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Abstract

The overarching aim of this thesis was to study the evolution of HIV-1 in response to
host pressures. The main data chapter comprises a detailed HIV-1 transmission study
where we identified a putative case of X4 HIV-1 transmission from a CCR5-wt/wt donor
to a recipient homozygous for the naturally-occurring 32 base pair deletion in the CCR5
gene (CCR5-A32/A32). This rare genotype confers resistance to infection by CCR5-
using (“R5”) HIV-1 strains not CXCR4-using (“X4”) strains. Using ultradeep sequencing
and phylogenetic analysis, we estimate the number of founder viruses that established
infection in both donor and recipient (one in each case), reconstruct their sequences,
and study within-host HIV-1 evolution and coreceptor usage. Notably, results suggest
that HIV-1 infection in the recipient was initiated by transfer of an infected cell (i.e. not a
virion) from the donor, and reveal differential HIV-1 evolution in both members of the

pair.

Keywords: HIV-1, evolution, next-generation sequencing (NGS), ancestral
reconstruction, CCR5-A32/A32, transmission
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Chapter 1.

Introduction to HIV-1

1.1. Introduction

Human Immunodeficiency Virus Type 1 (HIV-1), the causative agent of Acquired
Immunodeficiency Syndrome (AIDS), was first identified as a novel pathogen in 1983
[1,2]. To date, a cumulative total of 74 million people have been infected with HIV-1 [3].
A total of 39 million have died, and approximately 35 million currently live with HIV-1 [3].
More than half of HIV-1 infected persons globally reside in Sub-Saharan Africa [3]. In
North America, an estimated 1.3 million individuals were living with HIV/AIDS in 2013 [4].
In Canada, an estimated 72,000 individuals are HIV-positive, with 25% of these

individuals unaware of their HIV status [4].

1.2. Discovery

The first cases of the syndrome later to be known as AIDS were reported
between October 1980 and May 1981 in Los Angeles, USA when two young
homosexual men were diagnosed with Pneumocystis carinii pneumonia (PCP), a rare
form of pneumonia [5]. In the following months, the U.S. Centers for Disease Control and
Prevention (CDC) reported additional cases of PCP, Kaposi’s sarcoma (KS) (a rare skin
cancer), and other rare opportunistic infections appearing primarily in men who have sex
with men across the United States [6]. Most of these patients died shortly thereafter. The
same syndrome was subsequently identified in heterosexual Haitian immigrants,
injection drug users, and hemophiliacs, suggesting a blood borne pathogen [7,8].
Analysis of blood cells from persons with AIDS revealed low numbers of CD4+ T-cells,

an observation that provided the first clue that the etiologic agent damaged the immune



system [9]. In 1983, two separate research teams, led by Dr. Robert Gallo of the
National Cancer Institute in Maryland, USA and Dr. Luc Montagnier of the Pasteur
Institute in Paris, France reported the discovery of a novel retrovirus that infected T cells
in AIDS patients [1,2]. Originally classified as the third member of the Human T-
Lymphotropic Virus (HTLV) family [1,2], this novel retrovirus was later determined to be
a member of the genus Lentiviridae belonging to the Retroviridae family and given the

name Human Immunodeficiency Virus (HIV) [10].

1.3. Origin and diversity

HIV originates from zoonotic transmissions of Simian Immunodeficiency Viruses
(SIV) that are found in non-human primates [11]. HIV is one of the most genetically
diverse pathogens known and can be classified into two types, HIV-1 and HIV-2. HIV-1
is further classified into four groups: M (main), N (non-main), O (outlier), and P [12-14].
HIV-1 groups M, N, O, and P as well as HIV-2 strains each originate from a separate
zoonotic transmission from a non-human primate host harbouring a species-specific SIV
infections. All of these cross-species transfers occurred over the last century [11]. There
are over 45 variants of SIV [15], each infecting a specific nonhuman primate species
[16,17]. Using phylogenetic methods, it has been inferred that three of these -
specifically, SIV infecting chimpanzees (Pan troglodytes troglodytes; SIVcpz), gorillas
(Gorilla gorilla; SlVgor) and sooty mangabeys (Cercocebus atys; SIVsmm) were
transferred to humans. HIV-1 group M and N are most closely related to SIVcpz [18],
HIV-1 group O and P likely originated from SIVgor found in south-western and central
Cameroon respectively [14], and HIV-2 can be divided into 8 groups (A-H) each arising
from a separate zoonotic transmission event from contact with Sooty mangabeys
infected with SIVsmm. HIV-1 group N, O, and P account for approximately 100,000
infections globally [14], whereas HIV-2 accounts for approximately 1-2 million infections
in western-Africa with few reported cases globally [19]. These will not be discussed

further here.

HIV-1 group M strains are the most genetically diverse and widespread globally
and are responsible for the HIV pandemic [11]. HIV-1 group M can be further subdivided
into 9 distinct subtypes (A, B, C, D, F, G, H, J, and K), and 4 sub-subtypes (A1, A2, F1,

2



and F2) (Figure 1.1) [12]. In addition, as of April 2015 there are 72 circulating
recombinant forms (CRFs) [20,21]. CRFs arise when an individual is infected with two
different HIV-1 strains which combine to create a recombinant virus that subsequently
outcompetes its parent strains within a single host and is transmitted to others [11].
Strains are classified as CRFs if at least three epidemiologically unlinked cases are
identified [22]. HIV-1 subtype E was initially classified as a distinct subtype through
phylogenetic analysis of the env gene, but further analysis of other gene regions of
viruses classified as subtype E revealed similarities to subtype A. Thus, subtype E was
reclassified as CRF01_AE, the first identified CRF [23].

HIV-1 group M subtypes are differentially distributed globally. The greatest HIV-1
group M genetic diversity worldwide is observed in the proposed epicenter of the HIV
epidemic in the Congo River basin: here, essentially all HIV-1 group M subtypes can be
found. In contrast, the predominant subtype in North America and the Western world is B
[11]. Subtype A variants dominate throughout regions of Russia and the middle east
along with subtypes B and C [11]. In Asia multiple subtypes are in circulation including
subtype B, C, and CRF01_AE [11]. HIV-1 group M subtype C accounts for 50% of group
M infections globally with the majority occurring in Sub-Saharan Africa [24]. Subtype A,
B, D account for ~26%, ~12%, and ~5% of infections worldwide with others occurring in
lower frequencies throughout the world [24]. HIV-1 extensive genetic diversity and its
unequal distribution globally represent major challenges to the development of an
effective HIV-1 vaccine. As such, a deeper understanding of the factors affecting the

diversity, evolution, and transmission of HIV-1 are extremely important.
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Figure 1.1. HIV-1 group M subtype diversity

Maximum likelihood phylogenetic tree constructed using the envelope sequence of HIV-1 group
M subtype reference sequences for A1, A2, B, C, D, F1, F2, G, H, J, and K obtained from the HIV
Los Alamos Database.

1.4. Pathogenesis

HIV-1 is a pathogenic retrovirus that infects CD4+ T-cells, macrophages, and
other immune regulatory cells such dendritic cells [25-27]. Infection occurs when HIV-1
infected bodily fluids come into contact with mucosal membranes, abrasions on the skin,
or are introduced directly into the bloodstream [10]. Infection can occur via sexual

contact, unsafe injection practises, or from mother to child in utero, during delivery, or



during breastfeeding [10]. Historically, prior to the availability of tests to screen the blood
supply, HIV-1 could also be transmitted via blood transfusions or organ transplants. If left
untreated, HIV-1 progressively damages the host immune system, and over an average
of 5 to 10 years eventually leads to AIDS, a syndrome defined as the presence of an
AIDS defining illness or opportunistic infection (such as Kaposi's sarcoma or

Pneumocystis carinii infection) or a CD4+ T-cell count of less than 200 cells/mm? [28].

However, major advances in antiretroviral therapy and treatment regimes since
the mid-1990s have greatly reduced levels of HIV-related morbidity and mortality,
transforming HIV-1 infection into a chronic manageable condition [29]. Modern
combination antiretroviral therapy (cART) involves the use of multiple antiretroviral drugs
(usually 3 from multiple drug classes) to inhibit various stages of the viral life cycle.
Modern cART can suppress plasma viral loads (pVL) to undetectable levels for
prolonged periods [30,31]. Once initiated however, cART must be maintained for life in
order to sustain viral suppression and prevent the emergence of drug resistance

mutations.

CART also serves as prevention [30,32]. Specifically, studies of serodiscordant
couples [30] and mother-to-child transmission [32] indicate that if an HIV-infected person
is fully virally suppressed on cART, the risk of transmitting HIV-1 approaches zero.
CART can also be used as post-exposure prophylaxis (PEP) in cases where individuals
are exposed to HIV-1 (e.g. occupational exposure in medical settings and infants born to
HIV-1 infected mothers [33]). Lastly, current guidelines also approve daily antiretroviral
therapy as a pre-exposure prophylaxis (PrEP) for HIV-negative individuals at high risk
for HIV-1 [34].

1.5. Genetic organization and life cycle

The HIV-1 particle or “virion” houses two single positive sense RNA strands
approximately 10,000 base-pairs long. Like all retroviruses, HIV-1 is organized into three
major genes, gag (group-specific antigen), pol (polymerase), and env (envelope) (Figure
1.2). Gag is transcribed as a single precursor polyprotein pr55gag, which is then cleaved

by HIV-1 protease into various structural proteins: matrix protein (MA, p17), capsid



protein (CA, p24), spacer peptide 1 (SP1; p2), nucleocapsid protein (NC, p7), spacer
peptide 2 (SP2, p1), and p6 protein. The pol region encodes the viral enzymes protease
(PR, prot), reverse transcriptase (RT, p51), and its ribonuclease H domain (RNaseH;
p15), and integrase (int, p31). Pol is expressed as a part of a gag-pol polyprotein
precursor (pr160gag-pol), generated by a ribosomal frameshift during translation of viral
mRNA. Pol is also cleaved by HIV-1 protease into individual proteins. The env gene
encodes precursor protein gp160, which is cleaved by the host protease furin to yield the
envelope surface glycoprotein (SU, gp120) and the transmembrane glycoprotein (TM,
gp41). In addition, the HIV-1 genome encodes additional regulatory and accessory

proteins vif, vpr, vpu, tat, rev, and nef.
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Figure 1.2. HIV-1 HXB2 genetic map
HIV-1 HXB2 reference standard genetic map

HIV-1 entry into the host cell begins by sequential interactions between HIV-1
envelope glycoproteins gp120 and gp41 and host cellular proteins. Before envelope
glycoprotein mediated entry can occur, the virus particle first must come into close
contact with the target host cell. This process can be mediated by the viral glycoproteins
interacting with or host cell membrane polysaccharides such as heparin sulphate or
proteins such as DC-SIGN [35,36]. These interactions allow HIV-1 to come in close
contact with the target cell and recruit CD4 and the necessary coreceptors (Figure 1.3)
[35,36]. After this, gp120 binds to the host CD4 receptor [35,36]. This binding causes
gp120 to undergo a conformational change that exposes the coreceptor binding site
envelope-V3 (V3). Gp120 is composed of 5 constant regions (C1-C5) and 5 variable
loops (V1-V5). The V3 loop is the principle genetic determinant of coreceptor binding
[37] and functions alongside the V1, V2, and C4 regions of gp120 to bind to the host
coreceptor [35,36]. Depending on the strain, the V3 loop is able to bind to CCR5 and/or
CXCR4 on the host cell surface [38]. After coreceptor binding to the V3 loop, gp120



undergoes further conformational change, allowing gp41-mediated membrane fusion
[35,39].

A. Attachment of host protein B. CD4 binding C. Coreceptor binding D. gp41 mediated membrane
Viral membrane fusion
\

I\
|
V

V
‘ Cell membrane CCR5/CXCR4 Fusi\on peptide

Figure 1.3. HIV-1 entry

A) Host cellular proteins such as DC-SIGN binding to gp120 bringing it closer to the target cell. B)
Attachment of CD4 to the CD4 binding groove of gp120 causes a conformational change
exposing the V3 loop. C) The V3 loop on the surface of gp120 subsequently binds to the host
coreceptor (CCR5 or CXCR4) resulting in another conformational change. D) Lastly membrane
fusion is facilitated by gp41 and fusion proteins found in the host plasma membrane.

After membrane fusion, the virion contents enter the target cell. Here, viral RNA
is converted to a double-stranded DNA copy by the viral reverse transcriptase enzyme
(which was packaged inside the virion) [10]. This DNA copy is then translocated into the
host cell nucleus and integrated into the genome by HIV-1 integrase and other host and
viral proteins. The integrated HIV-1 DNA is referred to as a “provirus”. The HIV-1
provirus is then transcribed by host cell polymerase to yield full-length genomic RNAs.
Some of these full-length RNAs serve as mRNA templates for the production of viral
proteins [10]. In these cases, some are multiply spliced (to generate messages for tat
and rev) some are singly spliced (to generate env, vif, vpr, vpu and nef) and some serve
directly a templates for translation (to generate gag and pol). Yet other full-length RNA
copies serve as viral genomes for packaging inside new virions. The final stages of the
viral life cycle include assembly of new viral particles. Gag proteins play a crucial role in
coordinating the packaging of viral RNA and accessory proteins into virions. These new
virus particles bud from the host cell membrane and go on to infect other target cells
[10].

It is also important to note that, in a small minority of HIV-1 infected cells, HIV-1

integrates its genome into the host cells, but the provirus remains in a transcriptionally



inactive latent state that can persist for very long periods. Because these latently-
infected cells are transcriptionally inactive they are undetectable by the host immune
system, but they may reactivate and produce new virions at any time. As such, latently-

infected cells represent a major hurdle for HIV cure.

1.6. Thesis objective and overview

The overarching aim of this thesis is to examine HIV evolution in response to
selection pressures imposed by its human host. These include pressures imposed by
host immune responses (e.g. Chapter 2) as well as other host genetic factors (e.g.
Chapter 4). By examining HIV evolution at an individual, population, and global level |
hope to draw attention to the complex interplay of host and viral genetic factors and how

we may leverage this knowledge to inform biomedical intervention strategies.

This thesis is organized into five chapters. This first chapter provides a brief
overview of the molecular epidemiology, genetics, life cycle and pathogenesis of HIV-1
and outlines the objectives of this thesis. Chapter 2 provides an in depth review of HIV-1
adaptation to host immune responses. Chapter 3 provides a brief overview of HIV-1
receptors and coreceptors. Chapter 4 is an original research chapter that addresses the
thesis’ primary aim: to use phylogenetic and molecular techniques to characterize the
transmission and evolution of a CXCR4-using HIV strain in a pair of individuals where
one member of the pair, the recipient, possesses two copies of a rare human genetic
mutation that renders them resistant to CCR5-using HIV strains. Lastly, chapter 5
provides a brief conclusion and discusses implications of the work presented here. This
thesis is prepared according to a manuscript-based format. Chapter 2 is modified from a
review published in SpringerLink Encyclopedia of AIDS and chapter 4 will be submitted

to an international peer-reviewed journal.
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Chapter 2.
HIV-1 mutational escape from host immunity

This chapter is a modified encyclopaedia entry in the Encyclopedia of AIDS and

published as:

Le AQ, Shahid, A., Brumme, Z. L. (2014) HIV-1 Mutational Escape from Host Immunity.
In: Hope TJ, Stevenson, M., Richman, D., editor. Encyclopedia of AIDS: Springer New
York. pp. 1-19.

2.1. Introduction

Within an infected individual, HIV-1 develops specific mutations within its
genome that allow it to escape detection by host immune responses. As such, host
immunity represents a major selective force driving the evolution and diversification of
HIV-1 at the individual and population levels. Here, we highlight HIV-1 mutational escape
from adaptive, innate and vaccine-induced immune responses as highly specific and
reproducible processes beginning rapidly following HIV-1 infection. The potential
biological implications of immune escape, including viral fitness costs and population-

level HIV-1 adaptation to host immunity, are also summarized.

2.2. Escape from CD8+ cytotoxic T-lymphocytes

CD8+ cytotoxic T-Lymphocytes (CTL) eliminate HIV-infected cells via the
recognition of short, virus-derived peptide epitopes that are produced within the infected
cell and presented at its surface by the highly polymorphic Human Leukocyte Antigen
(HLA) class | molecules (HLA-A, B, and C) (Figure 2.1a). HLA-restricted CTL play a
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major role in HIV-1 immune control. HIV-specific CTL first appear around acute-phase
viremia decline and play an active role in its control to setpoint levels [1]. Experimental
depletion of CD8+ T-cells in rhesus macaques results in their inability to control Simian
Immunodeficiency Virus (SIV) infection [2]. Epidemiological links between host carriage
of specific HLA class | alleles and HIV-1 disease progression have been demonstrated
in natural history [3] and genome-wide association [4] studies. In particular, HLA-B*57
and B*27 are associated with lower viral loads and slower disease progression [3].
Independent effects of HLA-C expression level on HIV-1 control have also been

demonstrated [5].

That HLA-restricted CTL exert pressure on HIV-1 in vivo is also demonstrated by
the virus’ ability to escape this pressure via mutation. CTL escape was first described in
1991 when researchers noted temporal shifts (and in some cases permanent loss of
recognition) of HLA-B*08-restricted HIV-1 Gag epitopes targeted by patient-derived CTL
over time, which coincided with the appearance of viral mutations within them [6].
Another key concept revealed by this study is the HLA-restricted nature of CTL escape,
due to the requirement that epitopes be bound and presented by a specific HLA

molecule for CTL recognition.

CTL escape mutations can be classified into three mechanistic categories. The
most intuitive is escape via mutation(s) that reduce or abrogate viral epitope binding to
HLA, thereby impairing CTL recognition of infected cells (Figure 2.1b). Such mutations
usually occur at HLA-specific epitope “anchor” residues - typically peptide positions two
and/or C-terminus. A well-known example is the B*27-associated R264K substitution
selected at position 2 of the B*27-restricted KK10 epitope in Gag [7]. Escape via
abrogation of peptide-HLA binding represents a predominant CTL escape mechanism in
vivo, with escape conferring an average (predicted) ten-fold reduction in peptide-HLA
binding affinity [8]. CTL escape can also act upon processes that occur prior to, or
following, peptide-HLA binding. For example, CTL escape mutations can inhibit epitope
formation by interfering with their proper intracellular processing. The first such “antigen
processing escape mutation” to be mechanistically characterized was the B*57:03-
restricted Gag-A146P substitution, occurring at the residue immediately upstream of the

IW9 epitope, which acts via prevention of N-terminal aminopeptidase-mediated trimming
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of this epitope [9]. Antigen processing mutations can also occur within the epitope. For
example, a substitution at position 5 of a B*07-restricted epitope in a cryptic Gag reading
frame acted via introduction of a proteasomal cleavage site, yielding reduced epitope
formation [10]. The final category of “T-cell receptor (TCR) escape mutations” retain the
capability to bind HLA, but reduce or abrogate recognition of the peptide-HLA complex
by the TCR(s) expressed by the original selecting CTL(s). TCR escape mutations
usually occur at central epitope positions. An example is the B*27-associated L268M
substitution (selected at position 6 of the KK10 epitope) [6]. L268M-containing KK10
retains the ability to bind HLA-B*27, but abrogates its recognition by key B*27-restricted
CTL clonotypes in the repertoire [11].
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Reticulum

Figure 2.1. Escape from cytotoxic T-lymphocytes

Panel A: HIV-1 proteins produced within an infected cell are processed into peptide epitopes by
host cellular machinery and loaded onto HLA class | molecules for presentation at the cell
surface. CTL eliminate infected cells via recognition of the viral peptide-HLA complex via their T-
Cell Receptor (TCR). Panel B: HIV-1 mutations can arise during the process of reverse
transcription, that are then translated into protein. Here, a mutation abrogates the ability of the
encoded viral epitope to bind HLA, allowing the infected cell to avoid CTL-mediated killing. Mutant
progeny viruses are then released. CTL escape mutations may also hinder CTL-mediated killing
of infected cells by interfering with viral antigen processing or by abrogating TCR-mediated
recognition of the viral peptide-HLA complex (not shown).

Despite substantial HIV-1 and host genetic variation, the mutational pathways of
CTL escape are broadly predictable based on the HLA class | alleles expressed by the
host. For example, three-quarters of HIV-1 subtype B infected persons expressing the
protective HLA-B*57 allele will select the T242N substitution in Gag (position three of the
p24°% TW10 epitope) within weeks or months following infection [12], while fifty percent
will also select G248A at position 9 of this epitope later on [8]. Together, these two

mutations confer complete escape from B*57-restricted, TW10-specific CTL [12]. In
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contrast, among HLA-B*27-expressing persons, targeting of the immunodominant B*27-
restricted p24°% KK10 epitope begins in early infection and is often sustained for years
thereafter [13]. KK10 escape begins via selection of the L268M mutation at epitope
position 6 that abrogates its recognition by certain autologous B*27-restricted CTL [11],
but complete escape from KK10-expressing CTL, via the R264K anchor residue escape
at position 2 of the epitope, does not usually occur until years later [7]. Notably, KK10
escape remains one of the few clear-cut examples where escape directly precedes loss

of HIV-1 immune control [14].

The predictable nature of CTL escape has allowed the identification of HLA-
associated viral polymorphisms by statistical association. These studies, undertaken in
cross-sectional datasets of linked HIV-1 and host HLA genotypes, identify viral
polymorphisms significantly over- (or under-) represented among persons expressing a
given HLA class | allele, identifying these as likely escape mutations (and their
associated immunologically susceptible forms), respectively. The first such study,
published in 2002, identified nearly 100 HLA-associated polymorphisms in HIV-1 reverse
transcriptase in a cohort of ~400 patients, illustrating the extensive impact of CTL
pressures on HIV-1 [15]. In recognition of the potential confounding effects of viral
lineage (or “founder”) effects in such analyses, more recent studies incorporate
“‘phylogenetic corrections” [16], as well as statistical corrections for the confounding
effects of linkage disequilibrium between HLA class | alleles and HIV-1 amino acid co-

variation.

Population-level studies have yielded comprehensive “immune escape maps” of
the locations and mutational pathways of HLA-restricted CTL escape in HIV-1. These
maps are most detailed for HIV-1 subtype B (e.g. [8]) and C (e.g. [17]). Population-level
studies have also confirmed escape (and reversion, discussed later) as highly
reproducible processes in context of host HLA. For example, the strongest HLA
association in subtype B is the HLA-A*24:02-restricted Y135F escape mutation in Nef,
where 81% of A*24:02-expressing persons harbor this substitution in chronic infection,
compared to only 12% of persons who do not express an allele belonging to the A24

supertype [8]. Such a strong statistical association (in this case, an odds ratio of ~30 and
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a p-value of 8x107'®[8]) can only be achieved if the mutation is near-universally selected

in persons harboring the HLA, and reverts consistently in individuals lacking it [18].

Escape is also highly HLA-specific. When population-level analyses are
undertaken at various HLA resolution levels (e.g. supertype, type, subtype), the majority
(>60%) of HLA-associated polymorphisms are identified as HLA subtype-specific while
<10% are identified as shared across HLA supertypes [8]. This high HLA-specificity
remains true even for closely related HLA alleles that present the same viral epitopes.
For example, HLA-B*57:02, B*57:03 and B*58:01 all bind Gag-TW10, but they drive
significantly different escape pathways within it [19]. Escape pathways can also be
complex and varied. Escape at a given viral site may occur along multiple pathways
under pressure by a given HLA — for example, B*08-driven escape at Nef codon 94,
position 5 of the B*08-restricted FL8 epitope, can occur via K94E, M, N or Q [20]. A
given HIV-1 site may be under selection by various HLA alleles that select different,
sometimes opposing, substitutions. For example at Gag codon 147, HLA-A*25:01,
B*13:02 and B*57:01 escape via selection of “L”, while B*14:02 and B*15:01 escape via
selection of “I” (which also happens to be the subtype B consensus at this site) [8].
Identification of HLA-associated polymorphisms has also aided the discovery of novel

CTL epitopes, including those in cryptic HIV-1 reading frames [21] .

2.3. HLA class ll-driven immune escape

Effective antiviral immunity generally requires CD4+ T-lymphocyte help, but
CD4+ responses rapidly become dysfunctional in HIV-1 infection, in part because of the
specific elimination of virus-specific CD4+ T-cells [22]. As such, the contribution of CD4+
T-cells to HIV-1 control in vivo remains incompletely understood. Though some early
studies supported the possibility of in vivo mutational escape from HIV-specific CD4+ T-
cell responses [23], others did not [24]. Attempts to identify HLA class ll-restricted viral
polymorphisms by statistical association have yielded no strong evidence of their

existence [25].
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2.4. Escape from humoral (B-cell) immune responses

HIV-1 envelope glycoprotein evolves rapidly within a host after infection, and has
diversified to an extraordinary extent at the population level [26]. Although CTL escape
contributes to this process, the autologous neutralizing antibody (NAb) response is the
major driver of envelope evolution. Beginning at approximately three months post-
infection [27], HIV-infected individuals begin to develop antibodies capable of
neutralizing their own virus (termed “autologous neutralizing antibodies”; NAbs) [28].
However, unlike acute-phase HIV-specific CTL, autologous NAbs do not appreciably
contribute to virus containment, likely due to the rapid selection and outgrowth of
neutralization-resistant escape mutants [27]. Initial NAb escape exposes novel envelope
epitopes against which subsequent waves of autologous NAbs arise, driving further

envelope glycoprotein evolution.

That antibodies and virus co-evolve in cycles of response and escape was first
inferred via the ability of autologous sera to neutralize viral variants present in the
infected individual 6 (or 12) months prior, but not those present at the time of serum
sampling [29]. Early studies of HIV-1 neutralization escape hinted at a variety of escape
pathways including the accumulation of amino acid changes in envelope [29]
(suggestive of escape through the selection of specific point mutations), changes in N-
linked glycosylation patterns [27] (Figure 2.2) and lengthening of certain hypervariable
domains in gp120, notably V1/V2 [30]. However, the identification of specific genetic
events conferring NAb escape began only recently (e.g. the first specific identification of
an envelope glycoprotein escape mutation conferring neutralization escape at the single

antibody level was not achieved until 2009 [31]).
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Figure 2.2. Neutralizing antibody escape .

Panel A: Neutralizing antibodies (NAb) bind to epitopes (shown as an indent) on the viral
envelope glycoprotein , blocking their ability to infect target cells. Panel B: Mutations in HIV-1
envelope — in this case leading to changes in N-linked glycosylation patterns that block NAb
access to the epitope, confer NAb escape. NAb escape may also occur via point mutations,
lengthening of certain gp120 hypervariable domains (notably V1/V2), cooperative interactions
between different regions on a single or multiple members of the envelope trimer, or other
mechanisms (not shown).

Unlike CTL epitopes whose (linear) sequences can be predicted from HLA
anchor residue motifs in HIV-1 sequences without knowledge of the T-cell receptor
sequence or structure, antibodies directly recognize three-dimensional epitopes whose
sequences can span discontinuous sites on one or more members of the envelope
trimer, rendering their locations difficult to predict based on viral sequence alone. Recent
studies have therefore taken the approach of longitudinally characterizing envelope
evolution while simultaneously attempting to isolate individual neutralizing antibodies

(and/or the B-cell clonal lineages producing them; e.g. [32]) in individual patients.

From these studies, a central role of immune-driven envelope evolution in driving
autologous neutralization breadth is emerging. In one individual, initial autologous NAbs

were directed against epitopes in the first and second hypervariable loops of gp120
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(V1/V2), and escape was achieved via point mutations in this region including one in V2
that created a putative N-linked glycosylation site conferring escape from two distinct
monoclonal antibodies isolated from this patient [31]. In a second individual, escape from
the initial NAb pool occurred via convergent evolutionary pathways (one involving
changes in the V3-V5 gp120 outer domain and the other involving co-dependent
changes in V1/V2 and gp41), whose lineage members subsequently oscillated in
frequency [31]. NAb escape via distinct evolutionary pathways within a single host was
confirmed in an individual in whom escape in a V3-proximal epitope occurred along
three divergent viral lineages, each featuring a unique amino acid change [33]. A study
of three acutely-infected individuals whose initial response was directed against different
conformational epitopes in envelope, where each escaped along distinct pathways [34],
also supports the strain- and host-specific nature of initial epitope targeting and
autologous neutralization escape. That escape occurs via distinct mechanisms (e.g.
point mutations, glycan shifts, and co-operative conformational changes between two
domains) both within and among hosts indicates that HIV-1 employs multiple mutational
strategies to escape early autologous NAbs [31]. However, the extent to which NAb
epitopes - and their escape pathways - are shared across patients remains a key
question. The observation that, compared to transmitted/founder viruses, chronic
subtype C viruses are significantly enriched for a glycan at envelope codon 332 (whose
presence can help trigger the evolution of broadly neutralizing antibodies against this

key conserved region [32]), supports the idea of shared neutralization escape pathways.

In approximately 80% of infected individuals, this process of virus-NAb
coevolution results in the continued production of NAbs that remain largely specific to
the individual’s evolving virus. However in approximately 20% of individuals, this process
leads to the emergence of antibodies that are capable of neutralizing a broad range of
HIV-1 isolates across subtypes. Though individuals producing such “broadly neutralizing
antibodies” do not likely derive clinical benefit from them (presumably because their own
virus has already escaped) [35], the evolutionary mechanisms driving their development
are of paramount interest as an effective preventative HIV-1 vaccine will likely require
their elicitation (along with effective cellular responses). This discovery has led to the

hypothesis that this process could be recapitulated via vaccination with specific
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transmitted/founder envelopes and their sequential escape variants [36], a strategy for

which there is preliminary experimental support [37].

Non-neutralizing HIV-specific antibodies that mediate antibody-dependent
cellular cytotoxicity (ADCC) through activation of effector cells bearing Fc receptors,
notably Natural Killer (NK) cells, may also contribute to natural- and vaccine-induced
HIV-1 immune control [38]. Some evidence also supports ADCC antibodies, including
those that do not possess neutralizing activity, as drivers of evolution within HIV-1

envelope and possibly other viral regions [39].

2.5. Escape from innate immune responses: KIR-driven
HIV-1 polymorphisms?

Innate immune responses, in particular Natural Killer (NK) cells, may also directly
drive immune escape. NK cells express cell-surface receptors belonging to the
polymorphic Killer cell Immunoglobulin-like Receptor (KIR) gene family, which comprise
a variety of inhibitory and activating receptors that interact with HLA class | ligands on
target cells. Engagement of activating KIR delivers a stimulatory signal, while
engagement of inhibitory KIR delivers a tolerance signal. When the former overcome the
latter, NK effector functions are initiated. Indeed, a major trigger for enhanced NK cell-
mediated recognition of HIV-infected cells is the selective downregulation of their HLA-A
and -B (though not C) ligands by the viral Nef protein [40], leading to a reduction in
signalling through inhibitory KIR. Inhibitory KIR bind their HLA class | ligands in an
allotype-specific manner. For example, KIR3DL1 receptors interact with HLA-B
molecules belonging to the Bw4 allotype (determined by amino acids 77-83 of the HLA
coding region), notably those harboring isoleucine at position 80 (Bw4-80l), and to a
lesser extent those harboring threonine at this position (Bw4-80T) [41]. Some activating
KIR also recognize HLA class | in an allotype-specific manner, though generally at lower

avidity than their inhibitory counterparts [42].

KIR, alone and in combination with their allotype-specific HLA ligands, may
modulate HIV-1 susceptibility and pathogenesis. HIV-infected individuals expressing the
activating KIR3DS1 allele in combination with HLA-Bw4-801 exhibit lower viral loads [43]
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and delayed clinical progression [44]. Higher frequencies of KIR3DS1 homozygosity [45]
have been observed in HIV-1 exposed seronegative individuals, suggesting that
activating KIR may also confer some level of protection against HIV-1 acquisition.
Though protection via engagement of an activating KIR seems intuitive, the underlying
mechanism remains unknown (KIR3DS1-expressing NK cells can suppress HIV-1
replication in Bw4-80l-expressing cells in vitro [46], but direct binding of KIR3DS1 to
HLA-Bw4-801 has not been shown). KIR3DL1 alleles possessing a high-expression,
high-inhibitory phenotype (termed KIR3DL1*h/*y) may also be protective. When present
in combination with HLA-Bw4-80I alleles, notably HLA-B*57, KIR3DL1*h/*y alleles were
associated with lower viral loads and conferred protection against HIV-1 disease
progression [47]. KIR3DL1*h/*y-HLA-B*57 co-expression may also protect against HIV-1
acquisition [48]. That highly inhibitory KIR receptor-ligand interactions can be protective
seems counterintuitive, especially given that the opposing signals of activating KIR may
also be protective. Nevertheless, the data support a role, albeit incompletely elucidated,
of KIR in HIV-1 control.

KIR-associated immune pressures may also drive the selection of viral
polymorphisms that allow infected cells to evade NK-mediated killing. To shed light on
how such mutations could arise, we must first briefly re-visit KIR-ligand binding. Though
not antigen-specific in the classical sense, KIR receptor-ligand interactions are
nevertheless modulated in part by HLA polymorphism (through their allotype-specificity)
as well as the sequence of the HLA-bound peptide [49]. The idea that naturally-arising
HIV-1 variants could affect KIR-HLA binding was supported by reduced in vitro binding
of KIR3DL1 to its HLA B*57:03 ligand in the presence of the TW10 epitope harboring a
G-to-E substitution at position 9 (though this was not claimed to be an in vivo NK-driven
escape mutation, as failure to engage KIR3DL1 would render infected cells more, not
less, susceptible to NK-mediated killing [50]). Rather, NK cell escape could theoretically
be achieved via viral polymorphisms that reduce recognition by activating KIR, or
enhance recognition by inhibitory KIR. Towards the identification of such mutations,
statistical association approaches were applied to N=91 linked KIR/HIV-1 sequences,
yielding 22 KIR-associated viral polymorphisms. Two linked polymorphisms in Vpu
(71M/71H), located in a region that overlaps the Env reading frame, were

overrepresented among KIR2DL2-expressing persons, in particular those KIR2DL2+
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individuals homozygous for HLA-C group 1 alleles [51] (consistent with the greater
affinity of KIR2DL2 for HLA-C group 1 ligands [52]). Researchers further showed in vitro
that the presence of these polymorphisms enhanced the ability of the inhibitory KIR2DL2
to bind HIV-infected cells, that KIR2DL2+ NK cells failed to become activated in the
presence of polymorphism-containing HIV-1, and that cells infected with polymorphism-
containing HIV-1 were not inhibited by KIR2DL2+ NK cells [51]. These findings suggest
that immune pressure by an inhibitory KIR could select in vivo escape mutations
conferring enhanced binding of the inhibitory receptor to HIV-infected cells, thereby
allowing them to escape NK cell-mediated elimination (Figure 2.3). The recent
identification of an HLA-C*01:02-restricted p24°* peptide variant that bound KIR2DL2,
that conferred functional inhibition of KIR2DL2-expressing NK cells in vitro [53], provides

theoretical support for this model.
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Figure 2.3. Escape from KIR

Mutations in HIV-1 could theoretically impair natural killer (NK) cell-mediated recognition of HIV-
infected cells, thereby conferring escape from innate immunity. Based on a putative KIR2DL2
HIV-1 escape mutation described by Alter et al. [51] this figure illustrates how NK cell escape
could occur. Panel A: weak interactions between the inhibitory NK KIR2DL2 receptor and the
viral peptide/HLA-C complex on the HIV-infected cell produce weak inhibitory signals, leading to
NK cell mediated elimination of the infected cell. Panel B: viral escape mutations that enhance
KIR2DL2-mediated NK cell recognition of the peptide/HLA-C complex on the HIV-infected cell
enhance binding of the inhibitory KIR2DL2 receptor, thus protecting the infected cell from NK cell
mediated elimination. Image modified from [54].

2.6. Escape from vaccine-induced antiviral immunity

A challenge in designing vaccines against genetically diverse pathogens such as
HIV-1 is the possibility that vaccine-induced immunity may protect against infection by
strains similar to the vaccine immunogen(s), but not genetically divergent strains (Figure

2.4). Such “sieve effects” can be identified by retrospectively comparing HIV-1
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sequences of vaccine vs. placebo trial participants who subsequently became infected
(termed “breakthrough” sequences), to determine genetic differences between them
[55]. The idea that vaccine-induced immunity could induce a partial barrier through which
antigenically divergent HIV-1 strains could penetrate has been termed the “acquisition
sieve effect” (Figure 2.4b), while the related - yet mechanistically distinct - possibility that
vaccine-induced immunity would fail to block infection but would instead drive the rapid
outgrowth of escape variants has been termed “postinfection sieve effect” [56] (Figure
2.4c). The latter is particularly relevant to CTL-based vaccines, as these are unlikely to
block HIV-1 transmission. Notably, acquisition and post-infection sieve effects can be
difficult to distinguish from one another, as both may occur before HIV-1 RNA can be
reliably detected in the blood, and/or may manifest themselves via the presence of

identical immune-associated polymorphisms.
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Postinfection
Sieve Effect

Figure 2.4. Escape from vaccines

Sieve effects demonstrate immunogenicity in HIV-1 vaccine trials. Panel A: a sterilizing HIV-1
vaccine induces immune responses that block infection by any/all incoming HIV-1 strains. Panel
B: vaccination induces a partial barrier that blocks infection by HIV-1 strains similar to vaccine
immunogen, but not those that are antigenically divergent from it (acquisition sieve effect). Panel
C: vaccination focuses immune responses on epitopes shared between founder virus and
vaccine immunogen, leading to rapid in vivo escape (postinfection sieve effect). Although
mechanistically distinct, acquisition and postinfection sieve effects are difficult to distinguish via
the analysis of breakthrough HIV-1 sequences. Image modified from [54].

Analysis of vaccine trial data support sieve effects in HIV-1. Such effects were
first suggested by the presence of atypical V3 amino acid motifs in HIV-1 env sequences
from individuals vaccinated with recombinant HIV-1yy gp120 [57]. Recent comparisons
of founder HIV-1 strains from vaccine- and placebo recipients of the RV144 “Thai”

vaccine trial identified differential amino acid frequencies at env V2 codons 169 and 181
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between the two groups [58], suggesting that the vaccine preferentially blocked viruses
harboring specific substitutions at these positions. Rapid selection of CTL escape
mutations by vaccine-induced cellular immune responses may also have occurred in the
failed STEP vaccine trial [59]. Inferred T-cell epitope sequences within Gag/Pol/Nef (the
regions contained within the vaccine) from infected vaccine recipients exhibited greater
genetic distances to the immunogen sequence compared to those of infected placebo
recipients, presumably as a result of extensive and rapid immune escape [60]. The lack
of such differences for epitopes within other HIV-1 proteins also supported this
conclusion. HIV-1 sequences from vaccine recipients also exhibited substitutions at Gag
codon 84 more frequently than placebo recipients, identifying this as a putative signature

site of HIV-1 evolution in response to vaccine-induced CTL responses [60].

The implications of vaccine-induced immune responses on HIV-1 evolution are
potentially profound. At the individual level, rapid vaccine-driven escape could accelerate
disease progression [61], while the use of vaccines capable of blocking infection by only
certain HIV-1 strains raises concerns regarding potential shifts in viral polymorphism
frequencies and/or HIV-1 lineage distributions (and their clinical and pathogenic
consequences) at the population level. That vaccine-induced immune responses
(notably CTL) may target slightly different epitopes than those in natural infection [62]

may further complicate this issue.

2.7. A note on the role of HIV-1 accessory proteins in
immune evasion

Although beyond the scope of the present essay, certain HIV-1 proteins possess
immune evasion functions that deserve brief mention. In particular, downregulation of
HLA-A and -B (but not HLA-C) from the cell-surface by Nef [40] represents a major
mechanism of immune evasion by HLA-restricted CTL, as it reduces their ability to
recognize infected cells. HIV-1 Nef, Vpu and envelope also serve to remove CD4 from
the infected cell surface [63]. The recent observation that interaction of HIV-1 envelope
with CD4 on the infected cell surface is required to expose certain ADCC epitopes
suggests that cell-surface CD4 downregulation could represent an immune evasion

strategy to reduce ADCC-mediated elimination of infected cells [64].
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2.8. Immune escape dynamics in early infection

Escape begins rapidly following HIV-1 infection. Recently however, detailed
studies of intra-host HIV-1 evolution using single-genome amplification (e.g. [65]) or
next-generation sequencing (e.g. [66]) have advanced our understanding of HIV-1
transmission and escape dynamics. HIV-1 transmission is characterized by a severe
genetic bottleneck. An estimated 80% of heterosexual transmissions are productively
initiated by a single transmitted/founder virus [65], while infection in persons who inject
drugs is generally established by more than one closely related founder viruses [67]. In
the days following infection, the transmitted/founder virus(es) undergo rapid population
growth and star-like diversification [68], giving rise to a “quasispecies” swarm of related
HIV-1 variants. This genetic pool becomes the evolutionary substrate upon which host
immune responses exert pressure, driving the selection of escape mutations and the
survival of viral lineages harboring them. The first CTL escape mutations appear during
acute-phase viremia decline [1]; the selection (and in some cases fixation) of CTL
escape variants has been observed as early as 21 days post-infection in humans [68].
Selection (and subsequent fixation) of the first NAb escape mutations also occurs

relatively rapidly, though on a slightly longer timecourse than CTL escape [34].

The evolutionary pathways along which these early mutations arise have recently
been elucidated in detail. The conceptually straightforward pathway whereby the first
selected escape mutation gradually outcompetes the original transmitted form is likely to
be true for only a minority of cases [1]. More commonly, the first escape variant tends to
be rapidly followed by the emergence of numerous others, from which the “final” escape
form is ultimately selected [1]. This is likely because the initially-appearing pool of low
frequency mutants often retains some ability to be targeted by existing (or de novo) CTL
[50]. This drives the selection of more effective escape variants, often at HLA-anchor
residues, that ultimately outcompete both transmitted founder and initial variants. For
example, in a B*57:03-expressing individual, initial escape within the p24°%¢ TW10
epitope occurred approximately 5 months post-infection via a transient, minority G-to-E
mutation at position 9 (G248E) that retained the ability to bind B*57:03 and reduced CTL
recognition only modestly [50]. By approximately 1.5 years post-infection, this mutation

was outcompeted by variants expressing the canonical B*57-restricted G248A mutation
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at this position (along with T242N and V247I at epitope positions 3 and 8). Similarly,
multiple amino acids often transiently appear in the regions under NAb pressure, from
which the final neutralization mutant(s) ultimately emerge [34]. Escape continues to

occur (albeit at a slower rate [69]) over the infection course.

2.9. Immune escape as a major driver of HIV-1 diversity

Immune escape is a major driver of HIV-1 diversity within individuals and
populations. CTL escape accounts for a major proportion of within-host HIV-1 evolution
in the first year of infection. For example, a study of seven newly-infected individuals
revealed that, six months post-infection, between 9 to 18 positively-selected
substitutions were observed throughout the HIV-1 proteome [68]. Another population-
based study estimated that a minimum of 30% of substitutions in Gag/Pol and 60% in
Nef were attributable to HLA pressures [70]. Escape is also widespread throughout the
HIV-1 proteome. A recent statistical association study identified over 2100 HLA-
associated polymorphisms at ~35% of HIV-1’s nonconserved codons [8], distributed
somewhat unequally throughout the proteome. For example, Vpu exhibited evidence for
HLA-mediated selection at one-quarter of its nonconserved sites, compared to ~70% of
nonconserved sites in Nef [8]. The status of HLA as the most important host genetic
factor influencing HIV-1 diversity was recently confirmed via genome wide association
[71]. Similarly, HIV-1 Gag and Nef sites under HLA selection have diversified to the
greatest extent over the past three decades of the North American epidemic, supporting

a significant role of HLA in driving global HIV-1 diversification [72].

2.10. Fitness consequences of escape

Upon transmission, some immune escape mutations selected in the previous
host will revert to the original (usually subtype consensus) amino acid [12]. While some
CTL escape mutations, for example the B*57-associated Gag T242N, revert consistently
and rapidly following transmission [12], most revert more slowly [73] and others rarely or
not at all [74]. Reversion occurs because these mutations incur a fithess cost. Generally,

escape mutations within conserved viral regions tend to be more fitness-costly, while
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escape in more variable regions tends to be fitness-neutral [75]. An example of a fitness-
costly mutation is the B*27-associated R264K substitution in the p24°% KK10 epitope,
which essentially abolishes in vitro viral replication when engineered alone into HIV-1y4.
3 [76]. Generally though, in vitro fitness costs of escape mutations observed in vivo tend
to be subtler, often requiring multiple substitutions to reduce function. Alone, the B*57-
driven Gag-T242N mutation reduces viral replicative capacity only modestly [77], but
dose-dependent replicative reductions are observed when it is present alongside other
common B*57-driven mutations in p24%® [78]. Other examples of fitness-costly CTL
escape mutations include B*13-associated mutations in Gag [79], Cw*05-driven
mutations in integrase [80] and B*35-associated mutations in Nef [81]. Fitness costs
ranging from 0% to 24% have been observed for early envelope escape mutants,
indicating that NAb escape can also be fithess-costly [34]. Fitness costs of escape can
be offset by the selection of compensatory mutations at secondary sites. Whereas most
compensatory mutations occur in relatively close proximity to the primary escape site
(e.g. S165N with A163G in B*5703-KF11 [73] in p24°%), others, such as S173A with
R264K in B*27-KK10 [76], occur a substantial linear distance away, but may reside

nearby in the folded protein structure.

In the case where escape can only occur at a functional and/or replicative cost,
the virus’ advantage gained via immune escape is offset in part by these costs, thus
potentially conferring some residual biological benefit to the host in terms of lower viral
loads. For example, the sustained protective effect of HLA-B*81 is believed to be due in
part to selection of the fithess-costly Gag T186S escape mutation at position 7 of the
immunodominant B*81-restricted TL9 epitope, which is difficult to compensate [82].
Relative clinical benefits of fitness-costly escape in HLA-mismatched individuals who
have acquired HIV-1 with key Gag escape mutations have also been observed [83]. That
HIV-1 sequences contain inherent determinants of pathogenesis is supported by the
observation that set-point plasma viral load is to a certain extent “heritable” from one
infection to the next [84], and that viral replication capacity correlates positively with viral
load (and negatively with CD4+ T-cell count) at various infection stages (e.g. [85]).
Indeed, acquisition of attenuated HIV-1, followed by further within-host selection of
noncanonical fitness-costly escape mutations is likely to explain a portion of HIV-1 elite

control [86], a rare phenotype where individuals are able to spontaneously suppress
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plasma HIV-1 RNA to below limits of clinical detection without the need for antiretroviral

therapy.

These observations have led to the idea that immune-mediated containment of
HIV-1 replication to levels that slow disease progression and possibly reduce
transmission might be achievable through the design of vaccines that stimulate CTL
responses focused against critically conserved viral regions where escape can only
occur at substantial fitness costs [87]. A related strategy would be to design
immunogens featuring both susceptible and common escape variant forms - provided
the latter retain the ability to bind the relevant HLA molecules - with the goal of
generating broad, potent, variant-reactive CTL responses that, upon infection, will drive
HIV-1 evolution down unconventional pathways not unlike those selected in elite

controllers [88].

2.11. Population-level adaptation of HIV-1 to host immune
pressures

As HIV-1 genomes residing in an individual exhibit adaptations to its host’s
immunogenetic profile, then HIV-1 sequences circulating in a given host population
exhibit adaptations that reflect the distinct immunogenetic profile of that population
(Figure 2.5). This is often referred to as “population-level” adaptation of HIV-1. For
example, >50% of HLA-associated polymorphisms identified in HIV-1 subtype B
sequences in Mexico [89] and nearly two-thirds of those identified in Japan [90] are
distinct from those observed in subtype B-infected cohorts from Canada/USA/Australia,
because the former populations exhibit HLA alleles unique to those populations (e.g.
B*39 in Mexico and B*67:01 in Japan). The frequencies of HLA-associated
polymorphisms will similarly vary according to the frequencies of their restricting HLA
alleles in the population. The B*51-associated 135X mutation in Reverse Transcriptase
(at the C-terminus of the B*51-TI8 epitope, RT codons 128-135) provides an example. In
an analysis of 9 cohorts spanning 5 continents, HLA-B*51 and RT-1135X prevalence
exhibited a strong positive correlation [91], indicating that the more frequent an HLA
allele is in a population, the more frequent its associated adaptations will be observed in

circulating HIV-1 sequences. Other host immune factors (e.g. variability in T-cell receptor
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genetics) may also play a role in population-specific HIV-1 adaptation. For example, a
recent comparative study of HIV-1 subtype B cohorts in Japan versus
Canada/USA/Australia identified numerous cases where the same HLA allele selected
significantly different escape pathways across cohorts [90], implying factors beyond HLA
in driving these differences. HLA-driven escape pathways also differ across HIV-1
subtypes, presumably as a result of genetic differences in the viral backbone. For
example, Gag-T242N is commonly selected by B*57 in HIV-1 subtypes B, C and D, but
rarely in subtype A1 [92].
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Figure 2.5. Population level escape

HLA is a major driver of global HIV-1 diversity. HIV-1 genomes in an infected individual will harbor
adaptations specific to the HLA alleles expressed by that individual (denoted by matching colors
of virus and host). By extension, HIV-1 sequences in a host population will harbor adaptations to
HLA alleles expressed in that population. Host populations in Mexico, Canada/USA/Australia, and
Japan exhibit very different HLA class | allele distributions (denoted by different host colors); as
such, adaptations exhibited by HIV-1 sequences will also differ between these populations
(denoted by different virus colors). HLA is therefore a major driver of global HIV-1 diversity. Note
that, because reversion is neither instantaneous nor universal, escape mutations for particular
HLA alleles will be found in some proportion of individuals lacking those alleles (not shown).
Image modified from [54].
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The persistence of certain immune escape mutations following transmission to a
new host has led to a related concern — namely, that escape mutations could gradually
spread throughout the population [93]. Analogous to the negative impact of transmitted
drug resistance mutations on treatment efficacy, acquisition of “escape mutant” HIV-1 by
persons expressing the relevant HLA could undermine the ability of their CTL to control
infection; as such, escape mutant spread could gradually undermine host antiviral
immune potential (and potentially diminish the protective effects of certain HLA alleles as
the epidemic progresses). Indeed, the S173A compensatory mutation has been shown
to stabilize the B*27-associated R264K mutation in p24°? upon transmission [94], while
the S165N compensatory mutation has been shown to stabilize B*57-associated

mutations within the p24°9 KF 11 epitope [73], supporting this concern.

The extent to which immune escape mutations are spreading in HIV-infected
populations remains incompletely known, in part due to the scarcity of historic data.
Nevertheless, it has been suggested that CTL epitopes in European HIV-1 sequences
are being “lost” through mutational escape from HLA-B mediated selective pressures
[95]; similarly, higher viral polymorphism frequencies have been reported in modern
compared to historic HIV-1 subtype B and F sequences in South America [96]. The high
frequency of the B*51-associated HIV-1 Reverse Transcriptase (RT) [135X mutation in
Japan, a population where B*51 prevalence approaches 20%, is also suggestive of
escape mutation accumulation [91] (though the possibility that the Japanese epidemic
was founded by an HIV-1 sequence containing RT-1135X cannot be ruled out). A
comparative study of historic (1979-1989) versus modern (2000+) HIV-1 subtype B
cohorts in North America revealed modest spread of CTL escape mutations over the
study period which occurred alongside an approximate twofold increase in HIV-1
diversity during this time [72]. Despite limited evidence of escape mutation spread in
North America, rates of spread may be higher in populations with high HIV-1 prevalence,
older epidemics, differential transmission dynamics and/or where host HLA diversity is

relatively limited, and thus possess more immediate implications.

The gradual accumulation of CTL escape mutations in circulating HIV-1
sequences is paralleled by a similar phenomenon driven by humoral immunity. Two

recent studies evaluating antibody neutralization resistance of historic versus modern
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HIV-1 envelope sequences suggest that HIV-1 is drifting towards a more neutralization-
resistant phenotype over time [97]. Furthermore, contemporary sera exhibited lower
heterologous neutralizing activity than historic sera, consistent with a gradual
undermining of humoral immunity as HIV-1 becomes increasingly neutralization resistant
[98]. Taken together, evidence suggests that HIV-1 is becoming - albeit gradually - more
“pre-adapted” to host immunity as immune escape mutations spread in circulation.
Further studies are therefore warranted to explore the extent of HIV-1 adaptation to
cellular and humoral immune pressures in different host populations as their respective
epidemics increase in age and diversity, and the potential implications of this adaptation

for natural (and vaccine-induced) immunity over time.

2.12. Conclusion

In conclusion, mutational escape from host immune responses represents a
major selective force driving the evolution and diversification of HIV-1 within infected
persons. By extension, mutational escape is also responsible for the diversification of
HIV-1 globally, and for the continued evolution of the virus as the epidemic progresses.
Continuing to advance our understanding of the dynamics and pathogenic implications
of immune escape within individuals and populations — including how to recapitulate this
process by vaccination as in the case of the generation of broadly-neutralizing
antibodies — will be paramount to achieving our ultimate goal of an effective HIV-1

vaccine.
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Chapter 3.

HIV receptors and coreceptors: a mini-review

3.1. Introduction

Identification of the CD4 receptor in 1984 [1] and the CXCR4 and CCR5
coreceptors in 1996 [2,3] were instrumental in furthering our understanding of HIV-1
transmission, evolution, and disease progression [4]. Moreover, the identification of viral
coreceptors led to development of coreceptor antagonists, a class of drugs that inhibit

viral entry via coreceptor blockade (e.g. the CCR5 antagonist Maraviroc) [5,6].

3.2. Identification of CD4 receptor and CXCR4 and CCR5
coreceptors

The discovery of CD4 as the primary HIV-1 receptor came hand in hand with the
observation that HIV-1 infected individuals had decreased levels of CD4+ T-cells [7].
Specifically, in 1984 Klatzmann et al demonstrated that CD4 was the primary receptor
for HIV-1 entry [1]. Using monoclonal antibodies that blocked only CD4, they showed
that HIV-1 infection of immortalized T cell lines could be inhibited [1]. However, further

research indicated that CD4 was not the sole receptor required for HIV-1 entry [8].

Two key observations led researchers to hypothesize that CD4 was not the only
HIV-1 receptor necessary for viral entry into host cells. Firstly, researchers working with
recombinant human CD4 molecules observed that HIV-1 was only able to use this
receptor when it was expressed on human, but not murine cells [4]. Further experiments
with cell lines concluded that non-permissiveness to HIV-1 infection in murine cells was
not due to presence of an inhibitor in these cells, but rather to the lack of an unidentified

cofactor necessary to complete the viral life cycle [4]. Secondly, there was evidence of

44



viral tropism in human cells: some HIV-1 strains were able to infect certain human cell
types but not others [4]. This suggested that there may be more than one coreceptor
involved in viral entry. With further experiments, researchers identified two HIV-1
phenotypes: some HIV-1 strains were able to efficiently infect primary T-cells while
others were able to infect primary macrophages; thus these strains were named T-cell
tropic (TCL-tropic) and macrophage tropic (M-tropic) strains, respectively. It was not until
1996 that the first HIV-1 coreceptor, CXCR4, was identified. Using a cDNA cloning
strategy and sequence analysis, Feng et al identified a protein that was part of the seven
transmembrane G-coupled protein receptor superfamily [2]. Although other laboratories
had previously sequenced this protein, no ligand had yet been identified. As such,
researchers initially named it “fusin” for its role in mediating HIV-1 fusion and entry [2],
but its name was later changed to CXCR4. Further confirmation that CXCR4 served as
an HIV-1 entry coreceptor came from subsequent functional studies that blocked CXCR4
or added CXCR4 to CD4-expressing cell types while exposing them to HIV-1 infection
[4]. In addition it was noted that only TCL-tropic strains were able to infect CXCR4

expressing cells, indicating that M-tropic strains use another coreceptor.

The discovery of another HIV-1 coreceptor, CCR5, followed shortly in 1996. Early
studies of host factors that mediate HIV-1 disease progression revealed that the host
chemokines RANTES, MIP-1a, and MIP-1B secreted by CD8+ T-cells were major HIV-1
suppressive factors [9]. Furthermore, these chemokines suppressed M-tropic, but not T-
tropic, strains of HIV-1 [3,4]. The receptor for these chemokines had previously been
characterized as CCR5, another member of the G-coupled protein receptor family [3,9].
Again, confirmation that CCR5 acted as an HIV-1 coreceptor was done using CCR5-
blocking antibodies. With the identification of the coreceptors for M- and TCL-tropic
viruses, the picture was finally clear that HIV-1 entry required binding of CD4 and either
CCRS5 or CXCRA4. Note that this historic nomenclature of TCL- and M-tropic is no longer
used because M-tropic strains can also infect T-cells (and possibly vice-versa) — this is
because CCR5 and CXCR4 are expressed on a variety of cell types. Instead, the
modern nomenclature is based on the coreceptor usage of the viral isolate. For example,
strains that enter by binding to CCR5 are termed CCR5-using (or “R5”), those that use
CXCR4 are termed CXCR4-using (or “X4”), and those that are able to use either

coreceptor are termed dual-tropic (or “R5X4”). Note that other HIV-1 coreceptors have
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been identified in vitro, such as CCR2b, CCR3, and CX;CR1, however their role in

natural HIV-1 infection is poorly understood [4].

3.3. Determination of viral coreceptor use

HIV-1 coreceptor usage is relevant to HIV-1 pathogenesis. For example, the
emergence of X4 viruses in an infected, untreated individual is associated with
accelerated CD4 decline and faster progression to AIDS [10,11], whether X4 viruses are
a cause or consequence of disease progression remains somewhat unclear. HIV-1
coreceptor usage is also relevant in the context of HIV-1 therapy. Specifically, the
antiretroviral drug maraviroc is a CCR5 antagonist that binds to the host CCR5 receptor
thereby blocking entry of R5 strains but not X4 or dual-tropic ones. Because maraviroc
only protects against R5 variants, prior genetic testing of HIV-1 in the infected individual
is vital to rule out the presence of X4 or dual-tropic strains. As such, determining the
coreceptor usage of a given HIV-1 isolate is important in both a research as well as a
clinical context. There are two primary methods to determine coreceptor use: phenotypic

and genotypic, with slight variations of each in currently in use.

3.3.1. Phenotypic assays

Phenotypic co-receptor usage assays are cell culture based and can determine
whether an HIV-1 strain is R5, X4, or dual-tropic. The most commonly used phenotypic
assay is the Trofile assay (Monogram Biosciences, South San Francisco, California,
USA) (Figure 3.1) [12,13]. Coreceptor usage is determined by amplifying env-gp160
sequences from the plasma HIV-1 RNA of infected patients using a nested reverse
transcriptase polymerase chain reaction (RT-PCR). Amplicons are then cloned into an
expression vector and amplified using bacterial cloning methods. A second plasmid, that
contains a modified version of the HIV-1 reference strain NL4.3 genome where
envelope-gp160 is replaced with a luciferase gene (such that light is emitted when it is
expressed) is also used in the assay. Both plasmids are transfected into an immortalized
cell line in order to produce HIV-1 NL4.3-luciferase “pseudoviruses” that express the
patient-derived env gp160 on their surface. After harvesting, the pseudoviruses are used

to infect specialized cell lines that express only CCR5 or CXCR4, in a single cycle
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assay. If the pseudotyped virions are successfully able to infect the target cells they emit
a luciferase light signal [12]. Viruses that are able to infect one or the other are R5 or X4
respectively, and viruses able to infect both cell lines are dual-tropic. When this assay is
performed using single clonal sequences isolated from patients, it is able to determine if
a sequence is truly R5, X4, or dual-tropic. However, if performed at the “bulk” level by
amplifying all viruses present in a sample (thus producing a mixed stock of
pseudoviruses) the assay is only able to discern if the sample is exclusively R5, X4, or
contains a mixture of R5, X4, and/or dual-tropic viruses (“dual/mixed” or “D/M”).
Phenotypic assays are considered the gold standard and are widely used in clinical and
research applications [13]. However, phenotypic assays are time consuming, resource
intensive and have a relatively substantial failure rate, especially on low viral load

samples, due to the requirement that gp160 be amplified in its entirety-
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Figure 3.1. Phenotypic tropism assay (Trofile)

The above diagram shows the steps of the phenotypic tropism assay. Panel A: (Left) Gp160 is
amplified from patient plasma using RT-PCR and cloned into an expression vector. (Right) A
modified NL4.3 reference strain where gp160 is replaced with a luciferase gene. Panel B: Both
plasmids are transfected into an immortalized cell line to produce “pseudoviruses” that carry HIV-
1 NL4.3-luciferase genomes and express patient derived gp160 on the surface. Panel C:
Pseudoviruses infect specialized cell lines that express CD4 and CCR5 or CXCR4 exclusively.
Panel D: Upon infection the HIV-1 NL4.3-luciferase genome is expressed to produce a luciferase
signal.
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3.3.2. Genotypic assays

Genotypic assays infer HIV-1 coreceptor phenotype by analysis of the viral
envelope sequence. The V3 region in gp120 is the principal genetic determinant for
coreceptor binding [14]. Analysis of V3 sequences with linked phenotypic data originally
allowed researchers to identify specific positions and amino acids in V3 that are
associated with either CCR5 or CXCR4 usage [14,15]. For example, positively charged
amino acids (i.e. arginine and lysine) at V3 codon 11 and/or 25 (subtype B; HXB2 codon
11 and/or 27) are associated with CXCR4 usage, while neutral or positively charged
amino acids at position 11 and/or 25 are associated with CCR5 usage [14,16]. This
historic and simple method used to determine coreceptor usage is termed the “11/25
rule”. In addition to position 11 and/or 25 researchers have identified other amino acids
within and outside of V3 that can be used to distinguish between R5 and X4 HIV-1
(Figure 3.2). Current coreceptor prediction algorithms are more advanced and generally
consist of machine learning methods trained on very large linked datasets of genotypic
and phenotypic information [17,18]. Some algorithms look at only the V3 region while
others incorporate data from additional regions within gp120 [17,18]. Coreceptor
prediction algorithms in widespread use include geno2phenoOicoreceptory [17] and
WebPSSM [18]. Although the underlying algorithms differ, both are able to classify
sequences as R5 or X4. Geno2phenOporeceptor; CaN also incorporate other clinical
parameters such as viral load and CD4 counts to improve coreceptor predictions [17].
Current genotypic methods paired with next-generation “deep” sequencing have
comparable sensitivities and specificities to phenotypic assays [19,20] and are widely

used in research and clinical applications [19,20].

49



100
MRVKEKYQHLWRWGWRWGTMLLGMLMICSATEKLWVTVYYGVPVWKEATTTLFCASDAKAYDTEVHNVWATHACVPTDPNPQEVVLVNVTENFNMWKNDM

V1 V2
[ I | 200
VEQMHEDIISLWDQSLKPCVKLTPLCVSLKCTDLKNDTNTNSSSGRMIMEKGEIKNCSFNISTSIRGKVQKEYAFFYKLDIIPIDNDTTSYKLTSCNTSV

300
ITQACPKVSFEPIPIHYCAPAGFAILKCNNKTFNGTGPCTNVSTVQCTHGIRPVVSTQLLLNGSLAEEEVVIRSVNFTDNAKTIIVQLNTSVEINCTRPN

V3

| 400
NNTRKRIRIQRGPGRAFVTIGKIGNMRQAHCNISRAKWNNTLKQIASKLREQFGNNKTIIFKQSSGGDPEIVTHSFNCGGEFFYCNSTQLFNSTWFNSTW

V4 V5
—
STEGSNNTEGSDTITLPCRIKQIINMWQKVGKAMYAPPISGQIRCSSNITGLLLTRDGGNSNNESEIFRPGGGDMRDNWRSELYKYKVVKIEPLGVAPTK500

511
AKRRVVQREKR

Q

Q ,,)0 S (OQ S Q %O QD ,\/0

> )

Figure 3.2. Gp120 amino acid positions associated with CCR5/CXCR4 usage
Shown is the amino acid alignment of HXB2 envelope-gp120. Amino acid sequences highlighted
in red and labeled above the alignment represent the V1-V5 loops. Amino acid sites highlighted in
blue represent sites that can be used to distinguish between CCR5 and CXCR4 using strains.

3.4. Coreceptors, infection, and disease progression

The majority of HIV-1 infections worldwide are caused by R5 viruses [4]. R5
strains are also preferentially transmitted [21]. This may be due to their numerical
dominance, but also their decreased susceptibility to host antiviral (e.g. defensins [22]
and SDF-1 [23]) factors. More recent studies have revealed that 83-95% of primary
subtype B infections comprise R5 viruses while the remainder comprise X4 or dual-tropic
viruses [24,25]. In addition, approximately 50% of individuals infected with R5 viruses
undergo a phenotypic “R5-to-X4” switch during chronic infection. This coreceptor switch
is also temporally associated with a more rapid decline in CD4 counts and accelerated
disease progression to AIDS [10,11]. Whether X4 HIV-1 is the cause or consequence of

accelerated disease progression to AIDS is still unclear.

3.4.1. Genetic variation in the host CCR5 gene contributes to
susceptibility to HIV-1 infection and disease progression

A naturally occurring 32 base-pair deletion in the host CCR5 gene (CCR5-A32)

results in a defective CCRS5 protein [26]. Rare individuals with two copies of this gene

50



are referred to as CCR5-A32/A32 homozygous. These individuals have no functional
CCRS5 receptor rendering them resistant to infection by R5 HIV-1 [26]. Although resistant
to R5 HIV-1 strains, CCR5-A32/A32 homozygous individuals are still susceptible to
infection by X4 and dual-tropic viruses [26,27]. Individuals with a single copy of the
mutation are referred to as CCR5-wt/A32 heterozygotes. Heterozygosity does not
protect against HIV-1 acquisition [27], however it is associated with slower disease
progression [27,28]. Importantly, individuals homozygous or heterozygous for the A32
mutation display no detrimental side effects associated with reduced or non-expression
of the CCR5 proteins [27]. The CCR5-A32 mutation is found at different frequencies
throughout the world. In individuals with northern European descent the prevalence of
CCR5-wt/A32 and CCR5-A32/A32 is approximately 20% and 1% respectively, but
negligible in other ethnic populations [26,29].

There are other naturally-occurring mutations in the CCR5 gene and promoter.
The m303 single nucleotide polymorphism (SNP) results in a truncated protein [30] and
the CCR5 59029-G/A SNP in the promoter region influences protein expression [31].
Individuals who are homozygous for the CCR5-m303/m303 mutation or who are
heterozygous in conjunction with the A32 mutation (CCR5-m303/A32) are resistant to R5
infection but remain susceptible to X4 and dual-tropic infections [30]. The CCR5 m303
mutation is understudied because it is even rarer than the A32 mutation [30]. The CCR5
59029-G/A SNP is however more common (allele frequency of 43-68% depending on
ethnicity) [31]. In a historic cohort of untreated HIV-1 infected individuals, those who had
the 59029-G/G SNP progressed to AIDS on average 3.8 years slower than individuals
who had 59029-A/A SNP [31]. Of note, there are no known natural mutations in the
CXCR4 gene that affect HIV-1 acquisition or disease progression. There is however a
common polymorphism in SDF1 (the natural ligand for CXCR4) named SDF1-3’'UTR-
801G-A (abbreviated to SDF1-3’A) that has been associated with a delayed onset to
AIDS [32].

3.5. Targeting coreceptors therapeutically

The discovery of natural mutations in the CCRS5 gene that render individuals

“resistant” to HIV-1 [26-28] has led to various strategies to replicate this phenotype
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therapeutically. These include blockade of CCR5 (e.g. the CCR5 antagonist maraviroc)
[6], modification of the CCR5 gene (e.g. using zinc finger nucleases) [33], or, in the case
of the “Berlin patient” who is believed to be cured of HIV-1, a stem cell transplant from a
tissue antigen-matched, CCR5-A32/A32 donor [34]. A brief discussion of these therapies

follows here.

As mentioned, early studies showed that the cytokines RANTES, MIP-1a, and
MIP-1B (the natural ligands for CCR5) can function as inhibitors of HIV-1 in vitro [9],
though the ability of these of these cytokines to effectively block HIV-1 infection of target
cells in vivo remains somewhat controversial. Some studies have shown a correlation
between these chemokines and a delayed disease progression while others have not
[4]. Nevertheless, these observations support strategies of therapeutic blockade of
CCR5 in HIV-1 treatment and prevention. Moreover, the observation that natural
mutations identified in CCR5 (i.e. CCR5-A32 or CCR5 m303) abrogate protein
expression with no adverse effects suggests that CCR5 blockade strategies may be
minimally toxic [26-28]. Indeed, coreceptor antagonists are a class of drugs used against
HIV-1. Maraviroc is the only FDA approved antiretroviral drug in this class; it blocks entry
of R5 HIV-1 strains by competitively binding to CCRS5. It does not, however, block X4 or
dual-tropic strains [5,6]. As such, a coreceptor usage test must be performed prior to
starting Maraviroc to decrease the likelihood of the emergence of X4 strains during
treatment [35].

Other attempts to inhibit HIV-1 entry include experimental gene modification of
the CCR5 gene using zinc finger nucleases (ZFN) [33]. Here, ZFNs are engineered to
specifically recognize the CCR5 gene whereupon the nuclease domain creates a
double-stranded break in the CCR5 gene. This break is then repaired by the cellular
DNA repair mechanisms. When the double-stranded break is not repaired correctly, a
non-functional protein results, thus mimicking the CCR5-A32 mutation [33]. Adoptive
transfers of ZFN modified CD4+ T-cells to humanized HIV-1 infected mice have been
shown to decrease viral load and increase CD4+ T-cell counts [33]. Lastly, a more
dramatic example came in 2009 doctors performed a stem-cell transplant from a CCR5-
A32/A32 homozygous donor to the “Berlin patient”’, an HIV-1 infected individual with

acute myeloid leukemia [34]. To this day this individual has remained HIV-1 negative
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while remaining off antiretroviral therapy. However, subsequent CCR5-A32/A32
homozygous stem-cell transplants to HIV-1 infected individuals have been unsuccessful
[36]: in 2014, an individual who had undergone this procedure subsequently had viral

rebound while off antiretroviral therapy with X4 HIV-1 [36] .

3.6. Assessing HIV-1 sequence diversity

HIV-1 is a highly genetically diverse pathogen with a rapid mutation rate [37].
Upon infection with one or a few distinct transmitted/founder viruses, HIV-1 undergoes
rapid evolution generating a within-host swarm of viral “quasispecies” that are highly
similar but genetically distinct [38,39]. These viral variants are important to study
because each has their own genotypic and phenotypic traits that may contribute to HIV-1
pathogenesis. | will here give a brief overview of historic and next-generation DNA

sequencing technologies and how they have helped us study HIV-1 sequence diversity.

Traditional “bulk” (direct) Sanger sequencing of HIV-1 genomes amplified from
an individual via (RT-)PCR yields a single “composite” sequence that captures HIV-1
diversity in that individual. In a bulk sequence, nucleotide mixtures will be observed at
positions where variants in the quasispecies differ from one another. Although this is
useful for studies that require a single representative sequence per individual, there are
two limitations to this approach. Firstly, if a sequence contains more than one site
harboring a mixture, it is not possible to determine the exact nucleotide sequence of the
individual template sequences in the original pool. Secondly, bulk Sanger sequencing
can only reliably detect HIV-1 variants that are above a frequency of 20% in the original
pool, [40]. For example, in the context of viral coreceptor usage prediction, Sanger
sequencing provides an overall average prediction for all amplified sequences in an
individual. Consequently, genotypic X4 prediction of some sequences will be more
accurate than others. For example, if sequences contain nucleotide mixtures at crucial
coreceptor-determining positions (e.g. V3 codon 11 and/or 25) it will result in less a
confident prediction. As an example, if the nucleotide sequence at codon 11 was
“‘A(A/T)A”, it would translate to either lysine (which is highly associated with X4
phenotype) or isoleucine (which is associated with R5 phenotype), and the overall

coreceptor prediction would be less confident compared to a sequence with no mixtures.
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To capture individual unique sequences using Sanger sequencing, templates must first
be separated and amplified individually prior to sequencing — either by employing a
molecular cloning step or via single genome amplification (SGA) methods, both of which
are time consuming procedures [39,41]. It is estimated that the sensitivity of genotypic
coreceptor prediction using “bulk” sequences is approximately 40-60% [42,43] of that of
phenotypic coreceptor usage assays [17,43]; this increases to 70-80% when using

clonal sequence data.

Next-generation sequencing (NGS) technologies have significantly advanced
HIV-1 research. NGS has allowed researchers to capture the vast diversity of HIV-1 at
an individual sequence level within a single person. It has also allowed researchers to
study a larger number of sequences [44] in greater detail including minority variants
below the limit of detection by Sanger sequencing [45]. NGS is a term used to describe a
variety of high throughput technologies that are able to sequence a large number of
sequences simultaneously and can yield thousands to millions of sequencing reads per
sample per patient (depending on platform and preparation protocol). Generally, in the
context of HIV-1, NGS involves PCR amplification of all viral genetic material in a single
or multiple sample(s). Next is the preparation of an amplicon library. The protocol differs
depending on amplicon size: if the amplicon is small (250-400 nucleotides, though this is
somewhat platform-dependent), then amplicons can be uniquely tagged and moved
directly into the pipeline. However, longer amplicons must first be cut up into smaller
fragments. Next, all sequences in the library are clonally amplified and sequenced
directly. What results are thousands to millions of clonal sequencing reads per sample
per patient, again depending on the platform and protocol. With respect to genotypic
coreceptor prediction, NGS produces many clonal sequences per individual but it can
also improve predictions by capturing low frequency non-R5 variants (below the limit of

detection of phenotypic assays) allowing for more accurate coreceptor predictions [46].

Examples of NGS platforms include Roche 454, lllumina MiSeq, lon Torrent, and
SOLID sequencing. My thesis research utilized the Roche 454 platform; as such, a brief
description of this technology follows here. To sequence the env-V3 loop, | employed the
amplicon sequencing method. V3 sequence specific primers were used to amplify

envelope V3 from patient samples in an initial round of RT-PCR; this was followed by a
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second round of PCR amplification using nested primers that contained unique multiplex
identification (MID) tags. Two sample libraries containing full-length V3 sequences were
created by combining sequences with unique MID tags in equal proportions. Each
sequence is then tagged with specialized primer adapters that enable the amplicons to
bind to a specialized reaction bead. Next, the amplicons, now attached to reaction
beads, are added to a single emulsion PCR (emPCR) reaction mix that encapsulates
each bead in a “microreaction” bubble that contains all the necessary enzymes and
reagents for clonal PCR amplification of each amplicon on a bead. EmMPCR produces
beads coated with multiple copies of the original V3 amplicon. These beads are now
deposited onto a picotiter plate to undergo pyrosequencing. Nucleotides are then
automatically flowed over the plate one at a time (adenine [A], cytosine [C], thymine [T],
or guanine [G]) in a cyclic fashion. When the nucleotide being flowed over the plate
complements the nucleotide in the template sequence, it binds and emits a specific unit
of light that is recorded. If more than one nucleotide is added in a single cycle, the light
signal produced is designed to be proportional to the amount of nucleotides added. For
example, if three nucleotides are added, the recorded amount of light should be triple the

amount compared to a single nucleotide.

Roche 454 was initially favoured as a platform due to its longer (300-700
nucleotide) sequencing reads. However, its major limitation is its high error rates in
areas with single nucleotide repeats (homopolymer repeats) [47]. Specifically, in these
regions the strength of the emitted light is no longer proportional to the number of bases
incorporated, resulting in missed bases or erroneous deletions [47]. This is particularly
problematic because the HIV-1 genome contains many homopolymer repeats (usually
stretches of adenines [A]) [47], making it difficult to determine between sequencing error
and actual sequence variation. Currently these errors are dealt with bioinformatic post
processing. More recently the lllumina MiSeq platform has become more popular than
454. Although its sequencing reads are slightly shorter, this technology has significantly
improved error rates [48] requiring less post-processing. Additional novel sequencing
technologies are also in development. These “third generation” technologies aim to offer
an even higher throughput at a lower cost — an example is nanopore DNA sequencing.
Currently this method has high error rates, but offers to sequence genomes without the

need to previously PCR amplify them.
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Regardless of technology and platform, DNA sequencing has proven to be an
invaluable to assess HIV-1 sequence diversity and evolution at a greater level of detail.
In the specific context of viral coreceptor usage prediction, NGS paired with bicinformatic
coreceptor predictions allow the identification and interpretation of each virus sequence
amplified from an individual patient. Unlike Sanger sequencing, NGS can identify low
frequency variants that can then be used to determine viral tropism which are crucial in

antiretroviral therapy settings [19].
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Chapter 4.

Longitudinal deep sequencing and phylogenetic
reconstruction of CXCR4 HIV-1 transmission to an
individual homozygous for the CCR5-A32 mutation

The research presented in this chapter has been submitted to an international peer-

reviewed journal in a modified form.

4.1. Abstract

Individuals homozygous for a naturally-occurring 32 base pair deletion in the
CCR5 gene (CCR5-A32/A32) are resistant to infection by CCRS-using (“R5”) HIV-1
strains but remain susceptible to CXCR4-using (“X4”) strains. We identified a putative
case of X4 HIV-1 transmission from a CCR5-wt/wt donor to a CCR5-A32/A32 recipient
by injection drug use. We characterized this rare event by longitudinal envelope-V3 deep
sequencing and phylogenetic ancestral reconstruction. Despite high (5.1 log+, copies/ml)
donor pVL, ancestral reconstruction supported transmission of a single
transmitted/founder (T/F) X4 virus to the recipient. This T/F virus differed by only one V3
residue from that originally acquired by the donor. Moreover, analysis of both plasma
and PBMC V3 sequences suggested that HIV-1 infection in the recipient could have
been initiated by transfer of an infected cell (i.e. not a free virion) from the donor.
Whereas the donor’s HIV-1 population gradually reverted from 100% X4 to ~60% R5
over ~4 years, the recipient’s HIV-1 remained consistently X4 despite substantial within-
host diversification. Our observations underscore the influence of host genetics on HIV-1

evolution and support cellular transfer as a mode of transmission.
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4.2. Introduction

Entry of human immunodeficiency virus type-1 (HIV-1) into target cells occurs via
binding of the viral envelope protein gp120 to the host CD4 receptor [1] followed by
binding to chemokine coreceptors CCR5 or CXCR4 on the host cell surface [2,3]. HIV-1
strains that utilize CCR5 or CXCR4 are termed “R5” and “X4” respectively; those
capable of utilizing either coreceptor are termed “R5/X4” (or dual-tropic) [4]. Coreceptor
usage of a given HIV-1 isolate can be determined using cell-culture based phenotypic
assays [5]. Alternatively, as the principal genetic determinants of viral coreceptor usage
lie in the third variable (V3) loop of HIV-1 envelope gp120 (HXB2 codons 296-331) [6,7],
coreceptor usage can also be predicted genotypically, via bioinformatic algorithms
trained on large linked V3 sequence/phenotype datasets. Examples of widely-used V3
genotypic prediction algorithms include the support vector machine-based

geno2phenooreceptor (92P) [8] and the position-specific scoring matrix-based WebPSSM
[9].

R5 strains predominate globally [10] as well as during all infection stages [11]. R5
strains are also preferentially transmitted [10,12]. This may be due in part to their
numerical dominance, their lower susceptibility to certain antiviral factors (e.g. defensins
[13], SDF-1 [14]), their decreased N-linked glycosylation in V3 [12,15,16], and/or the
enrichment of CD4+CCR5+ target cells at sites of primary infection [10,15]. Indeed,
recent studies of acute infection estimate that R5 strains comprise approximately 83%-
97% of primary infections, with X4/dual tropic strains making up the remaining 3%-17%
[17,18]. If left untreated, X4 variants tend to emerge alongside their R5 counterparts over
a timeline of years in up to 50% of individuals infected with HIV-1 subtype B, whereas
the remainder of individuals will exclusively harbor RS variants throughout their infection
course [19,20].

Major advances have recently been made in our understanding of HIV-1
transmission [21-23]. This event is characterized by a severe genetic bottleneck, where
an estimated 80% of heterosexual infections are productively initiated by a single
transmitted/founder (T/F) variant [21,24]. Infection via injection drug use is generally

initiated by an average of 3 closely-related T/F viruses [25]. Much effort has been
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devoted to the genetic characterization of T/F viruses. This is traditionally achieved by
creating a consensus sequence from single-template (e.g. clonal, deep-sequenced or
single-genome amplified) HIV-1 sequences sampled from plasma shortly after infection
[21,25]. Alternatively, phylogenetic ancestral reconstruction techniques can been applied
to longitudinal single-template HIV-1 sequence datasets — even those sampled weeks or
months following infection — to estimate infection dates, reconstruct T/F virus sequences
and study within-host HIV-1 evolution in detail [26-28]. For example, phylogenetic
techniques were applied to longitudinal within-host deep V3 sequences to reconstruct
the timing and emergence of ancestral X4 lineages in patients who underwent a R5-to-

X4 “switch” over the infection course [27].

Another (host) genetic determinant of HIV-1 transmission is the naturally-
occurring 32 base pair deletion in the human CCRS gene (CCR5-A32), that results in a
non-functional CCR5 protein [29]. Rare individuals homozygous for this deletion (“CCR5-
A32/A32”) — who comprise approximately 1% of individuals of European descent [29,30]
— are effectively resistant to infection by R5 strains but remain susceptible to infection by
X4 or dual tropic strains [29,31-33]. Although X4 infections in CCR5-A32/A32 individuals
have been documented [34-46], no studies of these rare transmission cases have
combined next-generation sequencing and phylogenetic approaches to identify the T/F

virus and characterize intra- and inter- host HIV-1 evolution in detail.

In the present study, we identify a putative case of X4 transmission from a CCR5
wt/wt donor to a homozygous CCR5-A32/A32 recipient from among the participants of
the Vancouver Injection Drug Users Study (VIDUS) [47]. We combine deep sequencing
of the V3 region in plasma and PBMC with phylogenetic ancestral reconstruction to
study within-host HIV-1 evolution in donor and recipient, including characterization of the
T/F virus in both instances. Results reveal transmission of a single X4 variant from donor
to recipient, presumably via transfer of an infected cell, and differential HIV-1 coreceptor

usage evolution in these two hosts with different genetic backgrounds.
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4.3. Methods

4.3.1. Vancouver Injection Drug Users Study (VIDUS)

Founded in 1996, the original Vancouver Injection Drug Users Study (VIDUS)
was a longitudinal cohort of 1603 active injection drug users 18 years or older recruited
from Vancouver's Downtown East Side through street outreach [47]. At baseline and
semi-annual follow-up visits, participants completed a semi-structured, interviewer-
administered questionnaire and provided a blood sample that was separated into plasma
and peripheral blood mononuclear cells (PBMC) and stored at -80°C until use. PBMC
pellets were frozen directly (i.e. not cryopreserved); as such, cell separation and viral
outgrowth assays were not possible. Of 1603 VIDUS participants recruited, 325 (20.3%)
were HIV-1 positive (seroprevalent) at study entry whereas 141 (8.8%) seroconverted
during follow-up; all other participants did not register an HIV-positive test during follow-
up. The present study made use of available bulk plasma HIV-1 RNA and/or DNA
sequences spanning Gag, Integrase, V3 and Nef from 115 (of 141, 82.3%)
seroconverters and 124 (of 325, 38.2%) seroprevalent VIDUS participants (total 239).

4.3.2. Ethics statement

This study was approved by the Research Ethics boards at Providence Health

Care/University of British Columbia and Simon Fraser University.

4.3.3. Amplification and bulk sequencing of HIV-1 RNA and DNA
from VIDUS participants

Total nucleic acids were extracted from plasma and PBMC pellets collected from
VIDUS participants using standard methods. HIV-1 Gag, Integrase, V3 and Nef were
amplified by nested RT-PCR (for HIV-1 RNA; Invitrogen SuperScript Ill One-Step RT-
PCR System) or nested PCR (for HIV-1 DNA; Roche Expand High Fidelity PCR System)
using primers optimized for HIV-1 subtype B sequences. Amplicons were bidirectionally
sequenced on a 3130xl or 3730xI automated DNA sequencer (Applied Biosystems).
Chromatograms were analyzed using Sequencher v5.0.1 (Genecodes) or custom

software RECall [48] with nucleotide mixtures called if the height of the secondary peak
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exceeded 25% of the dominant peak height (Sequencher) or 20% of the dominant peak
area (RECall). Alignment to the HIV-1 subtype B reference strain HXB2 (for Gag,
Integrase and Nef) or a modified subtype B reference sequence (for V3) was done using
an in-house alignment tool based on the HyPhy platform [49]. Maximum likelihood
phylogenetic trees were constructed using PhyML 3.0 [50]. Patristic (tip-to-tip) genetic
distances, expressed in terms of substitutions per nucleotide site (sub/nt site), were
extracted from maximum-likelihood Newick treefiles using PATRISTIC [51]. Trees were

visualized using Figtree v1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/).

4.3.4. Identification of the putative transmission pair

A putative transmission pair was retrospectively identified via phylogenetic
analysis of population-level bulk HIV-1 sequences: for all genes analyzed, this pair
exhibited the shortest patristic distances in the VIDUS cohort (see results). Clinical
estimated dates of infection (calculated as the midpoint between the last HIV-negative
and first positive sample) were March 2000 for the donor and August 2001 for the
recipient. The inferred transmission date was considered “time-zero”, with all donor and
recipient timepoints expressed as months relative to this date, and all specimens named
according to their source (“D” for donor, “R” for recipient) and sample type (plasma or
PBMC). For example, ROM refers to the transmission event (for which no specimen was
available) while D-13MP?™ refers to the donor plasma sample collected 13 months prior
to transmission. For the donor, paired plasma and PBMCs were available at -13, -7, -1,
and +35 months from the transmission event, while recipient plasma samples were
available at +5 months, and paired plasma/PBMCs at +6, and +12 months from this

date.

The donor, initially antiretroviral naive, began highly active antiretroviral therapy
(HAART) in late August 2001, shortly after the estimated date of transmission, and
remained intermittently on HAART over the course of study followup. The recipient

remained antiretroviral-naive over the course of study followup.
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4.3.5. CCR5-A32 and HLA class | genotyping

Host CCR5-A32 genotyping of VIDUS participants was performed as described
previously [52]. Briefly, a ~172 bp region spanning the deletion site was amplified by
nested PCR from plasma and/or PBMC-derived DNA and visualized on a 2% agarose
gel. To confirm the genotype, 2™ round amplicons were bidirectionally sequenced and
chromatograms were visually assessed for length and the presence of the prolonged
mixed-base motif characteristic of heterozygous CCR5-wt/A32 genotypes. In doing so,
the putative donor and recipient were identified as homozygous CCR5-wt/wt and
CCR5A32/A32 respectively. The recipient's CCR5A32/A32 status was confirmed by
genotyping 9 additional specimens collected longitudinally from this individual. High

resolution HLA class | typing was performed by sequence-based typing [53].

4.3.6. Longitudinal deep-sequencing of HIV-1 V3 RNA and DNA
sequences from donor and recipient

Prior to deep-sequencing, the V3 region was amplified in triplicate from all donor
and recipient plasma and PBMC-derived nucleic acid extracts. Nested second round
amplification was performed using forward and reverse primers incorporating one of 12
multiplex identifier (MID) tags and a linker sequence at the 5" end and visualized on a
1% agarose gel. Amplicons were quantified with the Quant-iT PicoGreen dsDNA Assay
Kit (Invitrogen) on a DTX 880 Multimode Detector (Beckman Coulter), pooled in equal
proportions, purified, re-quantified, and deep-sequenced using the GS Junior Titanium
Sequencing Kit on a GS Junior instrument (Roche/454). To avoid low-level, intra-run
sequence cross-contamination by genetically similar amplicons, we sequenced each
donor and recipient amplicon on a separate GS-Junior run (as each GS-Junior run
typically included 24 V3 amplicons, this means that each run contained one amplicon
from the donor or recipient, and 23 V3 amplicons from patients unrelated to the present

study). The one exception was donor sample D+35M"asma/PBMC

, Where data are derived
from an initial run that included other donor and recipient samples. Inclusion of data from
D+35M"@MaPBMC f-om this run was deemed appropriate after quality-control experiments
confirmed that HIV-1 sequences and their distributions obtained from separate vs.

combined runs were highly concordant (not shown).
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4.3.7. Processing of deep sequencing data

Raw sequences were processed, aligned, and trimmed to a modified HIV-1
HXB2 V3 reference standard (HXB2 gp120 codons 296-331) using an iterative process
as described previously [54]. Briefly, identical sequences were collapsed and annotated
with read counts. Sequences were discarded if the MID or primer sequence was a
mismatch to the one assigned to the sample or the sequence did not align to the V3
reference standard. Sequences that were identical except for 1-2 gap characters
(attributable to erroneous indels introduced during sequencing) were merged, and read
counts updated. The remaining sequences were re-aligned to generate a sample-
specific consensus sequence, which was used as the reference standard in subsequent

steps.

After realigning all sequences to the specimen-specific consensus, any gap
characters followed by =3 instances of the same nucleotide were replaced with that
nucleotide (to correct for the GS-Junior platform’s difficulty in sequencing homopolymer
repeats), and insertions/deletions (indels) were moved to be in-frame. Identical
sequences were again merged and read counts updated. A multiple alignment was
performed on all remaining sequences, and sequences observed at frequencies of <1%
that still contained a single gap character were discarded. To remove any low-level
sequence contamination from other patient-derived amplicons sequenced in the same
run, an intra-run cross contamination check was performed. To do this, the 5 most
frequent sequences within each run (that were observed at a >10% overall prevalence)
were identified. Every sequence in our sample was then compared against this list and
discarded if it represented an exact match. Lastly, nucleotide sequences with read
counts of <2, those not divisible by 3 after removal of gap characters, those not encoding
cysteines (C) as the starting and final V3 residues, and those <96 or >189 base pairs
were discarded as invalid prior to final analysis [55]. Overall, approximately 8 to 32% of

raw sequences were discarded as a result of this processing pipeline.

4.3.8. Ancestral phylogenetic reconstructions

Ancestral phylogenetic reconstructions of intra-host HIV-1 evolution, including the

estimation of transmitted/founder (T/F) sequences and dates, were performed using
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deep sequence data from the three donor and three recipient plasma timepoints
surrounding the transmission event: D-13MP2s™  D-7MP2™  D_1MP#M for the donor
and R+5MP™ R+6MP2™ and R+12M"®™ for the recipient. To maximize information
incorporated into the phylogeny, a ~250bp sequence encompassing V3 and flanking
regions (mapping approximately to HXB2 genomic nucleotides 7086-7336) was used.
Processing of V3 deep sequence data for ancestral reconstructions was done using an
in-house pipeline described previously [27]. Briefly, raw sequences were grouped by
their unique MID tag, and nucleotides with low quality scores (as reported by Roche GS-
Junior software) were trimmed from the 5 and 3’ ends. Identical sequences were
temporarily collapsed and annotated with read counts. These were subsequently aligned
using a custom sequence alignment algorithm in HyPhy [49] that adjusts for the high
indel rates observed with the GS-Junior platform by aligning all three reading frames to a
reference protein standard spanning HXB2 gp120 codons 278-375. This algorithm
assumes that a true V3 sequence will encode a single open reading frame, with any
frameshifts attributable to erroneous indels introduced during sequencing. Aligned
sequences were then re-expanded by their read counts and annotated with sample

dates expressed in terms of days elapsed since January 1, 1990.

Reconstructed, time-stamped phylogenies were created using Bayesian
Evolutionary Analysis Sampling Trees (BEAST) v1.6.1 [56] using parameters described
previously with some modifications [27]. Briefly, 100 sequences were randomly sampled
from each donor and recipient plasma timepoint, for a total of 600 sequences included in
each reconstruction. These 600 sequences were aligned using MUSCLE v3.8.31 [57]
and alignments were manually curated using Se-Al
(http://tree.bio.ed.ac.uk/software/seal/). Alignments were converted into a BEAST XML
file with the following parameter settings: Tamura-Nei [58] nucleotide substitution model,
uncorrelated lognormal molecular clock; Bayesian skyline model with 5 population size
classes; and a chain length of 10® with chain states written to log files at intervals of 10°
with a burn-in period of 2 x 107 (20%). The resulting trees were then thinned down to
100 sampled at regular intervals. Convergence of chain states was assessed using
Gelman and Rubin’s convergence diagnostic implemented in the R package coda [59].
For each tree, a Muse-Gaut codon substitution model crossed with a general time-

reversible model of nucleotide substitution (implemented in HyPhy [49]) was fit to every
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tree. Ancestral sequences were generated by sampling 100 character states from the
posterior distributions reconstructed at every node of the tree. In total, 10 independent
ancestral reconstructions, each randomly sampling 100 sequences per timepoint for a

total of 600 sequences, were performed.

4.3.9. Assessing V3 sequence divergence and diversity

Within-host HIV-1 genetic divergence was over time was assessed by calculating
patristic (tip-to-tip) phylogenetic distances between each host’s reconstructed T/F virus
and all the sequences observed in their plasma and PBMC specimens thereafter, taking
into consideration the frequency of each sequence. Donor and recipient HIV-1 diversity,
calculated as per-codon differences in Shannon entropy, were calculated from V3 amino
acid alignments from the earliest and latest plasma timepoints using Entropy-Two
(http://www.hiv.lanl.gov/content/sequence/ENTROPY/entropy.html) using 1000

randomizations with replacement.

4.3.10. Inference of HIV-1 coreceptor usage

HIV-1 coreceptor usage (RS vs. X4) was predicted from bulk and deep HIV-1 V3
sequences using geno2phenojcoreceptor (92p) [8]. This algorithm assigns each sequence a
false-positive rate (FPR) that represents the probability of classifying an R5-virus falsely
as X4. In the present study, we employed a false positive rate (FPR) cutoff of 5.75% that
was derived from retrospective analysis of clinical data from the MOTIVATE clinical trials
[60]. Using this cutoff, V3 sequences with FPR <5.75% and >5.75% were classified as
X4 and R5, respectively.

4.4. Results

4.4.1. Identification of the putative transmission pair

Maximum-likelihood phylogenies were constructed using one bulk HIV-1 plasma
RNA or PBMC DNA Gag, Integrase, V3, and Nef sequence per individual for 239 VIDUS

participants (Figure 4.1). Computation of patristic (tip-to-tip) genetic distances within
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these phylogenies consistently identified a participant pair who exhibited the lowest
overall distances for all HIV-1 genes examined: these were 0.0027 substitutions per
nucleotide site (sub/nt site) in gag (compared to a cohort median of 0.064 [IQR 0.055-
0.070]), 0.0023 for integrase (cohort median of 0.034 [IQR 0.025-0.041]), 0.010 for V3
(cohort median of 0.087 [IQR 0.056-0.12]) and 0.023 for nef (cohort median of 0.10 [IQR
0.081-0.11]). The overall prevalence of X4 HIV-1 among all VIDUS seroconverters and
seroprevalent participants studied, inferred from bulk V3 sequences, was 14% (12%
among seroconverters sequenced within the first year of infection). Over one-third of
these resided in a single large cluster. Of interest, the putative transmission pair resided
within this cluster (Figure 4.1): donor and recipient bulk V3 sequences were predicted as
X4 with low g2p FPR values of 1.7% and 2.8%, respectively. Moreover, CCR5
genotyping revealed that the putative donor was CCR5-wt/wt whereas the putative
recipient was homozygous CCR5-A32/A32. Neither donor nor recipient expressed
classical “protective” HLA class | alleles: their types were A*03:01/A*31:01,
B*07:02/B*51:01, C*07:02/C*14:02 (donor) and A*23:01/A*25:01, B*35:08/B*44:02,
C*04:01/C*05:01 (recipient).
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Figure 4.1. Maximum likelihood phylogenies of bulk HIV-1 Gag and V3
sequences from VIDUS participants
Maximum likelihood phylogenetic trees were constructed using available bulk Gag (panel A) and
V3 (panel B) sequences from acute and chronically infected participants of the Vancouver
Injection Drug Users Study. Putative donor and recipient sequences are shown in the zoomed-in
window. Tree tips are coloured according to coreceptor usage predicted using V3 genotypes: red
for X4-using, blue for R5-using sequences and gray for Gag sequences for which no
corresponding V3 sequence was available for coreceptor prediction (ND; not determined). Gag
and V3 sequences from putative donor and recipient exhibited the lowest pairwise genetic
distances in the cohort.

HIV-1 transmission from the CCR5-wt/wt donor to the CCR5-A32/A32 recipient
(rather than vice-versa) was inferred by estimating their infection dates (midpoint
between their last HIV-negative and first HIV-positive tests): these were March 2000
(timepoint “D-17M”, see methods) for the donor and August 2001 (transmission
timepoint “ROM”) for the recipient (Figure 4.2). Note that, despite harboring near-identical

bulk HIV-1 sequences, confirmation of transmission (e.g. via participant contact) was not
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possible due to the retrospective nature of the analysis and ethics guidelines.
Nevertheless, this represents a rare opportunity to study intra- and inter-host

evolutionary dynamics of a near-identical HIV-1 strain in genetically distinct individuals.

Donor
Estimated
Date of
Infection
D-17M D-13M&gie D-7Mesie D-1Megie HAART D+35M&gie
: e : Vgl & N :
Vo X3 K
. 4 i |
% . HE . %,
7o, : b, : o,%
N ROM R+5M™™ | R+12Megw
Recipient Estimated R+6MEswe
Date of

Transmission

Figure 4.2. Sampling timeline for Donor and Recipient

Donor samples are in green and recipient samples are in purple. Putative infection/transmission
dates for donor (March 2000) and recipient (August 2001) were estimated as the midpoint
between their last HIV-negative and first HIV-positive tests. The recipient’s estimated
transmission date was set as “Month 0” (ROM); all patient samples were named according to their
source (“D” for donor, “R” for recipient), their sampling time in months from the transmission date
and their type (plasma or PBMC). Donor plasma and PBMC were available -13, -7, -1, and +35
months from the estimated date of transmission; recipient plasma was available +5, +6, and +12
months and PBMC +6 and +12 months from the estimated date of transmission.

4.4.2. Donor and recipient differences in nadir CD4 T-cell count

We first analyzed available pre-therapy clinical measurements (Figure 4.3a and
4.3b). The donor’s highest plasma viral load (pVL), 5.1 logo HIV-1 RNA copies/ml, and
nadir CD4 T-cell count, 20 cells/mm?, were observed 17 months postinfection. The donor
initiated HAART <1 month thereafter. The recipient’s highest pVL, observed 4.5 months
postinfection, was 4.7 logy, HIV-1 RNA copies/ml whereas the nadir CD4 count,
observed 9 months postinfection, was 270 CD4 cells/mm?>. The recipient’'s CD4 count
subsequently rebounded to >400 cells/mm?® and this individual remained HAART-naive

throughout followup.
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Figure 4.3. Clinical histories for donor and recipient

Panel A: Available pre-HAART plasma viral loads (pVL) for donor (green) and recipient (purple).
Maximum pVL for donor and recipient were 5.1 and 4.7 log1o RNA copies/mL, respectively. Panel
B: Available pre-HAART CD4 counts for donor (green) and recipient (purple). Nadir CD4 counts
for donor and recipient were 20 and 270 CD4 cells/mm® respectively.

44.3. Deep sequencing and ancestral reconstruction

Deep sequencing of the HIV-1 V3 region was performed on all available donor
and recipient plasma and PBMC samples using the Roche GS-Junior Platform. A
median of 3143 (range 1905-7248) high quality sequences per sample were analyzed. A
total of 10 phylogenetic ancestral reconstructions were performed using 100 randomly
sampled sequences from each of the three donor and recipient plasma timepoints
closest to transmission. All 10 ancestral reconstructions supported transmission of a
single T/F viral strain from the CCR5-wt/wt donor to CCR5-A32/A32 recipient between
May 2001 and August 2001 (Figure 4.4), a range which corroborated the clinically
estimated transmission date .The T/F virus sequence (estimated as the consensus of all
10 ancestral reconstructions performed) was predicted as X4 (median g2p FPR 2.6%,
range 1.7-3.8%) (Figure 4.5).
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Figure 4.4. Ancestral phylogenetic reconstruction of HIV-1 V3
transmission/evolution in donor and recipient
N=10 ancestral phylogenetic reconstructions were performed by sampling 100 plasma HIV-1
RNA-derived ultradeep sequences per timepoint for the three donor (green) and three recipient
(purple) timepoints closest to the estimated transmission date. A representative reconstructed
phylogeny is shown. Reconstruction supports transmission of a single founder virus from donor to
recipient at a timepoint between Jan and August 2001 (hatched grey area), which coincides with
the clinical estimated date of transmission. All nine other phylogenetic reconstructions were also
consistent with transmission of a single T/F virus; in addition, 8 of 10 reconstructions yielded
transmission date ranges that coincided with the clinical estimated transmission date.

Phylogenetic ancestral reconstruction of the T/F virus that originally infected the
donor indicated that this individual had also been infected with a single X4 variant
(median g2p FPR 1.7%, range 1.7-3.2%) (Figures 4.4 and 4.5). The reconstructed V3
T/F sequence originally acquired by the donor and that transmitted to the recipient
differed by only one amino acid at V3 codon 24 (Figure 4.5b). At this residue, the donor

T/F virus harbored arginine (R) while the recipient’s harbored lysine (K).
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Figure 4.5. Nucleotide and protein alignments of reconstructed
transmitted/founder viruses in donor and recipient
Nucleotide and amino acid sequence alignments of all reconstructed T/F viruses infecting the
donor (green) and recipient (purple). The consensus sequence of all 10 ancestral reconstructions
(labeled “D_Con” and “R_Con” for donor and recipient) is used as the reference sequence.
Periods (“.”) indicate positions where the sequence is the same as the reference and dashes (“-”)
indicate deletions. The “FPR” value following each reconstructed T/F sequence denotes its false-
positive rate assigned by geno2phenoicoreceptor][8]; S€quences with FPR 5.75% are considered
X4. Panel A: Donor (top, green) and recipient (bottom, purple) nucleotide acid alignments.
Consensus nucleotide differences between donor and recipient are shown in red. Panel B: Donor
(top, green) and recipient (bottom, purple) amino acid alignments. The single amino acid
difference between donor and recipient T/F virus (at codon 24) is shown in red.

Reconstruction of the T/F virus sequence transmitted from donor to recipient
allowed us to track its frequency in both hosts over time. In the donor, this sequence was
first detected 7 months prior to transmission (D-7M) at 0.2% and 1.1% frequency in

plasma and PBMCs, respectively (Figure 4.6a and b). One month prior to transmission
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(D-1M), this sequence remained at low frequency (0.1%) in plasma but co-dominated
(33.5%) in PBMC. By 35 months following transmission (D+35M), this sequence was not
detected in donor plasma and was observed at only 0.8% in PBMC. The observation
that the frequency of the T/F virus was negligible in plasma but co-dominant in PBMC
suggests the possibility that 1) transmission from donor to recipient occurred via transfer
of an infected cell (rather than a free virion) and 2) that the T/F virus may represent an

archived X4 sequence in the donor.

In the recipient, the T/F virus sequence remained co-dominant in plasma for 6
months following transmission (36.2% in R+5M”™: 50.0% in R+6M"**™) but was no
longer detected in plasma by 12 months following infection (Figure 4.6¢c and d). By
contrast, the T/F virus sequence remained co-dominant in recipient PBMCs over the
entire course of follow-up (35.6% in R+6M7®M® and 32.5% in R+12M"®M¢), suggesting

archiving of this sequence.

We also tracked the frequency of the X4 T/F virus that originally infected the
donor (not shown). It dominated in plasma (86.9%) at the donor’s earliest studied
timepoint (D-13M), continued to co-dominate up until transmission (42.4% in D-7M"@ma
and 34.1% in D-1M"?™) but was undetectable in plasma 35 months thereafter.
Concomitantly, the frequency of this sequence steadily decreased in donor PBMCs, from
51.7% at D-13M7®V° to 17.2% at D-7M7®YC and then to low/undetectable levels

thereafter (0% at D-1M7®"° and 1.0% at D+35M72V°),

In summary, despite its dominance in donor plasma at the time of transmission,
the donor’s originally-acquired T/F sequence was not transmitted to the recipient.
Rather, a viral variant that co-dominated in donor PBMC at that time was transmitted.
Taken together, these data support transmission of HIV-1 from donor to recipient via

transfer of an HIV-1 infected cell, or a very small minority plasma variant.
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Maximum likelihood phylogenetic trees constructed from unique plasma and PBMC deep V3
sequences from donor (panel A and B) and recipient (panel C and D). Branches are colored by
predicted coreceptor usage: red for X4; blue for R5. Prevalent sequences are labeled with their
observed frequencies. “TFV” denotes the transmitted/founder virus transmitted from donor to
recipient; its presence and frequency is tracked throughout donor and recipient trees. All
phylogenies are drawn on the same genetic distance scale.

44.4. Divergence from the reconstructed T/F virus in the donor
and recipient

We next wished to compare the extent to which plasma HIV-1 RNA V3
sequences in the donor and recipient initially diverged over time from their respective
T/F viruses (Figure 4.7). Analysis was restricted to the donor’s first 10 months of
infection (pre-HAART) and a comparable follow-up time within the recipient. During this
time, the mean divergence from the donor’s T/F virus was 0.0027 sub/nt site, which
translated to a rate of divergence of 0.00065 sub/nt site per month. In contrast, mean
initial divergence of plasma V3 sequences from the T/F virus in the CCR5-A32/A32
recipient was 0.031 sub/nt site, which translated to a rate of divergence of 0.0036 sub/nt
site per month. This value is 5.5-fold higher than that observed in the donor, indicating

that V3 evolution in the recipient was not constrained by their CCR5-A32/A32 genotype.
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Figure 4.7. Increasing divergence from the transmitted/founder HIV-1 V3
sequence in both donor and recipient

Panel A: Pairwise genetic distances between the donor’s estimated V3 T/F sequence and all

subsequently-observed plasma HIV-1 RNA sequences, measured in terms of substitutions per

nucleotide site (sub/nt site). Datapoint sizes reflect observed sequence frequencies, with the

largest point representing ~5000 sequences. Panel B: Corresponding genetic distances between

the recipient’s T/F and subsequent plasma V3 sequences.
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4.4.5. Differential HIV-1 coreceptor usage evolution in donor and
recipient

We next investigated HIV-1 coreceptor usage evolution in donor and recipient. In
the donor, over a total of 52 months followup, R5 V3 sequences gradually emerged
alongside their X4 counterparts (Figures 4.6a, 4.6b, 4.8a). The first R5 variants were
detected 4 months following infection in PBMC (timepoint D-13M"®¥°): these early R5
variants comprised 0.2% of all sequences in this sample and exhibited g2p FPRs in the
marginal range (6.6%-10.8%). No R5 variants were detected in plasma at this timepoint.
By 10 months following infection (D-7M), R5 variants were detected at 0.4% frequency in
plasma and 0.6% in PBMC, again with marginal FPRs (5.8%-10.8%). However, 16
months after infection and one month prior to transmission, R5 variants reached
frequencies of 41.0% in plasma and 17.6% in PBMC, though FPRs remained marginal
(median 8.7% in both compartments). By 35 months post-transmission, R5 sequences
dominated in donor plasma (59.9%) and PBMCs (74.4%), with median FPR scores of
18.9% in both compartments (Figure 4.8a). Based on the trajectory of R5 emergence in
the donor, at the time of transmission to the recipient, the donor’s plasma virus was
predicted to contain 79.0% X4 and 21.0% RS variants (not shown).

In contrast, in the CCR5-A32/A32 recipient, essentially all (14743 of 14809;
99.6%) plasma and PBMC HIV-1 sequences remained X4 throughout followup (median
FPR 2.6% in both compartments) (Figure 4.6c, 4.6d, 4.8b). The remaining minority (66
of 14809; 0.4%) of sequences were technically R5, but these exhibited marginal g2p
FPRs (range 5.8%-8.7%). Moreover, unlike the donor, the frequencies of sequences

with FPRs in this range did not increase over time in the recipient.
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Figure 4.8. Marked differences in the evolution of coreceptor usage in CCR5-
wt/wt donor vs. CCR5-A32/A32 recipient
Panel A left: The false-positive rate (FPR) of HIV-1 coreceptor usage prediction for the donor’s
T/F virus (D-17M) and each unique plasma HIV-1 RNA sequence collected thereafter. The
horizontal dotted line denotes FPR=5.75%; sequences with values at or below this threshold are
considered X4. Panel A right: summarizes the data in terms of the % of total sequences
displaying X4 (red) vs. R5 (blue) usage at each timepoint. Panel B: Corresponding analyses for
the CCR5-A32/A32 recipient.

We also investigated V3 codon substitutions over time (Figure 4.9). For the
donor, comparison of the earliest (D-13M™#™) and latest (D+35M”**™) V3 sequences
identified five codons (5, 24, 25, 27, and 34) that diversified significantly and three (8, 18,
and 26) that contracted modestly during this time (Figure 4.9a) (p<0.001). Codon 25
diversified to the greatest extent, with the X4-associated arginine (R) decreasing from
99.8% to 38.7% frequency. In the CCR5-A32/A32 recipient, comparison of earliest
(R+5MP?™) and latest (R+12M"**™) V3 sequences identified nine diversifying (4, 9, 24-
27, 29, 30, 32) and three contracting codons (10, 13 and 18) (p<0.001) (Figure 4.9b). In

the recipient, codon 25 also ranked among the most highly diversifying, with the
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dominant X4-associated arginine (R) giving way to a 63.5/35.7% mixture of lysine
(K)/arginine (R).

Taken together, V3 coreceptor evolution in the CCRS5-wt/wt donor was markedly
different than in the CCR5-A32/A32 recipient who remained consistently X4 despite

considerable virus variation.
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Figure 4.9. V3 sequences in both donor and recipient exhibit marked
diversification at key coreceptor tropism determining sites
Panel A Top: Differences in Shannon Entropy (A Entropy) between the latest (D+35M) and
earliest (D-13M) V3 plasma HIV-1 amino acid alignments from the CCR5-wt/wt donor. Positive
values denote residues that exhibit higher entropy in the later vs. the earlier timepoint (negative
values denote the opposite). Significant (p<0.001) values are shown in Gray. Panel A bottom:
Corresponding plasma V3 amino acid frequencies at these two timepoints. Positive, negative and
neutrally-charged residues are in pink, grey and black respectively, with significantly-changing
sites in bright colors and non-significantly-changing sites in dull colors. Panel B: Corresponding
analysis for the latest (R+12M) vs. earliest (R+5M) plasma V3 sequences from the recipient.
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4.5. Discussion

We retrospectively identified a putative case of X4 HIV-1 transmission from a
CCR5-wt/wt donor to a CCR5-A32/A32 recipient in a cohort of injection drug users and
characterized this event by longitudinal V3 deep sequencing and ancestral phylogenetic
reconstruction. A total of 10 independent ancestral reconstructions performed using
plasma-derived deep sequences strongly suggested that the donor was originally
productively infected with a single X4 virus, and that a variant differing by only one V3
residue was transmitted to the recipient. Although inference of a single T/F virus is
consistent with the severe genetic bottleneck at transmission [21,24], this number is
lower than the average for infection via injection drug use (N=3) [25]. That both donor
and recipient acquired a single T/F virus suggests that this low multiplicity of infection
(MOI) is not attributable to the latter's CCR5-A32/A32 genotype. Rather, we hypothesize
that this is due to the transmission of an X4 (rather than the more common RS5) variant,
though additional studies would be required to confirm a relationship between HIV-1

coreceptor usage and MOI in different risk groups.

The virus that was transmitted to the recipient represented a minority (0.1%)
variant in donor plasma but a co-dominant (33.5%) variant in PBMC at the timepoint
closest to transmission, suggesting that productive HIV-1 transmission occurred via
transfer of an infected cell. Co-dominance of the T/F variant in donor PBMC also
suggests that it may have represented an archived variant maintained in one or more
cell types but not propagated to plasma. That the donor and recipient T/F viruses
differed by only one V3 amino acid (at codon 24) is also consistent with the observation
that transmitted viruses tend to be genetically closer to “ancestral” donor viruses than
those present in plasma at the time transmission [61,62]. Indeed, the genetic distance
between the T/F virus and that originally acquired by the donor (0.01704 sub/nt site) was
marginally yet significantly lower than that separating the T/F and donor plasma viruses
present at transmission (0.01711 sub/nt site) (p<0.0001, Wilcoxon one-sample test),
supporting the transmission bottleneck driving HIV-1 evolution towards ancestral states
[61,62].
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Donor and recipient within-host phylogenies were initially starlike (consistent with
rapid evolution of a single T/F virus) but later exhibited a more asymmetrical appearance
(characteristic of subsequent extinction of viral lineages via immune selection) [63].
Indeed, evidence of selection by neutralizing antibodies was observed in both hosts in
the form of diversity loss at V3 codon 18, the final residue of the GPGR “crown motif” in
a neutralizing antibody epitope [64,65]. That this occurred in both hosts is notable as it
supports reproducible pathways and timecourse of antibody-driven escape in individuals

acquiring genetically-similar viral strains [66].

The observation that the donor exhibited an extremely low nadir CD4+ T-cell
count (20 cells/mm?) within ~1.5 years of infection (whereas the recipient's CD4 counts
were generally preserved) is consistent with rapid untreated HIV-1 progression in CCR5-
wt/wt [41,67] - but not CCR5-A32/A32 [46] - individuals who acquire X4 infections
(neither host expressed classical “protective” HLA class | alleles such as HLA-B*57 [68]).
Consistent with X4-to-R5 “reversions” reported in CCR5-wt/wt hosts [69], R5 variants
gradually emerged alongside their X4 counterparts beginning at 10 months post-
infection in the donor and steadily increased to 60% frequency by 52 months post-
infection. This supports higher fitness of R5 strains compared to their X4 counterparts
[15], a pathway that was not available in the homozygous CCR5-A32/A32 recipient. In
contrast, V3 evolution in the latter was characterized by an “exploration” of different
genetic strategies that maintained the X4 phenotype: for example, at V3 codon 25 the
initial X4-associated arginine gave rise to a lysine (observed at 63.5% frequency 12
months post-infection). In fact, initial rates of within-host V3 sequence divergence from
the T/F strain were actually greater for the recipient compared to the donor, indicating

that V3 evolution was not constrained by the latter's CCR5-A32/A32 genotype.

Some limitations of this study merit mention. We did not HIV-1 genotype the
entire VIDUS cohort nor did we confirm direct transmission between donor and recipient
— as such, we cannot rule out an intermediary host or a third individual who infected both
donor and recipient at different times. Similarly, we are inferring HIV-1 transmission by
injection drug use, but sexual transmission cannot be ruled out. Nevertheless, among
239 VIDUS patients examined, the individual harboring the next closest HIV-1 sequence

to our CCR5-A32/A32 recipient exhibited mean genetic distances >5.6-fold (range 1.4-
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107) greater than those separating our putative donor and recipient. The possibility of
PCR amplification and/or template resampling bias is another limitation, as viral
templates were not directly quantified (e.g. using “primer ID” techniques [70]).
Nevertheless our approach of triplicate amplifying each extract, quantifying DNA and
pooling resulting amplicons equally prior to deep sequencing reduces this bias [27].
Related to this issue is our reconstruction of donor and recipient T/F viruses and our
inference that the recipient’s infection was initiated by transfer of an infected cell from
the donor. Several lines of evidence support this observation as not simply an artefact of
PCR amplification bias. Firstly, the composition (in terms of unique sequences and their
frequencies) is consistent across plasma and PBMC compartments over time in both
hosts. Second, within-host plasma and PBMC phylogenies exhibit characteristic tree
shapes over time. Thirdly and critically, ancestral reconstructions were performed using
donor and recipient plasma sequences only — but despite this, we consistently
reconstructed a T/F virus sequence that represented a minority variant in plasma yet co-
dominated in PBMC. Finally, replicate sequence data from 8 of 13 samples analyzed
yielded concordant results: for example, in the donor, the frequencies of the inferred T/F
virus 7 months prior to transmission were 0.4% and 3.5% in plasma and PBMC
(compared to replicate values of 0.2% and 1.1% in the same samples). Due to direct
freezing of PBMC pellets, it was not possible to separate cell types prior to deep
sequencing, as such, we cannot speculate what type of infected cell may have initiated
productive infection in the recipient. Lastly, as this is a descriptive study of a rare
transmission pair, our ability to draw broad conclusions is limited. Nevertheless, studies
such as this represent an important step towards bridging our understanding of HIV-1
evolution at the within- and between-host scales, a key current challenge in

phylogenetics [71].

In conclusion, this study highlights the utility of deep sequencing paired with
phylogenetic ancestral reconstruction to study HIV-1 transmission dynamics and intra-
finter-host evolution. Our study of this rare donor/recipient pair supports infected cell
transfer as the mode of transmission and highlights the influence of host genetics on

HIV-1 pathogenesis and evolution.
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Chapter 5.
Concluding remarks

The goal of my MSc was to study HIV evolution in response to selection
pressures imposed by the host. Achieving an improved understanding of HIV genetic
diversity and evolution may assist in the development of future biomedical intervention

strategies such as an HIV vaccine.

The original research project undertaken in this thesis was to characterize a rare
HIV-1 transmission pair using next generation sequencing and phylogenetic approaches.
Using Roche 454 next generation sequencing, HIV-1 sequences derived from the
CCR5-wt/wt donor and CCR5-A32/A32 homozygous recipient were characterized
longitudinally and used to study HIV-1 evolution within and between these individuals.
Sequence comparison revealed differential rates and patterns of evolution in each
patient. For example, many of the descendants of the original CXCR4-using strain that
infected the CCR5-wt/wt donor gradually evolved towards R5 usage over a period of 4
years (though a substantial minority of circulating viruses retained X4 status). Although
the timing of X4-to-R5 “reversion” in this individual was similar to that reported by
Baroncelli et al [1], more cases need to be examined to fully understand this
phenomenon. Broadening of coreceptor use could allow HIV-1 to take advantage of a
greater pool of target cells (i.e. those that express CCR5/CD4 as well as those that
express CXCR4/CD4), a strategy that would aid the dissemination of HIV-1 and have
implications for disease pathogenesis and progression. A starting point to investigate
this question would be to use similar methods described in my thesis (next-generation
sequencing and phylogenetic methods) to study the dynamics of HIV-1 evolution in
individuals who undergo X4-to-R5 phenotypic switch. In doing so, we might be able to
learn how often this occurs, how long the X4-to-R5 “reversion” takes, and the

evolutionary pathways whereby R5 viruses arise in X4 infected individuals. For example,
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it is hypothesized that the R5-to-X4 phenotypic switch that occurs in approximately
~50% of persons who are infected with an R5 strain could be a predetermined process
based on viral sequence that occurs at a consistent rate in all individuals, or that it may
be a stochastic event [2,3]. The former model is characterized by the accumulation of
mutations where intermediary strains are more fit than their previous counterparts and
can occur over a number of years [2]. The latter model (also known as the “fitness
valley” model) assumes that intermediary strains are less fit than either R5 or X4 strain
and traversal of this “fitness valley” can only be achieved by the accumulation of multiple
mutations in a short time [2,3]. In my thesis, the gradual and incomplete reversion from
X4-t0-R5 in the CCR5-wt/wt donor suggests that this was a gradual event, potentially
characterized by greater fitness of intermediary R5 variants [2]. However, whether this is

true for all cases of X4-to-R5 phenotypic switch remains to be determined.

Using ancestral phylogenetic reconstruction, we were able to infer the V3
sequences of the viruses that established a productive infection both the donor and
recipient. This allowed us to track the presence of these sequences longitudinally in both
hosts. Our results suggested that transmission of X4 HIV-1 from the donor to recipient
potentially occurred via cell-to-cell contact. Cell-to-cell spread/transmission (or transfer)
occurs when an HIV-1 infected cell comes into close proximity to an uninfected cell via
binding to multiple host and viral factors to create a viral synapse [4]. The viral synapse

allows for the fast and efficient transfer of HIV-1 virions to the uninfected target cell [4-6]

Although sometimes used interchangeably it is important to note that cell-to-cell
(CtC) spread and transmission refer to two different processes. The former refers to the
dissemination of HIV-1 within a single individual (i.e. from one HIV-1 infected cell to
another in a given host). The latter refers to the transmission of HIV-1 from one
individual to another. The mode of HIV-1 spread/transmission could have treatment and
vaccine implications. For example, CtC spread may facilitate transfer of HIV-1 to cell
types that are not classical targets for HIV-1 (e.g. monocytes [7]). These newly infected
cells may then travel to other anatomical compartments (e.g. the testes [8] and central
nervous system [9]) and establish viral reservoirs [10] that can remain undetected. In
addition, drug penetration into these compartments may also be incomplete, reducing

the effectiveness of antiretroviral therapy (ART) in these areas [11]. For example, in vitro
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analysis revealed that tenofovir was able to decrease cell free infection of PBMCs by 30-
fold, whereas it was only able to decrease cell-to-cell infection of PBMCs by 2-fold [12].
In addition, CtC transfer of HIV-1 may also act as mechanism to evade neutralizing
antibodies (bNADbs) elicited by vaccines or entry inhibitors (e.g. T-20 [enfuvirtide]) due to
the extreme proximity of cell membranes in the viral synapse. Therefore, it could
undermine the efficacy of a vaccine or treatment [13]. For example, Abela et al
demonstrated that CD4 binding bNAb (VRCO01) and gp41 entry inhibitor (T-20) had a
decreased activity in blocking HIV-1 infection in a cell-to-cell infection model versus a

cell free infection model [13].

The extent to which CtC transmission occurs in vivo is largely unknown. If it does
occur frequently there are many more questions that need to be answered. For example,
how does disease progression and outcome differ from infection via cell free virus? Also,
are different routes of transmission (e.g. IDU vs heterosexual transmission) more prone

to cell-to-cell transmission?

Taken together, the research presented here further highlight the complex
interplay between host pressures and HIV-1 escape and evolution. Further research to
elucidate the different mechanisms of HIV-1 transmission, and their possible implications

for future intervention strategies, is warranted.
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