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Abstract
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Identifying a vaccine that would elicit neutralizing antibodies (Nabs) that
prevent HIV-1 infection of host cells is a priority for the HIV-1 research field. Mother-to-
child transmission (MTCT) of HIV-1 offers a natural setting in which to evaluate
whether Nabs are correlated with protection in exposed individuals. This topic is the
focus of this thesis.

Given that Nabs can impact MTCT of HIV-1 by neutralizing viruses within the
mother and/or infants, I first evaluated in chapter 2 whether the Env specific Nabs
repertoire in the mother correlates with that in their corresponding infants. I compared
antibody levels in plasma from 60 mother-infant pairs near the time of birth, including
14 breastfeeding transmission pairs. The Envelope binding titers were strongly
correlated (r=0.91, p<0.0001) and similar (1.4-fold greater in maternal plasma) between

a mother and her corresponding infant as were the neutralizing antibody (Nab) levels (r



= 0.80, p<0.0001; 1.3-fold higher), suggesting efficient transfer. However, there was no
significant difference in heterologous Nab responses between transmitting (TM) and
nontransmitting mothers (NTM), although there was a trend for transmitting mothers
to have higher HIV-1-specific Nabs.

Neutralizing antibody response measured against circulating variants
(heterologous Nabs) may not be adequate to measure a protective antibody response;
rather Nabs responses specific to the maternal own variants (autologous Nabs) are more
relevant to protection against MTCT. Indeed, during MTCT, HIV-1 variants relatively
insensitive to maternal autologous Nabs (aNabs) are transmitted, suggesting protective
effect of such antibodies against sensitive variants. In chapter 3 of this dissertation, I
explore the hypothesis that if aNabs are protective against MTCT then NTM,
particularly those at high risk of MTCT (high viral load & breastfeeding), may have few
neutralization resistant viruses. We tested maternal Env variants that represent each
woman’s quasispecies against autologous plasma obtained near transmission, and
compared the inhibitory concentration (IC50s) of TM to NTM. I found that there was no
association between postpartum MTCT risk and IC50 (Odds Ratio = 1.0; p = 0.201). To
examine whether sample timing may yield a different conclusion regarding aNab
escape, maternal and infant variants obtained near the time of MTCT were tested
against contemporaneous maternal plasma (early plasma) versus maternal plasma
obtained ~6 months after transmission (later plasma) and compared using GEE (chapter
4). 1C50 values against early plasma among maternal variants were 10-fold greater than

for infant variants (p<0.0001). However, there was no significant difference in IC50



values of maternal versus infant variants when tested against later plasma
(maternal/infant IC50 ratio =1.3; p=0.69) because the infant variants were more
sensitive to later aNabs in the mother (late/early IC50 ratio = 6.3; p<0.0001). Our
findings suggest that although maternal aNab induced in natural infection may limit
MTCT of sensitive variants, as defined by studies of aNabs near the transmission event,
they are not sufficient to explain protection among high-risk NTM.

Overall, maternal Nabs induced in natural HIV-1 infection are present both in
the mother and her infant, but the level of these antibodies are insufficient to protect
against HIV-1 transmission. However, maternal Nabs present around the time when

MTCT, may provide protection against neutralization sensitive variants.
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Chapter 1

Introduction

The Human Immunodeficiency Virus (HIV)

HIV is an enveloped virus belonging to the family of Retroviridae, genus of
complex Lentiviruses and is a zoonotic pathogen that seeded infection in humans as a
result of cross-species transfer from different primate species. HIV-1, which is the
pandemic form of HIV, crossed to humans from Chimpanzees(70) while the less
pandemic HIV-2 was passed to human from Sooty mangabeys[(67) and reviewed in
(151)]. Since HIV-1 was first diagnosed in gay men in 1981(60) and subsequently
isolated as an etiologic agent of acquired immunodeficiency syndrome (AIDS) in
1984(11, 51, 52, 130), it has infected an estimated over 64 million people across the
globe(111). However, because of rapid advances in the understanding of the biology
and pathogenesis of HIV-1, there has been tremendous improvement in both treatment
using antiretrovirals (29, 126) and preventative interventions such as adult male
circumcision, vaginal microbicides and ARV-based pre-exposure prophylaxis (1, 7, 9,
56). Given these advances, there has been an overall increase in life expectancy of
infected patients as well as reduction in the occurrence of new infections. However,
ARV treatment, which is currently the most effective form of intervention, is a
complicated option for long term sustainability because of the emergence of drug

resistance resulting from poor adherence. Moreover, given the un-proportional



distribution of the number of HIV-1 infected people versus the ones on ARV treatment
(14.4 million people eligible for ARV treatment and only 8 million are on treatment)
(www.unaids.org, 2012 Global Report), ARV treatment remains a suboptimal and an
expensive intervention for complete stoppage of HIV-1 spread among humans. Given
these limitations, perhaps only an effective vaccine would be a practical and cost
effective strategy to help halt the spread of HIV/AIDS pandemic. Unfortunately the
greatest challenge for the development of an effective HIV vaccine is the lack of clear
information on which immune correlate of protection should be targeted with a vaccine.
The work presented in this dissertation outlines whether neutralizing antibodies
induced in natural infection are correlates of protection against HIV-1 infection in the

setting of mother-to-child HIV-1 transmission (MTCT)

HIV-1 genome and proteins necessary for pathogenesis

HIV-1 has a 9.8kb genome consisting of two copies of single stranded RNA. The
RNA genome specifies three categories of genes including those coding for: 1. Major
structural proteins such as Gag (group specific antigens), Pol (polymerase) & Env
(envelope), 2. Regulatory proteins such as fat (transcriptional transactivator) and rev
(Regulator of virion); and 3. Accessory proteins including Vpu (viral protein U), Vpr
(viral protein R), Vif (viral infectivity factor) and Nef (negative factor). While all these
proteins are critical for virus infectivity, the Env participates in the initiation step of
infection as it mediates viral binding and fusion with host target cell plasma

membranes. Moreover, Env is exposed on the virus surface (Figl.1) making it a more



attractive target for a vaccine that seeks to induce sterile immunity that would block
infection of target cells. Because this thesis focuses on the neutralizing antibody

responses to Env, the Env is described in further detail.

gp120 CD4 binding site

monomer >
gp120
gp4IMPER—
gp41 T™ = ), T
goa1 — gp41
cytosolic
portion

Host cell-derived
plasma membrane

Figure 1.1. A diagrammatic representation of trimeric Envelope spike on the surface of
the viral membrane. Three gp120 (blue) and gp41 (light blue) domains linked though
non-covalent interaction, form the Env trimer. The CD4 binding site on the gp120 is also
shown in light blue. The gp4l TM (transmembrane domain) hooks the Env into the
host-derived viral membrane. MPER refers to membrane proximal external region of

gp4l.

HIV-1 Envelope protein and its role in virus replication

Envelope synthesis: The Env glycoprotein is displayed on the surface of the
virion as highly glycosylated spikes, consisting of a trimer of heterodimer of

homotrimeric glycoprotein gp120 noncovalently linked to glycoprotein gp41. The Env



glycoprotein is initially translated as a polyprotein precursor (gpl60) from a singly
spliced mRNA and is co-translationally modified in the rough endoplasmic reticulum
(RER) by addition of N- and O-linked side chain oligosaccharides(12, 89). In the RER,
gp160 monomers oligomerize into mostly trimers, however dimers and tetramers may
also exist. These oligomeric forms traffic through the secretory pathway via the trans-
golgi aparatus, where further modification involving trimming of the oligosaccharide
side-chains and addition of more complex sugars occurs. In the Golgi, fully processed
gp160 precursor protein is cleaved at highly conserved motif (Arg-X-Lys/Arg-Arg),
which is recognized by host cell encoded furin-like proteases(49, 63). The cleavage
produces two subunits: the surface destined gp120 (SU) and the membrane spanning
cytosolic gp41 glycoproteins (TM) subunits (Fig 1.1). These subunits (gp120 and gp41)
associate together through noncovalent interaction and on the virus surface, three of
these glycoproteins form a functional Env.

The gp120 subunit of Env consists of discontinuous conserved regions named
C1-C5, separated by highly variable segments named V1-V5. The variable regions are
folded into loops created by cysteine/cysteine intramolecular disulfide bridges(156,
171) (Fig 1.2). In addition, gp120 protein is highly glycosylated (Fig.1.2), with almost
half of its molecular weight contributed by both N-linked glycans(4) and O-linked
glycans(12). These sugars form a canopy over the Env thereby masking it from host
immune recognition, particularly recognition by neutralizing antibodies. In addition to
protecting the Env from immune recognition, these sugars also participate in Env

folding as well as binding of the virus to the target cells(92, 132).
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Fig.1.2. Diagramatic representation of HIV-1 Env gpl20 glycoprotein. The gp120
variable regions are labeled V1-V5 (yellow boxes). The glycosylation sites containing
high mannose-type and/or hybrid-type oligosaccharide structures are indicated by the
branched structures, and glycosylation sites containing complex-type oligosaccharide
structures are indicated by the U-shaped branches. Some of the key epitopes in gp120
that induce neutralizing antibodies are highlighted in color. These include the highly
conformational CD4-binding domain (key epitopes highlighted in yellow), the CD4-
induced epitope (green), an epitope composed of 01—2 mannose residues (purple), the
V2 loop (orange) and the V3 loop (blue). Adapted with permission from Nat Rev
Immunol. 2004 Mar; 4(3):199-210 and reference(89).



The gp120 defines virus tropism because it is the Env subunit that interacts with
the virus receptor (CD4) and co-receptor (mostly CCR5 & CXCR4 chemokine receptors)
on the surface of the target host cells. The CD4 receptor binding site of gp120 is formed
by distal conserved domains including C1, C3, and C4 that are brought in close
proximity in the tertiary structure of Env(82, 87). Several seminal studies have
suggested that the variable regions of the Env are not directly involved in CD4 binding
because deletion of V1, V2, and V3 domains of Env do not abrogate high affinity
binding to CD4(176). However, the V3 loop may be critical for mediating fusion
between the virus Env and the host plasma membrane(48) as well as co-receptor
specificity(121, 152). Therefore, V3 may be critical for virus infectivity. It has also been
shown to be targeted by neutralizing antibodies induced during natural infection, and
is involved in the virus switch from CCR5 to CXCR4 tropism(108, 178)

The gp41 transmembrane subunit of the Env mediates fusion between the virus
and the host cell plasma membrane. It has three domains namely: 1. An extracellular N
terminal domain, which consists of a fusogenic peptide region, two a -helical coiled-coil
structured regions (HR1 & HR2) and a tryptophan rich membrane-proximal region(34),
which is a major target for broadly neutralizing antibodies. 2. A highly conserved
transmembrane region, which anchors the Env in the lipid, and 3. C-terminal cytosolic
domain (27, 170). The HR1 domain is connected to HR2 through a disulfide bridge and
the interaction of the two domains facilitates the fusion process and hence are critical
for infectivity. The MPER is also highly conserved across several clades and is one of

the first Env regions against which several broadly neutralizing antibodies such 2F5,



4E10 & Z13, have been isolated (181).

HIV-1 infection of target cells: HIV-1 predominantly infects CD4 expressing
cells including CD4+ T lymphocytes, macrophages & dendritic cells because CD4 is the
primary receptor required by the virus to initiate infection. During infection, the
binding of virus to CD4 through gp120 triggers conformational change in this protein
that exposes its domains required for recognition of the co-receptor. Although HIV-1
can use other coreceptors, the primary ones include CCR5 and CXCR4. Upon
engagement of the co-receptors, additional structural changes occur that extend to gp41.
This global conformational change triggers a reaction that culminates in the fusion of
the virus Env with host cell plasma membrane [reviewed in(47)]. The fusion reaction is
pH-independent and delivers the viral core into the cytoplasm(110). In addition to the
pH-independent pathway of viral entry, HIV-1 can also enter target host cells through
clathrin-mediated endocytosis(33). However, this alternative pathway requires a
subsequential fusion with the endosomal membrane, which is dependent on low pH(33,
112).

Upon entry into the cytosol, the viral RNA genome is first reverse transcribed
into complimentary DNA (cDNA) by virus encoded reverse transcriptase enzyme. The
reverse transcription process results into RNA/cDNA heterodimer. It is thought that
the RNA in the RNA/cDNA complex is concurrently degraded by RNase-H as cDNA
synthesis takes place. The generated cDNA is further transcribed into double-stranded
DNA by the RT enzyme. The newly synthesized double stranded DNA is translocated

as a preintegration complex into the nucleus where it is integrated into the host cell



chromosomal DNA(22, 54). The integration process is mediated by the viral-encoded
integrase enzyme while the transcription of viral RNAs from the integrated DNA is
catalyzed by host cell DNA polymerase enzymes. The generated viral mRNAs, some of
which are fully spliced, are transported into the cytoplasm where they are translated in
viral proteins using host cell translation machinery. The viral proteins and two copies of
unspliced viral RNA are recruited to the plasma membrane by the Gag protein where

assembly into a new generation of viral particles occurs.

The course of HIV-1 infection

The early events resulting in productive HIV-1 infection begin when the virus
crosses the epithelial barrier of mucosal surfaces. The potential pathways by which the
virus crosses the epithelia include: 1. Direct infection of intraepithelial lymphocyte, 2.
Transcytosis either through epithelial or M cells and, 3. Direct transportation of the
virus by the dendritic cells (DC) that patrol the mucosa and capture pathogens for
example via dendritic cell-specific ICAM-3 grabbing nonintegrin (DC-SIGN), a C-type
lectin that is highly expressed on DCs and has high affinity to the envelope protein such

as HIV-1 Env (Fig.1.3).
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Fig. 1.3. Potential mechanisms by which HIV-1 is thought to establish infection: 1.
breach in the epithelium and/or direct infection of intraepithelial lymphocytes (IEL), 2.
transcytosis through epithelial cells, 3. transcytosis through M cells, 4. HIV-1 transport
by DC. After the virus crosses the mucosal epithelium, low level of virus production
occurs within infected resting CD4 memory T cells whereas relatively high levels of
virus replication occur within fully activated CD4 memory T cells leading to
dissemination of the infection to long distances [Adapted with permission from
Centlivre: AIDS, Volume 21(1). January 2, 2007. 1-11].

Once the virus crosses the mucosal epithelium, the virus infects the susceptible cells
resident in the lamina propia, such as Langerhans cells, DC, tissue macrophages, and
CD4+ T cells. The majority of target CD4+ T cells in the mucosal compartment are
poorly receptive to HIV-1 infection because they are mostly in a resting state.
Nonetheless, it is thought that infection of these cells, although is characterized by low

level of virus replication, creates a threshold pool of viruses that initiate infection,

which spread to the draining lymph nodes(24) (Fig.1.3). Because there is high



abundance of activated CCR5+, CD4+ T-cells in the lymph nodes, when HIV-1 reaches
these sites there is likely to be a burst in virus production due to infection of the
activated CD4+ T cells. The high production of virus causes wanton destruction and
depletion of CD4+ T. The exact mechanisms by which the CD4+ T cells get destroyed
during primary acute infection is still debatable, however it could be as a result of direct
killing due to cytopathic effect of the virus or as a result of bystander effect arising from
Fas-Fas ligand mediated T-cell apoptosis. Several studies in nonhuman primates have
observed that early in infection (10 days post challenge), majority of CD4+ T cells (over
60%) in the lymph nodes contain proviral DNA and majority (80%) of these infected
cells disappear within few days; suggesting that their killing may be due to virus-
mediated direct killing rather than spreading killing of bystander uninfected CD4+ T
cell(109). Other such studies have reported that only a small percentage (7%) of mucosal
CD4 + T cell are infected, thus the massive loss of CD4+ T cells witnessed during acute
infection is less likely to be due to direct virus-mediated killing, rather may largely
attributable to indirect deaths of bystander uninfected CD+ T cells(93). Nonetheless, the
magnitude HIV-1 induced CD4+ T cell death occurring during HIV1 infection;
irrespective of the mechanism involved has a direct implication on the success of any
effective vaccine against HIV-1 pathogenesis

The burst in HIV-1 replication during acute infection induces adaptive immune
responses, particularly those from CD8+ T lymphocytes. These cells are thought to
participate in the killing of infected cells thereby causing a reduction in the peak viral

load to a steady state usually referred to as viral set point, where a balance is struck
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between virus turnover and the immune responses(68, 135). This viral set-point phase,
which is characterized by lower viral replication than early stages of infection is
maintained for several years (typically 10 years) without any prominent clinical
symptoms. After the clinical latency period, apparent disease develops and can
progresses to death if no treatment is administered.

The course of HIV-1 infection therefore follows three major phases: 1. Primary
infection phase, which is marked by a burst in viral load followed by establishment of a
viral load set-point, 2. Asymptomatic chronic phase marked by low/moderate viral
replication and chronic decline in CD4 T-cell numbers, and 3. Clinical disease stage
(AIDS) associated collapse of immune system and occurrence of death (Fig.1.4). The

host immune responses induced in the course of HIV-1 infection are discussed below.
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Fig.1.4 Typical course of HIV-1 transmission: After HIV-1 initiates infection at the
mucosal sites, there is a widespread dissemination of the virus and concomitant burst in
plasma viral load, which often coincides with a drastic drop in CD4+ T cell count in the
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circulation. High viral replication induces HIV-1 specific immune responses (mostly
CD8+ T cell responses), which coincide with subsequent reduction in plasma viremia.
The reduced viremia is sustained for several years, however during this period of
clinical latency, the CD4+ T cells are continually destroyed to a critical level beyond
which opportunistic infections arise, and death may occur [Adapted from: N Engl ]
Med 1993; 328:327-335]

Antibody response to HIV-1 infection

The earliest antibody responses following HIV-1 infection typically appear about
1 week after infection and are directed towards non-neutralizing epitopes on Env(158)
(Fig.1.5). These antibodies are detectable in plasma as virion/antibody complexes(30)
and appear contemporaneously with detectable plasma virus RNA. This early phase of
B cell response to HIV-1 infection is followed immediately by freely circulating binding
antibodies that first appear to recognize gp41. These anti-gp41 antibody responses are
followed in a few weeks by those binding to V3 of gp120(158). Several studies looking
at the beneficial effect of these early binding antibodies suggested that they are capable
of compliment activation(158) as well as mediating antibody dependent cellular
cytoxicity [ADCC] against infected cells(44). The magnitude of the ADCC activity
mediated by these binding antibodies was indeed inversely associated with plasma
viremia levels(44), suggesting these antibodies may be beneficial. In contrast to these
early findings, more recent studies suggest that these early binding antibodies are
unlikely to control viral replication (158) and have no detectable selective pressure on
the founder/ transmitted virus(72).

Antibodies capable of neutralization function are first elicited several months (2
to 12 months) after infection(58, 134) (Fig.1.5). These early Nabs are only capable of

neutralizing the infecting virus strain (autologous virus) and cannot neutralize more

12



divergent viruses obtained from other people (heterologous viruses)(6, 35, 50, 58, 113,
134, 169). Interestingly, these autologous Nabs are highly potent and exert selective
pressure that drives viral escape (105), which is evidenced by the fact that majority of
later viruses are less sensitive to earlier plasma(168). Moreover, the potency of these
antibodies has been shown to fluctuate most likely due to dynamics in epitope
availability and accessibility resulting from appearance of escape variants(116). This is
because the majority of aNabs mostly target epitopes resident in the variable regions of
the envelope(100, 116, 136). Therefore such epitopes are difficult to be targeted with a
universal vaccine that would protect against the highly diverse HIV-1 strains. But,
although the arms race between aNabs and HIV-1 mostly involves epitopes occurring in
the variable region, continued viral replication as a result of escape from Nabs may
result in the exposure of more conserved regions, which may stimulate production of
broad and cross-neutralizing antibodies (BCN) in some individuals. Since such
antibodies target conserved epitopes on the Env, they are usually able to neutralize
viruses across different strains of HIV-1. Antibodies that are able to neutralize viruses
from different individuals are usually referred to heterologous Nabs (hNabs).

Unlike aNab, which are induced in almost all HIV-1 infected individuals, hNabs,
particularly BCN ones, develop only in a subset of patients and typically after 2 years of
infection(41, 57, 165, 166) (Fig.1.5). The factors that restrict the development of these
antibodies to only a few individuals is not fully elucidated, though some studies have
proposed that it is related to the number of years of infection, plasma viral load(13, 114,

127, 147, 153), disease progression (low levels of CD4+ T cell), and viral diversity(41,
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115, 127). Interestingly, the time to development of broadly neutralizing antibodies vary
greatly in different individuals suggesting that other host and viral factors may be
involved. However the observation that high plasma viral level correlates with
elicitation of such antibodies suggests that years of persistent viral stimulation are
critical for their generation. Since these antibodies neutralize across subtypes and have
been shown to target few similar sites on the envelope including the CD4 binding site,
the gp41 MPER, the peptidoglycan epitopes in the V2 & V3 regions(58, 117, 159, 166,
175, 181), their discovery is of immense interest for the development of an effective
vaccine. Such a vaccine would elicit Nabs with activity against a diverse panel of
primary isolates, hence protecting against the extremely diverse HIV-1 variants
circulating in human population. However, a major hindrance to the discovery of a
vaccine candidate that could elicit the production of BCN is the apparent lack of
understanding of the ontogeny of these types of antibody. It is not clear whether they
develop from earlier strain-specific autologous Nabs through bettering of epitope
recognition or they just arise due to de novo specificities stimulated by new conserved
epitopes arising due to continued virus replication and escape. Because BCN antibodies
develop much later (after 2 years) after infection(57, 127), it is logical to think that they
arise due to antibody maturation rather than random appearance of de novo
specificities elicited by novel epitopes arising from continued viral replication. This
hypothesis is further supported by the fact that the antigen binding site of majority of
BCN shows atypical high levels of somatic hypermutation, which can only arise due to

affinity maturation toward a constant epitope(101, 177). Given this potential of

14



hierarchy of Nab development, it is critical to understand the role of autologous Nab in
HIV-1 transmission. Theoretically, escape from autologous Nab may not be infinite, as
the virus may be constrained in its ability to mutate continuously without

compromising its fitness(35).
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Figure 1.5. Typical B cell response to HIV-1 during the course of infection: Binding
antibodies are the earliest to be elicited soon after HIV infection (green). This early
immune response is followed by a decline in viral loads (red line) and a rebound in
peripheral CD4+ T cells (blue line). A few months later, strain specific autologous
antibodies develop (purple line). After ~2 years, heterologous antibodies (orange line)
capable of neutralizing a broad range of circulating strains are generated in subset of
individuals (modified from Maroa 2012)
Mechanisms of HIV-1 escape from neutralizing antibodies

As outlined previously, Nab antibody responses to HIV-1 are majorly directed
against the envelope because this glycoprotein is displayed on the virus surface and is

highly immunogenic. Escape from Nabs occurs through several pathways, including

amino acid variations created by mutation processes such as deletions, insertions and
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substitutions that affect epitopes targeted by Nabs(91, 116, 143). These mutations are
generated during the process of reverse transcription because the RT enzyme is highly
error prone and lacks proof reading mechanisms. This enzyme is estimated to make
about 3.4x10° mutation per site per generation (106). The high replicative error rates
coupled with short generation time provide a fertile platform for Nab selection for

escape.

HIV-1 Env is highly glycosylated protein. For instance, the gp120 portion of Env
contains about 24 potential sites for addition of N-linked glycans (PNGS)(89). Addition
of sugars to these sites are not only required for proper folding and processing of Env
protein during synthesis(94) but also are necessary for interactions of Env with co-
receptors(129, 180) during infection. Moreover, these glycans also mask conserved viral
epitopes from antibody recognition thereby providing an escape mechanism for the
virus. For this reason, mutational changes in the Env that introduce, remove or shift the
PNG sites results in escape from Nabs(25, 133). Moreover, N-linked glycans can also
block antibody recognition through steric hindrance, which physically prevent Nab
from accessing the antigenic polypeptide surface of the HIV-1 envelope, hence
promoting viral escape.

Although all these mechanisms allow the virus to escape from Nabs recognition,
there is evidence that the virus might be restrained in its capacity to infinitely mutate
because there may be fitness consequences resulting from such endeavors as mutation

process may affect virus proteins required for viability.
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Dynamics of HIV-1 evolution in response to autologous Nab pressure

Typically, most HIV-1 infected patients generate potent neutralizing antibody
responses early after infection. These antibodies, which broaden overtime, are at first
directed toward autologous infecting HIV-1 variant and have been shown to exert a
selective pressure that drives continuous virus escape(50, 134, 168, 172). The escape
phenotype arises from mutations in variable regions of the Env, which affect
recognition by antibodies by several pathways including direct alteration of cognate
epitope or through global alteration of Env conformation. Irrespective of the pathway of
escape, the end result is that the current viruses are less sensitive to contemporaneous
plasma (Nabs) while later plasmas potently neutralize earlier variants. In the study by
Wei and colleagues, they showed that Nabs activity against the successively emerging
virus strains increased overtime, but the early viruses were more potently neutralized
by later plasma as compared to contemporaneous viruses(168). Their data hinted that
changes in the viral Env are what make successive viruses increasingly resistant to
neutralization(168). Similarly, a recent study by Chaillon et al, which focused on a
chronic infection case, illustrated that even in chronic infection, there is temporal
increases in autologous neutralization potency of subsequent sera toward infectious
pseudotyped viruses isolated from previous visits(26). They also showed that a
particular isolate at 16 years post infection was resistant to early plasma. These studies
suggest that sample timing (plasma & virus) is crucial in the detection of virus escape
during HIV-1 infection and may affect our interpretation of the role of Nab in HIV-1

transmission.
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Evidence for protective role of Nabs in HIV-1 transmission

The hallmark of many licensed vaccines against viral pathogens is the ability to
elicit Nabs(5). The ability of Nabs to provide protection against virus infection can be
tested through passive immunization of non-human primates with antibodies followed
by subsequent challenge by a virus(124). Indeed for many viruses, this approach has
demonstrated that in vivo protection correlate with neutralizing activity in vitro(164). In
the case of HIV-1, it has been shown in passive immunization studies in nonhuman
primate model systems, that Nabs originally isolated from HIV-1 infected humans are
capable of blocking infection by a simian immunodeficiency virus expressing HIV-1
Env[(8, 65, 66, 69, 107, 125, 138) also reviewed in (95)]. However, because these
experiments were done in ideal conditions optimized to detect protection including: 1.
The viruses used for challenge was known to be inherently sensitive to the antibodies
tested, 2. Extremely high dose of virus inoculum were used to initiate infection, and 3.
Only a single strain of the virus was used, their results have failed to fully inform the
development of an effect vaccine that can protect against HIV-1 transmission in real
world settings in humans, where highly diverse virus variants circulate and little
inoculum initiate infection. For example, a combination of monoclonal antibodies
(IgG1b12, 2G12, 2F5 and 4E10) originally isolated from individuals infected by HIV-1
subtype B(21, 23), completely protected neonatal rhesus macaques from oral challenge
with SHIV 89.6P(43). However, subsequent studies reported that these antibodies
poorly neutralized other strains of HIV-1 isolated from people infected with different

subtypes(15), suggesting that the initial results from nonhuman primates may not apply
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to exposed humans. Moreover, this inconsistency between non-human primate
experiments and what happens in humans, is also reflected in the failure of vaccines
designed based on the impressive results from non-human primates to induce
protective Nabs in humans(73). Therefore, it remains to be defined whether Nabs are a

correlate of protection against HIV-1 transmissions in humans.

Mother-to-child transmission of HIV-1 (MTCT)
Stages and mechanisms of MTCT

About 30-40% of infants born to HIV-1 positive mothers become infected in the
absence of any interventions. Among those who acquire the virus, an estimated 12% get
infected in utero, 29% intrapartum, 20% during delivery, and the remaining 39% are
infected postpartally via beastmilk(81). The exact mechanism by which MTCT occurs is
not clear. However, for in utero/intrapartum transmissions, it is thought that these
transmissions may be caused either by ascending infection from an infected birth canal
or through placental microtransfusions by HIV-infected maternal blood cells(84). It is
also possible that the infants may be infected during delivery due to exposure to
maternal viruses present in the HIV-1 contaminated genital fluids. For postpartum
transmissions, infection may occur due to exposure to the maternal viruses secreted in
breastmilk. Indeed, several previous studies have reported that both cell-associated and
cell-free virions present in breastmilk can contribute to breastmilk MTCT(90, 128, 137).
However, the major source of HIV-1 in breast milk as well as the relative contribution of

either cell-free or cell-associated in breastmilk MTCT is currently poorly defined. But
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the limited available evidence suggests that cell associated viruses are most like to play
a significant role as cell free viruses may be readily inactivated by the high acidic

environment in the stomach, while cell associated viruses are not(148).

Factors associated with MTCT

Numerous factors of both viral and maternal origin may affect the risk of MTCT.
Maternal plasma HIV-1 RNA level(37, 53) as well as lower CD4+ T lymphocyte count,
have been shown to be correlated with increased risk of HIV-1 transmission to the
infant. In addition, inflammatory conditions of the breast such as mastitis, and
chorioamnionitis of the placenta also may increase the risk of MTCT(97, 160) because
such conditions promote the recruitment and activation of target cells. Although host
immunity may also play a key role in modulating MTCT, its role in MTCT is still poorly
defined particularly the role of Nabs, which may play a greater role in reducing the risk
MTCT. Typically mothers transfer antibodies to their infants, hence HIV-1 exposed
infants may have passive HIV-1 specific antibodies acquired from their mothers, at the
time they are exposed to maternal viruses. Such passive antibodies may provide

protection against HIV-1 acquisition as has been suggested by studies in animal

models(8, 69, 138).

Mother to child transfer of IgG

Transplacentally acquired pathogen specific IgG antibodies form the primary

source of early protection against many infectious agents in infants. The transfer of

20



these maternal antibodies to the infant is facilitated by placental protein hFcRn that
binds specifically to the Fc region of IgG antibodies and not other immunoglogulin
isotypes(154). Thus, infants acquire mostly IgG antibody isotype from their mothers
during pregnancy. Many factors including maternal IgG level, coinfection with multiple
pathogens, hypergammaimmunoglobunemia may interfere with transfer of these
antibodies to the infants(34). It has been shown that in HIV-1 infected mothers, there is
reduced transfer of tetanus, Measles and staphylococcus pneumoniae specific IgG
antibodies(34, 39).

It is possible that HIV-1 induced aberrant B cell activation and hyperproduction
of immunoglobulin may saturate the hFcRn, thereby abrogating the binding of relevant
antibodies hence reducing their transport to the infant. Similarly, infection of placental
lymphocytes by HIV-1 virus may result in inflammation-mediated destruction of the
placental tissue, which may impair expression of the hFcRn in the placenta, thus
reducing the transfer of the antibodies. It is not known whether these scenarios would
also interfere with the transfer of HIV-1-specific Nabs to the infant. Information on
whether HIV-1 specific passive Nabs in the infant differ from that of the mother is
important in understanding whether passive antibodies may be an immune correlate of

protection in exposed infants.
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MTCT as a natural setting to evaluate the potential of Nabs to protect against HIV-1
transmission in humans

As mentioned above, while studies in nonhuman primates have confirmed that
Nabs can block HIV-1 transmission when present at the time of exposure[(8, 69, 107)
and reviewed in (95)], they have failed to translate into the development of an effective
vaccine that would prevent HIV-1 transmission in humans(73). Typically there are
genetically and antigenically diverse variants present in a chronically HIV-1 infected
mother. The maternal Nabs raised against these variants may be present in the infants
at the time of exposure. Because maternal antibodies may be present in the infant,
MTCT provides a unique natural setting, in which to evaluate whether Nabs capable of
recognizing an incoming virus can provide protection against HIV-1 transmission. This
scenario mimics what would happen in typical vaccination, where a vaccine would
induce protective Nabs against future exposures. Moreover, in MTCT the index case
(infected mother) and the exposed person (infant) are known and the timing of
transmission can be approximated with great precision through close frequent sampling
and testing of the infant. These features allow for the virus and antibodies of interest to
be isolated and examined within the time frame relevant for transmission.

Indeed, mother-to-child HIV-1 transmission studies were the first to show some
protective effect of Nabs(173). For example Kliks et al. showed in a small study of 6
mother/baby transmission pairs that viral isolates from infants were generally resistant
to neutralization by maternal plasma(104). Moreover, in expanded study by our

laboratory involving 12 transmission pairs, where multiple individual envelope
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variants (N=64 from the mothers and N=32 from corresponding infants) were
examined, Wu et al found that the maternal variants transmitted to the infants during
intrapartum or via breastfeeding tended to be those in the mother that were poorly
neutralized if at al, by maternal plasma near transmission(174). These studies
suggested that maternal autologous Nabs could provide some protection against
MTCT. However, since in these studies only transmitting mothers (TM) were analyzed,
it is difficult to draw conclusions on the overall protective effect of Nabs during MTCT.

One subsequent study that included both nontransmitting mother (NTM) and
TM also suggested a protective role for maternal antibodies against vertical
transmission of HIV-1(36). In this study, Dickover et al. reported that women who
transmitted to their infant during pregnancy (N=14) had infrequently detectable Nabs
compared to NTM (N=17). Hence this study, which looked at only primary isolates
rather than individual variants, validated and extended the findings of previous studies
of only TM. However, this study only illustrated the role for antibody in the in utero
setting and not other stages incuding intrapartum and breastmilk transmissions when
MTCT is highest(119).

In support of the previous studies that focused on the role of Nabs against
autologous viruses, other studies that have used a panel of heterologous viruses have
also reported a correlation between maternal antibodies and transmission risk of
MTCT(10,143). In the study by Samleerat et al, where antibody responses against four
standard HIV-1 isolates(146) were analyzed, responses to 2 of the 4 isolates correlated

with transmission, with the strongest correlation with one particular viral variant(146).
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Together, the results from all these studies suggest that the nature and specificity
of the Nabs response in the mothers may be a major determinant of MTCT. But while
these studies provide proof-of-principle they failed to examine the role of Nabs in all
stages including early breastmilk transmission.

In contrast to the studies that suggest protective role of maternal Nabs against
MTCT, other studies have failed to detect any protective role of Nabs(61, 71). This later
finding was also confirmed by a more recent study from our lab, which showed that
maternal Nabs transferred to the infant are not protective against infant HIV-1
acquisition(98). Although the discrepancy between these studies could be due to many
factors such different assay format, viruses used and timing of transmission examined,
it suggests that the role maternal Nabs in reducing the risk of vertical HIV-1

transmission is complex and more comprehensive studies are needed.
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Goals of this thesis

Several previous studies looking at the role Nabs on MTCT have focused on the mother
and few have examined passive antibodies in the infant(10, 76, 146). One study by our
laboratory, where the association between infant passive Nabs and the risk of MTCT
was examined reported no correlation between infant infection risk and the breadth and
potency of passively acquired antibodies in infants exposed to HIV-1 during
breastfeeding(99). It is unclear whether the findings by this study reflected poor vertical
transfer of HIV-1-specific Nabs or simply that the breadth and potency of maternal
Nabs are not correlated with protection against breastmilk HIV-1 transmission. In the
second chapter of this thesis, I address this gap by comparing mother Nab levels with
that of their corresponding infants.

In contrast to the findings of the above study, other studies where a panel of
heterologous envelope variants were analyzed against maternal plasma, suggested that
higher maternal antibody levels are protective against intrapartum transmissions(10,
146). Although differences between these studies may be due to many factors, one
possible explanation for the difference is that detection of Nabs against heterologous
variants is not adequately measuring the presence of a protective Nabs in the mother
because these antibodies are not specific to the maternal variants to which the infants
are exposed, rather autologous Nabs are more relevant to protecting the infant against
autologous variants. The idea that autologous Nabs are more relevant in MTCT is
supported by studies examining the effect of maternal aNab. These studies have shown

that maternal viruses transmitted to the infant are those that are poorly neutralized by
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maternal plasma near transmission, suggesting that they are Nabs escape variants.
However, because these autologous studies only focused on TM and did not include
NTM, we are unable to draw conclusions as to whether Nabs have protective effect
against HIV-1 transmission. In the third chapter of this dissertation, I explore whether
Nabs raised against maternal autologous envelope variants that represent virus
population in the TM and N'TM influence vertical HIV-1 transmission risk.
Interestingly, some recent studies where the time points when the antibodies and
virus were analyzed were mismatched with the estimated time of transmission have
reported that the transmitted variants have similar neutralization profiles as the non-
transmitted variants in the mother. Given the rapid changes in immune response to
HIV-1, it is likely that the chance to detect the Nabs escape variants during MTCT could
be missed by measuring responses after transmission, which may differ both
qualitatively and quantitatively from the earlier responses present near the time of
transmission. In chapter four of this dissertation, I address the hypothesis that
differences between these studies can most likely be ascribed to differences in timing of

sampling in relation to transmission.
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Chapter 2
Evidence for Efficient Vertical Transfer of Maternal HIV-1 Envelope-Specific
Neutralizing Antibodies but No Association of Such Antibodies with Reduced Infant
Infection

Introduction

In the absence of any interventions to reduce transmission, approximately one
third of infants born to HIV-infected mothers will become infected. Approximately half
of these infections are due to breastfeeding; the remainder occur in utero or during
delivery.(119) The role of neutralizing antibodies (Nabs) in the setting of mother-to-
child transmission (MTCT) has been extensively studied to determine if HIV-specific
antibodies present at the time of exposure can protect against HIV infection. Several
early studies, each relatively small, showed that non-transmitting mothers tended to
have more frequently detected and/or higher Nab responses than transmitting
mothers, suggesting a role for Nabs in reducing MTCT(36, 88, 149). However, the
results of additional studies have reached divergent conclusions as to whether Nabs are
important during all stages of mother-to-child transmission, if at all(36, 71, 146). The
association between Nabs and protection has also been somewhat dependent on the
virus tested.(146) No association was observed between infant infection risk and the
breadth and potency of passively acquired antibodies in infants exposed to HIV-1
during breastfeeding.(99) It is unclear if the results from this study in infants indicate
there is simply poor vertical transfer of HIV-1-specific Nabs or that the breadth and

potency of maternal Nabs are not a factor in protection against breastmilk HIV-1

transmission.
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Placentally acquired antibodies reach their highest level in the infant during the
third trimester and have been shown to protect infants from various postpartum
exposures to maternal infections. Studies in nonhuman primates have demonstrated
efficient transfer of passively infused human monoclonal Nabs(62), but little is known
about the transfer of maternal HIV-1-specific Nabs in humans. One study of 35
mother/infants pairs that assessed Nabs against two lab-adapted HIV-1 strains showed
a strong correlation between maternal and infants Nabs, suggesting efficient
transfer(19). However, responses to more relevant circulating variants of HIV-1 were
not examined. Another study that explored the relationship between maternal and
infant antibodies showed variation in antibody transfer based on antigen specificities
and IgG subclasses, indicating transfer may vary by antibody type(77). Thus, these
studies suggest that mother-to-child transfer of HIV-1-specific Nabs may be affected by
the nature of the Nabs, including antibody specificity. To address this hypothesis, we
examined the transfer of HIV-specific antibodies, including Nabs, to three circulating
HIV-1 variants that represent the dominant HIV-1 subtypes in the population under

study.

Materials and methods

Samples: Plasmas tested in the current study were from mother/baby pairs who
participated in the breastfeeding arm of a randomized clinical trial done in Nairobi,
Kenya, from 1992 to 1998 to examine HIV-1 transmission rates between breastfeeding
versus formula feeding women(119). Plasmas from the mothers were obtained around

the time of delivery and the infant plasmas were obtained within the first week after
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birth, a time when passively-transferred antibody levels should be high. Both women
and infants were antiretroviral therapy naive and mother/infant pairs were included in
this study based on these criteria: 1) the mother breastfed, 2) the mother had a plasma
sample available around delivery, 3) the infant was HIV DNA PCR negative at birth, 4)
the infant was either detected as HIV positive after birth or was followed for at least 3
months if HIV negative, and 5) the infant had a plasma sample within the first week
after birth(99). Sixty mother/infant pairs met these criteria and were included in the
study. The ethical review committees of the University of Nairobi, University of
Washington and Fred Hutchinson Cancer Research Center approved this study as well
as other studies described in this dissertation. The subjects examined in this thesis
provided written consent.

Detection of HIV-1 Envelope-specific IgG: HIV-1 Envelope-specific IgG titers
were estimated using an enzyme-linked immunosorbent assay (ELISA) performed as
previously outlined using a HIV subtype A gp120 protein (BL035; Immune Technology
Corp., New York, NY).(102) Plasmas were diluted starting at 1:4000 followed by 2-fold
serial dilutions up to a maximum dilution of 1:512000. In cases where the end point
titer (EPT) was outside the range of these dilutions, additional 2-fold dilutions were
made either starting with a minimum dilution of 1:1000 or diluting to maximum of
1:2048000. The EPT was defined as the reciprocal plasma dilution at which the average
optical density (OD) value was greater than or equal to twice the average OD value of
the background. For the purposes of analyses, in cases in which the EPT was less than

the lowest dilution tested, the midpoint value (500) between the lowest dilution and
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zero was assigned. The EPT results represent the average of two independent duplicate

assays.

Generation of pseudoviruses

Three HIV-1 Envs, which were initially cloned from 3 viruses isolated early in
infection from 3 Kenyan women, were used to generate pseudoviruses as described(99).
Briefly, plasmids containing these Envs were cotransfected into preplated 293T cells
together with another plasmid containing a full length subtype A proviral genome with
deleted portion of Env (Q23Aenv) using the Fugene-6 transfection reagent (Roche,
Indianapolis, IN). In all cases a ration 1:2ug of Env plasmid to Q23Aenv was used in the
transfection process, which was done in a T75 tissue culture flask preplated with 2x10°
of 293T cells. Forty-eight hours post transfection, supernatants were harvested and
sterilized by filtering through a 0.22pm Filter Units (Millipore, Billerica, MA).
Transfection supernatants were aliquoted and stored at -80°C for subsequent use. Titers
of the pseudoviruses were determined by serially diluting viruses 10-fold then adding
5x104 TZM-bl cells suspended in growth medium containing a final concentration of 20
ng/mL DEAE dextran and incubating at 37 °C. The TZM-bl cells are HeLa cells
derived indicator cell line that are susceptible to infection by HIV-1 because they stably
express CD4 and CCR5, the two major proteins required by HIV-1 to infect cells. In
addition, these cells also contain integrated reporter genes for firefly luciferase and B-
galactosidase, under the influence of HIV-1 long terminal repeat (LTR) promoter(167)

and thus, there infection can be readily observed by staining for p-galactosidase and/or
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assaying for luciferase activity. For titration, 48 hours post infection with the
pseudoviruses, the adhered cells were stained for B-galactosidase activity and cell with
blue foci were directly counted.

The three Envs used to generated the pseudoviruses represented two subtype A
(Q461.d1 & Q842.d16) and one subtype D [QD435.A4] and were cloned from viruses,

which were directly isolated from the blood of the three women in early infection.

Neutralization Assay

Neutralization assays were performed by infecting TZM-bl cells with the
pseudoviruses as described elsewhere(99). Briefly, 500 virus infectious particles were
incubated in duplicate with media only or 2-fold dilutions of heat-inactivated plasma,
starting at a concentration of 1:50, in a final volume of 50uL for 1 hour at 37 °C. Ten
thousand TZM-bl cells in 100 pL of complete growth medium were then added to each
well. Forty-eight hours after infection, B-galactosidase activity was measured using
Galacto-Light Plus reagents (Applied Biosystems, Foster City, CA). The median
inhibitory concentration (IC50), which represented the reciprocal plasma dilution at
which 50% of infection of the target cells was inhibited, was calculated as described
elsewhere(174). The IC50 results represent the average of two independent duplicate

neutralization assays.
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Statistical Method

Log> transformed (log, transformed to adjust for the variability in IC50 values)
neutralization IC50s between the mother and her infant were compared using Welsh's t-
test (with unequal variances). Because maternal plasma viral load is positively
associated with increased risk of vertical HIV-1 transmission and Nab levels, we further
used linear regression model to adjust for viral load in our sensitive analysis. The
association between maternal logIC50 values and infant infection outcome was
determined using logistic regression, while the correlation between IgG endpoint titers

and log?2 IC50 levels were examined using paired t-test.

Results

To investigate the association between maternal HIV-1-specific antibody levels
and infant passive antibodies, we examined antibody levels in 60 mother-infant pairs
from the Nairobi Breastfeeding Trial.(119) All of the infants were HIV-1 DNA negative
at birth. Fourteen (23%) infants were HIV positive after birth; one (7%) prior to 6 weeks
of life, six (43%) at approximately 6 weeks and the remaining seven (50%) after 6 weeks
of life. Although we can’t rule out that a few of the seven identified within 6 weeks
postpartum were infected late in utero or during delivery, prior studies of this cohort
indicate that the majority of those detected as HIV DNA positive by 6 weeks were
infected through breastfeeding.(119) Thus, the majority of the 14 infants acquired HIV-1
as a result of breastmilk transmission. The rest of the infants (N=46) remained
uninfected during the follow-up period (mean = 21 months). In order to assess the

presence and correlation of HIV-1-specific antibodies among the mother/baby pairs, we
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compared the log, transformed EPT values within and between the mothers and
corresponding infants. Because HIV-1 subtype A is the predominant subtype in this
cohort(120), we measured maternal and infant HIV-1-specific total IgG titers against
soluble subtype A gp120 (BL035) Envelope protein isolated from early in infection of an
infant from this cohort(174). We found that maternal and infant EPTs were correlated
(r=0.91, p<0.0001, Fig.2.1A) with mothers having 1.4 fold-higher EPTs (95%CI: 1.1,1.6;

p=0.001), suggesting efficient transfer of HIV-1 specific antibodies.

We examined maternal HIV-1-specific Nab responses against a panel of three
viruses including two subtype A (Q461d1 & QD435.A4) and one subtype D (Q842.d16).
The corresponding infant Nab responses had been determined as part of a prior
study(99). The viruses tested here were among the 8 used in the prior study and
included a Tier 1b (Q461.d1) and two Tier 2 (QD435.A4 & Q842.d16) viruses.(99) The
majority of maternal plasmas neutralized all three viruses: 55 (90%) neutralized
QD435.A4 at greater than 50%, 52 (84%) showed activity against Q461.d1 and 50 (82%)

neutralized Q842.d16.
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Fig.2.1
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Fig.2.1: Comparison of maternal and infant HIV-1 Envelope-specific antibodies. For
panels A-E, maternal and infant antibody levels are shown on the x- and y-axis,
respectively. Each dot represents the data from one mother-infant pair. The line
represents regression best-fit line and the r is Pearson's product moment correlation
coefficient. The p-values shown above each graph are based on the Student’s t
approximation for the distribution of the corresponding standardized test statistic. The
panels include: A) Envelope binding EPTs; B) average log.IC50 for the 3 viruses; C)
Q461.d1 1ogoIC50; D) QD435.A4 logoIlC50; E) QD842.d16 loglC50, and F) the

association between EPTs and Nab average log2lC50 values for both mothers(*—)infants

(memee )

Next, we assessed the correlation between the capacity of the mothers” and infants’
plasma to neutralize the three viruses by comparing the neutralization logalC50s of
mothers defined in this study to log2IC50 of infants defined in the prior study(99). using

Pearson’s correlation coefficient (r) and t-tests (expressed as fold-differences). We found
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that, on average, mothers had 1.3-fold (95% CI:1.1,1.5; p=0.0096) greater IC50 values
across all viruses as compared to their infants. There was a strong linear correlation for
log2IC50s between mothers and their corresponding infants when the average IC50s of
the three viruses tested were considered (r = 0.80, p<0.0001, Fig.2.1B). The magnitude of
this correlation varied for each virus with the highest correlation between maternal and
infant IC50s observed for the most neutralization sensitive variant Q461.d1 (r= 0.81) and
the lowest correlation in log,IC50 values was for QD435.A4 (r= 0.48) (Fig.2.1 C-E). EPTs
were positively correlated with IC50s for both mothers and for infants (r=0.59 and 0.70,

respectively, Fig.2.1F).

IC50 values were 1.74 times greater (95% CI: 1.06, 2.83; p=0.030) for transmitting
mothers compared to non-transmitting mothers (Fig.2.2). Correspondingly, there was a
positive association between IC50 and risk of infant infection (OR=1.90 given a 2-fold
greater maternal 1C50, 95% CI:1.03,3.47; p=0.039). However, when controlling for logio
plasma viral load in linear and logistic regression models respectively, these
associations were not statistically significant (fold-difference in IC50 = 1.60, 95% CI:
0.91, 2.83, p=0.10; OR=1.86, 95% CI: 0.88, 3.9; p=0.10). This was true when we examined
the average IC50 for the three viruses (Fig. 2.2) or the IC50 for each individual virus in
relation to infant outcome (data not shown). Similarly, no association was observed
when we analyzed the average IC50 values across the three viruses tested and

transmission outcome for the 60 infants considered in this study (data not shown).
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Fig. 2.2: Comparison of the average log2IC50 values of the 46 non-transmitting (NTM)
and 14 transmitting mothers (TM). The dot plots summarize the distribution of the
average log)IC50 for the 3 viruses, with mean and 95% confidence intervals for the
log,IC50 indicated by the horizontal bars for each. The unadjusted estimate for the fold-
difference in IC50 and corresponding p-value are based on Welsh’'s t-test, and the
adjusted fold-difference estimate is by linear regression controlling for logio viral load,
with the corresponding Wald p-value.

Discussion

Our findings demonstrate efficient transfer of HIV-specific antibodies from
mother-to-infant. Infants had only 1.4- and 1.3-fold lower HIV-1 Envelope-specific
binding and Nab levels, respectively, during the first week of life compared to the levels
of these antibodies in their mothers near the time of delivery. This implies that

protective Nabs, if present in an HIV-infected mother, could provide infant
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prophylaxis, particularly late in gestation and during the early breastfeeding period,

when the risk of infant infection is high(119).

The maternal Nab response against 3 heterologous HIV-1 variants was not
associated with infant infection outcome after controlling for viral load, which is
positively correlated with cross-reactive Nab responses and risk of transmission
(reviewed in (40)). However, transmitting mothers showed a trend for having higher
Nab levels than nontransmitting mothers in this analysis, a finding that is contrary to a
protective role for maternal Nab in breastmilk HIV transmission. Similarly, infant Nab
levels were not associated with infant infection risk, consistent with results of a prior
study demonstrating a lack of association between infant infection and the breadth and
potency of infant vertically acquired Nabs.(99) These data reinforce the notion that the
Nab response elicited in a typical HIV-1 infection may not be adequate to provide
significant protection from MTCT. However, this finding does not preclude the
possibility that exquisitely broad and potent Nabs, such as those reported in a small
subset of chronically infected individuals (reviewed in (40)) could provide some
protection. In this context, the results presented here do suggest that in studies
designed to test the potential of broad and potent antibodies to protect against MTCT,
the therapeutic application of antibodies to the mothers could result in efficient transfer

to the infant.
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Chapter 3

Neutralization of distinct and representative HIV-1 variants by autologous
antibodies is not associated with reduced risk of vertical HIV-1 transmission

Introduction

As mentioned in Chapter 1, there is evidence to suggest that Nabs can prevent
HIV transmission in model systems under ideal circumstances, but little is known about
the potential of such antibodies to prevent infection in real world settings where highly
diverse virus populations circulate in humans. As outlined in chapter 2 of this
dissertation, maternal heterologous Nabs are not associated with reduced risk of
peripartum vertical HIV-1 transmission. However, in the context of MTCT, it has been
previously shown that despite a highly diverse virus population present in the mother,
only a limited subset of these viruses with low sensitivity to maternal Nabs are typically
transmitted(86, 104, 149, 174), suggesting that Nabs can be protective against HIV-1
transmission, particularly against sensitive viral variants. These studies, where only
transmitting mothers [TM] were analyzed, showed that although highly sensitive
variants were present in the mother, they were not detected in the infants, rather, only
the less sensitive variants were transmitted. But, in other recent studies, both the
maternal and infants’ variants had similar sensitivity to neutralization by maternal
plasma(45, 75, 76, 140), contradicting the earlier studies. In support of the earlier studies
that suggested protective effect of Nabs, several(36, 88, 149) but not all studies(61, 64,
71), have shown that infected mothers of uninfected infants have higher titers of
autologous Nabs compared to transmitting mothers, suggesting that higher Nab titers

are positively associated with reduced risk of vertical transmissions. Indeed, the study
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by Wu and colleagues, maternal viruses that were neutralized with IC50 of ~100 or
greater were never transmitted, suggesting that there may be a threshold level of
neutralization in NTM that may protect against the transmission of the majority of their
variants. This hypothesis can be addressed by examining whether there are differences
in autologous Nabs responses against individual variants within the maternal viral

population of transmitting versus non-transmitting mothers.

Many other early studies of autologous Nab responses in MTCT utilized HIV-1
primary isolates (cultured viruses) rather than individual variants cloned directly from
patient samples (16, 71, 88, 149). It is important to note that the process of obtaining
primary isolates involves in vitro co-culturing of patient’s infected cells with uninfected
donor PBMCs. While the major variants in the blood appear to be amplified in
culture(162), the viral diversity can be altered(83, 142), archival HIV-1 variants
reactivated(31), and minor circulating variants could disappear (162). It is possible that
these in vitro viral dynamics may result in viruses that do not give neutralization
profiles that fully capture the spectrum in the individual with regard to sensitivity to

Nabs.

As noted above, studies of a collection of individual variants from the mother
were only focused on transmitting mothers rather than both TM & NTM. To date, there
has not been a detailed comparison of neutralization sensitivity of individual variants
that are representative of viral population in TM versus NTM. Moreover, there is no
consensus on how to define the relative number of variants that can sufficiently capture

the quasispecies breadth in chronically infected individuals. It is possible that by
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sampling only few variants as has been the case of previous studies, the responses to
certain variants, particularly the less sensitive ones, whose neutralization could be
predictive of the presence of protective Nabs, may be missed. Here, we have isolated
21-53 envelope variants from two transmitting mothers using limiting dilution PCR and
used phylogenetic analysis of these variants to determine the minimum number of
variants required to sufficiently represent the quasispecies diversity in these chronically
infected women. We then isolated 4-8 Env variants from an additional 18 mothers (10
NTM & 8 additional TM), tested these variants against matched plasma isolated from
near the time of delivery. We then compared aNabs responses between transmitting

and non-transmitting mothers to dissect the efficacy of maternal aNab to block MTCT.

Material and Methods
Study subjects

As mentioned in the second chapter of this thesis, the women and their infants
included in current study were among those who participated in a breastfeeding clinical
trial between 1982 -1999 in Nairobi, Kenya . For the current study, mother-infant pairs
were included based on the criteria that: plasma viral load of the mother >4.6 logl10
copies/mL, which was the median for the original cohort(119) and the mother breastfed
> 3 months and that a maternal sample was available during the period between the 32
weeks of pregnancy and delivery. For transmission pairs, another requirement was that
the infants were HIV-1 DNA negative at birth and their samples were available at time-
point when the infants were first detected HIV-1 positive, which ranged from 5 weeks

(bWks) to 14 weeks (14 Wks) after birth (Table 3). Twenty women who met these
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requirements were included in the study.

Full-length envelope cloning

Full-length Env genes were cloned directly from DNA isolated from uncultured
peripheral blood mononuclear cells (PBMCs). In addition, for two women (MF520 &
M]J613), Envs were also generated from breast milk cells (BMC) as well as viral RNA
isolated from plasma. DNA was extracted using the QlAamp Blood Mini Kit (Qiagen,
Valencia, CA) according to the manufacturer's protocol. Viral RNA was obtained from
140 pL of plasma by using a QIAmp viral RNA minikit (Qiagen, Germantown, MD)
protocol. cDNA was generated by using Superscript III reverse transcriptase and an
oligo(dT) primer, followed by RNase H treatment (Invitrogen, Carlsbad, CA). The copy
number of HIV present in the DNA isolated from either PBMC or BMC or of cDNA
generated from plasma RNA, was determined using a pol real time PCR assay(137).
DNA and cDNA templates were diluted to near single copy based on the real time PCR
estimates and envelope genes were then amplified using a nested PCR as outlined
elsewhere(137). Briefly, env genes were amplified using the following primers: for first-
round the primers vprl (5-GAT AGA TGG AAC AAG CCC CAG-3) forward and
nef24 (5- TAC TTG TGA TTG CTC CAT GT 3') mixed in equal molar ratios with
Nef34(5'- TAC TTG TGA CTG CTC CAT GT-3’) reverse. The first round PCR was done
in a final volume of 50uL containing 41.9ul of water, 5ul 10X Taq plus precision buffer,
0.4ul 100Mm dNTPs, 0.35ul of lug/ul primers, and 0.5 uL of Taq plus precision
enzyme. The PCR cycling conditions were as follows: 94°C for 4 min, followed by 35

cycles of 55°C for 3 minutes and 68°C for 4 minutes, with a final extension at 72°C for 10

41



minutes. Two microliter of the 1st PCR product was used in the second round with
equal molar ratios of two sets of primers: vpr2lal (5- TAA CCT AGA CGC GTG GAA
TCA CCCGGG AAG TCA GCC TAC AAC ACC TTG TA-3') and Vpr2la2 (5'- TAA
CCT AGA CGC GTG GAA TCA CCCGGG AAG CCG GCC TAC AAC ACC TTG TA-
3’) mix for forward and nef60al(5’- CTT GTG GCG GCC GCA TGT TTA TCT AAA TCT
CGA GAT ACT GCT CCT ACT CCT GGT GCT G-3 and nef60a2 (5'- CTT GTG GCG
GCC GCA TGT TTA GCT AAA TCT CGA GAT ACT GCT CCT ACT CCT GGT GCT-3)
for reverse primers. Gel electrophoresis was used to confirm an ~ 3kbp fragment, the
expected size of HIV-1 Env amplified by this PCR reaction. Consistent with the
expected copy number input, a frequency of about 30% of PCRs yielded product,
further supporting that the product was the result of single copy amplification (144).
The remaining PCR product from positive amplification reactions (~ 45ul) was gel
isolated using Qiagen PCR gel extraction kit (Qiagen, Valencia, CA) and purified DNA
was eluted into a volume of 35uL. Ten pL of the gel isolated product was digested with
Mlul & Notl, heat inactivated at 65°C for 20 minutes and analyzed on a 1% agarose gel
to estimate the relative molar concentration to be incorporated in a ligation reaction. In
most cases 1:3 vector to insert (Env) molar ratio was used in a ligation reaction with a
Mlul & Notl cut mammalian vector pCl-neo (Promega, Madison WI). Two microliters
of the ligation product was used to transform Stbl-3 cells (Invitrogen) or XL-10 Gold
cells (Promega). The transformed cells were plated on LB plates containing carbenicillin
and incubated at 37°C overnight. Next day single colonies were picked, inoculated into

3ml cultures and grown overnight. Plasmid DNA was extracted using a Qiagen
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miniprep kit and screened for the presence of Env by restriction digestion with Mlul
and Notl, followed by gel electrophoresis.

Screening for functional Envs

Miniprep plasmids with Env of correct size were screened for functionality in the TZM-
bl single cycle assay (discussed in chapter 2). We generated pseudoviruses from
miniprep plasmids containing full length Env by co-transfecting these plasmids
alongside Q23 AEnv (96) into 293-T cells using the Fugene-6 reagent (Hoffman- La
Roche, Nutley, NJ), which aids in plasmid uptake by the cells. Forty-eight hours post
transfection of 293T cells, 50ul of the transfection supernatant was directly used to
infect 2x10* TZM-bl cells in the presence of 20ug/mL DEAE in a final volume of 550uL
complete media. Forty-eight hours post infection, TZM-Ib cells were stained for f3-
galactosidase activity and positive cells with blue foci were directly enumerated after
staining with X-gal. Interestingly, only less than one-half of the Env clones were
infectious, which is consistent with several previous reports (14, 18, 96). Long et al
observed that such full-length but noninfectious Env clones were either defective or

poorly expressed.

Phylogenetic analysis

The nucleotide sequence of all infectious Envs were determine using Sanger
sequencing method performed in 10uL reaction using Big Dye (ABI, Foster City, CA)
following the manufacturer’s method. The Env sequence contigs both from forward and

reverse reactions were assembled in sequencher (Gene Codes, Ann Arbor, MI) and
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manually edited for base calling. Full-length, Env sequences were codon-aligned using
MacClade version 4.01 and manually edited to exclude highly variable regions, which
could not be unambiguously aligned. The aligned sequences were analyzed by a
neighbor-joining tree using pairwise distance, based on the general time-reversible
model, implemented in PAUP 4.0b10 (D. L. Swofford, Sinauer Associates, Inc.,
Sunderland, MA). One subtype K and other unrelated subtype sequences including
subtype C, D & A obtained from the Los Alamos National Laboratory HIV database

(http:/ /www .hiv.lanl.gov.offcampus.lib.washington.edu) were also included as

reference sequences. The subtype K reference sequence was set as an out-group.
Neighbor joining trees were generated with reliability of branching orders checked
using bootstrap with 1000 resampling events. Env sequences that differed by pairwise

distance of 0.2 % were considered distinct as has been reported previously(96)

Generating Envelope Pseudotyped viruses

For the distinct infectious Envs, pseudovirus stocks were generated as outlined
in chapter 2 of this dissertation. The titer of each viral stock was determined by a single-
round infection of TZM-bl cell followed by directly counting £3-galactosidase positive

‘blue’ foci at 48 hours post-infection.

Neutralization assays
Neutralizing activity of maternal plasmas were measured as described in detail
in chapter 2 of this thesis and elsewhere(131). Dose-response curves were used to derive

the IC50, which was taken as the reciprocal plasma dilution at which 50% of the input
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viruses were blocked from infecting the target cells.

Statistical analysis

We determined the difference in autologous Nab levels (log.IC50) between
transmitting and non-transmitting mothers to estimate transmission risk using logistic
regression with general estimation equation (GEE) model that accounts for correlation
between variants within a woman. Given our sample size, we used jackknife variance
estimators as opposed to sandwich estimator, which is only valid when >40 subjects are
included. In order to determine whether there is a threshold of Nab level that is
associated with transmission risk, we used receiver operating characteristic [ROC]
curve and likelihood ratios. In order to estimate the minimum number of variants
sufficient to capture the quasispecies diversity among these women we used
approximation of the width of 95% confidence intervals for log,IC50 for a subset of the
women from whom 21- 53 virus variants were obtained. These analyses were directed

and performed by Katie Odem-Davis

Results
Characteristics of the study subjects

To determine if there is an effect of Nabs on vertical transmission, we selected
women with high plasma viral loads (median = 5.2log cpies/mL), which is above the
cohort median of 4.6log copies/mL(119). These women were therefore highly infectious
because higher plasma viral load is positively associated with increased MTCT(37, 53).

This subset of women breastfed for at least 3 months (mean duration 15 months, Table
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3), which also put them at a high risk of transmission(119). For the 10 transmission
pairs, the infants were all HIV-1 negative at birth and subsequently tested positive at
average 6.9 weeks after birth, suggesting MTCT happened either during delivery or
postpartum through early breastfeeding. The clinical characteristics including CD4+ T

cell count and viral load did not differ between NTM versus TM

Table 3. Summary of the 20 women (10 NTM & 10 TM

infant's 1st infant's last Duration of cloning  Neutralization % Maximum

Mother HIV-1 DNA HIV-1 DNA breastfeedin CD4  Maternal log,  Virus No. of env time plasma time pairwise
Idnum positive Negative g in months count plasma VL Subtype® clones obtained  point point distance®
MO862 N/A N/A " 134 4.64 A P33 7 P33 4.54
MB807 N/A N/A 15 217 4.78 A P32 8 P32 2.56
ML156 N/A N/A " 410 5.00 D P32 6 P32 1.36
MF470 N/A N/A 13 N/D 5.01 A W3 7 W3 1.13
MP199 N/A N/A 19 389 5.22 A WO 7 WO 3.76
MM471 N/A N/A 23 360 5.26 A P32 8 P32 2.62
MM834 N/A N/A 19 633 5.46 D P32 6 WO 1.14
MF600 N/A N/A 17 344 5.49 C w2 5| w2 1.13
MA411 N/A N/A 20 416 5.50 A P33 6 P33 4.23
MG540 N/A N/A 12 285 5.60 A P34 6 P34 217
MLO035 W5 wcC 8 249 4.46 A P32 5 P32 2.91
MI102 Wé wcC 13 639 4.79 D W0 8 Wo 1.55
MJ412 Wé wcC 23 293 4.86 (o3 P32 5 P32 7.30
MK184 Wé wcC 3 568 4.89 D P34 6 P34 2.26
MC046 Wé wcC 3 255 5.05 A P35 5 P35 1.65
MF403 Wé wcC 30 213 5.07 A W0 8 WO 0.94
MF535 Wé W1 20 690 5153 AIC/ID WO 5 WO 3.08
MF520 W14 W1 28 511 5.59 A P32 5 P32 1.27
MJ613 Wé W1 10 104 5.64 A P32 6 P32 4.26
MB549 W6 WwC 4 411 6.25 A P30 7 P30 0.94

WC represents cord blood sample, W0, delivery; W#, weeks after delivery; P32: 32
weeks of pregnancy and N/A, not applicable. The last column (d) represents the
maximum pairwise distance among nucleotide sequences spanning the full-length
envelope sequences within each mother. The virus subtypes (B) are derived from
phylogenetic analysis and are inferred by clustering together with the reference
sequences and confirmed by a previous study(120). The first 10 women (light gray) are
NTM, while last 10 (dark gray) are TM.

Defining the spectrum of neutralization sensitivity and HIV-1 envelope quasispecies
diversity.

There is no gold standard in the HIV field for estimating the number of virus

variants that would be sufficient to represent the viral quasispecies in a chronically

infected patient. Here we determined, in two of the transmitting women (MF520 &
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MJ613, Fig.3A & C), the minimum number of variants that would adequately represent
the larger virus population of their variants. Typically between 5-10 clones are studied
(174), and thus in this pilot analysis, we compared the sequences of the first 5 Env
variants we isolated from PBMCs with an expanded collection of virus variants (N=53
for 1t woman & N= 21 from the 2"d woman), isolated from both blood and breast milk.
We found in phylogenetic analyses that first 5 Env variants represented diverse
subclades within the more complete spectrum of the virus population in the women
analyzed (Fig.3.1A & C). These initial 5 variants generally clustered in different
branches of the tree containing expanded number of clones from the same mother,
suggesting that they were distinct and represented diverse component of the broader
viral population in these two women. Moreover, the neutralization profiles of these
variants, though not statistically significant, appeared to represent the neutralization
profiles of the expanded clones as their average IC50s were comparable to the average

IC50 of the expanded clones (Fig.3.1B & D)

In order to determine if the PBMC derived variants represent viruses in other
compartments such plasma and breastmilk that are also relevant in MTCT(79, 80, 118,
137), we assessed the phylogenetic clustering patterns of the clones obtained from the
three compartments; BMC, plasma and PBMCs. The RNA, PBMC and BMC Env
sequences intermingled in a neighbor-joining tree, suggesting lack of
compartmentalization (Fig.3.1A & C), which is consistent with the findings by other

groups(59, 145).
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Fig.3.1. Analysis of quasispecies diversity in mother-infant pairs MF520 & MJ613. (A) &
(C) represent neighbor- joining tree based on pairwise distance of full-length envelope
sequences from two mother: MF520 and M]J613 respectively. The red sequences
represent the first variants obtained from PBMC at P32; sequences in purple are
additional sequences isolated from different time points including W1 & W14 for
MF520 and W6 & W14 for MJ613; blue sequences are infant variants isolated at the first
time (W14 for BF520 & W6 for BJ613) when the infant was detected HIV DNA positive.
(B) & (D) represent heat-map of neutralization sensitivity (IC50) for the first variants
(red) versus additional variants in purple. The variants tested for neutralization
sensitivity were chosen based on the % maximum pairwise distance between the
sequences. In the heatmap, which is based on quartile IC50 values, the darker the color
the sensitive the variant is to neutralization by contemporaneous plasma and the lighter
the color the less sensitive the variant. The shapes; ® represents clones from BMC, @
represents sequences from plasma and < represents clones from PBMC

Diversity in envelope sequences

In order to estimate genetic diversity and check for potential intersample
contamination, sequences from 4-8 full-length envelope clones from each of the 10 NTM
and 10 TM were examined. The neighbor joining tree showed no evidence of cross-

subject mixing of sequences (Fig.3.2A&B) and bootscan analysis with subtype reference
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sequences from the Los Alamos HIV-1 database (http://www.hiv.lanl.gov/), revealed
that 60% (N=12) of the subjects were infected with subtype A, which is the predominant
subtype circulating in East Africa. A few (N=2) women were infected with subtype C
and the remaining 30% (N=6) were subtype D infected (Table 3). For each woman, the
HIV-1 Env variant sequence diversity was calculated as the maximum pairwise distance
between Env sequences isolated at a single time-point. The maximum sequence
diversity ranged from 0.93% to 7.3%. The transmitting mothers had a mean maximum

nucleotide pairwise distance of 2.62 compared to 2.46 of NTM
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Fig.3.2. Neighbor-joining tree based on pairwise distance, showing 64 distinct envelope
sequences for each (A) 10 NTM & (B) 10 TM. Different colors represent variants from
different mothers. The sequences in black represent reference sequences. Bootstrap

values are shown to the left of each node.
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Neutralization sensitivity of maternal envelope variants.

To test if maternal autologous Nabs present near the time of transmission would
impact MTCT, each of the cloned maternal envelope variants was tested for their ability
to infect TZM-bl cells in the presence of matched autologous plasma as outlined
previously(174). For the two cases where a large number of clones were obtained
(MF520 and M]J613), only the first envelope sequences obtained from P32 were included
in this analysis. P32 was the time-point most relevant for transmission and also when
clones from most women were isolated (Table 3), hence synchronizing cloning time
points between both TM and NTM. However, in our primary analysis, we included
IC50s from all the clones tested for neutralization sensitivity (N=56 for NTM & N=>57 for
TM), while in a sensitive we considered only the first 5 clones per woman to avoid the
risk of one woman with many clone overly influence the results. In both the analysis,
TM and NTM mothers harbored virus variants with a broad spectrum of neutralization
sensitivities (Fig.3.3A). For example MO862, who was NTM had a mix of neutralization
sensitive and neutralization resistant viruses with IC50 ranging form 25 to 1467. This
was also true for transmitting mother MI102 with IC50 values ranging from 25 -1600.
On the other hand, some women (e.g. MA411 a NTM and MF520 a TM) had primarily
sensitive variants, while others (e.g. MG540 a NTM and MJ412 a TM) had primarily
resistant viruses. Overall, the mean IC50 = 242 (range 25 to 1842) for NTM was not
significantly different from the mean IC50 = 322 (range 25 to 1644) for TM. There was
also no apparent difference in the frequency of Nab-sensitive or resistant variants

between NTM (25 resistant & 31 sensitive) versus TM (17 resistant & 40 sensitive) (Fig
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33A & B).

Fig.3.3
A)

Maternal Non-transmitting Mothers

Idnum  Eny Variants 1C50
MO862.P33M.Env.]9
MO862.P33M.Env.K5

MO862  MO862.P33M Env.C7
MO862.P33M.Env.L2
MOB862.P33M.Env.N5 %
MBB07.32M Env.P2 -
MBS07.P32M Env.L5
MB807.P32M.Env.C5 25
MBB07.P32M.Env.B2 2%

MBSO7 \ 13807.P32M EnvN5 2%
MBS07.P32M.Env.R4 2%
MBB07.P32M.Env.K4 %
MBBS07.P32M.EnvJ3 2%
MB56P2MENG? [
MB156.P32M.Env.E8 2%

MB156  MB156.P32M Env.H7 2%
MB156.P32M EnvJ5 2%
MB156.P32M.Env.K2 25
MF074 W3M.Env.52
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NFO74  MFO74W3M EnvJ8
MFO074W3M.Env.G10
MEFO074W3M.Env.Q2 25
MP199.WOM.Env.F6
MP199.WOM.Env.D4
MP199.WOM.Env.E3

MPI 1199, WM. EnvcHiS
MP199.WOM.Env.B5 %
MP199.WOM.Env.G3 2%
MM471.P32M Env.C4
MM471.P32M Env.B6

MM471  MM471.P32M.Env.G5
MM471.P32M Env.M3
MM471.P32M Env.E4
MM834P32M Env.B2
MM834.P32M.Env.H3
MM834.P32M EnvF7

MMB3 Vs34 PV Envll 2%
MM834.P32M.Env.M2 %
MM834.P32M.Env.P7 2%
MF600.P32M Env.C1
MF600.P32M Env.B1
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MF600.P32M Env.KK10 2%
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MA4ITWOM Env.CT
MA411WOM.Env.T5

MA411  MA411.WOM.Env.B2
MA411.WOM.Env.S6
MA411.WOM.Env.R1
MG540 P34M Env.A6
MG540.P34M.Env.C3
MG540.P34M Env.B5

MOS0\ 540 P3aM EnvDT 2%
MG540.P34M EnvF1 %
MG540.P34M.Env.K4 %

Maternal
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Env Variants

IC50

MI102

MI102.WOM.Env.K8
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MI102.WOM.Env.C1
MI102.WOM.Env.M1

MF403

MF403.WOM.Env.E3
MF403.WOM.Env.16
MF403.WOM.Env.J5
MF403.WOM.Env.N8
MF403.WOM.Env.P3

MEF535

MF535.WOM.Env.B1
MF535.WOM.Env.F1
MF535.WOM.Env.C1
MF535.WOM.Env.D1

MF520

MF520.P32M.Enn.B1
MF520.P32M.Env.P10
MF520.P32M.Env.Q6
MF520.P32M.Env.14
MF520.P32M.Env.C2

MJ613

MJ613.P32M Env.D4
MJ613.P32M Env.P2
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MB549
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SR
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Mj412

MJ412.P32M EnvJ5
MJ412.P32M Env.G6
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ML035.P32M.Env.C5
ML035.P32M.Env.B5
ML035.P32M.Env.F8
ML035.P32M.Env.D4
ML035.P32M.Env.H6

MK184

MK184.P34M.Env.A4
MK184.P34M.Env.K2
MK184.P34M.Env.R4
MK184.P34M.Env.D2
MK184.P34M.Env.H4
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B) OR =1.000, 95% CI: 0.999, 1.010; p = 0.201
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Fig.3.3. Summary of the virus variants with their neutralization profiles. A) A heat-
map of neutralization sensitivity (IC50) for the individual variants from 10 NTM
(N=56; left panel) and 10 TM (N=57; right panel). The 27 & 3rd columns in both the left
and right panels show the individual variants and IC50, respectively. The colors
represent neutralization sensitivity, the colors are based on quartiles, the darker colors
denote greater neutralization sensitivity to maternal contemporaneous autologous
plasma. (B) Comparison of the distribution of IC50 values between NTM versus TM to
assess for an association between IC50s values and the risk of MTCT - different colors
represent variants from different mothers. The solid circles represent variants from
NTM and the diamonds represent TM. The black horizontal line represents the means
IC50. It is important to note that clones were chosen for neutralization based on the
percent pairwise distance between individual sequences obtained in a woman.
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To determine if potent neutralization of maternal diverse envelope variants was
associated with reduced risk of MTCT, we compared log2-transformed IC50 (log
transformation was done to normalize the IC50 values given the high variability in IC50
values). We used logistic regression with general estimating equation (GEE), which is
suitable for a setting like this, where multiple samples are obtained from an individual,
because it accounts for within-individual correlation of the data points. The risk of
vertical transmission was not significantly associated with IC50 levels (OR = 1.14, 95%
CIL: 0.89, 1.47; p = 0.30). To further assess whether there is a threshold of IC50s that
could predict transmission risk, we used receiver operating characteristic curve [ROC]
analysis. Consistent with the finding above, IC50 values did not predict transmission

risk (AUC <0.5).

Discussion

Several vertical HIV-1 transmission studies that have focused on transmitting
mothers suggest that maternal autologous neutralizing antibodies are able to block the
transmission of a subset of variants circulating in the mother and that only variants that
are less sensitive to Nabs found in the mother are transmitted to the infant. However,
since these early studies only included transmitting mothers, the question arises of
whether non-transmitting mothers have Nab that more potently neutralizes their viral
quasispecies than transmitting mothers. In the current study, we isolated 128 unique
virus variants that represent the quasispecies diversity in 10 NTM and 10 TM and
determined if there were differences between the TM and NTM in the ability to

neutralize their virus variants. We found no differences in the range of sensitivity of
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virus variants isolated from NTM versus TM, rather both groups harbored variants
with a broad spectrum of neutralization sensitivity and resistant variants were found in
both TM and NTM. The presence of resistant variants in the NTM was surprising
because if viral escape from neutralizing antibodies facilitates vertical transmission as

suggested by several previous studies, then these variants could have been transmitted.

Our results suggest that Nab sensitivity alone does not determine MTCT because
some NTM with high viral load harbored neutralization resistant variants. Given that
vertical transmission is a multifactorial process that may be influenced by both host and
viral features, other factors such as viral fitness that may override the impact of Nabs,
may determine virus transmission during MTCT. Indeed several studies have shown
that transmitted variants during MTCT have increased replicative fitness(78), CD4
receptor and co-receptor usage (122). However, differences in fitness and receptor usage
were not observed in other studies that examine non-subtype B variants (46, 141).
Future analysis may be required to determine whether the lack of transmission of the
neutralization resistant variants present in NTMs is due to other features that impact

transmission.

It is possible that the detection of neutralization resistant variants in NTM could
reflect the fact that these variants represent archival rather that actively replicating
viruses, since in all cases, the envelopes were isolated from integrated proviral DNA
and not RNA, which ideally should represent currently circulating variants. However,
for two women (MF520 & MJ613) from whom we cloned envelopes from both the

plasma and PBMCs, the viruses from PBMC and RNA intermingled in a phylogenic
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tree, suggesting limited compartmentalization. The similarity of virus variants
circulating in different compartments including breastmilk, genital and plasma has
been reported previously(144). Furthermore, latently infected resting T-cells are rare in
circulation(28), suggesting that most infected cells among the PBMCs may harbor
actively replication viruses. Moreover, studies using PBMC to derive viruses in culture
suggest that most of the dominant HIV DNA sequences in PBMC represent viruses that
can yield infectious virus(105, 155). Additionally, some previous studies have also

shown that viruses cloned from RNA have similar phenotypic features as those from

PBMCs(105, 155).

This is the first study to incorporate both TM & NTM with the primary intent
of deriving conclusions on the capacity of autologous neutralizing antibodies
to block HIV-1 transmission. We determined that autologous Nabs present near
transmission do not correlate with reduced risk of peripartum MTCT. These findings
are consistent with several previous studies that only utilized primary isolates and
found that maternal autologous Nab induced in typical natural infection and that are
present in the infant at the time of exposure, are not protective against MTCT(61, 64).
However because during mother to child HIV-1 transmission, both cell associated and
cell free viruses may be transmitted (149), I cannot rule out the possibility that our
assay, which only measures the ability of Nab to block the transmission of cell-free
viruses, may miss detecting the association with cell-to-cell spread. Indeed, a recent
study by Abela and colleagues suggested that even a highly potent cross reactive

neutralizing antibody like VRC01(175), that neutralizes up to 90% of circulating HIV-1
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strains when tested against cell free viruses has up to 100-fold reduction in neutralizing
cell-associated viruses(2). Therefore, assays that assess the ability to neutralize both cell-
associated and cell-free virus may be required to definitively define the role of Nab in

MTCT.

Given that Nabs specificity is critical during MTCT(146), we tested what number
of sequences that were needed to detect the range of viral variants circulating in these
women. This is important given the diversity inherent in chronic infection. Typically,
within a few months of infection, almost all HIV-1 infected individuals generate Nabs
that exert selective pressure on the virus, driving viral escape and generation of Env
sequence diversity that can differ up to 10% within a chronically infected individual(3,
58, 134). Because of this diversity, the protective effect of autologous Nab could be
missed if variants not representative of the broader quasispecies are analyzed. In the
current study, the failure to detect an association between autologous Nab and reduced
risk of MTCT is unlikely to be due to inadequate virus sampling because we first
determined that a minimum 5 variants were adequate to capture the genetic diversity of

the virus population within these women.

In conclusion, we have shown that autologous Nabs induced in natural infection
and that target HIV-1 variants present near delivery, are not associated with a
decreased risk of vertical HIV-1 transmission. However, this finding may not overrule
the potential of exquisitely potent and broad Nabs, such as those that have recently
been isolated from several chronically infected adults[(17, 166) and reviewed by Davide

et al(32)], to protect against HIV-I transmission. Because the occurrence of such
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antibodies is rare and have only been detected after several year of infection, it is
possible that the current study that focused only on a limited number of individuals
with unknown duration of infection, could have missed the occurrence of such
antibodies. Moreover, apart from neutralization, maternal autologous Nab could also
mediate other molecular functions such as antibody mediated cellular cytotoxicity
(ADCC) that could also protect against MTCT. Future comprehensive studies may be
necessary to determine whether such non-neutralizing activity of maternal antibodies

correlate with reduced risk of MTC.
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Chapter 4
The detection of HIV-1 virus escape during mother-to-child
transmission depends on sample timing

Introduction

Multiple studies have reported the occurrence of a genetic bottleneck during most
cases of MTCT(45, 75, 85, 104, 150, 173, 174, 179). These studies show that despite
heterogeneous virus quasispecies present in the mother, only a limited number of
viruses appear to initiate infection in the infant. Host genetics including certain
maternal HLA types such as HLA B18* have been suggested to be associated with
reduced risk of postpartum MTCT(42) and may restrict the transmission of a subset of
maternal variants. Moreover, single nucleotide polymorphims in the HIV-1 co-receptors
have also been reported to modulate the risk of infant infection (20, 103). Alternatively,
bottleneck occurring during MTCT could be due to a stochastic event involving random
transmission of a limited number of maternal variants. The observation that certain
virus characteristics such better receptor (CD4) & co-receptor (CCR-5) usage as well as
replicative fitness(179) may contribute to transmission during MTCT, argue against
stochastic events facilitating the genetic bottleneck during vertical HIV-1 transmission
and rather hints at the presence of a selective pressure that may block the transmission
of certain variants. Host immune response particularly Nabs may be a source of
selective pressure that restricts the transmission of certain variants but select for other
antigenically distinct variants that escape such immune surveillance mechanism. The

escape virus variants would typically have a survival advantage both in the mother as
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well as in the infant, where passively acquired maternal antibodies exist. In chapter 3 of
this dissertation we showed that autologous Nabs induced in natural infection are not
sufficient to fully protect against MTCT. This observation argues the capacity of
maternal Nabs to fully protect against vertical HIV-1 transmission. It is important to
note that because of the rapid changes in immune response to the virus and the inherent
virus escape, an association between Nab and protection could be missed if sample
timing is not factored in a study. Consistent with this hypothesis, studies using samples
near transmission have suggested that maternal viruses transmitted to the infant are
those in the mother that are poorly neutralized by maternal plasma isolated within the
window of MTCT(104, 174). In these studies, where individual variants were analyzed,
sensitive variants were present in the mothers, but were not isolated from the infants,
suggesting that maternal Nabs offered some protection against the transmission of such
variants. However, in contrast to the findings of these early studies, some recent studies
have suggested that maternal Nabs do not drive virus escape during MTCT. These
studies show that the transmitted variants have similar neutralization profiles as the
variants in the mothers(45, 75, 139, 157). The results from these recent studies are
difficult to interpret because they were small and/or the time points (if it was reported)
where antibodies and virus were analyzed were often after transmission had occurred
(Table 4.1). For example in the study by Kishko and colleagues where 5 subtype B
infected mother/baby pairs were analyzed, maternal viruses were isolated within one
month of delivery (though the majority of clones were obtained from samples collected

several weeks before parturition) and infants viruses were obtained within two months
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of delivery (Table-4.1), but infection occurred intrapartum in most cases(75). These
clones were tested with maternal plasma isolated 2 months after transmission(75).

Similarly, in the study by Russel et al maternal virus variants isolated at delivery, which

could be several weeks before or after the estimated time of MTCT

(intarpartum/postpartum, Table 4.1), were tested against maternal plasma isolated
about 2 months later (139). In addition to the differences in study design, other
differences such as viral subtype analyzed may also explain the discrepant results in the

detection of escape.

Table 4.1. Summary of the molecular studies focusing at detecting HIV-1 virus escape

during MTCT
Study Time of MTCT Patient (N) No. of functional Env | Virus su.btypes Time point when_ Env clones Time of maternal plasma
clones analyzed examined were obtained tested
Mother (5) 22 Within one month of birth
Kisko et al (2011) Intrapartum Infant (5) 8 B 1 months to or Py 2 months after Not clear
delivery
Mother (16) 50 Labor .
Russel et al (2011) In utero/Intrapartum Tnfant (16) 20 C Within 6 weeks of delivery Not mentioned
Mother (4) 11 Delivery
Thenin et al (2012) In utero/Intrapartum I AE st positive visit 4 -11 weeks after delivery
nfant (4) 6 . 7
(range: 0-2.4months after birth)
Mother (12) 64 Mostly i;WlOtnr th.et-samy]-al.etprinr to cont . . i
Wau et al (2006) Intrapartum/breastmilk A,C,D,D/A&C/A _the Zst positive vist ontemporanous to materanal Env
st positive visit (range: 0-15 months clones
Infant (12) 32 !
after birth)

Table 4.1: (N) refers to total number of patients (mothers/infants) analyzed. It is
important to note that the study by Wu et al is larger in terms of the number of clones &
subtypes analyzed. The viruses and maternal plasma tested in Wu et al study were
isolated close to the estimated time of MTCT.

In the current study, we hypothesize that discrepant findings regarding
whether Nabs drive virus escape during vertical HIV-1 transmission in different studies
are due to differences in sample timing in relation to transmission. In order to fill this
important gap, we have tested maternal/infant envelope variants, obtained within the

window of MTCT, against maternal plasma isolated from two time points including

near (contemporaneous) and post transmission (later). We then performed an analysis



using the IC50 from each combination of virus/plasma pairs to determine if there are

differences in neutralization sensitivity between mother and infant viruses.

Material and Methods & study design

Generation of pseudoviruses from mother-infant pairs: Envelope variants were
from mother/baby pairs: J613, F403, F520, and 1102 and are described in Chapter 3,
Table 1. These four mother/baby pairs were chosen from the cases studied in chapter 3
based on availability of temporal maternal samples. Mother variants isolated from the
sample closest to the last infant HIV-1 negative test (Table 4.2) and corresponding infant
variants obtained at the first HIV-1 DNA positive visit were tested against both
contemporaneous maternal plasma (near transmission sample) and plasma isolated on
10-20 weeks after transmission (post transmission sample, Fig.1). Neutralization assays
were performed as previously described (Chapter 2). The differences in IC50 values
between plasma/virus combination were estimated using GEE with independent

working correlation (performed by Katie Odem-Davis)
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Table 4.2. Summary of the 4 mother/baby pairs used in the Nab escape analysis

Maternal neutralization plasma time point
When infant was  When infant was ~ Duration of Maternal Maternal prenatal No. of env

Patient  last tested HIV-1 1% tested HIV-1  breastfeeding CD4 count plasma viral load Env cloning Virus clones Early" Late®
Idnum DNA negative DNA positive in months (prenatal)  (logspcopies/ml) time point Subtype  obtained

MF403 wWo A 5

BF403 WO W6 30 213 5.1 W6 A 4 wo M12
MF520 P32 A 5

BF520 W1 W14 28 511 5.6 W14 A 12 P32 Mé
MJ613 P32 A 6

BJ613 w1 Weé 10 104 5.6 Wé A 4 wi M35
MI102 WO D 9

BI102 Wo W6 13 639 48 W6 D 5 wo Mo

Table 4.2: WO: delivery; W: week after delivery; P32: 32 weeks of pregnancy and M:
months after delivery. Time-point for the maternal plasma used for neutralization,
which is near estimated time of MTCT. “Time-point for the maternal plasma used for
neutralization, which is post estimated time of MTCT.

o %,%

Maternal viruses

Chronically
_infected mother

. . Infant viruses are diversify over time &
has dlveisf. virus . MTCT homogenous early derive Nab breadth
population ‘ in infection
/{\ ,}{ o“‘
/}(% M\
Maternal plasma near Maternal plasma post
transmission transmission

Maternal Env Infant Env
variants variants

Fig.4.1: Study design highlighting the time when the maternal & infants clones
(down pointing arrows) and maternal plasma (up-pointing arrows) were isolated and
tested respectively. W0, W6, W14, M6 represent samples collected at 0, 6, 14, weeks and
6 month post delivery, respectively. The thick red arrow points to the median estimated
time of MTCT, based on the mid point between the last HIV negative and first HIV
positive test in the infant, which was between W0/ W1 and W6 in all except one infant
(BF520). This infant did not have a sample at 6 weeks, and first tested positive at 14
weeks.



Results

Infant variants are more resistant to neutralization by maternal plasma near
transmission than maternal variants: We tested several distinct Env variants isolated
from 4 mothers (N=23, average=6 clones/mother) and their corresponding infants
(N=18, average=5 clones/infant, Table 4.2), against maternal plasma collected both near
and post transmission to determine whether sample timing is critical in the detection of
virus escape during MTCT. The neutralization results for the individual variants are
shown in Table 4.3. Generally, infant variants were poorly neutralized by maternal
plasma near transmission (average IC50 = 36, range 25-121) compared to later plasma
(average IC50 = 109, range 25-335). While the majority of the infant variants [14/18]
were not neutralized by maternal plasma isolated near time of transmission, only one of
the 3/18 variants were resistant to neutralization by later maternal plasma from after
transmission (Table 4.3). In contrast, most of the maternal variants [20/23] were
sensitive to plasma near transmission and also to later plasma isolated after

transmission time-point [17/23].
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Table 4.3. Summary of Env variants with their corresponding IC50 and maternal
lasma time-point.

Patient identification |[Individual envelope .. ..

number variants IC50s near transmission IC50s post transmission
MJ613.P32M.Env.D4 290 153
MJ613.P32M.Env.V1 103 696

MJ613 MJ613.P32M.Env.P2 104 (W1) 101 (M3.5)
MJ613.P32M.Env.J1 110 721
MJ613.P32M.Env.Q2 25 151
BJ613.W6M.Env.DD5 121 85
BJ613.W6M.Env.II1 25 25

Bje13 BJ613.W6M.Env.Al 25 (wi) 120 (M3
BJ613.W6M.Env.E1 54 60
MF403.WOM.Env.N8 112 259
MF403.WOM.Env.E5 677 530

MF403 MF403.WOM.Env.I6 359 (Wo) 324 (M12)
MF403.WOM.Env.J5 346 258
MF403.WOM.Env.P3 106 115
BF403.W6M.Env.B6 25 183
BF403.W6M.Env.C2 25 141

BF403 BF403.W6M.Env.E1 64 (W) 156~ M12)
BF403.W6M.Env.F4 67 111
MF520.P32M.Env.B1 1213 1600
MF520.P32M.Env.C2 180 400

MF520 MF520.P32M.Env.14 187 (P32) 161 (M6)
MF520.P32M.Env.Q6 305 242
MF520.P32M.Env.P10 350 346
BF520.W14M.Env.A5 25 25
BF520.W14M.Env.B3 25 25

BF520 BF520.W14M.Env.H4 25 (P32) 25 (M6)
BF520.W14M.Env.J5 25 335
BF520.W14M.Env.M1 25 67
MI102.WOM.Env.B6 56 25
MI102.WOM.Env.C1 25 25
MI102.WOM.Env.E2 64 122

i MI102.WOM.Env.I2 190 . 25 (M6)
MI102.WOM.Env.K8 1600 1600
MI102.WOM.Env.L3 134 25
MI102.WOM.Env.M1 25 25
MI102.WOM.Env.N5 119 25
BI102.W6M.Env.A3 25 180
BI102.W6M.Env.C3 25 65

BI102 BI102.W6M.Env.D4 25 (W0) 74 (M6)
BI102.W6M.Env.E5 25 112
BI102.W6M.Env.F6 25 174

Table 4.3: The first column represents identification numbers for the mothers and their
corresponding infants with maternal variants listed above the corresponding infant variants.
The second column shows the variants, while column 3 contains their corresponding
neutralization IC50 as well as the timepoints (near transmission) for the maternal plasma tested,
which is shown in brackets. The last column represents neutralization IC50 derived from
maternal plasma from after estimated time of transmission. The numbers shown in brackets
represent months post delivery, which was further from estimated time of transmission. The
horizontal panels represents different mothers (light blue) and babies (gray).



Both maternal plasma near and post transmission neutralized maternal variants
at a similar level on average; IC50 ratio late/early was 1.12 (95% CI: 0.31, 3.09; p = 0.976,
Fig.4.2A). In contrast, infant variants showed significant differences in sensitivity to
plasma from the different time points, with plasma from near transmission yielding
significantly reduced IC50 values compared to post transmission plasma (Fig.4.2B).
When we compared the neutralization sensitivity of maternal and infant variants to
plasma near the time of transmission, we found that compared to maternal variants,
infants had reduced sensitivity to maternal plasma near transmission (Fig.4.2C),
reconfirming the finding from previous studies(104, 131, 174). The maternal average
IC50 value was 290 (range 25 -1600) compared to 36 for the infant (range 25-121). Using
plasma near transmission, the ratio of maternal IC50 values to infant IC50s was
approximately 12.67 (95% CI: 5.86, 27.38; p<0.0001, Fig.4.2C). When we tested maternal
and infant variants against maternal plasma isolated post transmission, we found that
maternal variants have similar sensitivity (average IC50 = 345, range = 25- 1600) as
infant variants (average IC50 = 109, range = 25-335, Fig.4.2D). The ratio of maternal to
infants IC50 values for later plasma was 1.29 (95% CI: 0.37, 4.47; p= 0.69, Fig 4.2D). For
one infant in this study (MF520, Table 4.2), a sample at 6 weeks of life was not available
for testing; thus the estimates date of infection in this infant is less precise than in the
other cases. If we exclude this mother/baby pair from the analysis, we still saw similar

results as outlined above (Fig. 4.2E & F).

70



Fig.4.2

Maternal viruses against maternal plasma from different time-
points (near & post transmission)
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Maternal & infant viruses tested against maternal

0
Mother/Infant IC50 ratio = 12.67 (95% CI: 5.86, 27.38; p<0.0001)
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Maternal & infant viruses tested against maternal
plasma isolated near transmission (excluding MF520/BF520 pair)

Mother/Infant IC50 ratio = 6.61 (95% CI: 3.64, 12.0; p<0.0001)
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Maternal & infant viruses tested against maternal
plasma isolated post transmission (excluding MF520/BF520 pair)
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Fig.4.2. Comparison of neutralization sensitivity (IC50 values) of maternal and
corresponding infant variants against maternal plasma isolated either near transmission
(early plasma) or post transmission (late plasma). A) Maternal variants tested against
early versus later plasma, B) Infants variants tested against early versus later plasma, C)
Maternal versus infants variants tested against maternal early plasma, and D) Maternal
versus infants variants tested against maternal later plasma; E) Maternal versus infants
variants (excluding MF520/BF520) tested against maternal plasma near estimated time
of transmission and F) Maternal versus infants variants (excluding MF520/BF520)



tested against maternal later plasma. The IC50 values represent the average IC50 values
from experiments performed in duplicate on two different occasions.
Discussion

It has been proposed that the bottleneck that occurs during mother-to-child
transmission may be in part attributable to the restrictive effect of maternal Nabs that
limit transmission of sensitive variants (38, 104, 174). However several recent studies
suggest that maternal Nabs may not play a major role in impacting HIV-1 transmission
during MTCT (45, 75, 139, 157). It is not clear whether some of these discrepancies reflect
inconsistencies in sample timing of viruses versus antibodies or just immunological
differences that may vary by populations and different routes of MTCT. Here we show
that the time of antibody sampling in relation to transmission is a determinant of the
outcome of these studies and that sampling antibodies after the transmission event
occurred is likely to reduce the chances to detect escape.

In the current study, we analyzed 4 mother/baby pairs with well characterized
estimated time of MTCT as well as virus/plasma timing. We found that maternal
variants transmitted to the infants are Nab escape variants that are less sensitive to
maternal Nabs present near transmission, as observed previously, (38, 104, 149, 174)
showing that maternal Nabs may select for virus escape during MTCT. However, when
we analyzed the same maternal and infant variants using plasma from post
transmission, we did not see evidence of escape. This finding is consistent with the
results from several groups who did not find evidence that infant variants were escape

viruses, suggesting that examining the presence of escape in plasma obtained after
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transmission may be misleading(45, 75, 139, 157)

Typically virus escape during HIV-1 infection starts within a few months of
acquiring the virus when autologous Nab response exerts selective pressure, forcing the
virus to change the critical epitopes on envelope to allow for escape(116, 167). This
happens through mutations including single amino acid substitutions, insertions and
deletions as well as shifts in potential N-linked glycosylation sites (evolving glycan
shield) to abrogate access of Nabs to their potential target sites on the Env(123). Given
this dynamic between the host immune response and the continuous changing virus,
inconsistency in the sample timing when the virus and Nab tested were obtained may
yield different results. In our analysis of maternal Env virus variants and the
transmitted variants isolated from the infants near transmission, we confirmed this
hypothesis. Both the maternal and infant variants had similar sensitivity to maternal
Nabs present several months post MTCT. The capacity of maternal plasma collected
after transmission to neutralize infant variants, which were resistant to maternal Nab
present near transmission may be due to several reasons including: 1. Broadening of
maternal Nabs in response to novel epitopes revealed due to escape mutations arising
from continued viral replication, and/or 2. Nab maturation against conserved epitopes
present on the transmitted variant.

The capacity of maternal Nabs responses induced later after MTCT to neutralize
infant variants contradicts the hypothesis of these responses being induced by new
epitopes exposed on emerging variants. Rather, this result suggest that the recognition

of infant escape variant by later maternal plasma is likely to be due to responses
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directed against Env targets, which are conserved during the course of infection.
Responses to such conserved epitopes are likely to get better over time most probably
due to somatic hypermutation and antibody affinity maturation, allowing for better
neutralization. Indeed it has been proposed in other previous studies that an
immunological hierarchy of Nab responses may exist(116) hinting at bettering of Nab
response over the course of infection. It is also possible that the recognition of the
escape transmitted variant by later plasma reflects other changes in the envelope that
affects the global conformation of envelope, resulting in exposure of the secondary Nab
epitopes.

To the best of our knowledge, this study is the first study to demonstrate in a
single study design, the significance of how sample timing may affect the interpretation

of the role of Nab in virus escape during MTCT.

76



Chapter 5
Summary, Future direction and conclusion

It is generally believed that to prevent infection, an effective HIV vaccine will
have to elicit antibodies that can neutralize diverse HIV-1 isolates circulating among
humans. However, one major limitation of discovering an HIV-1 vaccine that would
induce such antibodies is the lack of a clear definition of protective immune correlates
of protection in natural exposure. The focus of this thesis is on studies that utilize
natural HIV-1 infection models to probe whether Nabs induced in natural infection are
correlates of protection with the idea that this be could be useful in defining which
types of Nabs specificities may be required to be elicited by a candidate vaccine.

I have used the setting of mother-to-child HIV-1 transmission to explore in great
detail, whether autologous Nabs, which are raised against distinct autologous
representative HIV-1 variants circulating in an infected mother, correlate with reduced
risk of vertical HIV-1 transmission. Since in MTCT, effective Nabs can block HIV-1
transmission by neutralizing maternal viruses within the mother or the infants (as
vertically transferred antibodies), we first explored the relationship between maternal
Nab levels and that of their infants (chapter-2). In chapter 3 of this thesis, we
determined the relative number of HIV-1 envelope variants sufficient to capture the
broader virus quasispecies diversity in the chronically infected women we examined.
Using this information, we then examined whether there are differences in autologous
Nab responses to these variants between transmitting versus non-transmitting women,

to assess the presence of any association of such antibodies with reduced risk of vertical
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transmission. Because Nabs drive viral escape, we examined in chapter 4 of this thesis
how sample (virus & plasma) timing in relation to transmission affect the detection of
escape during MTCT and how this impacts interpretation of results concerning the role
of Nab in impacting the risk of vertical transmission. In the current chapter, I briefly
review data on maternal plasma Nabs and their effect on vertical HIV-1 transmission. I
also provide a summary of the neutralization profiles of maternal plasma compared to
that of their corresponding infants. Further, a discussion on the possible implications of
our findings in context of future studies will be explored.

Summary and implications:

In chapter 2 of this thesis our results showed a close linear relationship between
placental transfer of both total HIV-1 specific IgG and Nabs. Our results also
demonstrate that although there is efficient transfer of these antibodies, their transport
is not uniform across all envelopes tested. We saw a hint that greater variability in
transfer with less sensitive viruses having the least correlation, suggesting that the
efficiency of transfer of HIV-1 specific antibodies may be affected by effectiveness of the
antibody to recognize its epitope. This would be surprising because theoretically, the
non-antigen binding Fc region of an antibody is typically involved in the transport of
antibodies across the placenta. The Fc rather than the Fab (antigen binding fragment)
segment of an antibody binds to the FcRn expressed by placental cells and facilitates its
transport across the placenta. Hence, it is not clear why the ability of an antibody to
recognize a pathogen would affect its selection for transfer to the infant. If the

preliminary data bears out, then I would speculate that antibodies that bind well,
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perhaps with higher affinity and avidity, are transferred to the infant because such
antibody would be more effective at protecting the infants from potential infectious
pathogens.

Nonetheless, our findings in chapter 2 have implication for immunotherapeutic
interventions that may be employed to stop MTCT, because it suggests that protective
Nabs, particularly those with broad cross neutralization capability, if present in an HIV-
infected mother, could provide infant prophylaxis, especially late in gestation and
during the breastfeeding period, when the risk of infant infection is highest(119). This is
good news to the field because these findings form relevant basis for a larger study that
evaluates whether recently isolated broadly neutralizing antibodies can be used either
independently as immunotherapy or in combination with chemotherapy to block
vertical HIV-1 transmission.

The study of neutralizing antibody responses to autologous virus requires the
characterization of the variant virus population in the individual. Given that there is no
gold standard in the HIV field that can be used to determine the minimum number of
viruses required to capture all the relevant virus variants that represent the larger viral
population in a chronically infected individual, we first chose to determine how many
viruses would be sufficient to represent quasispecies diversity in the women we
included in our analysis. We demonstrated in chapter 3 that at least 5 distinct envelope
variants sampled through limiting dilution PCR, were sufficient to represent a broad
range of genetic diversity of the virus population circulation in a chronically infected

mother. We used this as a benchmark to isolate Env variants from an additional 17
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women. It is important to note that isolating on average 6 variants from the twenty
women analyzed in this thesis, was because of several reasons, including the fact that
this number strikes a practical balance between sampling the major variants in a large
number of women versus sampling very extensively in a more select subset of women
and risking having the result from one woman overly influence the overall results.

In order to determine whether neutralization of the maternal variants that are
representative of overall viral populations circulating in a mother, is associated with
infant infection outcome, we compared neutralization IC50s between TM versus NTM.
We showed that maternal Nabs present around the time of transmission are not
associated with the risk of peripartum HIV-1 transmission, suggesting that Nab
sensitivity is not the only factor that may determine whether MTCT occurs or not.
Moreover, some NTM also harbored neutralization resistant variants, suggesting that
escape from Nabs is not the sole determinant of MTCT. Given that vertical
transmission is a multifactorial process that may be influenced by both host and viral
features, other factors such as viral fitness that may override the impact of Nabs, may
determine virus transmission during MTCT.

Typically there is genetic bottleneck during vertical HIV-1 transmission that
allows only maternal viruses, which are less sensitive to the maternal plasma to be
transmitted to the infant. However, in chapter 3 of this dissertation we showed that
resistant viruses also exist in women who fail to transmit viruses to their infants. This
suggests that escape from Nabs antibodies may not be the only factor that drives HIV-1

transmission, rather other mechanisms beyond maternal immune response may be
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involved during MTCT.

Given our observation in chapter 3 that virus variants with broad a spectrum of
neutralization sensitivities exist in TM, we determined in chapter 4 that only the less
sensitive viruses are transmitted from a mother to her child. We then determined that
the timing of virus and Nabs in relation to transmission time-point, is crucial in the
detection of the occurrence of escape during MTCT. While this study included only 4
cases, its finding is the first to directly demonstrate the impact of insufficient
consideration of temporal changes in autologous antibody responses on study design.
We showed that the detection of viral escape during MTCT is likely to be missed if
examined even after only fourteen weeks after transmission has occurred. Future
studies using larger sample size with carefully selected temporal samples may be
needed to determine the window within which to detect escape.

Given that high plasma viral load (VL) has been shown to be positively
associated with increased risk of vertical HIV-1 transmission(119), neutralizing breadth
and potency, the efficacy of Nabs to protect against MTCT would be better analyzed in
women with these characteristics. Therefore, the women I analyzed in this thesis were
among those with higher VL than the original cohort(119). It is important to note that
NTM with low VL would likely have low Nab levels that could result in inability to
make valid comparisons between the two groups (TM versus NTM). Moreover, in the
case of NTM with low plasma VLs, the lack of transmission could have been due
primarily to low infectiousness. Given that we have not demonstrated any clues of

involvement of autologous Nabs in the lack of MTCT among these highly infectious
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NTM women (high VLs) compared to TM, we can conclude that Nabs induced in
natural infection may not be adequate to confer protection during MTCT. However this
cannot be interpreted to mean that overall Nabs cannot protect against HIV-1
transmission in humans. In fact it has been recently shown that a combination of Nabs
that target different epitopes on the HIV-1 Env may be protective against MTCT(45, 55,
141). These studies show that unlike the resistance to maternal autologous virus that is
characteristic of transmitted variants(104, 174), these variants are potently neutralized

by the recently isolated broadly neutralizing antibodies(40).

Future direction

An important next step for the passive transfer of Nabs is to determine whether
Nabs specificity affect the transfer. We noted some suggestion that there was variability
in the transfer Nabs depending on the virus tested, suggesting Nab specificity could be
a factor in passive transfer of antibodies. One approach that can be used to test this
would be to passively immunize pregnant nonhuman primates (rhesus macaques) with
a cocktail of Nabs with different neutralization abilities. The antibodies in the cocktail
should have equal concentration and target the same region on the Env such as CD4
binding site. To distinguish between these antibodies, they should be barcoded by
introducing signature sequences in the proteins. After birth, antibodies would be
isolated from both the mother and the infants and their levels analyzed. If
neutralization potency of the an antibody affects the passive transfer then higher levels

of the more potent Nab should be detected in the infants compare to less potent Nabs.
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In chapter 2 we showed that maternal Nabs are efficiently transferred to the
infant but such antibodies are not associated with reduced risk of peripartum MTCT.
However, because the assay format we used could only detect protection against the
transmission of cell-free virus, it still remains to be determined if maternal Nabs can
protect against the transmission of cell associated viruses, which may be the major
mode of breastmilk HIV-1 transmission(137). I propose a study similar in design to the
one discussed in this thesis except for the assay format. Abela et al(2) recently
demonstrated a robust assay that can be adapted to assess the effect of Nabs in
curtailing cell-to-cell spreading of HIV-1. This takes advantage of the inability of most
CCR-5 using HIV-1 viruses to infect susceptible cells in the absence cationic compounds
such as Diethylaminoethyl Dextran (DEAE). During MTCT mostly viruses that utilize
CCR-5 co-receptor are transmitted while CXCR4 viruses are rarely transmitted(161). In
order to employ this assay to take advantage of Envs we have generated, we will need
to assess the co-receptor usage of these Env to identify those that only use CCR-5 co-
coreceptor for infectivity. We would then clone into HIV-1 genome deficient in Env to
generate viruses capable of establishing spreading infection and use the same assay
format outline in (2).

We observed in chapter 4 of this dissertation that maternal variants resistant to
autologous Nabs existed in NTM just as in TM. If escape from neutralizing antibodies is
a major prerequisite for transmission, these resistant viruses could have been
transmitted. A study is needed that directly tests whether escape from autologous Nabs

by such variants affect their infectivity. Kong and colleagues showed in a study
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involving subtype C viruses that maternal viruses transmitted to the infants have
higher replicative fitness compared to non-transmitted variants in the mother(78). My
hypothesis is that escape from neutralizing antibodies may have fitness consequences to
the virus. This hypothesis is supported by previous observation in a nonhuman primate
model(163), which showed that viral variants newly emerging from the Nabs escape
parent variant used to initiate infection, replicated more efficiently than their parent
virus. This suggests that factors other than sensitivity to Nabs may be involved in
determining viral fitness during transmission(74). In order to carry out an invitro
experiment to determine if the lack of transmission of the resistant variants present in
the NTM was due poor fitness, assay previously developed by our lab can be used(163).
This will involve competition experiments to measure the relative fitness of escape
variants isolated from NTM (non-transmitted variants) versus those obtained from TM
(transmitted variants). Given the ex vivo versus in vivo differences such as rapid
turnover of HIV-1 infected cells (life span of ~2day) resulting from cytopathic effect of
the virus as well as cytotoxic CD8+ T cell responses, the in vitro assay conditions must
be tailored towards mimicking the in vivo selective pressure imposed on virus. The
fitness assay outlined by Veronin et al incorporates two cell culture systems (nonlimited
life span of cells and rapid cell turnover cell culture systems), which relatively mimics
the conditions that prevail both in vivo and in vitro. If from these experiments it is
found that the escape variants are attenuated in replication fitness, this could explain
why they are not transmitted in some cases. Further studies to discern the molecular

markers of such attenuation may then be pursued. Such experiments will be guided by
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the hypothesis that changes in the HIV-1 Env that coffer escape advantage may also
abrogate replicative fitness. If such sites on the Env are identified, then they could be
targeted with vaccines.
Conclusion

It is generally hoped that a vaccine that elicits cross-reactive neutralizing would
be effective in stopping the spread of HIV-1 among humans. However, the data
presented here suggest that Nabs induced in typical natural infection may not solely
reduce the risk of HIV-1 transmission. However, our finding may not be generalized to
other settings because we only analyzed chronically infected women with unknown
duration of infection, and duration of infection has been demonstrated to be critical for
generation cross reactive neutralizing antibodies(127, 147). Thus, many of these women
may not have had very broad neutralizing antibodies. Nonetheless, our findings re-
enforce the belief that for Nab based vaccines to be effective, they must be able to
induce higher levels of Nab than that induced in natural infection.

Because several groups including our lab, have shown that the new generation of
broadly Nabs are effective against the transmitted variants, our finding of efficient
transfer passive Nabs, suggested that such antibodies may be given to the mother to
provide prophylaxis in the infant. This may provide a way to test whether broad and

potent neutralizing antibodies can reduce HIV transmission.
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