53629.

Jones, N.G., et al., AIDSVAX immunization induces HIV-specific CD8+ T-cell
responses in high-risk, HIV-negative volunteers who subsequently acquire
HIV infection. Vaccine, 2009. 27(7): p. 1136-1140.

Gray, G., S. Buchbinder, and A. Duerr, Overview of STEP and Phambili trial
results: two phase IIb test-of-concept studies investigating the efficacy of
MRK adenovirus type 5 gag/pol/nef subtype B HIV vaccine. Curr Opin HIV
AIDS, 2010. 5(5): p. 357-61.

Moodie, Z., et al., Continued Follow-Up of Phambili Phase 2b Randomized
HIV-1 Vaccine Trial Participants Supports Increased HIV-1 Acquisition
among Vaccinated Men. PLoS ONE, 2015. 10(9): p. e0137666.

Gray, G.E., et al., Recombinant adenovirus type 5 HIV gag/pol/nef vaccine in
South Africa: unblinded, long-term follow-up of the phase 2b HVTN
503/Phambili study. Lancet Infect Dis, 2014. 14(5): p. 388-96.

Duerr, A, et al.,, Extended follow-up confirms early vaccine-enhanced risk of
HIV acquisition and demonstrates waning effect over time among
participants in a randomized trial of recombinant adenovirus HIV vaccine
(Step Study). ] Infect Dis, 2012. 206(2): p. 258-66.

Rolland, M., et al., Genetic impact of vaccination on breakthrough HIV-1
sequences from the Step trial. Nature medicine, 2011. 17(3): p. 366-371.
Stephenson, K.E. et al, Preexisting adenovirus seropositivity is not
associated with increased HIV-1 acquisition in three HIV-1 vaccine efficacy
trials. ] Infect Dis, 2012. 205(12): p. 1806-10.

Cheng, C., et al., Decreased pre-existing Ad5 capsid and Ad35 neutralizing
antibodies increase HIV-1 infection risk in the Step trial independent of
vaccination. PLoS One, 2012. 7(4): p. e33969.

-263-



367.

368.

369.

370.

371.

372.

373.

374.

375.

376.

377.

378.

379.

380.

381.

382.

Hu, H,, et al., Preferential infection of human Ad5-specific CD4 T cells by HIV
in Ad5 naturally exposed and recombinant Ad5-HIV vaccinated individuals.
Proc Natl Acad Sci US A, 2014. 111(37): p. 13439-44.

Benlahrech, A, et al., Adenovirus vector vaccination induces expansion of
memory CD4 T cells with a mucosal homing phenotype that are readily
susceptible to HIV-1. Proc Natl Acad Sci U S A, 2009.106(47): p. 19940-5.
Herath, S., et al., Analysis of T cell responses to chimpanzee adenovirus
vectors encoding HIV gag-pol-nef antigen. Vaccine, 2015. 33(51): p. 7283-
0.

Lorin, C. et al., Heterologous prime-boost regimens with a recombinant
chimpanzee adenoviral vector and adjuvanted F4 protein elicit
polyfunctional HIV-1-specific T-Cell responses in macaques. PLoS One,
2015.10(4): p.e0122835.

Gilbert, P.B,, et al, HIV-1 virologic and immunologic progression and
initiation of antiretroviral therapy among HIV-1-infected subjects in a trial
of the efficacy of recombinant glycoprotein 120 vaccine. | Infect Dis, 2005.
192(6): p. 974-83.

Gilbert, P.B., et al, Correlation between immunologic responses to a
recombinant glycoprotein 120 vaccine and incidence of HIV-1 infection in a
phase 3 HIV-1 preventive vaccine trial. | Infect Dis, 2005. 191(5): p. 666-
77.

Gilbert, P.B., et al, Statistical interpretation of the RV144 HIV vaccine
efficacy trial in Thailand: a case study for statistical issues in efficacy trials.
J Infect Dis, 2011.203(7): p. 969-75.

Montefiori, D.C,, et al., Magnitude and breadth of the neutralizing antibody
response in the RV144 and Vax003 HIV-1 vaccine efficacy trials. ] Infect Dis,
2012.206(3): p. 431-41.

Zolla-Pazner, S., et al., Vaccine-induced lIgG antibodies to V1V2 regions of
multiple HIV-1 subtypes correlate with decreased risk of HIV-1 infection.
PLoS One, 2014. 9(2): p. e87572.

Gartland, A.J., et al., Analysis of HLA A*02 association with vaccine efficacy
in the RV144 HIV-1 vaccine trial. ] Virol, 2014. 88(15): p. 8242-55.

Platt, E.J., et al,, Effects of CCR5 and CD4 cell surface concentrations on
infections by macrophagetropic isolates of human immunodeficiency virus
type 1. ] Virol, 1998. 72(4): p. 2855-64.

Derdeyn, C.A,, et al,, Sensitivity of human immunodeficiency virus type 1 to
the fusion inhibitor T-20 is modulated by coreceptor specificity defined by
the V3 loop of gp120. ] Virol, 2000. 74(18): p. 8358-67.

Lusso, P., et al, Growth of macrophage-tropic and primary human
immunodeficiency virus type 1 (HIV-1) isolates in a unique CD4+ T-cell
clone (PM1): failure to downregulate CD4 and to interfere with cell-line-
tropic HIV-1. ] Virol, 1995. 69(6): p. 3712-20.

Gartner, S., et al, The role of mononuclear phagocytes in HTLV-III/LAV
infection. Science, 1986.233(4760): p. 215-219.

Fletcher, P.S. et al, Ex vivo culture of human colorectal tissue for the
evaluation of candidate microbicides. Aids, 2006. 20(9): p. 1237-45.

Hu, Q. et al,, Blockade of attachment and fusion receptors inhibits HIV-1
infection of human cervical tissue. ] Exp Med, 2004. 199(8): p. 1065-75.

-264-



383.

384.

385.

386.

387.

388.

389.

390.

391.

392.

393.

394.

395.

396.

397.

398.

399.

400.

Karasavvas, N., et al., The Thai Phase IIl HIV Type 1 Vaccine trial (RV144)
regimen induces antibodies that target conserved regions within the V2
loop of gp120. AIDS Res Hum Retroviruses, 2012. 28(11): p. 1444-57.
Chung, A.W.,, et al., Polyfunctional Fc-effector profiles mediated by IgG
subclass selection distinguish RV144 and VAX003 vaccines. Sci Transl Med,
2014. 6(228): p. 228ra38.

Hessell, A]., et al.,, Fc receptor but not complement binding is important in
antibody protection against HIV. Nature, 2007. 449(7158): p. 101-4.
Bournazos, S., et al,, Broadly neutralizing anti-HIV-1 antibodies require Fc
effector functions for in vivo activity. Cell, 2014. 158(6): p. 1243-53.

Bruel, T, et al., Elimination of HIV-1-infected cells by broadly neutralizing
antibodies. Nat Commun, 2016. 7.

Rabinovitch, N. and E.W. Gelfand, Expression of functional activating and
inhibitory Fcgamma receptors on human B cells. Int Arch Allergy Immunol,
2004.133(3): p. 285-94.

Sobota, A, et al.,, Binding of IgG-opsonized particles to Fc gamma R is an
active stage of phagocytosis that involves receptor clustering and
phosphorylation. ] Immunol, 2005. 175(7): p. 4450-7.

Guilliams, M., et al., The function of Fcgamma receptors in dendritic cells
and macrophages. Nat Rev Immunol, 2014. 14(2): p. 94-108.

Zuckerman, S.H. and S.D. Douglas, The characterization and functional
significance of plasma membrane Fc Receptors. CRC Crit Rev Microbiol,
1978.7(1): p. 1-26.

Cheeseman, H.M., et al, Expression Profile of Human Fc Receptors in
Mucosal Tissue: Implications for Antibody-Dependent Cellular Effector
Functions Targeting HIV-1 Transmission. PLoS One, 2016. 11(5): p.
e0154656.

McKinnon, L.R,, et al., Optimizing Viable Leukocyte Sampling from the
Female Genital Tract for Clinical Trials: An International Multi-Site Study.
PLoS ONE, 2014. 9(1): p. e85675.

White, H.D., et al., A method for the dispersal and characterization of
leukocytes from the human female reproductive tract. Am ] Reprod
Immunol, 2000. 44(2): p. 96-103.

Dinh, M.H,, et al., Expression of Structural Proteins in Human Female and
Male Genital Epithelia and Implications for Sexually Transmitted Infections.
Biology of Reproduction, 2012. 86(2): p. 32.

Brandtzaeg, P., Function of mucosa-associated lymphoid tissue in antibody
formation. Immunol Invest, 2010. 39(4-5): p. 303-55.

Mowat, A.M. and W.W. Agace, Regional specialization within the intestinal
immune system. Nat Rev Immunol, 2014. 14(10): p. 667-85.

Smith, P.D. et al., Intestinal macrophages lack CD14 and CD89 and
consequently are down-regulated for LPS- and IgA-mediated activities. |
Immunol, 2001. 167(5): p. 2651-6.

Preza, G.C, et al,, Antigen-presenting cell candidates for HIV-1 transmission
in human distal colonic mucosa defined by CD207 dendritic cells and CD209
macrophages. AIDS Res Hum Retroviruses, 2014. 30(3): p. 241-9.
Smythies, L.E., et al., Mucosal IL-8 and TGF-beta recruit blood monocytes:
evidence for cross-talk between the lamina propria stroma and myeloid
cells. ] Leukoc Biol, 2006. 80(3): p. 492-9.

-265-



401.

402.

403.

404.

405.

406.

407.

408.

409.

410.

411.

412.

413.

414.

415.

416.

Smith, P.D., et al, Intestinal macrophages and response to microbial
encroachment. Mucosal Immunol, 2011. 4(1): p. 31-42.

Hsieh, M.M,, et al., Prevalence of Neutropenia in the U.S. Population: Age,
Sex, Smoking Status, and Ethnic Differences. Annals of Internal Medicine,
2007.146(7): p. 486-492.

Rijken, F., R.C. Kiekens, and P.L. Bruijnzeel, Skin-infiltrating neutrophils
following exposure to solar-simulated radiation could play an important
role in photoageing of human skin. Br | Dermatol, 2005. 152(2): p. 321-8.
Givan, A.L, et al, Flow cytometric analysis of leukocytes in the human
female reproductive tract: comparison of fallopian tube, uterus, cervix, and
vagina. Am ] Reprod Immunol, 1997. 38(5): p. 350-9.

Kvedaraite, E. et al., Tissue-infiltrating neutrophils represent the main
source of IL-23 in the colon of patients with IBD. Gut, 2015.

Shen, L., P.M. Guyre, and M.W. Fanger, Polymorphonuclear leukocyte
function triggered through the high affinity Fc receptor for monomeric IgG.
J Immunol, 1987. 139(2): p. 534-8.

Pudney, ], AJ. Quayle, and D.J. Anderson, Immunological
microenvironments in the human vagina and cervix: mediators of cellular
immunity are concentrated in the cervical transformation zone. Biol
Reprod, 2005.73(6): p. 1253-63.

Moller, M.J., R. Kammerer, and S. von Kleist, A distinct distribution of
natural killer cell subgroups in human tissues and blood. Int ] Cancer, 1998.
78(5): p- 533-8.

Nagelkerke, S.Q. and T.W. Kuijpers, Immunomodulation by IVIg and the
Role of Fc-Gamma Receptors: Classic Mechanisms of Action after all? Front
Immunol, 2014. 5: p. 674.

Romee, R, et al.,, NK cell CD16 surface expression and function is regulated
by a disintegrin and metalloprotease-17 (ADAM17). Blood, 2013. 121(18):
p- 3599-3608.

Nimmerjahn, F. and ].V. Ravetch, Fc-receptors as regulators of immunity.
Adv Immunol, 2007. 96: p. 179-204.

Desai, D.D., et al, Fc gamma receptor IIB on dendritic cells enforces
peripheral tolerance by inhibiting effector T cell responses. ] Immunol,
2007.178(10): p. 6217-26.

Kerst, ].M,, et al., Granulocyte colony-stimulating factor induces hFc gamma
RI (CD64 antigen)-positive neutrophils via an effect on myeloid precursor
cells. Blood, 1993.81(6): p. 1457-64.

Perussia, B., et al.,, Immune interferon induces the receptor for monomeric
IgG1 on human monocytic and myeloid cells. | Exp Med, 1983. 158(4): p.
1092-113.

Guyre, P.M., P.M. Morganelli and R. Miller, Recombinant immune
interferon increases immunoglobulin G Fc receptors on cultured human
mononuclear phagocytes. ] Clin Invest, 1983. 72(1): p. 393-7.

te Velde, A.A., et al, IL-10 stimulates monocyte Fc gamma R surface
expression and cytotoxic activity. Distinct regulation of antibody-dependent
cellular cytotoxicity by IFN-gamma, IL-4, and IL-10. ] Immunol, 1992.
149(12): p. 4048-52.

-266-



417.

418.

419.

420.

421.

422,

423.

424,

425.

426.

427.

428.

429.

430.

431.

432.

433.

434.

Hardy, H., et al, Probiotics, Prebiotics and Immunomodulation of Gut
Mucosal Defences: Homeostasis and Immunopathology. Nutrients, 2013.
5(6): p. 1869-1912.

Wu, H.-]. and E. Wu, The role of gut microbiota in immune homeostasis and
autoimmunity. Gut Microbes, 2012. 3(1): p. 4-14.

Prodger, ].L., et al., HIV Infection in Uncircumcised Men Is Associated With
Altered CD8 T-cell Function But Normal CD4 T-cell Numbers in the Foreskin.
J Infect Dis, 2014. 209(8): p. 1185-94.

Hanel, K.H,, et al.,, Cytokines and the skin barrier. Int ] Mol Sci, 2013. 14(4):
p. 6720-45.

Teirlinck, A.C., et al, Plasmodium falciparum Infection of Human
Volunteers Activates Monocytes and CD16+ Dendritic Cells and Induces
Upregulation of CD16 and CD1c Expression. Infect Immun, 2015. 83(9): p.
3732-9.

Ward, K.N,, et al,, Altered expression of human monocyte Fc receptors in
Plasmodium falciparum malaria. Infection and Immunity, 1984. 44(3): p.
623-626.

Smalls-Mantey, A., M. Connors, and Q.]. Sattentau, Comparative efficiency
of HIV-1-infected T cell killing by NK cells, monocytes and neutrophils. PLoS
One, 2013. 8(9): p. e74858.

Stamatatos, L., et al., Neutralizing antibodies generated during natural HIV-
1 infection: good news for an HIV-1 vaccine? Nat Med. 2009
Aug;15(8):866-70. doi: 10.1038/nm.1949., 2009.

Klein, F., et al., Somatic mutations of the immunoglobulin framework are
generally required for broad and potent HIV-1 neutralization. Cell, 2013.
153(1): p. 126-38.

Alter, G. and M.A. Moody, The humoral response to HIV-1: new insights,
renewed focus. SO - ] Infect Dis. 2010 Oct 15;202 Suppl 2:S315-22. doi:
10.1086/655654., 2010.

Stoiber, H., et al., Complement-HIV interactions during all steps of viral
pathogenesis. Vaccine, 2008. 26(24): p. 3046-3054.

Nakane, T. et al, Limited impact of passive non-neutralizing antibody
immunization in acute SIV infection on viremia control in rhesus macaques.
PLoS One, 2013. 8(9): p. e73453.

Wren, L.H. et al, Specific antibody-dependent cellular cytotoxicity
responses associated with slow progression of HIV infection. Immunology,
2013.138(2): p. 116-23.

Madhavi, V., et al, Breadth of HIV-1 Env-specific antibody-dependent
cellular cytotoxicity: relevance to global HIV vaccine design. Aids, 2014.
28(13): p. 1859-70.

Wu, L., Biology of HIV Mucosal Transmission. Current opinion in HIV and
AIDS, 2008. 3(5): p. 534-540.

Hladik, F., et al,, Initial events in establishing vaginal entry and infection by
human immunodeficiency virus type-1. Immunity, 2007. 26(2): p. 257-70.
Harman, A.N,, et al,, Tissue dendritic cells as portals for HIV entry. Rev Med
Virol, 2013. 23(5): p. 319-33.

Rinaldo, C.R., HIV-1 Trans Infection of CD4+ T Cells by Professional Antigen
Presenting Cells. Scientifica, 2013. 2013: p. 30.

-267-



435.

436.

437.

438.

439.

440.

441.

4472,

443.

444,

445,

446.

447,

448.

449,

450.

Pruenster, M., et al.,, C-type lectin-independent interaction of complement
opsonized HIV with monocyte-derived dendritic cells. Eur ] Immunol, 2005.
35(9): p- 2691-8.

Peressin, M., et al, HIV-1 replication in Langerhans and interstitial
dendritic cells is inhibited by neutralizing and Fc-mediated inhibitory
antibodies. | Virol. 2011 Jan;85(2):1077-85. doi: 10.1128/JV1.01619-10.
Epub 2010 Nov 17.,2011.

Peressin, M., et al, HIV-1 replication in Langerhans and interstitial
dendritic cells is inhibited by neutralizing and Fc-mediated inhibitory
antibodies. ] Virol, 2011. 85(2): p. 1077-85.

Cheeseman, H.M,, et al., Broadly Neutralizing Antibodies Display Potential
for Prevention of HIV-1 Infection of Mucosal Tissue Superior to That of
Nonneutralizing Antibodies. | Virol, 2017.91(1).

Shields, R.L., et al., High resolution mapping of the binding site on human
IgG1 for Fc gamma Rl, Fc gamma RIl, Fc gamma RIIl, and FcRn and design
of IgG1 variants with improved binding to the Fc gamma R. ] Biol Chem,
2001.276(9): p. 6591-604.

Montefiori, D.C,, et al., Magnitude and Breadth of the Neutralizing Antibody
Response in the RV144 and Vax003 HIV-1 Vaccine Efficacy Trials. Journal of
Infectious Diseases, 2012. 206(3): p. 431-441.

Bonsignori, M., et al., Antibody-dependent cellular cytotoxicity-mediating
antibodies from an HIV-1 vaccine efficacy trial target multiple epitopes and
preferentially use the VH1 gene family. ] Virol, 2012. 86(21): p. 11521-32.
Liu, P, et al, Capacity for Infectious HIV-1 Virion Capture Differs by
Envelope Antibody Specificity. Journal of Virology, 2014. 88(9): p. 5165-
5170.

Pollara, ], et al.,, Epitope specificity of human immunodeficiency virus-1
antibody dependent cellular cytotoxicity [ADCC] responses. Curr HIV Res,
2013.11(5): p. 378-87.

Ferrari, G., et al, An HIV-1 gp120 envelope human monoclonal antibody
that recognizes a C1 conformational epitope mediates potent antibody-
dependent cellular cytotoxicity (ADCC) activity and defines a common ADCC
epitope in human HIV-1 serum. ] Virol, 2011. 85(14): p. 7029-36.

Holl, V., et al, Nonneutralizing antibodies are able to inhibit human
immunodeficiency virus type 1 replication in macrophages and immature
dendritic cells. ] Virol, 2006. 80(12): p. 6177-81.

Gautam, R, et al, A single injection of anti-HIV-1 antibodies protects
against repeated SHIV challenges. Nature, 2016. 533(7601): p. 105-9.

Lu, C.L., et al, Enhanced clearance of HIV-1-infected cells by broadly
neutralizing antibodies against HIV-1 in vivo. Science, 2016. 352(6288): p.
1001-4.

Webb, N.E., D.C. Montefiori, and B. Lee, Dose-response curve slope helps
predict therapeutic potency and breadth of HIV broadly neutralizing
antibodies. Nat Commun, 2015. 6: p. 8443.

Herr, A.B,, E.R. Ballister, and P.J. Bjorkman, Insights into IgA-mediated
immune responses from the crystal structures of human Fc[alpha]RI and its
complex with IgA1-Fc. Nature, 2003. 423(6940): p. 614-620.

Furtado, P.B,, et al., Solution Structure Determination of Monomeric Human
IgA2 by X-ray and Neutron Scattering, Analytical Ultracentrifugation and

-268-



451.

452.

453.

454,

455.

456.

457.

458.

459.

460.

461.

462.

463.

464.

Constrained Modelling: A Comparison with Monomeric Human IgAl.
Journal of Molecular Biology, 2004. 338(5): p. 921-941.

Schoofs, T, et al., HIV-1 therapy with monoclonal antibody 3BNC117 elicits
host immune responses against HIV-1. Science, 2016. 352(6288): p. 997-
1001.

Shingai, M., et al, Antibody-mediated immunotherapy of macaques
chronically infected with SHIV suppresses viraemia. Nature, 2013.
503(7475): p. 277-80.

Shingai, M., et al., Passive transfer of modest titers of potent and broadly
neutralizing anti-HIV monoclonal antibodies block SHIV infection in
macaques. ] Exp Med, 2014.211(10): p. 2061-74.

Perez, L.G. S. Zolla-Pazner, and D.C. Montefiori, Antibody-DEPENDENT,
FcgammaRI-mediated neutralization of HIV-1 in TZM-bl cells occurs
independently of phagocytosis. ] Virol, 2013. 87(9): p. 5287-90.

Klein, K., et al, Neutralizing IgG at the portal of infection mediates
protection against vaginal simian/human immunodeficiency virus
challenge. ] Virol, 2013. 87(21): p. 11604-16.

Hessell, AJ., et al., Broadly neutralizing monoclonal antibodies 2F5 and
4E10 directed against the human immunodeficiency virus type 1 gp41
membrane-proximal external region protect against mucosal challenge by
simian-human immunodeficiency virus SHIVBa-L. | Virol, 2010. 84(3): p.
1302-13.

Wolbank, S., et al.,, Characterization of human class-switched polymeric
(immunoglobulin M [IgM] and IgA) anti-human immunodeficiency virus
type 1 antibodies 2F5 and 2G12. ] Virol, 2003. 77(7): p. 4095-103.

Tudor, D,, et al,, Isotype modulates epitope specificity, affinity, and antiviral
activities of anti-HIV-1 human broadly neutralizing 2F5 antibody. Proc Natl
Acad SciUS A, 2012.109(31): p. 12680-5.

Yang, G., et al., Identification of autoantigens recognized by the 2F5 and
4E10 broadly neutralizing HIV-1 antibodies. The Journal of Experimental
Medicine, 2013. 210(2): p. 241-256.

Chakrabarti, B.K,, et al., Direct Antibody Access to the HIV-1 Membrane-
Proximal External Region Positively Correlates with Neutralization
Sensitivity. Journal of Virology, 2011. 85(16): p. 8217-8226.

Chakrabarti, B.K,, et al., HIV type 1 Env precursor cleavage state affects
recognition by both neutralizing and nonneutralizing gp41 antibodies.
AIDS Res Hum Retroviruses, 2011. 27(8): p. 877-87.

Scott, Y.M,, S.Y. Park, and C.S. Dezzutti, Broadly Neutralizing Anti-HIV
Antibodies Prevent HIV Infection of Mucosal Tissue Ex Vivo. Antimicrob
Agents Chemother, 2015. 60(2): p. 904-12.

Hessell, A]., et al,, Broadly Neutralizing Human Anti-HIV Antibody 2G12 Is
Effective in Protection against Mucosal SHIV Challenge Even at Low Serum
Neutralizing Titers. PLoS Pathog, 2009. 5(5): p. e1000433.

Doores, K., et al,, Antibody 2G12 Recognizes Di-Mannose Equivalently in
Domain- and Nondomain-Exchanged Forms but Only Binds the HIV-1
Glycan Shield if Domain Exchanged. Journal of Virology, 2010. 84(20): p.
10690-10699.

-269-



465.

466.

467.

468.

469.

470.

471.

472.

473.

474.

475.

476.

477.

478.

479.

Murin, C.D,, et al,, Structure of 2G12 FabZ2 in complex with soluble and fully
glycosylated HIV-1 Env by negative-stain single-particle electron
microscopy. ] Virol, 2014. 88(17): p. 10177-88.

McCoy, L.E,, et al., Incomplete Neutralization and Deviation from Sigmoidal
Neutralization Curves for HIV Broadly Neutralizing Monoclonal Antibodies.
PLoS Pathog, 2015.11(8): p. e1005110.

Huskens, D., et al., Resistance of HIV-1 to the broadly HIV-1-neutralizing,
anti-carbohydrate antibody 2G12. Virology, 2007. 360(2): p. 294-304.

Li, M., et al.,, Genetic and neutralization properties of subtype C human
immunodeficiency virus type 1 molecular env clones from acute and early
heterosexually acquired infections in Southern Africa. ] Virol, 2006. 80(23):
p. 11776-90.

Sagar, M., et al., Human immunodeficiency virus type 1 V1-V2 envelope loop
sequences expand and add glycosylation sites over the course of infection,
and these modifications affect antibody neutralization sensitivity. ] Virol,
2006.80(19): p. 9586-98.

Su, B, et al, Broadly neutralizing antibody VRC01 prevents HIV-1
transmission from plasmacytoid dendritic cells to CD4 T lymphocytes. ]
Virol, 2014. 88(18): p. 10975-81.

Keller, M.A. and E.R. Stiehm, Passive Immunity in Prevention and
Treatment of Infectious Diseases. Clinical Microbiology Reviews, 2000.
13(4): p. 602-614.

Hemming, V.G., Use of Intravenous Immunoglobulins for Prophylaxis or
Treatment of Infectious Diseases. Clinical and Diagnostic Laboratory
Immunology, 2001. 8(5): p. 859-863.

Onyango-Makumbi, C., et al., Safety and efficacy of HIV hyperimmune
globulin for prevention of mother-to-child HIV transmission in HIV-1-
infected pregnant women and their infants in Kampala, Uganda
(HIVIGLOB/NVP STUDY). ] Acquir Immune Defic Syndr, 2011. 58(4): p.
399-407.

Stiehm, E.R, et al., Use of human immunodeficiency virus (HIV) human
hyperimmune immunoglobulin in HIV type 1-infected children (Pediatric
AIDS clinical trials group protocol 273). ] Infect Dis, 2000. 181(2): p. 548-
54.

Sholukh, A.M,, et al., Passive immunization of macaques with polyclonal
anti-SHIV IgG against a heterologous tier 2 SHIV: outcome depends on IgG
dose. Retrovirology, 2014. 11: p. 8.

Stieh, D.J., et al., Aggregate complexes of HIV-1 induced by multimeric
antibodies. Retrovirology, 2014. 11(1): p. 1-16.

Scharf, 0., et al, Immunoglobulin G3 from polyclonal human
immunodeficiency virus (HIV) immune globulin is more potent than other
subclasses in neutralizing HIV type 1. ] Virol, 2001. 75(14): p. 6558-65.
Lassauniere, R., et al., Perinatal HIV-1 transmission: Fc gamma receptor
variability associates with maternal infectiousness and infant susceptibility.
Retrovirology, 2016. 13: p. 40.

Lassauniere, R. and C.T. Tiemessen, Variability at the FCGR locus:
characterization in Black South Africans and evidence for ethnic variation
in and out of Africa. Genes Immun, 2016. 17(2): p. 93-104.

-270-



480.

481.

482.

483.

484.

485.

486.

487.

488.

489.

490.

491.

492,

493.

494,

495,

496.

Shang, L., et al., Epithelium-innate immune cell axis in mucosal responses to
SIV. Mucosal Immunol, 2016.

Shang, L., et al., NK cell responses to simian immunodeficiency virus vaginal
exposure in naive and vaccinated rhesus macaques. ] Immunol, 2014.
193(1): p. 277-84.

Bournazos, S., et al,, Broadly neutralizing anti-HIV-1 antibodies require Fc
effector functions for in vivo activity. Cell, 2014. 158(6): p. 1243-1253.
Bruel, T, et al., Elimination of HIV-1-infected cells by broadly neutralizing
antibodies. Nat Commun, 2016. 7: p. 10844.

Malbec, M., et al., HIV-1 Nef promotes the localization of Gag to the cell
membrane and facilitates viral cell-to-cell transfer. Retrovirology, 2013.
10(1): p. 80.

Darden, ].M,, et al., A flow cytometric method for measuring neutralization
of HIV-1 subtype B and E primary isolates. Cytometry, 2000. 40(2): p. 141-
50.

Lynch, R.M,, et al,, Virologic effects of broadly neutralizing antibody VRC01
administration during chronic HIV-1 infection. Science Translational
Medicine, 2015. 7(319): p. 319ra206.

Smalls-Mantey, A., et al., Antibody-dependent cellular cytotoxicity against
primary HIV-infected CD4+ T cells is directly associated with the magnitude
of surface IgG binding. ] Virol, 2012. 86(16): p. 8672-80.

Kircheis, R., et al, Correlation of ADCC activity with cytokine release
induced by the stably expressed, glyco-engineered humanized Lewis Y-
specific monoclonal antibody MB314. MAbs, 2012. 4(4): p. 532-41.
Vessillier, S., et al., Cytokine release assays for the prediction of therapeutic
mADb safety in first-in man trials — Whole blood cytokine release assays are
poorly predictive for TGN1412 cytokine storm. Journal of Immunological
Methods, 2015. 424: p. 43-52.

Selvaraj, P., et al,, Functional regulation of human neutrophil Fc gamma
receptors. Immunol Res, 2004. 29(1-3): p. 219-30.

Stieh, D.J., et al,, Discrete partitioning of HIV-1 Env forms revealed by viral
capture. Retrovirology, 2015. 12: p. 81.

Lewis, G.K., et al, Conformational Masking and Receptor-Dependent
Unmasking of Highly Conserved Env Epitopes Recognized by Non-
Neutralizing Antibodies That Mediate Potent ADCC against HIV-1. Viruses,
2015.7(9): p. 5115-32.

Veillette, M., et al., Interaction with cellular CD4 exposes HIV-1 envelope
epitopes targeted by antibody-dependent cell-mediated cytotoxicity. ] Virol,
2014.88(5): p. 2633-44.

Parren, P.W., D.R. Burton, and Q.J. Sattentau, HIV-1 antibody--debris or
virion? Nat Med, 1997. 3(4): p. 366-7.

Reh, L., et al,, Capacity of Broadly Neutralizing Antibodies to Inhibit HIV-1
Cell-Cell Transmission Is Strain- and Epitope-Dependent. PLoS Pathog,
2015.11(7): p. e1004966.

Robinson, W.E., D.C. Montefiorii and W.M. Mitchel, A human
immunodeficiency virus type 1 (HIV-1) infection-enhancing factor in
seropositive sera. Biochem Biophys Res Commun, 1987. 149.

-271-



497.

498.

499,

500.

501.

502.

503.

504.

505.

506.

507.

508.

Robinson, W.E., D.C. Montefiori, and W.M. Mitchell, Antibody-dependent
enhancement of human immunodeficiency virus type 1 infection. Lancet,
1988.1.

Stoiber, H., et al., The supportive role of complement in HIV pathogenesis.
Immunol Rev, 2001. 180.

Xu, Y, et al.,, A novel approach to inhibit HIV-1 infection and enhance lysis of
HIV by a targeted activator of complement. Virology Journal, 2009. 6(1): p.
123.

Nilsson, M., et al,, Critical role for complement receptor 3 (CD11b/CD18),
but not for Fc receptors, in killing of Streptococcus pyogenes by neutrophils
in human immune serum. Eur | Immunol, 2005. 35(5): p. 1472-81.
Avirutnan, P., et al.,, Complement-Mediated Neutralization of Dengue Virus
Requires Mannose-Binding Lectin. mBio, 2011. 2(6).

Jayasekera, ]J.P., E.A. Moseman, and M.C. Carroll, Natural Antibody and
Complement Mediate Neutralization of Influenza Virus in the Absence of
Prior Immunity. Journal of Virology, 2007. 81(7): p. 3487-3494.

Mehlhop, E. and M.S. Diamond, Protective immune responses against West
Nile virus are primed by distinct complement activation pathways. The
Journal of Experimental Medicine, 2006. 203(5): p. 1371-1381.

Morgan, B.P. and C.L. Harris, Complement, a target for therapy in
inflammatory and degenerative diseases. Nat Rev Drug Discov, 2015.
14(12): p. 857-877.

Bleul, C.C, et al.,, The HIV coreceptors CXCR4 and CCR5 are differentially
expressed and regulated on human Tlymphocytes. Proceedings of the
National Academy of Sciences of the United States of America, 1997.
94(5): p. 1925-1930.

Baldauf, H.M,, et al., SAMHDI1 restricts HIV-1 infection in resting CD4(+) T
cells. Nat Med, 2012. 18(11): p. 1682-7.

Hansen, S.G., et al., Cytomegalovirus vectors violate CD8+ T cell epitope
recognition paradigms. Science, 2013. 340(6135): p. 1237874.

Liu, |., et al., Antibody-mediated protection against SHIV challenge includes
systemic clearance of distal virus. Science, 2016.353(6303): p. 1045-1049.

-272-



8 Appendices

8.1 Copyright Permission Certificates

-273-



ELSEVIER LICENSE
TERMS AND CONDITIONS
Nov 04, 2016

This Agreement between Hannah M Cheeseman ("You") and Elsevier ("Elsevier") consists
of your license details and the terms and conditions provided by Elsevier and Copyright

Clearance Center.

License Number
License date

Licensed Content Publisher

Licensed Content Publication

Licensed Content Title
Licensed Content Author
Licensed Content Date

Licensed Content Volume
Number

Licensed Content Issue
Number

Licensed Content Pages
Start Page

End Page

Type of Use

Portion

Number of
figures/tables/illustrations

Format

Are you the author of this
Elsevier article?

Will you be translating?
Order reference number
Original figure numbers

Title of your
thesis/dissertation

Expected completion date

Estimated size (number of
pages)

Elsevier VAT number

Requestor Location

Total

3943020816153

Sep 06, 2016

Elsevier

Trends in Molecular Medicine

The origin and diversity of the HIV-1 pandemic
Joris Hemelaar

March 2012

18

11

182

192

reuse in a thesis/dissertation
figures/tables/illustrations

1

both print and electronic

No

No

figure 2

Antibody Effector Functions Critical to Mucosal Protection Against
HIV-1

Aug 2016
250

GB 494 6272 12

Hannah M Cheeseman

Imperial College London

Group of Mucosal Infection and Immunity
4th Floor - Medical School

London, London SW14 8SH

United Kingdom

Attn: Hannah M Cheeseman

0.00 GBP

Figure 8.1 Copyright Permission Certificate for Figure 1.1

-274-




NATURE PUBLISHING GROUP LICENSE
TERMS AND CONDITIONS

Jan 31, 2017

This Agreement between Hannah M Cheeseman ("You") and Nature Publishing Group ("Mature Publishing Group") consists of
your license details and the terms and conditions provided by Nature Publishing Group and Copyright Clearance Center.

License Number
License date

Licensed Content
Publisher

Licensed Content
Publication

Licensed Content Title
Licensed Content Author
Licensed Content Date

Licensed Content
Yolume Number

Licensed Content Issue
Number

Type of Use
Requestor type
Format

Portion

Number of
figures/tables/illustrations

High-res required
Figures

Author of this NPG article
Your reference number

Title of your thesis /
dissertation

Expected completion
date

Estimated size (number
of pages)

Requestor Location

Billing Type
Billing Address

Total
Terms and Conditions

3943221169732
Sep 06, 2016
Nature Publishing Group

Nature Reviews Microbiology

The structural biology of HIV-1: mechanistic and therapeutic insights
Alan Engelman and Peter Cherepanov

Apr1,2012

10

reuse in a dissertation / thesis
academic/educational

print and electronic
figures/tables/illustrations

1

no
Figure 1
no

Antibody Effector Functions Critical to Mucosal Protection Against HIV-1

Aug 2016

250

Hannah M Cheeseman

Imperial College London

Group of Mucosal Infection and Immunity
4th Floor - Medical School

London, London SW14 85H

United Kingdom

Atin: Hannah M Cheeseman

Invoice

Hannah M Cheeseman

Imperial College London

Group of Mucosal Infection and Immunity
4th Floor - Medical School

London, United Kingdom SW14 85H
Attn: Hannah M Cheeseman

0.00 GEP

Figure 8.2 Copyright Permission Certificate for Figure 1.5

-275-




NATURE PUBLISHING GROUP LICENSE

TERMS AND CONDITIONS
Nov 04, 2016

This Agreement between Hannah M Cheeseman ("You") and Nature Publishing Group
("Nature Publishing Group") consists of your license details and the terms and conditions
provided by Nature Publishing Group and Copyright Clearance Center.

License Number

License date

Licensed Content Publisher
Licensed Content Publication

Licensed Content Title

Licensed Content Author

Licensed Content Date

Licensed Content Volume
Number

Licensed Content Issue
Number

Type of Use
Requestor type
Format

Portion

Number of
figures/tables/illustrations

High-res required
Figures

Author of this NPG article
Your reference number

Title of your thesis /
dissertation

Expected completion date

Estimated size (number of
pages)

Requestor Location

Billing Type
Billing Address

3943821213676

Sep 07, 2016

Nature Publishing Group
Nature Reviews Immunology

The function of Fc[gamma] receptors in dendritic cells and
macrophages

Martin Guilliams, Pierre Bruhns, Yvan Saeys, Hamida Hammad, Bart
N. Lambrecht

Jan 21, 2014
14

reuse in a dissertation / thesis
academic/educational

print and electronic
figures/tables/illustrations

1

no
Figure 1

no

Antibody Effector Functions Critical to Mucosal Protection Against
HIV-1

Aug 2016
250

Hannah M Cheeseman

Imperial College London

Group of Mucosal Infection and Immunity
4th Floor - Medical School

London, London SW14 8SH

United Kingdom

Attn: Hannah M Cheeseman

Invoice

Hannah M Cheeseman
Imperial College London
Group of Mucosal Infection and Immunity

Figure 8.3 Copyright Permission Certificate for Figure 1.6

-276-




NATURE PUBLISHING GROUP LICENSE
TERMS AND CONDITIONS

Jan 31, 2017

This Agreement between Hannah M Cheeseman ("You") and Nature Publishing Group ("Nature Publishing Group”) consists of
your license details and the terms and conditions provided by Nature Publishing Group and Copyright Clearance Center.

License Number
License date

Licensed Content
Publisher

Licensed Content
Publication

Licensed Content Title
Licensed Content Author
Licensed Content Date

Licensed Content
Wolume Number

Licensed Content Issue
Number

Type of Use
Requestor type
Format

Paortion

Number of
figures/tables/illustrations

High-res required
Figures

Author of this NPG article
Your reference number

Title of your thesis /
dissertation

Expected completion
date

Estimated size (number
of pages)

Requestor Location

Billing Type
Billing Address

Total
Terms and Conditions

3975511316089
Oct 24, 2016
Nature Publishing Group

Nature Reviews Microbiology

Inhibiting sexual transmission of HIV-1 infection
Robin J. ShattockandJohn P. Moore

Oct 1, 2003

1

reuse in a dissertation / thesis
academic/educational

print and electronic
figures/tables/illustrations

1

no
Figure 1
no

Antibody Effector Functions Critical to Mucosal Protection Against HIV-1
Aug 2016
250

Hannah M Cheeseman

Imperial College London

Group of Mucosal Infection and Immunity
4th Floor - Medical School

London, London SW14 8SH

United Kingdom

Attn: Hannah M Cheeseman

Invoice

Hannah M Cheeseman

Imperial College London

Group of Mucosal Infection and Immunity
4th Floor - Medical School

London, United Kingdom SW14 85H
Attn: Hannah M Cheeseman

0.00 GEP

Figure 8.4 Copyright Permission Certificate for Figure 1.10

-277-




NATURE PUBLISHING GROUP LICENSE

TERMS AND CONDITIONS
Nov 04, 2016

This Agreement between Hannah M Cheeseman ("You") and Nature Publishing Group
("Nature Publishing Group") consists of your license details and the terms and conditions
provided by Nature Publishing Group and Copyright Clearance Center.

License Number

License date

Licensed Content Publisher
Licensed Content Publication
Licensed Content Title
Licensed Content Author
Licensed Content Date

Licensed Content Volume
Number

Licensed Content Issue
Number

Type of Use
Requestor type
Format

Portion

Number of
figures/tables/illustrations

High-res required
Figures

Author of this NPG article
Your reference number

Title of your thesis /
dissertation

Expected completion date

Estimated size (number of
pages)

Requestor Location

Billing Type
Billing Address

3945290710111

Sep 10, 2016

Nature Publishing Group

Nature Reviews Immunology

Setting the stage: host invasion by HIV
Florian Hladik and M. Juliana McElrath
Jun 1, 2008

8

reuse in a dissertation / thesis
academic/educational

print and electronic
figures/tables/illustrations

1

no
Figure 1

no

Antibody Effector Functions Critical to Mucosal Protection Against
HIV-1

Aug 2016
250

Hannah M Cheeseman

Imperial College London

Group of Mucosal Infection and Immunity
4th Floor - Medical School

London, London SW14 8SH

United Kingdom

Attn: Hannah M Cheeseman

Invoice

Hannah M Cheeseman

Imperial College London

Group of Mucosal Infection and Immunity
4th Floor - Medical School

London, United Kingdom SW14 8SH

Figure 8.5 Copyright Permission Certificate for Figure 1.11

-278-




