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ABSTRACT

Mother-to-child transmission (MTCT) of human immunodeficiency virus-1 (HIV-
1) infects over 300,000 infants each year. This transmission can occur in utero (I1U),
intrapartum (IP), or post-partum through breastfeeding (PP). One featumasrhission
from mother to child is a reduction (or ‘bottleneck’) in viral genetic ditgrpiarticularly
within the envelopeefiv) gene. A heteroduplex tracking assay was used to examine
diversity in women whose infants remained uninfected at least through 6 weeks, and in
mother-infant IU and IP transmission pairs. Maternal diversity wasasinegardless of
transmission status. We confirmed a bottleneck in subtype C IU and IP saimsmi
We further found that infants infected IU had fewer variants than those infecteadiP
that these variants transmitted IU were major variants in the maternahpopsiimore
often than variants transmitted IP. Also, minor maternal variants wereniteetswith a
frequency that demonstrates neither IU nor IP transmission is stocl&sirtelenv
sequences and fewer glycosylation sites, ie more ‘compact’ viruses, leavadseciated
with greater neutralization sensitivity, and compact subtype C virusesame of
transmitted through horizontal infectioenv genes from a subset of IU and IP
transmission pairs were sequenced and showed that compact maternal variants were
transmitted IP, but not IUenv sequences from 3 mother-infant pairs where transmission
occurred through breastfeeding were also analyzed and we found reductionsin genet

diversity, sequence length, and glycosylation. These results demonstretierselecurs



in MTCT and mechanisms may vary with the timing of transmission.

High titers of neutralizing antibodies (NAB) have been correlated withrlcates
of horizontal and vertical transmission in animal models, and in some small studies of
human transmission. Because we identified selection had occurred in these siansmis
pairs, we next tested sera from non-transmitting, 1U-, and IP-transmittingen for
neutralizing activity against virus pseudotyped with heterologous subtype B and C Env
proteins. Though non-transmitting women more often had NAB titers against multiple
Envs, NAB titer to any one Env did not correlate to transmission status. Thus, we cannot
attribute vertical transmission or a lack of transmission to different le¥@lsutralizing

antibodies in the context of subtype C HIV-1 transmission events.
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Chapter 1

Introduction

1.0 HIV Overview

In 2007 370,000 children under the age of 15 were infected with human
immunodeficiency virus-1 (HIV-1) (149), nearly all of whom were infectedfaricy
through mother-to-child transmission (MTCT). Subtype C is the most prevalent subtype
of HIV-1 in Sub-Saharan Africa, where 90% of infected children live. Sixtygoe of
infections in Sub-Saharan Africa in 2007 were in women (149), and 15-40% of HIV+
pregnant women will transmit the virus to their offspring (92), suggestingteweill
continue to be born to HIV+ women for the foreseeable future.

HIV positive infants are born in countries with limited resources to marnthge e
the infant’s or their mother’s infections. Interventions that prevent MTCT mos
effectively, to <2%, involve months of expensive drug regimens for both the mother and
the child, an elective cesarean section, and formula feeding from birth fafahe i
Short-course drug regimens alone for mother and infant significantly r&dilCa to
~10% (92), yet providing safe and acceptable alternatives to breastfeediagy areas
leaves infants at risk for water-borne infections. New interventions to preMeDt are
needed, yet little is known about the mechanisms of transmission. The work described

herein investigates characteristics of subtype C MTCT, and aims to provide toba



future work to identify new targets for simpler and more cost-effectieeviantions to
prevent transmission.

In the first chapter | will introduce HIV infection from a clinical, viogic, and
host-pathogen point of view, highlighting differences between infant and adultonfecti
| will then review what has been studied about viral genetics and antibody response

during both horizontal and vertical HIV transmission.

1.1 Clinical Course of HIV Infection

HIV is transmitted through bodily fluids such as blood, semen, and vaginal
secretions. The most common routes of transmission are vaginal sex, anal ses, needl|
(all types of horizontal transmission), and from mother-to-child (vertiaakmission).
Vertical transmission can occur during pregnancy (in utero, 1U), durog &nd
delivery (intrapartum, IP), and through breast milk (post-partum, PP).

The ‘typical’ clinical course of disease in adults begins with acutetiofec
There is rapid viral replication in the first 3 weeks after infection and a drogp#+ cell
counts. During acute infection CD8+ T cells become activated and as the number of
CD8+ T cells rises, the viral load falls to a set point, and CD4+ T cell countasecre
slightly. The viral load will remain relatively constant at this set pauming the next
phase of disease, clinical latency. Latency can last anywhere froks wegecades
during which there is a slow decline in CD4+ T cells. Longer latency periods are
associated with lower viral set points and strong CD8+ T cell responses (10&)cyList
followed by the disease stage, acquired immune deficiency syndrome (AIDS$ 4\l

defined by several factors, including CD4+ T cell count and infection withircerta



illnesses. The average life span after infection with HIV-1, without trewfnsel0 years
(52).

Infants follow a significantly more rapid disease progression. On aversage, Vi
set points are higher and immune responses are delayed and less robust iftj)nfants (
HIV-1 replication in infants is localized to the thymus, which often resultsverse
atrophy of this organ. Failure to control viral replication and aberrant immspenses
likely contribute to the diminished life span of infected infants; some studies have show

death rates as high as 52% by 2 years of age (104).

1.2 HIV Virology

HIV-1 is part of theRetroviridae family. This family of enveloped viruses is
characterized by a plus-strand RNA genome that is reverse transcridadiimgar DNA
intermediate that is inserted into the host genome, where it is expressedbsgtthe
transcription machinery. HIV is a complex retrovirus (meaning it has smgegiral
proteins) in the Lentivirus genus. Lentiviruses are named for their longiamfeéiches
(lenti-, Latin for slow), and, unlike other retroviruses, they do not induce tumorsedespit

integration (69).

1.2.1 Life Cycle

HIV-1 infection of a new cell (reviewed in (69)) begins with binding of the
envelope protein (Env) gp120 to CD4. This binding initiates a conformational change in
gp120, which reveals a protein surface for coreceptor binding. The CCR5 coreceptor is

used almost exclusively in early infection (R5 virus), with a switch to both CCR5 and



CXCR4 (R5/X4), or only CXCRA4 use (X4) later in infection in some patients. A
conformational change in the transmembrane Env gp41 then mediates fusion &f-the Hi
1 virion with the plasma membrane of the target cell.

After fusion, the core of the HIV-1 particle enters the cell and uncoatveal
the genome for transcription. The RNA genome is reverse transcribed into double-
stranded DNA, transported into the nucleus of the cell, and integrated into a host cell
chromosome. With cellular factors and HIV regulatory proteins Tat and Rev, the vira
genome is transcribed, mMRNA templates are exported to the cytoplasm, Apdovwias
are translated from spliced and unspliced transcripts. Viral proteins, aitbng e@opies
of genomic RNA, are then assembled at the plasma membrane, and new virus buds from
the cell. For this new virus to become infectious maturation must occur, which is visibl
as a structural change in the viral core that occurs with the cleavage ofgthe Ga

polyprotein.

1.2.1 Viral Proteins

Each protein produced by HIV has a unique role in the life cycle (reviewed in
(69)). All are necessary for viral replication and optimal infectivity in vivo.

The Gag coding region contains four structural proteins matrix (MA), capsid
(CA), nucleocapsid (NC), and p6 that form the core of the virus and provide attachment
to the viral envelope. These proteins are translated as a polyprotein (Gag), @ndagem
a polyprotein until budding when the precursor is cleaved by the viral protease. NC binds
the genomic RNA in the viral core and helps chaperone nucleic acids during the life

cycle. CA is important for assembly and forms the capsid shell of the viral doke, w



MA facilitates the targeting and binding of the Gag polyprotein to the cellorzara.
The small p6 protein has a late domain that aids in virus release, and p6 also brings the
accessory protein vpr into the virion.

The other structural proteins are translated fronetlkéORF. The translation of
the polyprotein gp160 occurs on the rough ER. This polyprotein is transferred to the
golgi and cleaved by cellular enzymes to make two proteins, the transmempdane
and the noncovalently associated surface protein gp120. Env protein gp120 is highly
glycosylated and facilitates attachment of the virus with the tarfiet ce

HIV-1 has 2 regulatory proteins, Tat and Rev. Tat helps to direct transcription by
binding to the TAR RNA structure downstream of the transcription start site darage
RNA polymerase Il complex processivity. Rev binds to a separate RNA séutter
Rev Responsive Element (RRE). Rev brings unspliced and partially spliced RNA
transcripts that contain this region out of the nucleus through nuclear export machine
Without Rev neither genomic nor partially spliced RNA transcripts would nake of
the nucleus for translation or assembly.

HIV-1 also has 4 accessory proteins with important functions in vivo (69). Vif
directs the degradation of the cellular antiviral protein APOBEC3G (distfisgher in
Diversity). Vpr has several functions related to transcription: it stinslal& driven
gene expression, promotes nuclear transport of the HIV DNA complex, and can modulate
RT mutation rates. Vpu is an integral membrane protein that is not found in virions. One
function of Vpu is to downregulate CD4 in the ER, allowing envelope protein bound to
CD4 to continue to the cell surface. Vpu also enhances virus release by irgesgittin

the cellular protein Tetherin, which retain virus to the cell surface (102). fidle fi



accessory protein is Nef. Nef is membrane-associated and is syrdiedingh levels
very early in infection. It downregulates several cell-surface marketading CD4 and

MHC class | and Il (discussed below).

1.2.3 Env

gp120 is the main viral surface protein seen by the immune system on circulating
virus, and is therefore a frequent target of the humoral immune response. During the
course of disease tlav gene becomes highly diverse within a virus population in a
single person (51, 141). This diversity is largely generated by random mutations tha
occur during reverse transcription followed by selection. Mutations that nesimune
evasion confer a selective advantage in subsequent viral replication (16). The advantage
however, must be greater than any deleterious fitness effects the mutatibianwg on
subsequent viral replication (111, 130). These mutations build over the course of
infection through continuous targeting by the immune system, which will be didcusse
further below.

Diversity in the coding region of gp120 is not uniform. There are 5 regions of
high variability in gp120 coding region, called variable regions 1-5 (91). Thgiemse
correlate to flexible loops without secondary structure, most of which are on theesurf
of the protein and are likely to come into contact with antibodies. The amino acid
sequence flexibility of variable loops allows the virus to tolerate chahgésvade
selective immune pressure. Changes in length and glycosylation patterns witdbieva
regions 1, 2, and 4 are predicted to affect CD4 and coreceptor binding of the virus. V1

and V2 lie near the CD4 binding site on gp120, and changes in V4 alter the orientation



and packing of ‘shielding’ glycans near the CD4 binding site (35). Without these loops

the virus can be more easily targeted by antibodies (discussed in 1.5.1).

1.3  Viral Mechanisms for Diversity

As discussed above, reverse transcription creates a large amount of viral geneti
diversity that accumulates during HIV infection, resulting in a viral quasep@gthin
each chronically infected patient. Using this diversity HIV can expartbit range and
evade immune pressures. It is also the biggest obstacle to stopping the pargdemic, a
mutations result in drug resistance and a moving vaccine target. HIV@eénvetisity is
a direct result of several factors. These factors include the viral mutation and
recombination rates, the viral replication rate, the size of the viral populatitn, a
selective forces (including immune selection as well as competition betieses). In
this section | will discuss viral mutation and recombination rates, followed by hos

selective forces and how these impact the disease course.

1.3.1 Reverse Transcription

Reverse transcriptase (RT) is a heterodimer with RNA-dependent and DNA-
dependent polymerase, and RNase H activity. RT is incorporated into the core of the
virus making it ready to begin reverse transcription without new protein synthéises i
target cell.

Reverse transcription (69) occurs in the cytoplasm of the host cell aftepent
the virus into the cell and uncoating of the viral core. The process of genomatiepli

requires the binding of a cellular tRNA to the primer binding site (PBS) & #med of



the positive-sense RNA that makes up the HIV genome. Minus-strand DNA syrghesis i
initiated using this tRNA primer and continues through the repeat region R at tiee 5’ e
of the genome to create the minus-strand strong-stop DNA (-ssDNA). As this minus
strand is copied, the RNase H domain of the reverse transcriptase heterodowner foll
behind the polymerase activity to degrade the template RNA. The —ssDNAstetrad
to the 3’ end of the RNA genome facilitated by binding to the 3’ repeat region R that is
identical to the 5’ repeat. Minus-strand synthesis continues to the end of the RNA
genome, which due to the RNase H activity is now at the PBS. RNase H degdjrafles a
the genome except two small pieces of RNA, one immediately upstream of WBtkalle
PPT. The PPT RNA remains bound to the newly formed minus-strand DNA, and serves
as the primer and thus initiation site for positive-strand DNA synthesis. Veesitand
synthesis continues to the 5’ end of the minus-strand template. This new posatinke-st
DNA is called plus strong stop DNA (+ssDNA). At this point a second strandfar
event occurs. The 3’ end of the +ssDNA binds to the 3’ end of the minus-strand DNA
using the PBS and the complementary tRNA sequence copied at the end of tha.+ssD
Reverse transcription continues for both strands, using each other as template. The
resulting double-stranded DNA makes the linear intermediate that is treatsfiothe
nucleus for integration.

Because reverse transcription relies on 2 template switches, it is Isipeththat
HIV RT has evolved to have low template affinity and processivity (69). Theise tra
then lead to high error rates, including substitutions, insertions, deletions, and

recombination.



1.3.2 Substitutions, insertions, and deletions

Mutations are thought to principally depend on the fidelity of 4 steps (115, 146):
minus-strand reverse transcription, plus-strand reverse transcriptiomarcBINA-
polymerase Il, and modification of templates.

RT has no exonucleolytic proofreading activity, and errors can occur in either
minus or plus-strand synthesis. The rate of these errors depends on the typeaofderror
the sequence context of the error, including secondary structure. If mutationsabeur
minus strand, they will be copied into the plus strand. Mutations that occur in the plus
strand will only be in one strand, though these mismatches can be repaired by cellula
machinery (either back to wt or to the mutation). Substitutions are the most frequeent ty
of error, but RT commonly makes other mutations. Frameshift mutations occur in
stretches of identical nucleotides, and the longer the stretch the more likely the
frameshift. Deletions and insertions are the result of template switehthgd kind of
RT error. Cellular RNA polymerase Il transcribes proviral HIV DNA takennew
genomes. However, considering retroviruses have mutation rates approximatel
million times greater than eukaryotic cells, it is likely any mutatioaderby RNA-
polymerase Il are vastly overshadowed by RT errors (115).

The final mechanism for mutation is the modification of templates. Members of
the APOBEC (apolipoprotein B mRNA-editing enzyme) family exert cgmsgieaminase
activity on the single-stranded minus-strand DNA during reverse transor{f3ti 142).
These C to T changes in the minus strand register as G to A transitions in thegplds-s
sequence. The previous round of replication determines the ability of APOBEC to cause

mutations in the subsequent round of replication. The viral protein Vif can fadiitate



degradation of APOBEC in producer cells, thus excluding it from new virions and
preventing its activity in the subsequent round of reverse transcription. Nediesst

have also found evidence that APOBEC blocks infectivity of HIV even without cytosine
deaminase activity (12, 105). APOBEC may also interfere with elongatioNAf D

synthesis and strand transfer during reverse transcription.

1.3.3 Recombination

Recombination is a significant mechanism of HIV diversity, as evidencttby
large number and distribution of circulating recombinant forms of HIV (106).
Recombination requires that the 2 different viral genomes be present in a sigle viri
which can occur in virus produced from a dually infected cell.

Work by Zhang et al. (165) has shown that at least 98% of recombination events
occur during minus strand synthesis. There are 2 leading hypotheses of redombinat
during minus strand synthesis (57, 165). The first is forced-copy-choice. In this mode
when the RT complex encounters a break in the genomic RNA during HIV minus-strand
synthesis, it switches to the second intact RNA template and continues reverse
transcription. The second hypothesis, the minus-strand replacement model, also occurs
during minus-strand synthesis. In this model, the tail of the newly forming strand of
DNA is single-stranded after RNase H activity, this tail then formgadhduplex with
the second template, and eventually displace the RT complex to this new temptate. B
of these models could occur to produce the large amount of recombination seen in HIV

infection.
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1.4 Host Mechanisms that Drive Evolution

The wide variety of random mutations during reverse transcription crbates t
mutants that can evade immune system pressure of the host. Replication of viruses
without these adaptive mutations is prevented by the immune system, and the mutants
that can grow become a significant component of the viral population. In factlsever
studies have correlated lower rates of non-synonymous mutations with disease
progression, considering this a marker for a weaker immune response (122, 141, 157).
Cytotoxic T-lymphocytes and neutralizing antibodies drive the selectiveottyof

these mutants.

1.4.1 Cytotoxic T-Lymphocytes

Cytotoxic T-lymphocytes (CTLs) have a significant role in driving HIMlation
and restricting viral replication (38, 58, 90, 96). CTLs are part of the T-lymph@cyte
cell) lineage. These cells recognize foreign peptides generated fotgmprinside
infected cells (59). There are 2 main lineages of T-lymphocytes, CD4+4sTaoel
CD8+ T cells. The main function of CD4+ T cells is to activate either macropbages
cell, serving a ‘helper’ function. CD8+ T cells recognize cells infecidd pathogens
and directly kill these target cells, and are therefore named cytotoxiaugzEllV-1
infects cells, it becomes a major target of CTLs during infection.

CTLs recognize foreign peptides presented as part of the human leukogee anti
(HLA) complex class I. HLA class | are cell surface proteins found anynell
nucleated cells that display linear peptides from the cytoplasm of the aejroove on

the surface of the HLA. Therefore, when foreign peptides are presented\iolads | it

11



indicates the cell itself is infected with a pathogen, and CTLs subseqkiéritig
infected cell. Each CTL recognizes a specific peptide/HLA complexrdeted by
genetic recombination of the T-cell receptor genes during T-cell developmeAt. H
class | binds peptides of 8-10 amino acids in length which are held in the HLA groove by
interactions at either end of the peptide. Other ‘anchor’ amino acids within depalsio
stabilize this interaction. Each human genome has 3 HLA loci (thus up to 6 alfgles) a
each different allele encodes a protein that will bind peptides of certaircterestecs
depending on the composition of the HLA groove. Thus, when HIV infects a cell, some
peptides from viral proteins being translated in the cytoplasm will fit in theses and
are presented on the surface of the cell. The CTL specific for this peptitenadibnd
become activated. If this is a new infection, the CTL will be naive and reqdidags to
differentiate and proliferate into an army of effector cells. If prioogaition has
occurred, memory CTLs will recognize the peptide and can activate muchapihe.r

HIV is able to survive in the face of this immune pressure in part because of the
large number of random mutations created by RT. Once a CTL recognizésw@grar
peptide, infected cells are killed and replication of that variant is cont(@d If a
mutation occurs at an amino acid important for a target peptide binding in the HLA
groove, this mutant will avoid recognition and continue to replicate. The abilitylos C
to control viral replication overall, however, depends on several factors, inclufg H
haplotype. Certain alleles, and therefore certain epitope specifibiéies been found to
be associated with rapid (24) or slow (64) progression of disease, and homozygosity a

the HLA class I loci has been associated with a poor disease prognosisg®4y. HEA

12



alleles are hypothesized to result in a CTL response of less breadth. ral,gene

dynamic interplay exists between the CTL response and viral diversityimeer

1.4.2 Cytotoxic T-Lymphocytes in Infants

CTL responses in infants are slower to develop, more narrow, and weaker than
those of adults (25, 87). HIV-specific CTL are infrequently seen prior to six mohths
age, even though all lineages of immune system cells develop during gestatiom and ca
be found in the fetus after 12 weeks gestation (60). The naive-cell bias and activation
unfriendly characteristics of the immature immune system likely have arthe
reduced effectiveness of the infant immune system, as compared to adekppoimding
to HIV. Because HIV infects immune system cells that help to regulatmthere
system as a whole, targeting these cells could have a distinct effechitbe
activation-refractory immune environment of the infant (139). Even though the infant
immune response is deficient through 3 years of age (22, 89, 131), several studies have
seen sequence evidence for selection early in infant infection that includesp®@dpes

(77, 87).

1.4.3 Neutralizing Antibodies in Adults
A second method of immune pressure on HIV by the host are antibodies (59).
Antibodies are made by B-lymphocytes (B-cells) that, upon activation,ehtfate into
the antibody-producing plasma cells. B-cell receptors (BCR), whichlsoecreated
through genetic recombination during B-cell development, bind their specific antigen and

migrate to lymph nodes where they receive additional maturation sigo@<iD4+

13



cells and cytokines. From these signals they become activated anchtéfermsto
plasma cells. Antibodies serve dual functions of neutralization and opsonization to stop
pathogens in the extracellular environment.

Antibodies are shaped like a ‘Y’ and are made up of 2 heavy and 2 light chains.
Variable regions in each chain, along with 1 constant region from each chainhé&rm t
arms of the Y, and are called the Fab (Fragment Antigen Binding) region of the gntibod
The Fab region is unique for each B-cell, in both the surface-expressed BCR atstisecre
antibodies. The 2 constant regions of each heavy chain that form the base of the Y are
called the Fc region. The Fc region determines the effector function of thbdge dre
5 classes of Fc regions, each with different functions. 1gG is the prirdpbé the
blood and extracellular fluid in tissues. It efficiently promotes opsonizatiomgstta
antigen by phagocytes and activation of complement. IgG antibodies areshe m
abundant isotype and make up a large proportion of the anti-HIV antibody pool.

Neutralizing antibodies to autologous HIV-1 typically appear within 1-2 months
of infection (32, 94, 156) and increase in breadth and number during the course of
infection (47, 81, 120). Antibodies recognize extracellular antigens, not processed
peptides, and thus can directly neutralize the spread of infections. Neutralizing
antibodies, or antibodies that interfere with HIV receptor binding or fusion wittatget
cell, often correlate with changes in env (47, 120). Viruses with mutations in envelope
that reduce the affinity of a neutralizing antibody for its epitope can sellcteplicate
over wild-type virus, thus changing the viral population over time with successive
responses. Also, as with CTLs, the breadth and number of antibody responses to certain

HIV epitopes has been correlated to disease progression (6, 42). Overalliaiegitral
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antibodies play a significant role in shaping the evolution of HIV throughout theecour

of infection.

1.4.4 Neutralizing Antibodies in Infants

Antibody responses are delayed and less potent in the first months of life., B cells
like T cells, are also mostly naive in the neonatal immune system. Becaek®rBlg
on helper T cells and lymph node organization (which is not fully developed at birth (60))
for activation, antibody production is also deficient in the first months of lifiant
antibodies to HIV proteins of narrow breadth may be seen as early as 2 months (113), and
this response increases through the first year of life (138). Infant lmibigtron does not
reach full capacity until 1 year, and other isotypes until 7 years gof6&y.

Infants gain some protection from HIV infection in the face of this defigienc
through the fortification of their immune system with maternal IgG ant@sodMaternal
antibodies can enter the infant circulation through both the placenta and breagOilk (
Neutralizing antibody titers found in infants are proportional to those in their rmother
(144, 163). The relationship between maternal antibodies and infant HIV infection will

be discussed in detail below.

1.5  Virologic Characteristics of Transmission

A significant bottleneck occurs during both vertical and horizontal transmission.
Despite the high viral diversity within a chronically infected person, oftenasingle
variant is transmitted to a new host. This phenomenon has recently been extensively

studied in horizontal transmission, with fewer, and smaller, vertical trasiemistudies.
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Data are conflicting on the mechanisms driving these transmissions, and 3asgsot
have been suggested (168). The first hypothesis is that a limited inoculum seeds new
infections, thus the bottleneck is a stochastic event. Selective amplifisatiensecond
hypothesis, and argues that multiple variants are transmitted, but thatdablogi
characteristics determine which is able to dominate the population. Selective
transmission is the third hypothesis, this postulates that certain viractdvastics allow
particular viruses to be transmitted from the donor more easily. To aid in the
development of both new interventions to prevent transmission and effective vaccine
strategies, the driving mechanism(s) must be identified, and detailed issiosm
mechanisms elucidated. This work should include distinctions between horizontal and
vertical transmission, as well as distinctions between types of trarmamigghin these
groups (injecting drug use versus heterosexual sex, in utero versus intraparfamd e
subtype. This would determine if future prevention strategies that are develogszl ca

universal or will be limited by transmission method or subtype.

1.5.1 Horizontal Transmission

Horizontal transmission is the main method of HIV-1 transmission worldwide.
The most common routes of horizontal transmission include vaginal and anal sek as wel
as parenteral exposures (149). High viral RNA load increases rates ofissiasrfor
all routes, while the presence of ulcers on HIV-exposed tissues increasals sex
transmission rates. The most effective interventions to prevent transmisisesmexduce
viral load (through antiretroviral drugs), or provide a barrier between the dodor a

possible recipient (condoms, etc). Breaks in the mucosal epithelium causedrdy ulce
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likely increase the virus access to target cells, and increased viral load mesee virus
and an increased chance of the low-probability event (114). The mechanisms used by
viruses to infect, however, remain murky. The data discussed below aim to determine
whether the transmission bottleneck is driven by selection or random chance.
Bottleneck during Transmission. There is significantly less genetic diversity in
cohorts of acutely infected subjects compared to cohorts of chronically infebjedts.
Becausenv is the most variable gene in the HIV genome, it is often studied as a marker
of viral population diversity. Previous studies have shown that chronically infected
subjects have higénv diversity, while subjects with acute infection have relatively
homogeneous viral populations (78, 84, 121, 126, 158, 168). These results were
consistent across multiple subtypes and modes of horizontal transmission. Where donor
viral populations were available, the transmitted virus was often a minontwrige
donor. These data often looked at small regioremoin only a small number of
subjects, but did reliably show a strong genetic bottleneck during horizonshission.
Advances in sequencing technology have paved the way for larger regions of env
to be studied, and more gquantitative analyses to be completed. Keele and co{E&gues
recently published a paper using single genome amplification to examinealhi®NA
population in 102 individuals recently infected with subtype B HIV. Their methods
reduce artificial mutations and recombination that occur during extra rouRf3Fotised
in traditional methods of cloning and sequencing. Seventy-six percent of the subjects
were infected with a single variant from the donor, while the other 24% wereesthfect
with between 2 and 5 viruses. A second study by Abrahams and colleagues (2) showed

similar findings for 69 subjects recently infected with subtype C. They found 78% of
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subjects were infected with a single variant, and 22% with multiple variantparf\ef
their analysis, Abrahams reported that combining the 102 subjects published in the Keel
study with the 69 subjects in her study and looking at the distribution of multiple variant
transmission events, they do not follow the Poisson distribution, and thus do not appear
as independent events of low probability. Additional mechanisms could therefare driv
transmission of multiple variants. These data include a large number of sabpkcts
strongly indicate that while single variants are most often transmitsgnission of
multiple variants is not rare and occurs at a rate of approximately 1 in 4 horizontal
transmissions.

Characteristics of Transmitted Virus. Viral variants comprising new infections
have been shown to have a more compact gp120, with shorter V1/2 regions and fewer N-
linked glycosylation sites, than virus in chronic infection (27, 35, 82), though not all have
confirmed this finding (44, 83). Much of the work involved less than 10 transmission
pairs, and there are also several important differences between the studiesltha
explain the conflicting results. First, they were done on 3 different subtypes. The 2
studies of subtype C infected pairs both show shorter variable loop lengths and fewer
glycosylation sites in recently transmitted virus populations (27, 35). In subtype
transmission pairs, 2 studies showed no differences (27, 44), and one showed only a trend
that was not significant after correcting for multiple comparisons (83).adéitional
study of subtype B infection did find, however, that both loop length and glycosylation
sites increased from the time of acute infection, suggesting a deoceaseed
previously (82). Another confounding factor comparing viral characteristibgwgairs

is the status of the donor. A donor who was recently infected would already have
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relatively homogeneous compact virus, and there would be no room for selection. This
was considered by Liu and colleagues and they re-analyzed a previous stuiotyoé 8
transmission pairs (83) along with their new data, only including transmissien pair
where the diversity in the donor was more than 1% greater than the diversity in the
recipient, and still found no significant differences. This is an imperfectureeat

recent infection, however, because recently infected individuals may have high over
diversity within their viral population if they were infected with multipleiaats. This
analysis could be re-done to include only pairs where the donor had high diversity,
indicative of chronic infection using phylogenetic tree analysis. Latgdies must be

done to resolve these conflicting data in subtype B and confirm the result in subtype C.
Currently published studies, however, provide reasonable evidence to suggest that newly
transmitted viruses have shorter variable loops and fewer N-linked glyttos\daes

than virus from chronically infected subjects infected with subtypes A or C.

Neutralizing Antibodies and Transmission. One hypothesis for compact virus
transmission is that the recipient has no neutralizing antibodies to HIV-1, andéecaus
compact viruses are more fit for replication they take over the viral populatione iSher
an abundance of evidence to show that virus with shorter V1, V2, and V4 variable loops
and fewer glycosylation sites are more neutralization sensitive (40, 62, 63, 70, 112, 162).
Other studies have also shown transmitted virus in the recipient to be more sémsitive
neutralizing antibodies from the donor than the donor viral population (35, 47). Virus
within a chronically infected person evades immune pressure over time througeshan
in glycosylation sites and variable loops (107). Before an immune response is mounted

in a newly infected recipient, however, glycosylation sites and variable loepstar
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under selection and viral characteristics will drive the composition of tHe vira
population. More compact viruses may be transmitted because they are mavétifit,’
greater ease of receptor/coreceptor binding and more efficient repli¢ht1). While
more data are needed to confirm these hypotheses and examine subtype diffdrence
current model suggests that within a transmission pair, compact viruses may be

transmitted more often, possibly because they are more fit in the donor.

1.5.2 Vertical Transmission

Transmission from mother-to-child (vertical transmission) correhatth
increased maternal viral RNA load, decreased CD4 count, prolonged membrane rupture
prior to delivery, and presence of coinfections (133). As with factors assbwikite
horizontal transmission, it is easy to create probable hypotheses as to howdtoase f
would increase transmission rates. What is less clear, however, is the umgderlyi
mechanism(s) driving transmission overall.

Though additional factors complicate these studies, a benefit to vertical
transmission studies is that they more often include transmission pairs ttzamtabr
transmission studies. These pairs provide unique and valuable information about the
donor virus population compared with the recipient population. While this information
may aid in a better understanding of vertical transmission, differencesdrevertical
and horizontal transmission may limit the ability to generalize findimjants share
HLA alleles with their mothers, which has been shown to give some CTL escapds/ar
an advantage in the infant (88). Also, maternal antibodies are passed into the infant

through the placenta and breast milk, thus the virus inoculum encounters a partial
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immune response already primed for that particular variant. Despite thengesllof
studying vertical transmission, the continued high rates of vertical tissismand
scientific opportunity provided by transmission pairs, make discovering the m&tisa
of HIV transmission from mother-to-child an urgent need. In the next sectidh | wi
discuss what is known about vertical transmission with regard to the three leading
hypotheses: limited inoculum, selective amplification, and selective trasiemi(168).

Transmission that occurs at different times (in utero, intrapartum, post-partum)
could have distinct driving mechanisms. While the ability to study MTCT isddfor
ethical reasons, there are leading hypotheses for each transmissionmateeo
transmission likely occurs through the placenta. Studies have shown that HIV can at
least pass through layers of the trophoblast cells that line the placentl ibavitro,
and that chroioamnionitis increases transmission rates. It should be noted thaiflevel
maternal IgG increase in the infant during pregnancy, reach a peakiatdhad
delivery, then drop slowly after birth at a rate dependent on breastfeeding (60)
Intrapartum transmission likely occurs primarily through the placenta, though some
studies suggest a role for vaginal secretions in natural births (61). Proloageudtal
membrane rupture during labor also increases transmission rates (74), likely due
mixing of the maternal and infant circulations. Post-partum transmission ocaugtthr
breastfeeding, which is increased with mastitis. It is important to corsideeach
proposed mechanism of transmission might differ with timing.

Bottleneck during Transmission. A viral genetic bottleneck also occurs during
vertical HIV-1 transmission (18, 158, 159, 166). Many early studies of vertical

transmission amplified small regionsaviv to demonstrate the bottleneck and determine
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gualitative selection characteristics. Dickover et al. (37) used the hgtewdaobility
assay (HMA) to measure viral diversity among mother-infant pairs (Miids)g MTCT

of subtype B HIV-1. They examined V3-V5 in 36 non-transmitting women, and 14 in
utero (IU) and 9 intrapartum (IP) transmitting MIPs. Their data showed thatrwome
whose infants were infected IU had lower viral diversity, lower CD4+ T-oellhts, and

a higher viral RNA load than women who did not transmit the virus. They also observed
that infants infected IU were more likely to be infected with maternaémvarthat were
detected in the mothers (‘major’ maternal variants, 8/14 versus 1/9), whiksinfa
infected IP were more likely to be infected with a single variant thahatdetected in

the mother (‘minor’ maternal variants, 6/9 versus 2/14). The remaining infants were
infected with multiple variants. They concluded that, compared to both the IP- and non-
transmitting women, the women who transmitted IU had poor immunologic control of
their infections, and that significant differences exist in selectiomamesms of 1U
transmission compared to IP and NT. In another study, Renjifo et al. (118 kit
42/53 infants infected U harbored a single variant at transmission, and 11/52deceiv
multiple variants. They did not amplify maternal samples to determingof maminor
variants were transmitted, but they did not find an association between mateinal vi
load and multiple variants being transmitted. Other studies including small numbers of
pairs with no transmission timing data have demonstrated transmission of botl{5jinor
major, and multiple (110, 135) maternal variants. More recent studies examigeg lar
regions ofenv have confirmed this bottleneck (129, 154). While all studies identified
relatively homogeneous infant populations, only the study by Dickover et al. had the

power and methodology to address selection in relation to transmitted mateianal var
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abundance. Thus, genetic diversity data widnmsuggest a different driving
mechanisms between IU and IP transmission, and that the genetic bottleneck during
transmission is not random.

Characteristics of Transmitted Virus. Sequences of larger regionsenf/ have
also been analyzed to determine if preferential transmission of compact\0ncses in
mother-to-child transmission pairs. Samleerat et al. (129) sequence8 W6eMU and
11 IP transmission pairs infected with subtype CRF01_AE. They found no evidence for
shorter variable loops or number of glycosylation sites in IU or IP paifsr all pairs.
They did, however, find evidence of selection for specific glycosylatios diteng
transmission. This suggests that while glycosylation overall may not alentission
rates, particular glycans may aid in either transmission or ampbficance in the host.

A second study of 12 IP pairs (160) found that while there was not a differencevit V1
sequence length, there were fewer glycosylation sites in infant seqeengeared to
matched maternal sequences. This study included subjects infected wyesubt C,
and D. This study also found shorter V1-V5 length to correlate with greaterlizativa
sensitivity, though not number of glycosylation sites. Because these arstttutlies
able to examine these characteristics, and for only one subtype was tlzesbbke s
number of transmission pairs, larger datasets should be analyzed to confirmaegult
clarify existing results. Thus, current data show differing evidence gppsEpendent on
subtype, for whether or not compact viruses are preferentially transmittad thather-
to-child transmission.

Neutralizing Antibodies and Transmission. Neutralizing antibodies (NAB) are

able to prevent or modulate HIV infection in animal models, and efforts are underway t
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harness the power of neutralizing antibodies as part of HIV prevention and treatme
strategies. In a model macaque system, combinations of neutralizing argtipodie
intravenously protected infant macaques from oral challenge with SHIV (7, 56, [h25)
another study of macaques immunized at birth, upon a subsequent challenge with SIV,
the immunized monkeys were infected, but had higher titers of broadly reatilvedsy
responses and progressed more slowly than unvaccinated infected monkeys (152).
Another study demonstrated the value of broadly NAB to show that monkeys infected
with SIVsm that progressed rapidly to disease either lacked an antibpdnsesor it

was narrow in breadth (43). This same study also reported results from casts of
horizontal and vertical transmissions in humans. They detected NAB in only 50% of
infected subjects, but the subjects with these antibodies had lower rates oissarsm

The level and breadth of antibody responses needed to prevent transmission or slow
disease, as well as how to elicit these responses, remains unknown. In addition,
responses to subtype B have been characterized in significantly morehdetail t

responses to the prevalent subtypes worldwide, subtypes A and C. The study of broadly
reactive NAB responses that occur naturally could provide clues as to how to develop and
use antibodies for treatment and prevention purposes.

Viral resistance to autologous neutralizing antibodies is often trapgmitt
vertically. One study of subtype B transmission events found that mothersri$ infa
infected 1U had lower autologous NAB titers than mothers of infants infectedNF
(36). Wu et al. (160) found that even for a subset of women enriched for those whose

virus was sensitive to autologous sera, the virus from their IP infected infasts wa
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resistant to maternal sera. These women were infected with either suBfy@eor D.
Therefore, a lack of NAB response may increase the risk of IU trangmiss

Broadly Neutralizing Antibodies. Additional studies have correlated the
neutralizing antibody titer of maternal sera against heterologous vittu$AM/CT. Two
studies testing neutralizing antibody titer against the tissue cultueslégiied strain MN
found opposite results. One study by Guevara et al found mothers infected with subtype
C HIV had increased neutralizing antibody titer in transmitters (48)ewanother by
Bongertz et al found women with presumed subtype B infections (based on location) had
decreased NAB titer in transmitters (14). Using a heterologous subtyps&y
isolate, however, Guevara et al found no difference in NAB titer with trangmissi
another study of NAB titer to virus pseudotyped with the envelopes of heterologous virus
of the same subtype, in 3 of 4 envelopes there was no difference in NAB titer with
transmission (9). With thé"4envelope, increased titer was seen in non-transmitters
compared to transmitters, and when stratified by timing there was acagtiif lower
NAB titer among IP transmitting mothers as compared to NT. A veryasistildy did
not find a correlation between binding or neutralizing antibodies to primary cultuted vi
and MTCT (85), but did not consider timing of transmission. The 2 studies looked at
women infected with different HIV-1 subtypes, yet otherwise had very simg#nods.
These studies again suggest timing should be an important consideration when analyzing
studies of NAB and transmission. Results also seem to vary considerably dgpendi
the virus used in the neutralization assays, particularly whether the sobtiagevirus

used in the assay is the same as the subtype of the infected serum donor.
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Subtype and neutralizing antibody activity. Horizontal transmission studies
have demonstrated neutralizing antibodies can have different effects depending on mode
and/or the infecting HIV-1 subtype. Viral envelopes isolated from people acutely
infected with subtype C are sensitive to neutralization by antibodies frorhrbr@aally
infected transmission partner, while envelopes from people acutely infe¢kesubtype
B are not (35, 44). These studies also found antibodies from people early in infection
with subtype C were more potent, yet more restricted in the recognition ajlbgters
envelopes, than antibodies from people infected with subtype B. In addition, several
antibodies with broad neutralizing activity against subtype B HIV-1 have Heatified,
yet these antibodies do not have the same activity against subtype C, nor harby simil
broadly reactive neutralizing antibodies been found against subtype C (11, 80). Whether
this is because these antibodies do not exist, or because subtype C has not been as widely
studied as subtype B, is unknown. This limitation only further indicates the need to
perform studies with all prevalent subtypes before any generalizationtsHiy6 1
mother-to-child transmission mechanisms can be made.

Sequence Evolution in Early Infection. After T cell activation in the infant,
HLA alleles common to both the mother and infant could continue certain CTL pressure,
while new infant alleles could select new mutations. Infants lack memanyrie
responses, and both B and T cells are slow to activate in the infant. If IgG iotther m
were the main driver of the glycosylation pattern and loop length in her viral population,
then one might predict there would be no significant changes in these chares taftisr

transmission to the infant. If immune responses other than maternal IgG cedtabut
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significant portion of selection against compact virus from the mother, thereddts

may be detected in comparing the viral populations in the MIPs in future studies.

1.6 Conclusions

The following work aims to build upon the data described above to further clarify
viral characteristics during in utero, intrapartum, and post-partum transmissiobtgpe
C HIV-1. It will study broadly reactive neutralizing antibody titers in spbt¢ infected

mothers who did and did not transmit to their infants.
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Chapter 2

The Molecular Epidemiology of HIV-1 Envelope Diversity During HIV-1 Subtype C
Vertical Transmission in Malawian Mother-Infant Pairs

The following material was published as a manuscript in the joAtR under the
following citation:

Jesse J. Kwiek, Elizabeth S. Russel| Kristen K. Dang, Christina L. Burch, Victor
Mwapasa, Steven R. Meshnick, and Ronald Swanstrar2008. The molecular
epidemiology of HIV-1 envelope diversity during HIV-1 subtype C vertical trégsson
in Malawian mother-infant pairs. AID22:863-71.

These authors contributed equally to this work.

This material is copyrighted by and reproduced with the permission of W &liawer.

2.1 Abstract

Objective: To study the relationship between HIV-1 subtype C genetic diversity and
mother-to-child transmission and to determine if transmission of HIV-1C Véiv2
variants occurs stochastically.

Design: Case-case-control study of Malawian mother-infant pairs consisting of 32 non-
transmitting women, 25 intrauterine (IU) transmitters and 23 intrapartuntrgliymitters

in Blantyre, Malawi.

Methods: A heteroduplex tracking assay against the highly variableddiWw/1/Vv2

region was used to characterize the relationship between HIV diverditylsnl



MTCT. The relative abundance of the mateemal variants was quantified, and based

on theenv variants detected in the infant plasma, categorized as transmitted or
untransmitted. The V1/V2 region was sequenced from two mother-infant pairs and a
phylogenetic tree was built.

Results: No relationship was found between transmission and overall magawnal
diversity. Infants had less diverse HIV-1 populations than their mothers, anceitteithf
infants had fewer V1/V2 variants and were more likely to harbor a homogeneous V1/V2
population than infants infected IP. V1/V2 sequences cloned from two mother-infant
transmission pairs support multighav variant transmission when multiple variants are
detected, rather than single variant transmission followed by diversificafiimost 50%

of the HIV-infected infants contained V1/\&v variants that were not detected in
maternal plasma samples, and, transmissi@mo¥ariants was not related to their
abundance in maternal blood.

Conclusions: These data suggest that the predominant mechanism(s) of HIV-1 subtype
C MTCT differs by the timing of transmission and is unlikely to be explaineddimple

stochastic model.
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2.2 Introduction

HIV-1 subtype C is the most prevalent subtype worldwide, and it is the dominant
subtype in Sub-Saharan Africa, where one-half of all infected women anceaHildr
(46). Approximately 30% of infants born to untreated HIV-positive women will become
infected with the virus, of whom approximately 20% will become infected in utero, 50%
intrapartum, and the remaining 30% through breast milk (31). Little is known about the
mechanism of transmission among these distinct groups, but several maternal
characteristics are associated with increased rates of MTCT, imglojh viral RNA
load, advanced disease status(159), and low CD4+ T-cell count (133).

One consistent feature of vertical HIV-1 transmission is a viral genetiemet#
from mother to infant (18, 158, 159, 166), whereby the genetic diversity of HIV-1 in the
maternal viral population is greater than that in their infected infants. dttlerteck has
been attributed to various factors involving selection, including some that are virus-
specific while others the result of donor/recipient immune responses (36, 160). In
contrast to selective mechanisms, vertical transmission could also be atst@sieas,
dependent solely on the donor’s viral burden with chance favoring the most abundant
maternal variant for transmission, as suggested by at least one study (154).

Most previous studies of HIV-1 MTCT have involved small numbers of mother-
infant pairs; in this report, we used a heteroduplex tracking assay (H@A) an
phylogenetic analyses to study the viral diversity of the HIV-1 subtyjpe26 U
mother-infant pairs (MIPs), 23 IP MIPs, and 32 nontransmitting HIV-1-positotbens.

In addition, we used a mathematical simulation in an attempt to fit our data to ssstocha

model of transmission.
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2.3 Materials and Methods

2.3.1 Study Participants
The HIV-1 seropositive pregnant women and their infants

included in this study were participants in the Malaria and HIV-1 in Pregr{didip)
prospective cohort (74, 98, 99). This study was approved by both the Malawi College of
Medicine Research Committee and the UNC IRB. Informed consent wasesbtisom
the participants.

Plasma was isolated from maternal blood collected at labor-ward aoimisem
the umbilical cord at delivery, and from infant heel-sticks at three time-poitsin 48
hours of birth, 6-weeks, and 12-weeks of age. Women and their newborn infants
received single-dose nevirapine according to the HIVNET 012 protocol (48). sinfant
who were HIV-1 DNA negative by real-time PCR (86) at 0 and 6 weeks had their
mothers defined as non-transmitters (NT); infants who were HIV-1 DNA pesitibirth
were defined ag utero (IU) infections; and infants who were HIV-1 DNA negative at
birth but DNA positive at 6 weeks were defined as intrapartum infections1@R) (
However, four infants who were HIV-1 DNA negative but HIV-1 RNA positive by
reverse-transcriptase polymerase chain reaction (RT-PCR) at bretchassified as 1U.

As reported elsewhere, there were 65 infants infected IU, 89 infants thfBobe
post-partum, and 418 infants HIV-free at 12 weeks. Samples were chosen from these
participants, based on availability, and after RT-PCR, a total of 32/418 NT, 25/88dU,
23/89 IP samples were included in the final dataset. Samples were excludeaigrom t

study if there was insufficient maternal/infant plasma, the RT-PCR vgadive where
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the DNA was positive, or the HTA patterns were not reproducible due to poor sampling
of low abundance variants. Compared to the included samples, the megidNég

copies/ml was significantly lower in the excluded samples.

2.3.2 Laboratory Tests
Genomic DNA was analyzed for the presence of HIV-1 DNA by real-H@R
(86). Plasma HIV-1 RNA was quantified using Amplicor HIV-1 Monitor v1.5 (Roche

Diagnostics). CD4+ T-cells were quantified by FACScan (Becton Dickinson).

2.3.3 Viral RNA Isolation
Viral RNA was isolated from peripheral blood plasma using the QIAmp virdl RN
kit (Qiagen). Plasma from 6 women whose RT-PCR reaction was negative was

concentrated by centrifugation and amplicons were obtained from 5.

2.3.4 RT-PCR

The Titan One-Tube RT-PCR system (Roche) or the Stratagene Acc&Skript
PCR system was used to amplify the HIV-1 subtype C V1/V2 region ehthgene as
previously described (68). All samples were RT-PCR amplified in two independent

reactions to allow assessment of the quality of sampling.

2.3.5 Heteroduplex Tracking Assay (HTA)

The HTA (33, 34, 68) was used to document viral diversity as previously described

(53) using a subtype C V1/\& probe derived from the DU151 clone (20, 68).
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2.3.6 Data Analysis

ImageQuant TL software (Molecular Dynamics/GE Healthcare)used to
guantify the intensity of each heteroduplex band and calculate the percent abundance. An
HTA band was included as anv variant if: 1) it was not present in the probe alone lane;
2) on average it comprised greater than 2 % of the total viral population; and 3) it was
present in both PCR replicates. Reproducibility in sampling of the population of HIV-1
variants was determined using the percent change between duplicategicasiyre
described (103). The maternal replicates had a median 7 % (IQR:3,10) diffelnence; t
reproducibility of the replicates among the first positive infant sanvpdes~1%, perhaps
due to presumed high RNA viral loads and observed low viral complexity among the
infants. Validation of proper sampling is done to limit the appearance of population
differences where none exists (53). Infant V142 variant bands with a corresponding
band in the maternal sample (determined by migration in the gel) were defined as
“detected.” If an infant V1/V2nv variant had no corresponding band in the maternal
sample (or the band was below the level of detection, as described above), the band was

defined as “undetected.”

2.3.7 Sequencing of V1/V2

RT-PCR products were amplified and cloned into a plasmid vector (121). V1/V2
sequences from individual clones were manually edited and aligned with MAgtEiBv
5.8, using the L-INS-i method (66). A maximum likelihood phylogenetic tree was

constructed using Tree-puzzle (version 5.2) with a gamma time-reversii®) (G
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evolutionary model (137). Phylogenetic trees were subjected to 1000 puzzling steps,

with reliability values greater than 0.70 considered significant.

2.3.8 Mathematical Modeling

Transmission was modeled as a multinomial experiment, where variants were
selected from the mother, with replacement, at probabilities equal to thewvexbse
frequency in the maternal viral population. For each mother-infant pair, the number of
viruses sampled was equal to the number of variants observed in the infant. We
simulated 10,000 multinomial transmission events for each pair and recorded the
probability of each event depending on whether the infant received the mother’'s most
frequent variant. The probability of the infant not receiving the most abundanhatater

variant is the binomial probability of O successes:

n
(1) P(y=0)= [OJpo(l— p)’
and the probability of receiving it is the probability of 1 or more success:
n 0 n
(2) PlyzD)=1-| JIp"(1-p)

where n = the number of variants in the infant and p = the proportion of the mother’'s most
abundant variant. We calculated the joint probability for all IP (or IU) tresssoms as the sum
of the log probabilities, since transmission events for each pair are indepemte
significance of the observed probability value is equal to the fraction of the ramdatat®ns

that generated a probability equal to or less than the probability of the obsearved diaw
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value rejects the hypothesis of stochastic transmission for the observedltiatadeling was

conducted in R (1), and scripts are available on request.

2.3.9 Statistical Methods

Parametric, continuous variables were compared using a two-sided Ntest
parametric, continuous variables were compared using the Mann-Whitney or KiVeslkal
statistic. Paired non-parametric continuous variables were compared withl¢h&ddvi
matched-pairs signed-ranks test. A chi-squared or two-sided Fishactssgatistic was used to

compare proportions. All calculations were done using STATA v.8.2.

2.4 Results

2.4.1 Participant Characteristics

In this study we analyzed plasma from 32 non-transmitting mothers (NT grizritting
mother-infant pairs (MIPs) whose infants were infected with HIV-1 in ut&f @nd 23
transmitting MIPs whose infants were infected intrapartum (IP) (743elB& characteristics of

the subset of mothers selected for the three groups (NT, IU, and IP) aredomtlireble |.

2.4.2 V1/NV2 env Diversity in Mothers

The number of unique HIV-1 variants in each subject was determined using a
heteroduplex tracking assay (HTA) querying the HIéag variable regions 1 and 2 (V1/V2).
Representative HTA autoradiographs are shown in Figure 1. Among the 80 pregnant wom
characterized, we detected a median of 3 VEM2variants per subject (interquartile range

[IQR]: 2, 4.5). There was a weak positive correlation between the number of mstbivial
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env variants and log HIV-1 RNA copies (correlation coefficient = 0.23, p=0.05). CD4 T-cell
counts below 200 cells/ml were associated with a greater number of matefvidlenv variants
(p=0.01). Table I shows that the transmission groups had a similar number of matévtzal
env variants. This suggests that differences in maternal Véiv2iversity are not significantly

associated with vertical HIV-1 transmission.

2.4.3 V1/V2 env Diversity in Infected Infants

In order to characterize the transmission of HIV-1 variants, we comea&dLiV2env
variants present in the maternal plasma at enrollment with the variantedetethe infant’s
first HIV-1-positive plasma sample: at birth for the children infected IU a6dageeks for the
children infected IP (Table I). Fewer V1/\é@v variants were detected in the IU- and IP-
infected infants than in their mothers (IU p=0.0006, IP p=0.005). Thus, during vertical HIV-1
transmission a restricted number of variants are transmitted from motlddioepresenting a
genetic bottleneck.

We observed a contrast between the infant VEW2diversity patterns during 1U
and IP transmission, suggesting a qualitative difference in HIV-1 trasismis|U-
infected infants tend to be infected with single variants that are moredetiected in the
maternal plasma, while IP-infected infants tend to be infected with neultiplvV2 env
variants typically composed of a mixture of detected and undetected materauadsvari
(Table I). Overall, there was no association between the number of variastsittad
and maternal CD4+T cell count less than 200 cells/ml (p=0.2).

To confirm whether the multiple HTA bands in the infant correspond to the

transmission of multiple maternal variants, as opposed to the rapid divemificha
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single transmitted variant, we created a phylogenetic tree of VElWEggion sequences
from two mother-infant pairs whose infant samples harbored multiple variagtJFilf
multiple maternal variants were transmitted we would expect multiple hearot
intermingled maternal and infant sequences, while if transmission of a siatgmal

variant were followed by outgrowth and diversification in the infant then the infant
samples would cluster together on the same branch. In the MHP-2017 transmission pa
the HTA indicated that the infant was infected with one detected and one undetected
maternal variant that composed 86% and 14% of the infant viral population, respectively.
In the tree, a majority of the maternal and infant sequences cluster totkdhe
representing the variant with high abundance, while a separate branch at thénéop of
tree likely represents the low abundance variant. In MHP-3765, the HTA indicated tha
the infant was infected with twanv variants, composing 84% and 16% of the infant viral
population, both detected in the maternal plasma. The phylogenetic tree forrthis pai
shows that maternal and infant sequences are commingled on multiple branches,
suggesting transmission of multiple maternal variants. Therefore, in the tlWwermot

infant pairs that were sequenced, the phylogenetic trees are considtehewiT A data

and support the transmission of multiple variants.

2.4.4 Modeling the Genetic Bottleneck at Vertical Transmission

We determined the relative abundance of each maternal \éhMzZariants
within the sample population, and used that information to determine if our data were
consistent with a stochastic mechanism of transmission. Transmitted ver&mere

undetected in the maternal peripheral plasma viral population were assigned an

37



abundance of 1%. As seen in Fig. 3A & B, both high and low abundance maternal
variants were detected in the first positive infant sample; this suggesist\edoundance

was not strongly associated with either IU or IP transmission (IU, pH9.6:=0.6). The
probability of IU or IP transmission of the observed variants, according to their
abundance in maternal plasma, was compared to a set of 10,000 simulated transmissions
where the maternal variants were sampled based on abundance (Fig. 3C & D)thg/he
observed data are compared to the simulated data sets, they do not support the bottleneck
being generated by random sampling of plasma-associated maternal \casetton
abundance; in other words, the observed data correspond to an uncommon outcome (IU
p=0.003, IP p=0.007). In order to exclude the possibility that our observed transmission
pattern was skewed by the inclusion of the undetected maternal variants, atede¢be
simulation using only the detected maternal variants. Similar to the previoulatson,

the observed transmission pattern remained an uncommon outcome (IU p=0.02, IP

p=0.006), providing further support for a non-stochastic bottleneck mechanism.

2.4.5 Umbilical Cord Plasma

Finally, we used the V1/vVénv HTA to determine if HIV-1 isolated from
umbilical cord plasma more closely resembles the infant or the materngoprdation.
Umbilical cord plasma samples from the six NT women examined were \éhiMRT-
PCR negative (data not shown). Similarly, for three infants infected IP, the ool bl
V1/V2 env RT-PCR reaction was negative (Fig. 4). In contrast, in four infants infected
IU the cord blood sample had a viral population that was indistinguishable from the

infant birth sample but distinct from the mother’'s sample. These results shaartha
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blood plasma represents the HIV-1 population present in the infant and suggests that cord
blood plasma could be a readily accessible source of the HIV-1 population present at

birth in IU-infected infants.

25 Discussion

In this report, we describe the relationship between genetic diversity i gV
V1/V2 region and subtype C HIV-1 MTCT in NT mothers, and 1U- and IP-transigpitti
mother-infant pairs. We found no relationship between the amount of maernal
diversity and the rate of MTCT, but we did observe a significant genetleretk
between the matched maternal and infant infections. The pattern of transmitd V1/
variants differed by the timing of HIV-1 transmission: infants infecteéréduently
harbored single variants which were more often detected in the matesmbapknd
infants infected IP frequently harbored multiple variants that were mime @fmixture
of detected and undetected maternal variants. Finally, modeling of our data shdwed tha
on average MTCT did not favor transmission of the most abuedan@riants present in
maternal plasma, arguing against a stochastic model of vertical traimsmis

These conclusions are based on data generated with a HTA agaemst\wiév2
region, which could have several limitations. First, although the HTA cannot yeliabl
sample genomic variants composing less than 1% of the viral population, sampling of
these low abundance variants with DNA sequencing would require a minimum of 300
clonedenv genes per sample. Second, it could be argued that a measure of HIV-1
diversity should sample larger regions than the approximately 400 basesgrapled

with our assay. However, the HTA is most sensitive to sequence and size changes on
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genomic regions of this size, and this region is one of the most heterogeneonsregi
the HIV-1 genome (145). These limitations must be balanced against the resources
required to generate similar data via DNA sequencing, and owing to thisatohste

have chosen to sample a larger number of mother-infant pairs, in a hypervariaiie regi
of theenv gene, rather than report diversity of longer regiormwefin fewer mother-

infant pairs. Finally, any misclassification of population diversity derivechfusing the
V1/V2 region as a surrogate for actual diversity is likely to be non-diffedeand is
unlikely to bias our comparisons.

The observation of similarity in HIV-énv diversity in women in this study is
different from the findings of Dickover and colleagues (37), who examinedIHIV-
subtype Benv diversity (using a heteroduplex mobility assay approach). Dickover et al.
observed that women who transmitted 1U had lower V3/V4 diversity (and lower CD4+ T
cell counts), suggesting that women who transmit IU have poor immunologic control of
their HIV-1. In our study women in all groups had similar diversity. There ares\esw
many differences between that US-based cohort and our Malawi-based colmoas suc
coinfections, that could account for this difference. Other differences bethestutlies
that could have caused this discrepancy are the region @ftlgene examined, the
sensitivity of the HTA as compared to the HMA, and the presence of subtype B@®&ersus
HIV-1 in the two different cohorts (161).

The bottleneck of population diversity during vertical HIV-1 transmission seen
here has been previously reported (18, 158, 159, 166), though few have had a large
enough sample size to reach significance or detect other charag@fistemsmission.

In addition to the reduction in viral diversity in infants, we found that the pattern of
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transmitted V1/V2 variants differed by the timing of HIV-1 transmissiath) W
transmission more often representing a single variant, and IP transmiss®often
involving multiple variants. A confounder of this result could be that the first positive
sample from infants infected IU was collected within 48 hours of single-dosapiear
treatment, which may have lowered viral RNA load and created an artifatiééneck.
However, we do not believe this to be significant considering the turnover rate -of HIV
infected cells, the slow decline of viral RNA in the presence of a singleofiose
nevirapine relative to the timing of sampling (97), and the relative eas&/of H
amplification in these samples from small volumes of infant plasma, which ssihggst
viral RNA loads.

Among the 48 transmission events examined in this study, nearly 50% included
the transmission of variants we were unable to detect in the mother’s blood plasma.
While the origin of these undetected variants is unknown, there are several piessibil
including the following: a compartmentalized HIV-1 population that was not in
equilibrium with the sampled peripheral blood; low-abundance maternal variants; or
variants that arose in the infade novo, as the virus evolved in response to the single
dose nevirapine exposure or its new environment. If infants are being infedted wit
compartmentalized viruses, it remains possible that the transmitted vireieethe most
abundant variants in those compartments. Regardless, on average, in our data set, the
most abundant maternal variant observed in the blood plasma was not the most frequently
transmitted variant in the infant by either time window of transmissio(I2).

Given that the data presented herein fail to support a simple stochastic MTCT

model, the most plausible mechanisms for the bottleneck are either transmisaemyof
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variants followed by selective amplification of the detected variants, ectse

transmission (168). In the selective amplification model, viruses repires ¢msi

maternal repertoire are transmitted, but only a subpopulation grows out in the new host
Maternal antibodies, antiretroviral drugs, or the infant immune response daelstract
outgrowth of some variants in the infant or be involved in selection. Distinguishing
between these mechanisms is difficult as variants in the infant need to undergo
amplification before they can be detected.

Despite the strong bottleneck, more than one variant was often seen in infant
viral populations. Multiple mechanisms could account for the presence of multiple
variants in infant infections, including: 1) multiple transmissions of a singlantal) a
single transmission of multiple variants, 3) a single transmission event witiftialy-
infected cell, or 4) a single transmission event with rapid diversification, autewal
between the transmission event and the time of population sampling. We examined the
potential for early evolution after transmission by comparing the viral piguia the
first positive infant sample with the subsequent samples collected at 6-weealgmte
(data not shown). Using changesinv diversity as a measure of viral evolution, we
observed diversification in many of the IU- and IP-infected children following
transmission. To begin to address the question of early evolution generatingneppare
diversity, we selected two mother-infant pairs, whose infant’s viral populatieres w
comprised of two variants, and subjected the viral populations to sequence analysis. Our
results showed that in these two cases the magnitude of viral diversity ndaasthe
infant was comparable to that present in the mother. Although we cannot exclude rapid

diversification in the infant after transmission, this observation is most camtsigth
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transmission of multiple variants from the mother.

In thirteen samples of cord blood, we observeddatliversity in cord blood
always reflected the infant viral population and not the maternal population. This
observation has practical implications as, in general, the study of earlyripddl¥t1 is
limited by the amount of blood available from infant heel-stick or blood spot
preparations. For children infected in utero, our finding mitigates this tiomtaas
milliliter amounts of cord blood are easily collected after delivery.

In summary, we observed that in a majority of the infants infected 1U we ettect
a single HIV-1 V1/V2 variant, while in a majority of the IP-infected im$awe detected
multiple variants in a study of the largest cohort of MTCT pairs published to dagee T
was also a trend for IP-infected infants to harbor more variants that wetetacted in
the maternal sample than IU-infected infants, resulting in undetectethalatariants in
approximately 50% of all infected infants. Building on these observations we egploit
the quantitative nature of the HTA, coupled with mathematical models, and found these
data do not support a stochastic or abundance-based model of subtype C HIV-1 MTCT.
Therefore, these findings argue for a mother-to-child transmission nmvdéling
selection or selective outgrowth. These results are similar to the subtgia B
published by Dickover and colleagues (37), thus extending the MTCT paradigm to

subtype C.
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Table 2.1 Participant Characteristics

tranzlr?:i]t-ters U MTCT IPMTCT P
(N=32) (N = 25) (N =23)
Maternal Age 23.5(16,31) | 24 (18,32) 25 (16,37 0.2
median, (range)
Maternal CD4 T-cells< N 0 0
200/L 9 (29%) 4 (16%) 13 (57%) 0.1
Duration of membrane " !
rupture (hrs.) median(IQR) 1(0.17, 4) 1.0(0.33,13) 1.8(0.1,25) >05
Gestation (weeks)
median(IQR)| 40 (38, 40) 38(37,39) | 38(36,40) | 0.01
Maternal HIV-1 RNA load
(copies/mL) median, (IOR) 49 (45,53)| 4.8(4.4,53) 53(4.9,55) 0.1
Maternal NVP dose taken 30 (94%) 24 (96%) 22 (96%) >0%5
Infant NVP dose taken 32 (100%) 25 (100%) 23 (100%) >B5
Primigravidae 9 (28%) 7 (28%) 2 (9%) 02
Spontaneous vertex 20(63%) 17 (68%) 18 (78%) | 0%
delivery
Maternal V1/V2 variants 3(2,4) 3(2,4) 4 (2,6) >0.5
Infant V1/V2 variants n/a 1(1,2) 2(1,4) 0.04
Infants initially infected 0 0
with a single V1/V2 variant n/a 14 (56%) 6 (26%) 0.05
Transmitted virus™
Only detected variants n/a 16 (64%) 9 (39%) 0.15
Any undetected variant 9 (36%) 14 (61%)

Data are n (%) unless listed otherwise.
1 NT sample was missing CD4 T-cell data
“Kruskal-Wallis test for equality of populations

8 Fisher's exact statistic
" One-way ANOVA

41U and 6 IP participants did not have materiiaload data
"Any detected includes pure populations of undetentaternal variants as well as mixtures of detected

and undetected maternal variants
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Figure 2.1 Heteroduplex Tracking Assaysutoradiographs of V1/V2 heteroduplex

tracking assays against plasma associated HIV-1 isolated from ardt@rpairs

(MIPS). Panel A shows examples of IU MIPs who transmitted a singenv@vHP:

345, 1040, 414), an undetected maternal variant (MHP:1485), a detected maternal variant
(MHP:345, 414), and a mixture of detected/undetected maternal variants (MHP: 896).
Panel B shows examples of IP MIPS who transmitted multiple variants
(MHP:158,312,2261,3663,3765), detected variants (MHP:312,377,3765) and mixtures of
detected/undetected (MHP:158, 3663). M=maternal plasma at delivery, N= infamgpla

at birth, Ful=infant plasma 6 weeks post-partum, Fu2= infant plasma 12 weeks post-
partum,*= single stranded probe.
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Figure 2.2 Phylogenetic Tree. V1/V2 sequences from two mother-infastvpaase

infants were infected intrapartum. A total of 24-30 V1/V2 env clones from each mother
and infant were sequenced, aligned using MAFFT, and used to build a maximum
likelihood phylogenetic tree. Maternal samples are represented bysqudrafant
samples are represented by circles (MHP 2017 = open shapes; MHP 3765+diied)s
Parenthesis represent the number of clones with identical sequences.
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Figure 2.3 HIV-1 envelope V1/V2 Variant Transmissidrhe proportional abundance

of each maternal V1/V2 variant was determined by the heteroduplex tradgag and
guantified by phoshorimaging. Graphed are the abundances of the transmitted versus
untransmitted variants in the A) IU mother-infant pairs, and B) IP mothantipiirs.
Transmitted variants that were undetected in the maternal viral populatierasggned

a relative abundance of 0.01. The solid horizontal line represents the median abundance
per groupHistogram of the probability of transmission obtained from random sampling,
for both C)IP and D) IU transmissions, we sampled from the variant distributions
described by the mothers’ HTAs according to their abundance in order to mimic a
stochastic transmission process. Shown are the summed log probabilities tfsadsMe

for 10,000 such samples. The probability of the observed data is indicated by & vertica
line. The fraction of the random samples attaining a probability equal tesdhéesthe
observed data is indicated.
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Figure 2.4: Umbilical Cord Plasma&utoradiographs of V1/V2 heteroduplex tracking
assays against plasma-associated HIV-1 isolated from mother-infantybaise infants
became HIV-infected: A) in utero, B) intrapartum. PA= probe alone, Matxnzte
plasma at delivery, N= infant plasma at birth, Ful= infant plasma 6 weeks posi-pa
cord= venous umbilical cord plasma, * = single stranded probe.
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Chapter 3

HIV-1 Subtype C env Diversity, Env Length and Glycosylation inin utero and

intrapartum Mother-to-Child Transmission

The following material will be submitted under the following authors:
Russell ES, Kwiek JJ, Keys J, Barton K, Mwapasa V, Meshnick S, and Swanstrom R
Table 3.1, 3.3 and Figure 3.1, 3.2 — Russell ES with help from Kwiek JK and

Barton K
Table 3.2 — Keys J

3.1 Introduction

The mechanisms of HIV-1 mother-to-child transmission (MTCT) remain unclea
Without intervention, 15-35% of infants born to HIV+ women will become infected
eitherin utero (IU), intrapartum (IP), or through breastfeeding. Short-course
antiretroviral treatment can reduce this incidence to 10-15%, and the combination of
elective cesarean sections, highly active antiretroviral therappARTA and formula
feeding can further reduce transmission events to <2% (92). Factors te&dteorith
increased transmission include higher maternal viral load, low CD4+ count, and some

coinfections (133). One part of understanding transmission is defining chstastef



viruses that initiate new infections, which could give insight as to how tranemissi

occurs and which steps are the most vulnerable targets for a new interventiotvihe H
Env protein gp120 is on the surface of the virus, and is likely to participate in
mechanisms of transmissiamnv gene diversity increases throughout infection (115),

with mutations selected in response to immune system pressure (54, 140, 156). Despite
the viral heterogeneity present within a chronically infected pregnant womaong s
genetic bottleneck occurs during transmission, and a homogeneous virus population is
often seen in vertically infected infants (5, 135, 154, 159). Multiple variants are also
transmitted, though in a minority of infections (129, 154, 164).

Viral characteristics have been identified that transmit more often in some
transmission studies. Differences in glycosylation sites and vataigdengths are
common within a single quasispecies. Sugars protect the envelope protein floydanti
recognition, and can become targets themselves (21, 141), while variable loops shield
epitopes critical for viral replication from neutralizing antibodies (40, 112, 123 date,
horizontal transmission has been more extensively studied than verticaligsing.

Shorter variable loops and fewer putative N-linked glycosylation sites (PMN@S3/

were seen in acutely infected subjects compared to subjects with chroniomfecti
studies of subtypes A and C, though not in subtype B (27, 35, 81, 83, 129). Less work
has been done in vertical transmission. In one study of subtype CRF_AE no déferenc
sequence length or glycosylation sites was seen, while another study faend fe
glycosylation sites in transmitted viruses of multiple subtypes (129, 160). Though a
genetic bottleneck occurs during both horizontal and vertical transmissioralcritic

differences in the biological circumstances for these transmissiedsige the ability to
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extend findings from one type of transmission to another. Maternal antibodies #uainst
infecting quasispecies are present in the infant, unlike in horizontal trarsmassd

may play a role in selection (13). Also, even within vertical transmissiopretites

have been seen in viral populations transmitted IU or IP (9, 37, 75), and also in
transmission rates by subtype (119, 161). Therefore, viral charactesfdtiaasmission
must be confirmed independently for different modes of transmission and subtypes.

In a previous study we used the heteroduplex tracking assay to assess viral
diversity in 32 non-transmitting women, and 25 IU and 23 IP transmitting mother-infant
pairs (75). We found that IU infected infants were more likely to harbor a homogeneous
viral population than infants infected IP, who also had more evidence of multipletvaria
transmission. Based on mathematical modeling of the data, we found that the most
abundant maternal plasma-associated variant was not detected in the intasftenps
indicating selection occurred at some point in the event.

In this study we reposenv sequence data for 10 IU and 9 IP MTCT pairs infected
with subtype C HIV-1. These data were obtained using single-genome aatiplifito
avoid artifactual recombination during the PCR amplification, thus allowing siaall
sequence linkage as it existed in vivo. Homogeneous viral populations were seen in 7
IU-infected infants and 5 IP-infected infants, while the remaining infanteWiaence of
multiple variant transmissions. We found that virus from infants infected IP, bubnot fr
infants infected U, have shorter variable loops and fewer putative N-linkedsyhation
sites than matched maternal virus over the V1-V5 region. The differencesnvali,
however, leaving the biological relevance unclear. We also saw evidendeatibseand

likely recombination occurring in the infant viral population over longitudinal samples,
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again with possible differences depending on transmission timing. Our data suggest
different prevailing mechanisms could drive MTCT depending on when the virus is

transmitted, with implications for vaccine design.

3.2 Materials and Methods

3.2.1 Study Participants

Plasma samples were collected as part of the Malaria and HIV-1 in Reggna
(MHP) prospective cohort (74, 75, 98, 99). The MHP study was approved by both the
Malawi College of Medicine Research Committee and the Institutional RBoawnd at
the University of North Carolina at Chapel Hill. Informed consent was obtaiosdét
participants.

Plasma was isolated from blood collected at labor-ward admission from the
women, from the umbilical cord, and from infant heel-sticks at three time-pwiitién
48 hours of birth, at 6-weeks, and at 12-weeks of age. Women and their newborn infants
received single-dose nevirapine according to the HIVNET 012 protocol (48). HIV
transmission from mother-to-infant was categorized by timing acaptdiBrysonet al.
(19) as follows: infants who were HIV-1 DNA negative by real-time PCR#86)and 6
weeks were defined as non-transmitters (NT); infants who were HIV-1 pisgAive at
birth were defined ais utero (IU) infections; and infants who were HIV-1 DNA negative
at birth and DNA positive at 6 weeks were defined as intrapartum infectiongJiNdn
these definitions it is impossible to distinguish between late in utero, irtrapand
early breastfeeding transmissions. Overall, 10/35 in utero and 9/39 intrapartum

transmission pairs were included in this study based on availability of theaplalsitity
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to obtain PCR products, and the confirmation of a phylogenetic linkage of matainal a

infant sequences.

3.2.2 Single-genome amplification

Viral RNA was isolated from plasma samples using the QIAmp Viral RNA
Kit (Qiagen, Germantown, MD, USA). The single-genome amplification (SGaihoal
for theenv gene was used for RT-PCR (128). Briefly, cDNA was generated using
Superscript Il Reverse Transcriptase and Oligo(dT) Primer, followdiNaseH
treatment (Invitrogen Corp, Carlsbad, CA). Eme gene was amplified by nested PCR
from the dilution of cDNA that resulted in approximately 30% positive PCR reactions.
These conditions ensure that the large majority of amplifications aegexitivith a
single template, and eliminates artifactual recombination during PCR&=twultiple

template sequences.

3.2.3 Phylogenetic Analysis

V1-V5 sequences were generated then manually edited and aligned using MAFFT
version 5.8, using the L-INS-i method (66). The alignment was converted to PHYLIP
format and a maximum likelihood phylogenetic tree was constructed usviyIPKb0)
with an evolutionary model determined by FindModel (www.lanl.gov). Trees were
resampled 100 times and bootstrap values greater than 70 were consideredrdigéfica
neighbor-joining tree including sequences from all pairs and consensus sequances fr

each subtype was constructed to assess quality control. Matched maternédrand i
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sequences formed monophyletic groups separate from the other pairs, alugtered

with subtype C sequences.

3.2.4 Statistical Methods

Sequence and glycosylation differences between pairs were cadicalat
hypotheses were tested using a linear generalized estimatingpad&atATA
Software), with standard errors calculated using robust varianosaésts. The
Bonferroni correction for multiple comparisons was used to determine p-value
significance.

To compare IU and IP maternal sequences to a dataset of subtype C chronic
sequences we pulled 10 sequences from the dataset of >1000 sequences with
replacement, calculated a mean for each population and variance, and theredagculat
difference in means between each population and corresponding variance. This was
repeated 10,000 times for each parameter and we obtained a bootstraped standard error
around the difference in means between chronics and mothers. The confidence intervals
were calculated using the bootstrapped SE to get bootstrapped CI's around taeagiffer
in means. Anything that crossed zero indicated that mean length was notalgtis

different between the two populations.

3.3 Results

3.3.1 Subject Characteristics
We amplified the entirenv gene (~2600 bp) and sequenced the V1-V5 region

(~1kb) generated from the blood for 19 mother-to-child transmission (MTCE) pbén
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infants were HIV+ at birth and classified as being infeatadero (1U), nine infants
were HIV- at birth but positive at 6 weeks and classified as being infettagartum
(IP). We amplified a median of 15 sequences (range 4-24) per subject. Clatrestafri

these pairs can be found in Table 3.1.

3.3.2 What Is the Complexity of the Transmitted Virus In Vertical Transmssion?

We and others have observed a severe genetic bottleneck during vertical
transmission (37, 75, 159). Here we confirm this observation in subtype C HIV-1
vertical transmission with sequence data. Using phylogenetic amaigsfound the
maternal viral population was more diverse than the matched infant population in all
transmission pairs (Fig. 3.1). We observed a homogenous sequence population in 70% of
infants infected IU, and for 56% in infants infected IP. All infant sequences doame
single viral lineage for eight 1U, and five IP transmission pairs (eglfp80, Fig. 3.1a),
though for one IU-infected infant, 3321, there is branching within that single lineage
from a putative recombination event (data not shown). Recent maternal infection is
suspected in pair 1585 suggested by few supported branches, and short branch lengths
with intermingled mother and infant sequences (data not shown). Thus, our data indicate
that a single variant was transmitted in more than half of IU and IP tissiempairs.

The remaining 7 infants (3 IU and 4 IP) had evidence of infection with multiple
maternal variants. In 5 cases we interpret 2 variants seeding the inf8dlibril851,
2570, 3321; 2 IP- 2038, 2684), and in 2 cases we interpret 3 variants (IP- 312, 819).
Sequences did not cluster on a single branch in these infants. Infants 1851 and 2570 had

identical infant sequence tree topologies, with all but 1 or 2 variants homogeneous on a
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single node, resembling single variant transmission (eg. pair 2570, Fig. 3.1b)thehile
remaining variants were found with maternal sequences in a separage.lifesa
mentioned above, 3321 has branching within a single infant lineage. We examined these

sequences using the Highlighter toelrw.hiv.lanl.goy and found evidence that the

5’end of the amplicon is the product of recombination with a second variant. Though the
second variant was not amplified from the maternal population, in that subject our
sampling gave a 95% chance to detect sequences that made up 33% or more of the viral
population. We conclude recombination occurred due to the identical pattern in 2
sequences, and the low probability that this new variant could have developed in the short
time of infection. From infant 2038 we amplified 2 distinct homogeneous populations, 1
population comprised 11/17 sequences, and the second comprised 6 sequences (Fig.
3.1c¢). This demonstrates our only case of multiple homogeneous variants making up a
significant portion of the viral population. In the other 3 IP pairs, 312, 2684 and 819,
there was significant branching within the infant sequences, often mingled atghnal
sequences and having low bootstrap values for nodes with infant sequences. We visually
inspected these sequences using the Highlighter tool and found evidence of
recombination (Fig. 3.2), though again, we did not amplify all parental variants. This
recombination could have occurred in the mother and the multiple recombined sequences
were transmitted to the infant, or, more likely, there could have been transmission of
multiple variants to the infant and early recombination events followed byigelect
amplification. Regardless of when the recombination occurred, these data indicate tha
minimum of 2 variants were transmitted. In cases where multiple varrants a

transmitted, their phylogenetic history can be quickly complicated by renatrdn and
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potential selective outgrowth. Overall, there is a significant reductionahgenetic

diversity after transmission from mother to child for both IU and IP pairs.

3.3.3 Features of the Transmitted Env Sequence

Infants infected IP had HIV-1 sequences that were shorter than the matched
maternal sequences and had fewer PNG sites over the V1-V5 region bbwever this
was not seen in the HIV-1 sequences of |U-infected infants. Maternal andsefpr@nce
lengths were grouped according to transmission timing and compared using a linear
generalized estimating equation with an exchangeable correlation.mafaxt
sequences were significantly shorter for IP (p<0.001), but not IU (p=0.409)mtsaien
pairs (Table 3.2). Maternal sequences from IP mothers were longer thafr¢inose
mothers raising the possibility that the IP mothers happened to represesecd bia
samples. But, based on bootstrapped SE (10,000 replications), neither the IU nor IP
maternal mean sequence length were statistically different betwe sample of
maternal sequences and a large database of sequences from individualahlighedt
subtype C infection (p=0.6 and 0.4 for IU and IP respectively). Therefore, we see
statistical differences in mother and infant V1-V5 sequence length iniiiRpbIU,
transmission pairs. Given the small size of the differences, the biologjndicsince is
unknown.

We determined the number of PNG sites in each sequence using the N-Glycosite
program (167). Over the entire V1-V5 region, there were significantlgrf®&MG sites
comparing sequences from IP mother-infant pairs (Table 3.2, p<0.001). Thicagpa

is driven by differences in V2 and V4. While there were no glycosylation siteehang
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IU transmission pairs overall, when analyzed by variable loop there wege $ees in

the V1 and V2 regions. This was countered, however, by a significant increase in
glycosylation sites in C3. Because of the high variability within V1/V2, including
insertions and deletions, we were unable to identify common sites that were logt, thoug
it could be possible that the overall number of sites in V1-V5 is more important than the
location of the lost sites. Thus, our data find that subtype C viruses with fewer N-linke
glycosylation sites and shorter variable loops are transmitted IP thoudh, ot |

whether the overall number is biologically important requires further testing

3.3.5 Earlyenv Gene Sequence Evolution In the Infant

Several mechanisms could caese gene diversity within the infant, including
recombination, neutral mutations, and selected mutations. We examirew our
sequences for evidence of each.

As discussed above, we inferred that recombination occurred prior to the first
positive time point in 3/9 IP and 3/10 IU-infected infants. Several identical seggie
were amplified in each infant population. Recombination was inferred when one or more
sequences had regions with identity to other infant sequences and regions with many
differences. We were unable to confirm recombination by statisti¢aldes to the
limited diversity between many of the sequences and because of linmneldtie
sampling, and also the absence of some parental sequences. An example ofrtds infe
recombination is in sequences from infant 312 (Fig. 3.2). Of the 18 sequences amplified
from the 6-week infant plasma sample, 12 are part of a homogeneous lineagel \Inf6-

The 6 other sequences have conserved mutations in the 3’ third of the V1-V5 region that
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are too numerous to be attributed to random mutations over 6-weeks¥mféwe
attribute these changes to a second variant that was transmitted and redowithitieze
major variant in this population. The argument for recombination is supported by the
detection of a second variant at the 12-week plasma sample that contains heathysal
3’ motif, and a distinct 5’ sequence (Inf12-l,m). We cannot rule out, of course, an
additional transmission event through breastfeeding of a maternal vaaantdtched

the exact 3’ sequence by chance, though this seems unlikely. Performing tysgsanal
all of the infant sequence populations, we infer recombination in 3 IU and 3 IP first-
positive infant samples.

The random incorporation of neutral mutations could also contribute to infant
diversity. We tested sequences from first positive time points for fit witheb&al
mutation model of horizontal transmission developed by Keele and colleagues 7). W
adjusted the model for sequence length, and tested it only against monopmgdatesi
within each infant. This model uses the fraction of identical sequences obtairtedeat a
point to predict the length of infection up to 50 days. This model does not incorporate
selection because horizontally infected adults should not have pre-existing immune
responses to HIV. Yet, infants have maternal antibodies that likely place the Exim prot
under selective pressure from the moment of transmission, thus the significamee of t
predictions is interpreted with caution. At 6-weeks, 3 of 9 IP-infected infamés we
modeled to be infected between 35-49 days prior, 3 predicted significantly feygsesfda
infection (6-18 days prior), and 3 significantly greater (>50 days- outsidadtel
prediction range). The model could be said to fit the data for 6 of the infants cthasifie

infected IP, including the possibility that one or more of the 3 infants with shorter
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predicted infection times were infected at a later time through bredstée In infants
infected 1U, the model predicts that 6 of 10 infants were infected within the lasy$0 da
of pregnancy, and 3 greater than 50 days prior to birth. Thus, based on the model
developed by Keele and colleagues, and considering the possibility of eastfdeding
transmission events in IP-infected infants, neutral mutations can accosanferearly
infant evolution.

We calculated the synonymous to honsynonymous substitution ratio (dS/dN) for
all infant populations using SNAP (71). Synonymous nucleotide changes do not result in
an amino change, while non-synonymous changes do. Where 2 variants were detected, a
separate dS/dN ratio was calculated for each lineage (Table 3.3). No d8éddould
be calculated for the sequence populations in the first times points of 3 IU and ZIP pair
because there were only non-synonymous mutations. The dS/dN ratios weral+1 for
calculated populations except the 12 week sample in infant 819. Values <1 would
indicate that evolution in the population is being driven by selection. Therefore, even
though only non-synonymous substitutions occurred in 6 viral populations analyzed,
dS/dN calculations do not support selection as driving diversity in the V1-V5 region of
infant sequences up to 12 weeks of age.

While protein selection may not drive diversity over the entire V1-V5 region,
many fixed and clustered mutations were detected in the infant populations. At the
second time point 5 IP infants had fixed mutations and all 4 IU-infected infants<kdd fi
mutations. We defined fixed mutations as changes from the infant consensus seen in
multiple sequences. Further evidence of selection is seen in 1 [U and 5 IP infant

sequence populations with different non-synonymous mutations at a single amino acid
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and/or glycosylation site. In infant 312 there are 3 sequence changes and 1 dalat®n (
fixed) in both 6- and 12-week sequences that all remove the same glycosyitiin

C3. These fixed and clustered mutations are likely due to selection by the higtofeve
maternal antibodies during the first 12 weeks, and possibly CD8+ T cellyaatigibme

infants (87).

3.3.4 Longitudinal Infant Evolution

Plasma was available from a second time point for 8 of 9 IP-infected iafaohi4
of 10 IU-infected infants. All but one of these samples were taken at 12 weekgyrtheref
6 weeks from the previous positive sample for the IP-infected infants, and 12 weeks af
birth for IU-infected infants. In 1 IU-infected infant, 2444, the 12-week sample@tas
available, and sequences were amplified from the 6-week time point.

We observed 4 phenomena in comparing the infant viral populations in
longitudinal samples. Populations were either similar, had evidence of rectioihina
had a new variant emerge, or had a significant shift in variant abundance. Using
phylogenetic trees, we found that 3 of 8 IP and 3 of 4 IU infants had viral populations
with little evolution between time points. Recombination was seen in 2 IP infants
between 2 variants sequenced at time one for infants 819 and 2684, and recombination
was seen with variants not previously sequenced in one additional IP infant, 312. A
second maternal variant not detected in the first time point was amplified &ek2
one lU-infected infant, 1551, and one IP-infected infant, 2909. Because our sensitivity
was ~25%, these variants that were detected at the second time point could have bee

present as minor variants at the first time points, or they could be the resgbd se
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transmission events through breastfeeding. In 2038 two variants were amplified at

first time point, with 11 and 6 sequences per variant. Both variants were agdiinedm

at 12 weeks, but only 1 of 22 sequences clustered with the second population (Fig. 3.1d).
This population shift was significant (38% to 4%; p < 0.01- Fisher Exact Test). Thus,
significant changes occurred over 6-12 weeks in more than half of the infant viral
populations, with recombination being likely in 3/8 IP but not observed in four 1U-

infected infants.

34 Discussion

We analyzed subtype C HIV-1 env sequences from the plasma of 10 IU and 9 IP
mother-infant transmission pairs. A severe genetic bottleneck during tsaismwas
confirmed in all pairs, and there were no significant differences inigetfeersity
between IU or IP transmitting mothers or infected infants, though thereeischin for
increased IP infant diversity. These data agree with previous studieshafr#tathild
transmission (5, 37, 129, 135, 154, 159).

In our previous study using samples from this cohort, we examined the diversity
of V1/V2 using the heteroduplex tracking assay (HTA) in 25 IU and 23 IP mothet-infa
pairs, as well as 32 women whose infants remained uninfected for 12 weeks. We
concluded that fewer variants are transmitted to infants infected 1U th{@B)IPNVe see a
similar trend in this study that includes fewer pairs, even considering thesdiffe
sensitivities of the methods used. HTA can detect variants as low as 2% in abundance,
while, with the average of 15 sequences per patient, this sequencing will deteaft 95%

variants with greater than 20% abundance. In the 3 infants (819, 2038, 2684) reported
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with 2 variants with >20% abundance by HTA (24%, 34%, and 20%, respectively), the
sequencing data showed a heterogeneous infant population. For all pairs where we
performed both the HTA and sequencing analysis, the number of V1/V2 variants is
similar. The sequence information in this study provides a significant amount of
additional data, including specific mutations, glycosylation sites, and inferdmmets a
recombination and evolution. Thus, these data build upon our earlier study.

We found evidence of heterogeneous viral populations in the first HIV+ sample
for 3 of 10 IU-infected infants and 4 of 9 IP-infected infants, 8/19 overall. Previous
studies using methods of similar sensitivities have been done looking at a a@milar
fragment. These studies looked at transmission of subtype A and CRFO1_AE and found
a heterogeneous infant viral population in 7/13 (4/6 1U, 3/7 IP) and 3/17 pairs (unknown
transmission timing), respectively (129, 154). There is no significant diffeiarmates
of multiple variant transmissions between our current study and these 2 previous studie
Thus, our data agree with previous studies of other subtypes on how often multiple
variants are transmitted in MTCT.

The reduction in sequence length and number of glycosylation site reported in
horizontal transmission have yet to be examined in subtype C vertical traiosmis
Fewer glycosylation sites and shorter variable loops encodexd imere found in
subjects recently infected through horizontal transmission with subtypes C(a@id A
35), though not with subtype B (67). It is hypothesized that variants with fewer
glycosylation sites and shorter sequences are often found in acute infectoseote
recipient has not yet produced an immune response, and these characteristics are

associated with sensitivity to neutralization (156). Because materrizb@iet are
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transmitted to the infant, this rationale would not be supported in vertical trarsmfssi
antibodies are indeed a driving force in this selection. In a study by Sanaseéra
colleagues of MTCT of subtype CRFO1_AE, no reduction in overall sequence length or
number of glycosylation sites was seen between 17 maternal and infant paits over
when stratified by transmission timing (6 1U, 11 IP) (129). Our report hatle subtype
C MTCT pairs, demonstrates differences in sequence length and number of ghaosyla
sites between mother-infant pairs, and between transmission timing groups. Though
statistically significant, the biological relevance has yet to berched. A closer
examination of the p-values slopes of the statistical models lends support to thatdea t
viral populations from infants infected IP with subtype C are different thamidJ, a
transmission events in other subtypes. For glycosylation sites, Sametegltatported
p=0.40 for IU, and p=0.31 for IP pairs. Our subtype C IU pairs look similar, p=0.331,
but not the IP pairs, p<0.001. Samleerat et al. did, however, identify glycosylt®n s
N301 and N 384 at the beginning of V3 and the end of C3, respectively, that appeared to
be enriched in the infant populations. In our study infants infected both IU and IP had
fewer glycosylation sites in V1/V2, but in V4 only IU infants had fewer sitess@ Hata
provide the preliminary data for a larger study to examine the overalleditfe in
glycosylation sites and the specific sites that are gained or lost betwgeker-infant
transmission pairs infected with different subtypes and at different times.

Significant changes occurred in infant viral populations in the first 12 weeks of
HIV-1 subtype C infection. These changes include neutral evolution, recombination,
shifts in abundance of variants, and possibly super-infection through breast milk. All of

these changes must be considered when devising new interventions to prevent
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transmission. If a single variant is seeding the viral population, but seddrabaal

variants are in the infants at low levels (which could be the source of new
recombinants/variants at 12 weeks), then the infant viral population may be more
complex than it appears. The complexity and characteristics of the tri@asmi

population could provide clues to mechanisms of transmission, and alter the approach to
prevention, including a vaccine or new drug development. Studies of large cohorts with a
deep analysis of the sequence population at early time points are needed.

We also saw examples of clustered mutations occurring in the infants, passibly i
response to CTL or neutralizing antibody responses. This was unexpected beeatise inf
immune responses are known to be very weak through this time (25, 87, 113, 138).
Additional studies with longitudinal sampling in pairs with known HLA haplotypes and
antibody specificities would lend insight into the source of these earlyisalegents.

We found that single and multiple variants of HIV-1 subtype C are transmitted
from mother-to-infant at approximately the same rate as horizontahissisn. We
also identified viruses with shorter sequence lengths and fewer glyoosdaes in V1-

V5 compared to the matched maternal sequences that were transmitted to irdated inf
IP, but not IU. Neutral mutations drive evolution in the infant populations over the entire

V1-V5 sequence, though selection does occur over small regions.
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Table 3.1 Patient Characteristics

Pair Maternal Maternal o No. No. 1st '\\;\?é:kz
Stl\ljl(lj—lyPID Vlrgcl)é_g;\d CD4 Count Transmission SMe?thgr]iles Po;g:qvueelnncfggt Infant
Sequences
1468 4.6 274 U 13 17 14
1551 4.7 360 U 13 12 16
1585 4.4 529 U 9 14 ND
1629 4.8 342 U 17 19 ND
1851 ND 761 V] 14 16 ND
2199 3.8 476 U 4 15 12
2444 4.8 511 U 18 11 16*
2570 ND 65 U 15 12 ND
2797 ND 399 U 19 21 ND
3321 ND 220 U 9 11 ND
312 5.3 180 IP 18 18 14
819 4.4 891 IP 5 16 23
874 4.9 228 IP 15 16 15
1100 54 127 IP 16 16 ND
1846 5.7 44 IP 19 24 12
1945 55 157 IP 14 19 17
2038 4.4 156 IP 8 21 23
2684 4.7 122 IP 15 14 11
2909 5.3 1092 IP 19 12 21

* Six-week sample
ND = no data
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Table 3.2 Mean sequence length and putative N-linked glveosvlation site differences between

mother-infant pairs.

U Transmission

IP Transmission

Seguence Characteristic N=10 pairs P-walue M=% pairs P-valus
Glyeosylation Sites, overall”
-0.2071 (0,209 0.34 1.4840 (0.2138) <0.001°
Sequence Length, overall®
-1.09 (1.32) 041 11.35 (2.546) 00015
VI1IAVE Glyeosylation Sites
(0.584 (0.096) <0.001% 0.459 (0.101) <0001
V12 Sequence Length
1768 (1.141) 0.12 7450 (1370} .o001¢
V4 Glyeosylation Sites
0107 (D.0716) 0,14 D11 (B.105) o001t
V4 Seguence Length
-0.933 (0.397) 0.02 2.26 (0.758) 0.003*
V5 Glyeosvlation Sites
-0.095 (0.0496) 0.06 00096 (0.042) 0.02
VS Sequence Length
0604 (0.267) o.02 -0.754 (0.609) 0.2z

" Infant subtracted from mother, mean (standard errar)

* Standard errors were calculated using robust variance estimators. A linear generalized estimating

cquation with an exchangeable correlation matrix was used for hypothesis testing.
¢ Statistically sipnificant using Bonferroni’s correction for multiple compartsons.
Bonferroni correction = o/ng for [P, BC =0.5/9=0.0055; for ILI, BC=0.05/10=0.005
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Figure 3.1 Representative maximum likelihood phylogenetic treesle€mpresent
maternal V1-V5 sequences, squares represent first positive infant sequedces, a
triangles represent second positive infant sequences. a. Pair 1100, b. Pair 2570, c. Pair
2038.
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Chapter 4

Broadly Neutralizing Maternal Antibodies in Subtype C MTCT

4.1 Introduction

Preventing mother-to-child transmission (MTCT) relies on long, expensige dr
treatments, cesarean section, and formula feeding of the infant (72). Thesgipne
methods are not feasible in most resource-poor areas of the world where MTCT
continues to infect 15-40% of infants born to HIV+ women (92). Less expensive short-
course drug therapies can reduce in utero and intrapartum transmission by,8@{70%
coverage and cost remain barriers, and these therapies do not prevent post-partum
transmission through breastfeeding. Breast milk infects 15% of infants bork'to Hl
women (39). Even if formula were acceptable, feasible, and affordable, foerdiad
cannot provide the protection from infectious diseases that breast milk can (29, 30, 147),
making breast milk or formula about equal in terms of infant morbidity and mortality i
resource-poor settings with high HIV-1 prevalence (28). Thus, interventions thét coul
protect the infant from HIV infection, yet still allow the mother to breadtfeeuld be
most desirable. While highly active antiretroviral therapy to the mothéddill this
role, there are also many unresolved issues with long-term drug admnionstirzcluding

the high expense, limited access, possible toxicity to the infant (148), and théoevolut



resistance (95). An effective vaccine given to pregnant women and infantdiatehe
after birth could protect the infant from MTCT, and possibly HIV transmissioliféor
Before a vaccine can be developed, however, it is necessary to determineisnes o
transmission, including how transmission is naturally prevented in the majonitiaofs.
If this mechanism were known, future interventions could elicit that protectioh in al
pregnant women and their infants, or bolster it in those for whom it is weak.

Neutralizing antibodies from the mother play a significant role in protecting
infants from pathogens (26), and are a likely candidate for a natural protection
mechanism against HIV infection (73, 100). Animal studies have demonstrated that
neutralizing antibodies elicited by a vaccine can protect infant macaquestaggction
or at least slow disease progression (152), while direct administration of tloggier
antibodies can block transmission (45, 116). Studies of mother-to-child transmission
have come to conflicting conclusions about the role of neutralizing antibodies (8, 9, 15,
49, 76, 134), though possibly for identifiable reasons. The breadth of the neutralizing
antibody response has been shown to depend on subtype (13), and differences in
neutralizing antibody levels can correlate with the timing of transomg8)). The fact
that many previous MTCT studies did not analyze considering these factors coald expl
at least part of the discrepancies.

Broadly reactive neutralizing antibodies that have been studied have the lowest
neutralizing activity against subtype C virus (11), though this data is biiddg biased
because most antibodies were originally isolated from subtype B idfegbgects. A
previous study found that sera from women infected with subtype CFR01_AE whose

infants were infected intrapartum had higher neutralizing antibody tgjarssd a viral
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isolate of the same subtype than women whose infants were infected in utero or who
remained uninfected (9). There were no differences in titer against 3 vleabsof

different subtypes. Comprehensive studies are needed to resolve these data and identif
common neutralization sensitive epitopes among all prevalent subtypes.

We correlated heterologous neutralizing antibody titers in sera fromaeg
women infected with HIV-1 subtype C with the infection status of their infant. &dom
were classified as non-transmitters and women who transmitted in utaetcapartum.
Titers were measured against virus pseudotyped with two neutralizationveesisittype
B Env proteins and two neutralization sensitive subtype C Env proteins, one subtype C
Env was generated from an isolate from the same country in which the sera we
collected. There was no correlation between heterologous neutralizing antibodgd
transmission status. These data demonstrate the difficulty in identitytgps C

antibodies with broad neutralizing activity even within the same subtype.

4.2 Materials and Methods

4.2.1 Patient Sera

Serum samples were collected as part of the Malaria and HIV in Predbartyy
(74, 75, 98, 99). Blood was collected from pregnant women upon admission to the labor
ward. Infants were tested for HIV-1 infection at birth, then again at 6 and 12 weéks. Al
available sera from women who transmitted HIV in this study were used in tlysianal
of neutralizing antibodies, and sera from 48 non-transmitting women were randomly

chosen from the study population.
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4.2.2 Envelope Clones

Envelope clones were chosen based on their known neutralization sensitivity and
subtype. SF162 is highly sensitive to neutralization. JRCSF was isolated frore@ subj
infected with subtype B and is known to be moderately sensitive to neutralization. TV-1
is a moderately sensitive subtype C Env. MW965 was isolated from a Malawiart subjec
infected with subtype C and was chosen for its relative sensitivity to neati@iz
(David Montefiori, personal communication). JRCSF and SF612 were obtained from the
AIDS Reference Reagent Repository, MW965 and TV-1 were generous giftfavid

Montefiori.

4.2.3 Pseudotyped Virus

Pseudotyped virus was made according to previously published protocols (93).
Briefly, 293T cells were plated on day -1. Tdm¥ expression plasmid amgenv pNLCH
backbone plus luciferase (a gift from Jerry Jeffrey) were cotraesfatto the cells on
day 0 using FUGENE 6 transfection reagent (Roche, Indianapolis, IN). On day 2

supernatants were harvested, centrifuged, and frozen at -80C in 1ml aliquots.

4.2.4 Neutralizing Antibody Assay

Neutralizing antibody assays were performed as described (93). Visieidad
to serum dilutions (1:20 and higher) and incubated &€ 3/After 1 hour TZM-bl cells
were added. Two days later the cells were washed with PBS and lysed wsiegase

Reagent (Promega Corporation, Madison,WI). Plates were read on a luminometer.
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Titers are reported as the highest dilution with greater than 50% inhibition ctivitfe

as compared to a no-serum infection within the same experiment.

4.2.5 Statistics
Titers were compared with the Kruskal-Wallis statistic using Pris@rdphpad

Software, Inc.).

4.3 Results

4.3.1 Subjects
Serum was obtained from HIV+ pregnant women in labor in Blantyre, Malawi.
Women were considered non-transmitting (NT) if their infants were unedexttbirth
and 6 weeks. Women were classified to have transmitted in utero (IU) if tlagitsanf
were HIV+ at birth, and transmitted intrapartum (IP) if their infantsew#iv/- at birth
and positive at 6 weeks. Sera from 48 NT, 21 IU, and 20 IP women were available for

this study.

4.3.2 Heterologous Neutralizing Antibody Titers

Each serum was tested for neutralizing antibody activity against virus
pseudotyped with 4 heterologous envelopes, 2 subtype C and 2 subtype B. TV-1is a
moderately sensitive subtype C Env. Median neutralizing antibody titerssingfar for
all transmission modes against this Env, NT, IP = 80, IU = 40 (p=0.30, data not shown).
MW965 is a neutralization-sensitive subtype C envelope isolated from a Malaw

subject. Women in this cohort are all likely infected with subtype C (unpublished data)
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making MW965 a heterologous virus of the same subtype. Median neutralizing antibody
titers were the same for women of all 3 transmission groups, NT, IU, and IP =180 (p =
0.7) (Figure 4.1a).

SF162 is a subtype C Env and is highly sensitive to neutralizing antibodies, and
median titers were not different against this virus, NT, IU, and IP = 10 (p=0.7hatata
shown). JRCSF is a moderately neutralization sensitive subtype B envelopan Medi
neutralizing antibody titers were also similar for JRCSF (NT=60, IU=€120; p =
0.4) (Figure 4.1b). Thus, neutralizing antibody titers against a heterologousf\ings
same, or different, subtypes did not correlate with transmission or transmissia af

subtype C HIV-1 from mother-to-child.

4.4 Discussion

Limited data are currently available to give insight into the role wfrakzing
antibodies in mother-to-child transmission for relevant subtypes due to a lack of
appropriate samples. In this study we tested for a correlation betweesr-tosthild
transmission of subtype C HIV-1 and heterologous neutralizing antibodyntgera
from 48 non-transmitting (NT), 21 in utero transmitting (IU), and 20 intrapartum (IP)
transmitting women. We found no differences in titer against a virus pseudotyped with a
heterologous subtype C envelope, or of a subtype B envelope.

Conflicting results have been found in studies correlating mother-to-child
transmission and heterologous antibody responses (9, 15, 23, 49, 136). Many studies
have been small, from women infected with a variety of subtypes, and have not deparate

transmission events by timing. A comprehensive study by Barin et al. &) sssa
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from 62 NT, 11 IU, and 17 IP women, 81 of whom were infected with HIV-1 subtype
CRFO1_AE, against 4 heterologous viruses. The 4 viruses were of subtypes CRF01_AE,
B, F, and CRF02_AG. They found that women whose infants were infected intrapartum
had significantly lower neutralizing antibody titers to the CRFO1_AE pseuddiians

NT women or women whose infants were infected IU. They also found that there was no
correlation between neutralization and transmission status against th2 oifuses of
different subtypes. Thus, in their study, lower titers of heterologous antilzmfesst

virus of the same subtype correlated with IP transmission, while there were no
correlations with the titer of antibodies against viruses of different subtypése study
reported here, however, we found no association between heterologous NAB titer and
transmission for either the subtype C or subtype B pseudotyped viruses welassaye
These results could be related to a reported lack of NAB breadth in subtypet@msfe

(81). It could also be the case that a correlation would be seen against an Env protein
from a different isolate. Regardless, unlike a similar study of womerteafeath

subtype CRFO1_AE, we found no difference between neutralizing antibody titera of ser
from NT, IU, and IP women infected with subtype C HIV against heterologousofirus

the same subtype.

In this study we explored the relationship between heterologous neutralizing
antibodies and mother-to-child transmission of subtype C HIV-1. We found no
association between heterologous NAB titer and transmission, unlike has beeiitlseen w
other subtypes (9). These results further highlight the importance ofaleseathe

prevalent subtypes of HIV-1. Subtype C currently causes more infections thatihan
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subtype (149), yet the least is known about how to neutralize it (11). Further work should

identify epitopes common among subtype C viruses that are susceptible to ratianaliz

4.4 Future Directions

Autologous neutralizing antibodies have been shown to protect infants from
MTCT, particularly for IP transmission. In one study by Wu et al (160) tiherrdted
viral variants were more resistant to maternal NAB than untransmittegmabvariants
in infants infected IP with subtypes A, C, or D. This demonstrates that infargs wer
protected from neutralization-sensitive variants. Another study found that low
autologous NAB titer in women infected with subtype B correlated withdhstnission
when compared to NT and IP women (36). Thus, neutralizing antibodies are able to
protect infants from infection with viral variants that are sensitive to thegméies.

In the future we will examine the ability of autologous NAB to protect infants
from infection in a subset of pairs from the MHP study. We are currently clemng
genes from viral RNA isolated from IU (n=10) and IP (n=6) transmissais.p These
clones will be used to make pseudotyped virus and will be tested for sensitivity to
heterologous sera and monoclonal antibodies. These assays will determine whethe
transmitted variants are inherently more resistant to neutralization thenetanaternal
populations. The pseudoviruses will also be tested against autologous maternal sera.
We hypothesize that in this relatively large number of subtype C MTCT painsliwe
find that IP-infected infants are protected from infection with viruses thageansitive to

autologous neutralizing antibodies.
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Figure 4.1. Lowest titer of maternal serum with > 50% inhibition of infegtiiNT =
non-transmitting women. Median titer denoted by line. a. Titer against virus pseudo-
typed with subtype C Env MW965. b. Titer against virus pseudotyped with subtype B

Env JRCSF.

79



Chapter 5

Diversity in env during HIV-1 Subtype C Mother-to-Child Transmission

51 Introduction

HIV mother-to-child transmission (MTCT) through breastfeeding is redpens
for one third to one half of infections in infants in Sub-Saharan Africa, where 90% of
HIV infected children live (149). Short-course drug regimens, which can reducedn ute
(IV) and intrapartum (IP) MTCT from 15-25% to approximately 10% (92), aremily
recommended for HIV+ pregnant women in regions where HAART, electivecegsar
section, and formula feeding are not feasible or safe. These regimens, howatté, do |
to reduce transmission through breastfeeding, which infects approximatelgf15%
infants born to HIV+ women (39).

New interventions are needed that can be applied in developing countries, yet this
is difficult because little is known about the mechanism(s) of transmission. The ora
cavity and gastrointestinal tract of breastfed infants come into freqoietaict with viral
particles each day from both cell-free and cell-associated HIV-1 (79, 101, 1i@erH
concentrations of HIV in breast milk correlate to higher rates of trasgmni (123, 124).

Common hypotheses for transmission routes include breaches in mucosal surfaces,



transport across M cells, or indirect infection of epithelial cells (108).fadig¢hat 85%

of infants remain uninfected despite ingesting large amounts of HIV-infected tmidas
indicates the inefficiency of the transmission process and highlights the neeahéctioef
mechanism of transmission and the usually protective mechanisms that preclude
transmission (55, 151, 153). This work so far has pointed to several protective innate
immune factors against HIV-1 infection in vitro and in vivo, , many being natural ligands
for the HIV coreceptors CCR5 and CXCRA4, while other factors may increasganfec
(41). The acidic pH of the stomach (132), and the presence of anti-HIV factonsan sal
(143) may also play protective roles. Studies must now begin to determine whether
transmission is a result of a random virus breaking through these protections kg, dhanc
there are specific viral characteristics that evade protection menis or a combination

of these or other factors.

There are limited data on the characteristics of virus transmitted throug
breastfeeding, and much of what is known has focused on small regmvsamid/or the
characterization of only a few sequences from each sylyject 155), though a genetic
bottleneck has been observed. Studies of in utero and intrapartum transmission have
shown differences in the characteristics of transmitted virus if the inftndected in
utero or intrapartum (37, 75). In addition, studies of horizontal transmission have
demonstrated differences in viral characteristics of transmitted sideggnding on the
infecting subtype (27, 35). In subtypes C and A viruses with fewer glycosytates
and shorter lengths (i.e. more ‘compact’ viruses) are transmitted, though abtyipesB

transmission events. Viral characteristics during breast milk tragismisf subtype C
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should also be determined in order to understand whether interventions for prevention of
transmission would likely be effective for all modes of MTCT and all suktype

In this study we amplifiednv from 3 HIV+ mother-infant pairs where the infant
was infected through breast milk. We sequenced gp120 and found heterogeneous viral
populations in the mothers and relatively homogenous populations in the infants. In two
infants we found evidence of single variant transmission, while multiple varianés w
transmitted to one infant. Infant sequences had fewer N-linked glycosylétiemsd
shorter sequences than maternal sequences. Though the study is small,uheseaes
consistent with selection for virus with shorter variable loops and fewer glgtos

sites during transmission of HIV-1 subtype C from mother-to-child throughtbrei&s

5.2 Materials and Methods

5.2.1 Study Participants

Plasma samples were collected as part of the Malaria and HIV-1 in Reggna
(MHP) prospective cohort (74, 75, 98, 99). The MHP study was approved by both the
Malawi College of Medicine Research Committee and the Institutional RBoawnd at
the University of North Carolina at Chapel Hill. Informed consent was obtaonexd f
participants.

Plasma was isolated from blood collected at labor-ward admission from the
women, from the umbilical cord, and from infant heel-sticks at three timespaiithin
48 hours of birth, at 6-weeks, and at 12-weeks of age. Women and their newborn infants
received single-dose nevirapine according to the HIVNET 012 protocol (48). HIV

transmission from mother-to-infant was categorized by timing wheaiatsfvho were
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HIV-1 DNA negative by real-time PCR (86) at 0 and 6 weeks, then positive at 12 weeks

were classified as infected post-partum through breastfeeding (BF).

5.2.2 Single-genome amplification

Viral RNA was isolated from plasma samples using the QIAmp Viral RNA
Kit (Qiagen, Germantown, MD, USA). The single-genome amplification (SGaihoal
for theenv gene was used for RT-PCR (128). Briefly, cDNA was generated using
Superscript Il Reverse Transcriptase and Oligo(dT) Primer, followdiNaseH
treatment (Invitrogen Corp, Carlsbad, CA). Hmg gene was amplified by nested PCR
from the dilution of cDNA that resulted in approximately 30% positive PCR reactions.
These conditions ensure that the large majority of amplifications aegexitivith a
single template, and eliminates artifactual recombination during PCRdretweltiple

template sequences.

5.2.3 Phylogenetic Analysis

Sequences were generated then manually edited and aligned using MAFFT
version 5.8, with the L-INS-i method (66). The alignment was converted to PHYLIP
format and a maximum likelihood phylogenetic tree was constructed usivilgiPiith
a HKY85 evolutionary model (50). Trees were resampled 100 times and bootstrap values
greater than 70 were considered significant. A neighbor-joining tree inclselqugences
from each pair was constructed to assess quality control. Matched matermdhand i

sequences formed monophyletic groups distinct from the other pairs. Pairwise
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comparison diversity was calculated within lineages with Molecular Evolugionar

Genetics Analysis software (MEGA 4.0) using the Kimura-2 parameter.

5.2.4 Statistical Methods

Values were compared using the Wilcoxon matched-pairs signed rank test.

53 Results

5.3.1 Subjects

Plasma samples were obtained from 3 mother-infant pairs where infants were
HIV negative at birth and 6 weeks, and HIV positive at 12 weeks. Transmission was
classified as having occurred post-partum through breastfeeding (Bigle-§enome
amplification was used to obtain 1638/ gene amplicons from mothers and infants.
Phylogenetic linkage of the viral sequences from the mother and infant pairs was

confirmed using a neighbor-joining tree (data not shown).

5.3.2 Genetic bottleneck

A genetic bottleneck was observed between maternal and enfapopulations.
Pairwise diversity was calculated for each viral population. All mateopulations
were more heterogeneous than the paired infant populations by pairwise comparison,
consistent with a bottleneck (Fig. 5.1). Sequences were next analyzed usingimaxi
likelihood phylogenetic trees and the Highlighter tool (www.lanl.gov). Infagtiences
formed a single lineage with no intermingled maternal sequences in pairs 1266 and 1677,

likely representing transmission of a minor maternal plasma varianty2igr-c).
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Because we sequenced an average of 17 magerngénes, we have 95% confidence we
sampled variants that comprised >18% of the maternal population. These minosvariant
detected in the infants could be maternal variants comprising <18%, or they could be
viral variants compartmentalized in the breast milk. In pair 1266 all infant seggie
form a single lineage, but one maternal sequence has continuous sequence identity wi
the infant sequence over 50% of the lengtanef likely indicating recombination
occurred between the similar maternal sequence and an additional unampliaetl vari
This is further evidence that this variant exists in the maternal plasma fapuddbeit
at a low frequency. Thus in 2 of 3 BF mother-infant pairs we found that a single variant
was transmitted to the infant, and this variant did not represent a majority chtieah
plasma viral population.

In the remaining mother-infant pair there is evidence for the tranemistat
least 2 variants. In pair 942, all infant sequences were found in a singlelthatiglso
had 2/19 maternal sequences intermingled (Fig. 5.2a). Examining these sequtbnces w
Highlighter, 14/17 infant sequences were nearly identical and were distinct f
amplified maternal sequences (Fig. 5.3a). The remaining 2 maternal sexjaadcl
infant sequence were more similar to the majority of the infant sequeacethéhother
maternal sequences, but had numerous common differences from the infant consensus.
The final infant sequence appears to be a recombinant of the infant consensus and minor
infant variants. Because we used single-genome amplification, this rectiotbaaent
could not have occurred during PCR, and we propose recombination within the infant as
the likely source between 2 different sequences. Both sequences could have égnsmitt

to the infant during the same transmission event, or through 2 separate events. Thus, our
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data indicate in 1 of 3 BF transmission pairs, 2 closely related variantsraesmitted,

one of which was also detected in the maternal population.

5.3.3 Viral Genetic Characteristics

We compared the number of glycosylation sites and sequence length between
mother and infant viral populations. Previous work has shown more ‘compact’ viruses
with fewer glycosylation sites and shorter variable loops are trandrditteng horizontal
transmission of subtype C (35), and during IP vertical transmission (our unpublished
results). These differences were seen over the entirgene in all three pairs (Fig. 5.4),
though not for each variable loop between sequences from each pair (data not shown). |
this data set we found fewer glycosylation sites and shorter variable loops in BF
transmitted subtype C variants. The small sample size of this initial gtedudes a test

for statistical significance.

5.3.4 Selective Pressure in Infant

Keele et al. (67) recently created a neutral model of HIV-1 sequencei@wvolut
through the first 50 days of infection. This model is based on early sequence data from
subjects infected through horizontal transmission. We tested this model against
sequence data from infants who had tested HIV-1 negative 42 days prior to the positive
sample (i.e. 6 weeks after birth). According to the model, with an infection of 42 days or
less, >60% of sequences should be identical. Infants in this study had 33, 7, and 20%
identical sequences (942-major lineage, 1266, and 1677, respectively). According to this

model, the infants have more sequence heterogeneity than would be accounted for by
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random neutral mutations. If we extend the model beyond 50 days it would predict
infection times of 99, 238, and 136 days in these infants, respectively. These infection
times are extremely unlikely given the additional HIV negative resulistht and

therefore suggest selection occurred in these infants. Because mateboaiestre
transmitted to infants through breast milk, this could alter the pattern of evoluton i
vertically infected infant compared to that of horizontally infected subjdétsvever,

the mutations in the infant sequences do not cluster within variable loops, and are in fact
often in gp41 (Fig. 5.3a-c). This region is not targeted by antibodies as often as variable
loops, thus this could demonstrate cytotoxic T-lymphocyte selection. Sites of enultipl
mutations can be located in areas of high CTL selection. We are unable to confirm
specific epitopes because the HLA type of these women and infants is unknown.
Therefore, unlike subjects infected through horizontal transmissieisequences from
infants infected through breast milk show evidence of selection within the firs¢ksw

of infection, and this selection may be more consistent with cytotoxic T-lymm@socyt

rather than maternal antibodies.

54 Discussion

In this study we analyzeshv sequences from 3 mother-infant pairs where HIV-1
subtype C was transmitted through breastfeeding (BF). Similar to previous sifiotie
utero and intrapartum transmission from mother-to-child (129, 154), and one study with
limited subtype A sequence data by Rainwater et al. (117), we saw a\stedrggnetic
bottleneck in all three pairs. For the pairs described herein, pairwise givessit

considerably less for the infant, as compared to maternal, sequences foiirall 3 pa
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Recently, large studies have determined the likelihood of transmission of multiple
variants in horizontal transmission (2, 67), along with smaller studies in Vertica
transmission (37, 129, 154). These studies all have similar results, where they o&jor
recently infected subjects have a viral population containing a single variarg, whil
approximately 20% have multiple variants. Even with our small dataset we rhesar t
results, two variants were detected in 1/3 infants, while only one variant watedete2
infants.

The presence of multiple variants in the infant could represent separate
transmission events, or multiple variants transmitting as part of the samte évthe
infant described the two variants are similar yet transmitted from e diogrse maternal
viral population, therefore multiple transmission events would indicate a strectjcel
for similar characteristics (either during transmission or throughtseemmplification in
the infant), or a dramatically different viral population in breast milk compared t
plasma. No studies have definitively compared viral populations in plasma and breast
milk, and the small studies that have been published are conflicting (10, 53, 65). More
data are needed to determine the relationship between maternal plasma stndilikrea
viral populations.

Sequences from infants had fewer N-linked glycosylation sites and shorter
variable loops than matched maternal sequences. Other studies of subtype C and A
horizontal (27, 35), and subtype C IP (our unpublished results) transmission have
identified this selection for shorter variable loops and fewer glycosylsitiess Here we
extend this finding with a trend in 3 subtype C BF transmission pairs. No published

studies have examined loop length and number of glycosylation sites in BF tsaosmis
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Research has recently begun to focus in more detail on BF transmission, amdaldditi
studies with large numbers of pairs covering all relevant subtypes willuilypeé
completed to fully characterize the BF transmitted virus. A better undeirsgest what
mechanisms drive BF transmission and shared traits of viruses seedingfzatitenis
would help in developing new interventions.

Early sequence changes in the infant viral population may also provide clues to
what immune pressures are present and/or absent. New interventions could bolster
immune responses naturally present, and perhaps activate deficient responses. In
horizontal transmission of HIV-1 the virus recipient immune system is naivB/{dohit
has a functional, developed immune system. Infants receive maternal astibooligh
the placenta and breast milk, yet new infant responses are slower to 426v&eé). We
analyzed infant sequences using a neutral evolution model developed from subjects
horizontally infected with HIV-1. Sequences from these infants infected thi®Edad
more heterogeneity than could be accounted for by random neutral evolution. Thus, we
conclude that selection is occurring in these infants within the first 42 dayecion.

If this selection was due to maternal antibody selection, mutations would ligstgrcin

the variable regions @hv. Mutations instead often clustered in gp41 near known CTL
epitopes. Not knowing the HLA type of these subjects we cannot confirm CTL escape,
but it raises an interesting question for future study. Additional longitudindies of

larger numbers of subjects could be done to characterize early infant responses and
sequence evolution to determine the source of this diversity.

In this study we analyzeshv sequence data from 3 HIV-1 subtype C

breastfeeding transmission pairs. A strong genetic bottleneck took placg duri

89



transmission, even when multiple variants were transmitted. Transmittadtsdrad
fewer glycosylation sites and shorter sequences than the average ofdhemat
population. We also saw evidence for selective evolution in these infants, perhaps as
result of cytotoxic T-lymphocytes. Thus, we present data for selection during both

transmission and early evolution in these 3 infants.
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Figure 5.1 Pairwise comparison of maternal and infant sequence populations.
Error bars indicate standard deviation.
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Chapter 6

Concluding Remarks

Chapters 2 and 3 demonstrate a bottleneck in genetic diversity in mother-to-child
transmission (MTCT) of subtype C HIV-1. The common hypotheses proposed for this
bottleneck are: random (stochastic) transmission based on abundance in the maternal
population, selective transmission from the mother, and selective amplification i
infant.

In chapter 2 we used abundance data to model stochastic transmission and found
that infants were too often infected with a minor maternal variant for thessntission
events to be random. While this conclusion is robust if the source population of the
transmitted virus is the same as that of blood, compartmentalization of viraitgania
the placenta could alter these results and support transmission as a stoohatstime
order to understaniah utero (IU) and intrapartum (IP) transmission events there is an
urgent need for data about how HIV-1 interacts with the placenta, and in turn how these
interactions affect transmission. The placenta is home to unique cell bgpans a
abundance of immune cells, cytokines, and chemokines. This environment could result
in HIV-1 compartmentalization, could effectively control replication, or coesdlt in
less control of the virus due to a skew towards tolerance. Elucidating theaetiotes

may provide clues for new transmission interventions.



Chapter 3 showed evidence for intrapartum, butmotero transmission of
viruses expressing Env proteins with shorter variable loops and fewer glymosgites
(i.e. more ‘compact’ viruses). While these differences were only statigtsignificant
for IP pairs over the entire V1-V5 sequence, similarities were seen ificfmaps. For
instance, there were fewer glycosylation sites in V1/V2 for both routes of tisaism
Perhaps it is actually the reduction in V1/V2 glycosylation sites thatsadfe advantage
during transmission or amplification in a new host. Or fewer V1/V2 sites could offer
better replicative fitness in the infant, and sites in other regions may tesirela
transmission timing. In order to fully characterize the role of viral chexiatics in
transmission, large studies including multiple subtypes should be carried watiamts
with fewer glycosylation sites in V1/V2 are selected for growth in theairgapulation,
antibodies targeting exposed epitopes in this region given to the mother magdhigeeff
for prevention or better control of the infection. If C3/V4 exposure is needed for IP
transmission, antibodies to this region in the mother during labor and delivery could
reduce transmission. A better understanding of viral characteristics wouldgtbgse
clues.

In chapter 5 we suggested more compact viruses are transmitted in MTCT
through breastfeeding. Because the median sequence length and number of gbytosyla
sites was reduced for 3/3 pairs with larger differences than IP pairsetbddion has the
chance of being more dramatic than for IP transmission. The limited numbersof pair
precludes our ability to draw solid conclusions. Short-course antiretroviral ¢inoggh
costly, do reduce IU and IP transmission significantly. In a setting wheasstbmilk is

the only option for safe infant feeding, antiretroviral drugs would be needed likely for
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least six months and possibly up to two years. This cost is problematic and coverage
would be even more difficult to expand than it has already been shown to be for short-
course treatments. For these reasons it is important to dramaticalhdekpasery small
amount of information that is known about virus transmitted through breastfeeding,
hopefully to give insight into mechanisms of transmission. With appropriate seggenci
of cell-free and cell-associated HIV-1 in breast milk and blood, the sour@nefttitted
virus could be determined. Once the source of the virus is determined, specific
mechanisms for transmission could be tested in animal models. Drugs could then be
developed to give infants before each feeding, or a filter could be placed overatste bre
with binding specificity for a cell type or viral characteristic. Withoutwisalge of
mechanisms the only options for preventing transmission through breast milk will
continue to be prohibitively expensive drugs and unsafe formula feeding.

In chapter 4 we found no association between broadly reactive neutralizing
antibody titers and 1U or IP transmission. Neutralizing antibodies arenth&mown
immune response that could be cultivated in a vaccine to provide sterilizing immunity.
Neutralizing antibody epitopes common across subtypes have not yet been djentifie
though whether this could be because most studies have examined only subtype B
epitopes and not because they do not exist. Future studies need to identify conserved
epitopes important to all relevant subtypes. If these epitopes can be identifiedawor

begin to find immunogens for vaccines that elicit neutralizing antibodies to iteese s

6.1 Future Studies to Correlate Neutralizing Antibody Sensitivity wih

Transmission
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We are currently gathering data toward this goal by cloning mothentardenv
sequences from 10 IU and 6 IP transmission pairs and testing these envgdopss a
autologous maternal sera. The pseudoviruses will also be tested against a panel of
heterologous monoclonal antibodies and patient sera to determine their genatality
to neutralization. The results of this study will determine if virus is abl@ansmit from
mother-to-infant in the presence of neutralizing antibodies (either in tlegmabor
infant blood), or if only escape variants are able to seed infant viral populationdl. It wi
also show if escape viruses are inherently difficult to neutralize or i&pstteir ability
to escape is a result of poor immunologic control (which could also be correlated wit
epidemiological data from the mothers). This study will also show differiridyadifi
neutralizing antibodies to block the transmission of sensitive virus depending on the
timing of transmission, as has been suggested elsewhere (discussed in 1.4 &)l This
be the largest comprehensive study to date with the ability to correlataliotbgous
and heterologous neutralizing antibody sensiti\aty, sequence, and transmission status

in subtype C mother-to-child transmission pairs.
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