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Abstract 
 
The HIV envelope glycoprotein (Env) is enormously variable, making it very difficult to 

represent this diversity in a vaccine. Exposure of the immune system to the 

continuously diversifying viral quasispecies leads to an “arms race” that contributes to 

the evolution of the antibody response, and virus escape. Another consequence of this 

within-host HIV diversity is that viral populations may differ between compartments, 

with phenotypic effects that may impact the sensitivity of viruses to 

vaccines/microbicides. The aim of the study is to investigate the role of HIV envelope 

diversity in driving development of strain-specific or broadly neutralizing (bNAb) 

responses among hosts, and compartmentalization within hosts, using low-cost 

computational infrastructure. 

 

We first compared viral diversity among hosts by studying eight HIV-1 infected 

participants who developed bNAbs and six donors who did not develop bNAbs over 

three years of infection. Defining the viral evolution that contributes to breadth is a 

major focus of the field so as to elicit bNAbs through vaccination. Comparison of Envs 

from individuals with bNAbs and strain-specific antibodies revealed that gross 

evolutionary measures such as Env diversity, evolutionary rates and number of viral 

infections are not sufficient to distinguish the two groups. However, bNAb donors had 

more positive selection within targeted sites, with some residues shared between 

bNAb donors. The positive selection at these common sites increased with the onset 

of neutralization breadth. The association of shared, positively selected sites with the 

emergence of breadth highlights the importance of diversity at these positions in bNAb 

development. 

 

We next investigated the viral properties in different compartments within the same 

individual, as this is important for understanding the potential efficacy of HIV-directed 

antibodies and microbicides. We compared longitudinal viral Envs between the genital 

tract and blood plasma of four women. We found evidence of compartmentalization in 

two of the four individuals. In all four individuals there was restricted viral migration 

from the genital tract to the systemic blood circulation suggesting a mucosal sieve 

effect. However, this restricted viral migration was more pronounced in the two 

individuals who had evidence of compartmentalization. We identified several sites in 

the Env that differed between viruses in the two compartments, and that arose through 
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positive selection and/or indels. This resulted in charge distribution differences which 

may differentially impact the sensitivity of these viruses to antibody responses.  

Overall, these findings show that HIV viruses in the female genital tract may evolve 

differently from those in plasma, and develop properties that may potentially impact 

the efficacy of vaccines. 

 

These studies relied on high numbers of Env sequences isolated at multiple timepoints, 

making these analyses computationally intensive. We thus designed and implemented 

a low-cost bioinformatics cluster for analysing large sequencing datasets (including 

next generation sequencing). Cluster design included meeting memory requirements, 

parallelization and long computational times. In addition to supporting viral studies 

described above, we used the cluster to trace an antibody lineage isolated from an 

HIV-infected donor, CAP228. The antibody lineage, CAP228-16H/19F, exhibited 

genetic characteristics similar to the monoclonal antibody, CH58, isolated from the 

RV144 human vaccine trial. Our analyses identified the unmutated common ancestor 

(UCA) that initiated the CAP228-16H/19F lineage, and showed that this was derived 

from a novel allele that encodes an amino acid DDxD motif that was responsible for 

binding to the V1V2 epitope on Env. This is in contrast to previous studies which 

suggested that binding was limited to an unusual ED motif that occurs rarely in the 

immunoglobulin repertoire. The identification of the DDxD motif thus demonstrated that 

there is a greater potential for eliciting these antibody responses through vaccination 

as the alleles encoding this motif are common in the population. Overall, this approach 

to high-performance computing is important as an alternative for data processing 

challenges faced in low-income communities that are unable to afford advanced 

computational infrastructure. 

 

In conclusion, firstly, these analyses show the importance of diversity at specific amino 

acid residues in driving bNAb development, which may have valuable implications for 

vaccination design. Secondly, the study addresses the important subject of whether 

HIV compartmentalization occurs or not between the female genital tract  and plasma, 

with findings that may impact on vaccine design. Lastly, we demonstrate the 

development and application of cheaper data processing infrastructure, an approach 

which may help researchers from low-income settings to overcome challenges in 

performing computationally intensive analyses. 
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1 Introduction 
 

1.1 First recognition of HIV and spread of AIDS 
 

Acquired Immunodeficiency Syndrome (AIDS) is a disease caused by  a lentivirus 

called the Human Immunodeficiency Virus (HIV). AIDS presents as a set of symptoms 

such as fever, fatigue, swollen lymph nodes, and opportunistic infections that arise 

later during infection as a result of a weakened immune system (1–3). The 

opportunistic infections associated with HIV include cryptococcal meningitis, HIV-

related encephalopathy, Cytomegalovirus disease (particularly CMV retinitis), 

Mycobacterium avium complex (MAC), Oropharyngeal candidiasis (OPC) or Thrush, 

Pneumocystis jirovecii (PCP) pneumonia, and some cancers that include Kaposi's 

Sarcoma, Lymphoma and invasive cancers of the anus or cervix (1, 4, 5). HIV infection 

has also been associated with dementia accompanied by motor dysfunction, speech 

problems and behavioural change (6, 7). 

 

AIDS was first recognized in 1981 in the USA, and HIV was later identified as the 

causative agent in 1983 through repeated isolation of the virus from infected patients 

(2, 3). HIV was later also isolated retrospectively from historic samples collected from 

patients in Kinshasa in the Democratic Republic of Congo as far back as 1959  (8). 

HIV spread was rapid in the 1980s, and AIDS quickly became a global epidemic. A 

total of 38,401 cases of AIDS had been reported in 85 countries in Africa, the Americas, 

Asia, Europe, and Oceania by the end of 1986 (9). The number of cases went up to 

71,751 the following year and continued to grow to 142,000 in 1989 (in 145 countries) 

and to 307,000 by the end of 1999. This figure has continued to rise over the past 3 

decades and as of 2018, 70 million people have been infected with HIV and about 35 

million people have died since the start of the epidemic (9).  

 

HIV is most prevalent in Africa, followed by Asia and the Pacific, Western and Central 

Europe and North America, Latin America and the Caribbean, East Europe and Central 

Asia, and Middle East and North Africa (Figure 1.1) (10). Sub-Saharan Africa has 

around 66% of the total HIV infections in the world, with women accounting for more 

than half of these (11). As a single country, South Africa has the largest number of 
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people living with HIV-1, with more than 7 million infected (12, 13). Most of these 

countries that are particularly hard hit by the epidemic have high rates of poverty that 

promote unsafe sexual practices, limited access to preventative strategies as 

governments cannot afford to provide subsidies, and high rates of human rights abuse 

(14–18). Socio-economic factors are therefore pivotal in the spread of HIV.  

 

 

  
 

Figure 1.1: Estimated numbers of people living with HIV in 2016. The most affected regions are East and 
Southern Africa (19,4 million), followed by Western and Central Africa (6,1 million), Asia Pacific (5,1 million), 
Western and Central Europe and North America (2,1 million), Latin America and the Caribbean (2,1 million), Eastern 
Europe and Central Asia (1,6 million) and lastly Middle East and North Africa (230,000). Source: Avert, 2017 

 

 

1.2 Phylogenetic studies of the origin of HIV  
 

Phylogenetic studies have identified two closely related types of HIV, namely HIV-1 

and HIV-2. HIV-2 is most prevalent in West Africa and was first identified in a 

Senegalese woman in 1985. However, HIV-2 is less virulent and progresses more 

slowly to AIDS than the more widespread HIV-1 (19–21). Sequence analysis shows 

high levels of similarity between HIV-1 and Simian Immunodeficiency Virus (SIV) from 

West and Central African chimpanzees, and between HIV-2 and SIV from West African 

Sooty Mangabeys (Figure 1.2), suggesting that these were the original sources of the 

zoonotic transmissions of the ancestors of these viruses  (22, 23). These studies 

concluded that HIV-1 and HIV-2 were transmitted to humans through multiple zoonotic 
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events from chimpanzees and sooty mangabeys respectively (Figure 1.2). Bayesian 

statistical analyses have estimated the first transmission of HIV-1 to humans to have 

occurred in Kinshasa around 1920, and many studies suggest that this is where the 

global epidemic started (24, 25).  

 
 

 
 

 
Figure 1.2: Origin of HIV. The top left map shows where the SIV hosts (Sooty Mangabeys and Chimpanzees) 
are located. Phylogenetic studies show that HIV originated from SIV from these sooty mangabeys and chimpanzee 
species from West and Central Africa, respectively (shown in the phylogenetic tree at the top right). The bottom 
map shows that the HIV pandemic originated in Kinshasa, Central Africa before it became a global epidemic (Gao 
et al. 1999). 

 

 

HIV-1 is further categorized into three groups, referred to as M (major), N (non-M, non-

O) and O (outliers), with the M group being further sub-divided into subtypes A – K. 

HIV-1 M, N, O and P each reflect separate introductions into the human population 
© 1999 Macmillan Magazines Ltd
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strain (SIVcpzUS) and have determined, by mitochondrial DNA
analysis, the subspecies identity of all known SIVcpz-infected
chimpanzees. We Ænd that two chimpanzee subspecies in Africa,
the central P. t. troglodytes and the eastern P. t. schweinfurthii,
harbour SIVcpz and that their respective viruses form two highly
divergent (but subspecies-speciÆc) phylogenetic lineages. All
HIV-1 strains known to infect man, including HIV-1 groups M,
N and O, are closely related to just one of these SIVcpz lineages,
that found in P. t. troglodytes. Moreover, we Ænd that HIV-1 group
N is a mosaic of SIVcpzUS- and HIV-1-related sequences, indicat-
ing an ancestral recombination event in a chimpanzee host. These
results, together with the observation that the natural range ofP. t.
troglodytes coincides uniquely with areas of HIV-1 group M, N
and O endemicity, indicate that P. t. troglodytes is the primary
reservoir for HIV-1 and has been the source of at least three
independent introductions of SIVcpz into the human population.
Five lines of evidence have been used to substantiate zoonotic

transmission of primate lentiviruses3: Ærst, similarities in viral
genome organization; second, phylogenetic relatedness; third,
prevalence in the natural host; fourth, geographic coincidence;
and Æfth, plausible routes of transmission. For HIV-2, a virus
(SIVsm) that is genomically indistinguishable and closely related
phylogenetically was found in substantial numbers of wild-living
sooty mangabeys whose natural habitat coincides with the epicentre
of the HIV-2 epidemic2,4±7. Close contact between sooty mangabeys
and humans is common because these monkeys are hunted for food
and kept as pets6,7. No fewer than six independent transmissions of
SIVsm to humans have been proposed4,6,7. In contrast, the origin of
HIV-1 is much less certain3. HIV-1 is most similar in sequence and
genomic organization to viruses found in chimpanzees
(SIVcpz)1,10,11, but a wide spectrum of diversity between HIV-1
and SIVcpz11, an apparent low prevalence of SIVcpz infection in
wild-living animals8,9,12, and the presence of chimpanzees in geo-
graphic regions of Africa13 where AIDS was not initially recognized
have cast doubt on chimpanzees as a natural host and reservoir for
HIV-1. Rather, it has been suggested that another, as yet unidenti-
Æed, primate species could be the natural host for SIVcpz andHIV-1
(refs 1, 11).
We recently identiÆed a fourth chimpanzee with natural SIVcpz

infection. This animal (Marilyn) was wild-caught in Africa (country
of origin unknown), exported to the United States as an infant, and
used as a breeding female in a primate facility until her death at age
26 years12. During a serosurvey in 1985, Marilyn was the only
chimpanzee of 98 tested who had antibodies strongly reactive
with HIV-1 by enzyme-linked immunosorbent assay (ELISA) and
western immunoblot12. She had never been used in AIDS research
and had not received human blood products after 1969. She died in
1985 after giving birth to still-born twins. An autopsy revealed
endometritis, retained placental elements and sepsis as the Ænal
cause of death. Depletion of lymphoid tissues was not noted. Here
we used the polymerase chain reaction (PCR) to amplify HIV- or
SIV-related DNA sequences directly from uncultured (frozen)
spleen and lymph-node tissue obtained at autopsy in order to
characterize the infection responsible for Marilyn's HIV-1 seropo-
sitivity. AmpliÆcation and sequence analysis of subgenomic gag
(508 base pairs (bp)) and pol (766 bp) fragments revealed the
presence of a virus related to, but distinct from, known SIVcpz
and HIV-1 strains. Because virus isolation from the autopsy tissues
was unsuccessful, we used PCR to amplify and sequence four
overlapping subgenomic fragments that together comprised a
complete proviral genome, which we termed SIVcpzUS. Analysis
of potential coding regions revealed the presence of a vpu gene
(found only in HIV-1 and SIVcpz viruses)1,11,14 in addition to
structural and regulatory genes common to all primate lentiviruses.
None of the genes in SIVcpzUS contained deletions, insertions or
rearrangements, and all reading frames were open except for gag
(p24) and rev (second exon), which contained single in-frame stop

codons. Promoter and enhancer elements of the SIVcpzUS long
terminal repeat (LTR) were indistinguishable from those of other
members of the HIV-1/SIVcpz group.
Only three other SIVcpz strains have been reported, two from
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Figure 1 Phylogenetic analysis of SIVcpzUS. a, Phylogenetic relationship of

SIVcpzUS to other primate lentiviruses. The tree was derived by neighbour-

joining analysis27 of full-length Pol sequences (trees derived by maximum-like-

lihood methods28 yielded very similar topologies). Horizontal branch lengths are

drawn to scale with the bar indicating 0.1 amino-acid replacements per site.

Numbers at each node indicate the percentage of bootstrap samples (out of

1,000) in which the cluster to the right is supported (only values.80% are shown).

Other SIVcpz strains closely or more distantly related to SIVcpzUS are shown in

red and blue, respectively. b, Diversity plots of concatenated SIVcpz protein

sequences depicting the proportion of amino-acid sequence differences

between SIVcpzUS and SIVcpzGAB1 (red), SIVcpzUS and SIVcpzANT (blue),

and SIVcpzGAB1 and SIVcpzANT (black), calculated for a window of 200 amino

acids moved in steps of 10 amino acids along the alignment (available as

Supplementary Information). The x-axis shows the amino-acid positions along

the alignment. The positions of Gag, Pol, Vif, Env and Nef regions are shown. The

y-axis denotes the distance between the viral proteins compared (0:1 à 10%

difference). c, Unrooted neighbour-joining tree of partial Pol protein sequences

(distances are drawn to scale).

the spatial origin of the HIV-1 group M pandemic
in Kinshasa [posterior probability (PP) = 0.99]
(Figs. 1 and 2). In line with previous approaches,
we estimated the time of the most recent com-
mon ancestor (TMRCA) of groupM to be around
1920 [95% Bayesian credible interval (BCI):
1909–1930] (Figs. 1 and 3A). Although we focus
on estimates under the best-fitting demographic
model for data set A, which reduces by 39% the
BCIs of previous estimates (16, 25–27), the epi-
demic time scale we infer is robust to the evo-
lutionary models chosen (fig. S8) and the data
sets analyzed (fig. S9). Because sequence frag-
ments for the earliest HIV-1 sample [ZR59, sam-
pled in 1959 in Kinshasa (17)] partly overlap with
the C2V3 region analyzed here, we included
ZR59 as an internal control and estimated both
the age and location of this strain. The estimate
of the age of ZR59 is centered on 1958 (95% BCI:
1946–1970) (Fig. 3A), with little variation across
data sets (fig. S9). In Fig. 3A, the posterior prob-
ability distribution of this age estimate is stratified
according to the estimated location of ZR59;
crucially, Kinshasa receives the highest support
as the estimated location (PP = 0.81). The deci-
sive support for Kinshasa as the epicenter of
pandemic group M is robust to differences in
spatial model specification and sampling heter-
ogeneity (30) (tables S2 to S5 and fig. S4). To
further test robustness, we deliberately excluded
Kinshasa sequences sampled at the earliest time
point (1985, representing 51% of strains for this
location), which resulted in a root location at
Brazzaville (PP = 0.97), located just 6 km from
Kinshasa across the Congo River.

Our estimated location of pandemic origin ex-
plains the observation that Kinshasa exhibits
more contemporary HIV-1 genetic diversity than
anywhere else (12, 13). It clarifies why the oldest

known HIV-1 sequences were sourced from this
city (16, 17) and why several early cases indicative
of AIDS are linked to Kinshasa (35). The cross-
species transmission of SIV to humans predates
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and group O and P is most likely derived from gorillas (3, 26, 27). Subtype C is 

responsible for more than 48% of global infections, and is dominant in Africa and in 

India, whereas subtype B viruses are responsible for most infections in Europe and the 

Americas (Figure 1.3)  (22). Central Africa has the most diverse HIV subtypes globally, 

likely a consequence of the emergence of the epidemic in this region. In addition to 

subtypes, circulating recombinant forms (CRFs) and unique recombinant forms 

(URFs) are increasingly being recognised.  

 

 

 

  
 

 
Figure 1.3: Global distribution of HIV-1 viral subtypes. Subtype C is dominant in sub-Saharan Africa whereas 
subtype B is more dominant in Europe and America (Hemelaar 2013). CRF; circulating recombinant form. URF; 
unique recombinant form. 

 

 

1.3 Transmission of HIV  
 

The global spread of HIV amongst humans has been largely as a result of sexual  

transmission, with the global epidemic now driven by heterosexual transmission (28). 

Transmission through intravenous drug use and from mother to child during birth and 
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breast-feeding also occurs, but these are not the major modes of transmission globally 

(28). In heterosexual intercourse, women are at a greater risk of acquiring HIV. The 

reasons for this increased risk are multifactorial, and include physical damage to the 

vaginal lining during intercourse, the larger exposed surface area of the vagina, and 

an enrichment of cells in the vaginal tissue lining that favour HIV acquisition. Together 

with socioeconomic issues, these factors account for the disproportionately higher 

infection rates amongst women compared to men (29–32). Sexually transmitted 

Infections (STIs) that cause genital inflammation have also been reported to elevate 

HIV shedding in the genital tract thereby increasing the chance of infection (33–36). 

The risk of HIV transmission is also increased when the infecting partner has high viral 

loads, and studies suggest that there is a 2.5-fold increase in transmission for every 

10-fold increase in viral load (37, 38).  

 

Many studies have sought to understand whether specific viral attributes are 

associated with infection. A key finding of such studies has been that approximately 

80% of sexually transmitted infections are initiated by a single viral variant, an effect 

referred to as a genetic bottleneck (39–46). This bottleneck is less stringent in cases 

such as intravenous drug use and in the context of high levels of inflammation, 

resulting in more frequent transmission of multiple strains at the same time (multi-

variant infection) (47, 48). The genetic bottleneck suggests that viruses that initiate HIV 

infection, which are referred to as transmitted/founder (T/F) viruses, have phenotypic 

features that increase their chances of productive infection. Indeed, several studies 

have indicated that T/F viruses show enhanced cell-free infectivity, improved 

interactions with dendritic cells and increased IFN (interferon)-a resistance  (49, 50).  

 

 

1.4 Structure of HIV 
 

1.4.1 Genome organization of HIV-1 
 

The 9,7kb long HIV genome consists of two single-stranded, non-covalently linked, 

unspliced, positive-sense RNA molecules (Figure 1.4). These RNA molecules have 

genes that code for the various viral proteins that are required for viral replication 

(which is described in further detail below). The gag gene produces the Gag precursor 
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protein that is further processed into the Matrix, Capsid, Nucleocapsid, p1, p2 and p6 

proteins. The pol gene encodes the Viral Protease, Reverse Transcriptase and 

Integrase enzymes. The tat and rev genes code for viral regulatory factors that are 

important for gene expression, and the vif, vpr, vpu, and nef genes code for accessory 

or auxiliary proteins that are not essential for replication (51). Vif (Viral Infectivity 

Factor) promotes infectivity as viral particles are defective in its absence. Vpr (viral 

protein R) plays a role in nuclear import of pre-integration complexes, cell growth 

arrest, transactivation of cellular genes and induction of cellular differentiation. Vpu 

(Viral protein U) is responsible for CD4 degradation in the endoplasmic reticulum and 

the enhancement of virion release from the plasma membrane of HIV-1 infected cells. 

Vpu is present in HIV-1 but absent in HIV-2. The Nef protein has a number of functions 

that include down-regulation of CD4 and Major Histocompatibility Complex (MHC) 

class 1 molecules. The env gene is responsible for coding the HIV envelope 

glycoprotein which is the focus of vaccine development, and of this thesis, because it 

is the major target of the humoral immune response (described in more detail below).  
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Figure 1.4: Genome organization and structure of HIV. The genome is 9,7 kilobases long and encodes enzymes, 
structural (matrix, capsid and nucleocapsid) and envelope coat proteins (surface and trans-membrane subunits) 
necessary for viral replication. The genome is enclosed by structural proteins and surrounded by the lipid membrane 
(Ben Haij et al. 2011). 

 

 

1.4.2 The HIV Env glycoprotein 
 

HIV particles are surrounded by a spherical lipid bi-layer membrane, which surrounds 

the matrix and the capsid that protects the viral genome and proteins such as Reverse 

Transcriptase and Integrase. Embedded in the lipid bilayer are trimeric envelope 

glycoprotein spikes (shown in purple and green in Figure 1.4). The HIV envelope 

glycoprotein is the target of antibody responses and consists of three molecules each 
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of gp120 and gp41 proteins (Figure 1.5A and B). The gp120 molecules play an 

important role in receptor binding, co-receptor tropism, virus sensitivity to neutralization 

by antibodies, virus pathogenesis, and disease progression. The gp120 can be 

partitioned into five hypervariable regions (V1-V5), which are interspersed with five 

conserved regions (C1-C5) (Figure 1.5A) (52).  The gp41 protein consists of an N 

terminal region that contains a hydrophobic fusion domain followed by N and C 

terminal heptad repeat (HR) regions that have important roles in fusion (53–55). The 

gp41 includes the tryptophan-rich membrane proximal external region (MPER) of HIV 

gp41 (53–55).  

 

 

                      
 
Figure 1.5: Schematic of the env gene and structure of the HIV Env glycoprotein within the viral particle. 
(A) The gp120 and gp41 genes are shown in purple and green respectively. The five variable regions of the gp120 
molecule (V1-5) are interspersed with five constant regions (C1-5). (B) Schematic of the HIV virus particle and the 
Env glycoprotein, with the gp120 and gp41 subunits shown in purple and green respectively. (C) Model of the HIV 
Env trimer, with the shades of purple (gp120) and green (gp41) representing the three monomers that form a single 
trimeric structure. 

 

The Env glycoprotein exists as a heterotrimeric complex that consists of three gp120 

molecules that interact non-covalently with three transmembrane gp41 molecules (56) 
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(Figure 1.5C). The gp120 subunits have a compact globular  configuration  and  are  

assembled  into  a  trimer  through intra- and inter-protomer interactions at the apex 

that involve the V1/V2 and V3 loop structures (57). The constant regions fold into a 

core structure, whereas the variable regions, with the exception of V5, form loops that 

are bracketed by disulfide bridges (58). The V2 loop is localized above the CD4 binding 

site (CD4bs), and the V3 loop is beneath the V1V2 hairpin with the tip pointing toward 

the trimer axis and interacting with the V2 base from the adjacent protomer (57). 

Crystallography studies show that the envelope glycoprotein structure folds into three 

major domains namely the inner domain, the outer domain and the bridging sheet (58, 

59). The inner domain consists of a two-helix, two-strand bundle at the termini-distal 

end and a five-stranded β-sandwich at its termini-proximal end (58, 59). The stacked 

double barrel of the outer domain consists of a proximal mixed directional β-sheet, and 

shares one contiguous hydrophobic core and barrels located at the inner-outer domain 

interface (58, 59). The β-sheet links the outer and inner domains to form a third domain, 

the bridging sheet (58, 59). The gp41 is located at the base of the trimer (57).  

 

 

1.5 HIV infection and viral diversification 
 

1.5.1 The HIV replication cycle 
 

During a productive infection by HIV, the Env protein adheres to the host cell by first 

binding to the primary cell receptor, CD4. Most of the residues involved in CD4 binding 

are located in the C3, C4 and V5 regions of the Env. This is followed by binding to a 

cellular chemokine co-receptor CCR5 or CXCR4, and then fusion of the virus and the 

host cell membrane follows afterwards (Figure 1.6) (60). Fusion requires domains in 

the gp41 that are critical for catalyzing the membrane fusion reaction between the viral 

and host lipid bilayers during virus entry (51).  
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Figure 1.6: Overview of HIV replication cycle. HIV-1 attaches itself to the host cell, fuses into the cell and releases 
its genetic material into the cytoplasm. This is followed by reverse transcription and integration into the host genome 
and transcription to produce new particles that bud off as mature HIV-1 virions (Freed 2001). 

 

 

Following fusion, the viral  core is released into the host cell cytoplasm. The capsid is 

shed (in a process referred to as uncoating), and the viral RNA and proteins are 

converted to the pre-integration complex and the reverse transcription complex (61). 

The Reverse Transcriptase enzyme creates a copy of viral DNA from the RNA, which 

is imported into the nucleus to integrate with the host DNA using the Integrase enzyme 

(51, 62). The integrated provirus then starts directing viral replication by encoding viral 

RNA, structural, regulatory and accessory proteins. These nucleic and protein 

molecules move to the host cell membrane where they assemble and bud off to form 

mature HIV virions (Figure 1.6). 
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1.5.2 Intra-host evolution of HIV-1 
 

HIV-1 is characterised by extremely high levels of diversity, particularly within the Env 

glycoprotein, which is the sole target of neutralizing antibody responses, described in 

more detail below (57, 63, 64). As an adaptive means to evade these responses during 

infection, the HIV Env has higher evolutionary rates compared to other genes, and may 

achieve an intra-host diversity of 25-35% (65, 66). These extraordinarily high levels of 

variability are a general phenomenon of many RNA viruses, which have mutation rates 

ranked second highest compared to all other microorganisms (Figure 1.7A and B).  

 

 

 
 

Figure 1.7: High evolutionary rates of HIV. (A) RNA viruses have very high evolutionary rates compared to DNA 
viruses, bacteria and eukaryotes. (B) Inter-host (epidemic) evolutionary rates of HIV-1 are lower compared to within 
patients, denoted by “P”. (Source: Pybus and Rambaut, 2009; Gago et al, 2009) 

 

 

There are several contributors to the high levels of variation. The virus Reverse 

Transcriptase introduces errors during viral replication as it has no proof reading 

mechanism (67). Another source of variation during replication is from the host RNA 

Polymerase II that also lacks proof reading function (67, 68). These two enzymes 

introduce errors at a combined rate of approximately 2 ´ 10-5 per nucleotide per 

replication cycle (67, 69, 70). Another major contributor to viral diversity is 

recombination. HIV-1 has very high recombination rates between the two RNA 

molecules that are packaged into the same virion (71–76). During replication, the 
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various times since the discovery of HIV in 1983 have 
been used to date the origin of the pandemic to the 
first half of the twentieth century10,15 and to pinpoint 
west-central Africa as its geographic source14. These 
results have been validated and refined by the recovery 
of genomic fragments from older isolates, notably two 
50-year old preserved tissue samples from Kinshasa, 
Democratic Republic of Congo15,16, which indicate that 
considerable HIV diversity had accrued there by 1960.

The worldwide dissemination of HIV-1 from its cen-
tral African source over several decades was propelled by 
multiple ‘founder events’, whereby individual HIV-1 lin-
eages moved to new regions and established epidemics, 
sometimes recombining in the process, thus generating 

an array of circulating recombinant forms. The nature 
and timing of both founder and recombination events 
have been estimated by evolutionary analysis8,13,26. In 
contrast to influenza A, the absence of protective immu-
nity against HIV means that viral adaptation probably 
played little part in shaping the current geographical dis-
tribution of HIV-1 subtypes, although there is evidence 
that the virus acquired specific mutations after zoonosis 
to enable efficient transmission among humans27 and 
that HIV-1 is now adapting to the diversity of human 
leukocyte antigen class I molecules28,29.

Simple epidemic dynamics also explain the global 
dissemination of HCV, which has infected humans for 
at least several centuries30. A handful of endemic HCV 

Box 2 | Linking evolutionary scales: HIV as an example

To illustrate the challenges involved in understanding dynamics at multiple levels jointly, 
we consider here the well-characterized rate of HIV-1 genome evolution at the 
within-host and between-host scales. The divergence rates of a series of infections can 
be plotted against time (see the figure, parts a–d). Each infection is represented by a 
differently coloured cone of divergence — the gradient of each cone equals the mean 
rate of within-host virus evolution and the width of each cone represents the variance of 
this rate. The long-term accumulation of virus divergence at the epidemic level (dashed 
lines) depends on three factors: the variation in evolutionary rate among strains within a 
host; whether the average viral rate varies over the course of infection; and whether the 
strain transmitted to the next host is selected randomly with respect to its evolutionary 
rate. Empirical analyses indicate a high variance in evolutionary rate among lineages 
within a host75, which is caused, at least in part, by latent non-replicative infection of 
cells108. Provided that the lineages are transmitted to subsequent hosts randomly  
(see the figure, part a), the long-term virus evolutionary rate will, on average, equal the 
average within-host evolutionary rate, even when these average rates differ between 
patients (P) (see the figure, part e).

Discrepancy between within- and between-host rates
In contrast to the above, it seems that HIV-1 evolutionary rates are slower when 
measured at the epidemic level (see the figure, part e; DRC, Democratic Republic of 
Congo) than when measured at the within-host level109 (see the figure, part e; P1–P9 and 
P11). One explanation for this difference is that transmission is nonrandom, such that 
slower-evolving lineages are more likely to successfully generate the next infection than 
faster ones, with the result that the long-term rate is less than the average within-host 
rate (see the figure, part b). Indeed, the short-sighted action of natural selection will 
tend to favour those strains with higher within-host fitness, even at the cost of lowered 
transmissibility. Thus, transmitted viruses could be preferentially drawn from lineages 
that have accumulated fewer mutations, such as those that have spent a greater 
proportion of time in a latent state. This effect may be enhanced by the existence of a 
genetically distinct HIV subpopulation in genital mucosa88,89.

The discrepancy between within- and between-host rates can also be explained if viral 
evolutionary rates decrease over the course of infection (see the figure, parts c,d). 
Several processes could cause such a decrease: the rate of viral replication declines as 
the disease progresses75,110; selection for viral immune escape variants weakens later in 
infection76,105; and adaptation of the viral population is fastest early in infection, soon 
after its transmission to a new host environment. As yet, the possible effect of 
recombination on HIV evolutionary rates at different scales is unknown.

Whatever the underlying cause, if average evolutionary rates vary during infection 
then the long-term rate of evolution becomes dependent on when transmission 
occurs. If within-host rates decline during infection then more rapid transmission will 
result in a faster long-term rate of evolution (see the figure, part c) than slower 
transmission (see the figure, part d). This has been shown for the human T cell 
lymphotropic virus type II, a leukaemia-causing relative of HIV, which seems to evolve 
many times faster in rapidly transmitting drug users than in populations that are 
vertically infected during breastfeeding4. Conversely, it has been argued that 
within-host rates increase over the first weeks of infection, owing to the activation of 
the immune response that drives viral adaptation, hence fast early transmission could 
alternatively lead to slower long-term rates111.
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Reverse Transcriptase jumps from one RNA strand to another (template switching) 

resulting in the creation of a novel recombinant DNA genome containing sequences 

derived from both parental RNA (72). The effect of recombination on viral 

diversification is enhanced by infection of a cell with multiple variants, providing a great 

leap in diversity, specifically in Env. Studies have shown that individuals with single 

variant infections had lower mean env diversity (0.073% (0 - 0.566%)) compared to 

those with multiple infections (0.593% (0.026 - 5.98%)) (77). The importance of high 

HIV envelope diversity is in increasing the chances of viral escape from antibody 

responses and antiretroviral therapies such as entry inhibitors. Another consequence 

of HIV diversification is the creation of viral populations that differ between anatomical 

tissues. This is discussed in greater detail below. 

 

 

1.5.3 HIV compartmentalization 
 

During intra-host evolution of HIV, viruses in different anatomical tissues may start 

evolving independently, a phenomenon known as compartmentalization (Figure 1.8). 

This occurs as a consequence of anatomical barriers, tissue-specific immune selective 

pressures and/or distinct target cell populations in different tissues. HIV 

compartmentalization results in the creation of distinct viral variants that can enable 

rapid adaptation to a variety of selection pressures thereby contributing to viral fitness 

and disease progression (78).  
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Figure 1.8: Limited migration of viruses between different anatomical tissues may result in HIV 
compartmentalization. The circles represent different compartments, and the stars represent the viral diversity in 
these tissues. The number of stars represents abundance. The phylogenetic tree shows the relatedness of the 
sequences and how compartmentalized viruses cluster together. 

 

 

HIV compartmentalization has been reported in a number of tissues including the brain, 

breast milk, semen, cerebral spinal fluid, kidneys, peripheral blood mononuclear cells 

(PBMCs), liver, lungs, saliva, bone marrow, placenta and epidermal Langerhans cells 

(78–86). The strongest evidence of HIV compartmentalization has been detected in 

the brain and cerebrospinal fluid (87, 88). Drug resistant strains in the brain and other 

health associated complications such as dementia have been reported as a result of 

tissue-specific evolution of HIV in the brain (85, 89). 

 

There is also convincing evidence of tissue-specific compartmentalization in the male 

genital tract (90–94). However studies in the female genital tract have been 

Anatomical tissue 1

Anatomical tissue 2

Anatomical tissue 3

Viruses, color represents diversity

Migration events

Viral evolution 
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inconclusive (95–98). Most studies in the female genital tract were cross-sectional 

analyses as opposed to longitudinal studies.  Where longitudinal analyses were 

performed they involved limited time-points (95, 96). Earlier work also revealed that 

some of the studies might have been biased because of the inclusion of monotypic 

and low diversity sequences (95, 96). Furthermore, few of these studies used complete 

gp160 envelope sequences, and the tree-based phylogenetic methods employed for 

the analyses are limited by sequence availability (95–108). Since women are 

especially vulnerable to HIV, it is important to understand the viral populations 

replicating in the female genital tract in order to develop effective microbicides and 

vaccines which would prevent acquisition. This was also a focus of this thesis, forming 

the basis of Chapter 3.  

 

 

1.6 Measures to treat and prevent HIV infection 
 

1.6.1 HIV treatment 
 

HIV treatments have been designed that suppress HIV viral load by affecting different 

stages of the HIV replication process as described above, targeting vulnerable 

conserved sites on the HIV structure including the envelope. These antiretroviral drugs 

(ARVs) have been proven to be effective in reducing the viral levels to undetectable 

levels when taken consistently (109–113). The United Nations 90-90-90 goals policy 

has thus been implemented to ensure that all HIV-infected individuals receive ARVs 

from time of infection regardless of CD4 cell count (114). The United Nations 90-90-90 

goals aim to achieve 90% of all people living with HIV knowing their status, 90% of 

those people receiving sustained antiretroviral therapy and viral suppression in 90% of 

people on ARVs by 2020 (114). 

 

Several milestones have been achieved using antiretroviral treatment, including 

reduced transmissions, and improved life expectancy (115–117). These antiretroviral 

drugs, however, have to be taken daily for life which may be accompanied by side-

effects that are sometimes debilitating (116). In addition, some marginalized 

communities in low-income countries have limited access to this medication, and 

access to ARVs in some communities is associated with stigmatization (116). Some of 
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these challenges have led to non-adherence to treatment, resulting in the development 

and spread of drug resistant viral strains that are not responsive to treatment (116, 

118). Surveillance data indicates that a new HIV epidemic of drug resistant strains is 

looming, which may be very difficult to control with the current medications (118, 119). 

In addition, despite South Africa having the largest ARV program in the world, statistics 

show that the number of new infections in this and other regions is still very high (12). 

It is therefore crucial to develop strategies that prevent HIV infection. 

 
 

1.6.1 HIV prevention 
 

HIV prevention strategies are likely the most feasible means to eradicate HIV as these 

stop further spread of the virus. Since HIV is commonly transmitted via sexual 

intercourse, prevention measures that target this route include targeting risky 

behavioural practices by teaching safe sex practices such as faithfulness to one’s 

partner, knowing one’s HIV status, use of condoms and encouraging sex abstinence 

in teenagers (120). Intravenous drug users are also at a very high risk of acquiring HIV 

through sharing infected needles (121, 122), and as such they have been classified as 

key population group for prevention measures.  

 

Medical interventions to prevent HIV infection include medical male circumcision,  Pre-

exposure Prophylaxis (PrEP) in HIV uninfected people, and treatment as prevention 

(TAP) in HIV positive individuals. Studies have shown that male circumcision reduces 

the chances of HIV infection in men, and many programs have been put in place to 

promote medical male circumcision (123–127).  PrEP aims to prevent HIV acquisition 

in HIV negative individuals who are especially vulnerable to HIV infection, such as 

partners of infected individuals (128). However, unlike in high-income countries, 

access to these drugs is sometimes limited to select countries, such as South Africa, 

and only to high-risk groups such as sex workers (129). These programs require 

government funding which is unaffordable for most countries in the long-term (130–

132). Lastly, studies have shown that HIV infected people who use ARVs consistently 

for treatment and achieve viral suppression are unable to transmit the virus, providing 

more opportunities for HIV prevention through treatment (133, 134). Although these 

breakthroughs have undoubtedly reshaped the HIV prevention field, an effective 

vaccine remains elusive. 
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1.6.1.1 Development of an HIV vaccine by active immunization 
 

A major focus of prevention research is  the development of a vaccine, which has been 

shown to be the most effective medical intervention for many infectious diseases (135). 

Vaccines have a proven track record of eliminating such epidemics, and have the 

potential to elicit immunity against HIV in the uninfected population. A successful 

vaccination strategy achieves herd immunity in the population, preventing further 

infections until the epidemic eventually dies out from the population. HIV vaccine 

development has been complicated by the rapid evolutionary dynamics and variability 

of HIV, described above (136). Despite these challenges, there have been great 

advances in vaccine development against HIV-1. The RV144 Phase III human clinical 

trial of a vaccine consisting of ALVAC-HIV (vCP1521) with a boost of the AIDSVAX 

gp120 vaccine (an envelope protein segment from HIV subtypes B and E) showed 

30% efficacy (137), and provided proof of concept that it is possible to elicit antibodies 

against the envelope glycoprotein via vaccination. This opened up many opportunities 

for research to improve the vaccination design, and many follow-up trials are underway 

(138).  However this vaccine failed to elicit neutralizing antibodies, which are the 

protective mechanism for many licenced vaccines. Several parallel vaccine 

approaches therefore focus on understanding HIV Env evolution and the development 

of HIV-specific neutralizing antibodies during infection, as a template for vaccine 

design (139). These studies and their implications are discussed in more detail below 

in section 1.7.  

 

 

1.6.1.2 Passive vaccination approaches to prevent HIV infection 
 

Though a licenced vaccine able to elicit neutralizing antibodies has not yet been 

developed, several antibodies have been isolated from HIV infected individuals that 

are very effective in neutralizing the majority of HIV strains. These have the potential 

to be used in passive immunizations (140–143). These monoclonal antibodies are 

referred to as broadly neutralizing antibodies (bNAbs), and described in more detail in 

section 1.7.3. One such monoclonal antibody, called VRC01, is currently being tested 
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in a phase III trial by the HIV Vaccine Trials Network (HVTN) to assess its efficacy in 

preventing infection, and to define the protective dose.  

 

Passive administration of  is however complicated by high costs. There is  significant 

effort being invested in improving the half-life of these antibodies, to reduce the 

frequency and volumes of transfusions. Antibody engineering is an active field, 

including making bi- or tri-specific antibodies, and smaller versions of antibodies, such 

as single chains, to improve tissue access. Delivery of these antibodies to the human 

circulatory system is also very important, and several studies aim to find more efficient 

ways than the traditional intravenous and subcutaneous administration. These 

methods include the use vaginal gels (144), adeno-associated viruses (AAV) (145), 

and engineered lactobacillus bacteria (146). Although these show promise, the 

development of a traditional vaccine which would provide life-long immunity still 

remains preferable, and relies on a deep understanding of the host immune response 

to HIV infection.  

 

 

1.7  Host response to HIV-1 
 

Following HIV-1 infection, the human immune system is activated to produce both T 

and B cell responses that are directed towards the HIV-1 proteins. The T and B cell 

responses occur early in infection, and target the HIV-1 structural, regulatory, 

accessory and Env proteins (147, 148). The B cell responses include neutralizing 

antibodies that are directed solely towards the HIV-1 envelope glycoprotein. The 

section below will briefly describe the structure of the antibodies and their 

development. This is important to enable better understanding how the antibodies 

function, and to inform the elicitation of such antibodies via vaccination. 

 

 

1.7.1 Structure, diversity and multiplicity of antibodies 
 

HIV-1 directed antibodies, like all other antibodies, consist of two heavy and two light 

chains that form the variable and constant regions (Figure 1.9). The human body is 

well adapted to counter different types of pathogens it encounters, including the large 



 

 18 

diversity of HIV-1. This adaptation enables the human body to produce a large antibody 

repertoire that has been estimated to be greater than 1011 molecules per individual 

(149–152). This vast repertoire is encoded by a small group of variable (V), joining (J) 

and diversity (D) genes that determine the variable regions (Figure 1.9). There are 51 

V, 27 D, 6 J heavy chain segments and this large number of gene segments available 

for encoding antibody chains makes a substantial contribution to antibody diversity 

(153). In addition, the joining of these segments, in a process  known as combinatorial 

diversification, greatly increases antibody diversity, as any of the 51 V segments in the 

human heavy-chain pool can be joined to any of the 6 J segments and any of the 27 

D segments to encode at least 8,262 (51 × 6 × 27) different heavy-chain V regions 

(Figure 1.9) (150, 153). Further, the joining of the different genes occurs through the 

random addition of up to six nucleotides by the enzyme terminal deoxynucleotidyl 

transferase (TdT) which also increases the diversity. The gene combinations result in 

different antibody characteristics that can potentially engage an antigen. Antibody light 

chains  are classified as lambda (l) or kappa (k) and use only the V and J genes. 

(Figure 1.9). In addition to the diversity encoded by the variable regions, there are five 

classes of human antibodies namely IgA, IgD, IgE, IgG and IgM based on the heavy 

chain they contain and they are important for effector function (154). 
 

 

 
 
Figure 1.9: The generation of antibody diversity through gene recombination. Different D - J and D - V gene 
segments join and an endonuclease excises the remaining segments. The rearranged D - J and D - V genes are 
joined to form the V – D – J coding unit. The k or l light chains are formed by random rearrangement of Vk and Jk 
(or Vl and Jl) genes and joining to a light-chain gene of the constant region (Schwartz 2003). 
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the generation of diversity

 

Figure 1. The Generation of Antibody Diversity.

 

The heavy and light chains of the antibody molecule (center) contain variable and constant regions. The variable region binds antigen, where-
as the constant region specifies the isotype of the molecule (IgM, IgG, IgA, IgE, or IgD) — in this case, IgG. The coding unit for the variable 
region of the heavy chain forms by rearrangement of individual genes from a group of about 125 DNA segments among which are the 
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, D,

 

 
and 

 

J
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 segments. The process begins during B-cell development when recombinase enzymes initiate the random joining of one 
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 trio is then brought together with the DNA segment corresponding to 
the constant region of the IgM molecule (C
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 coding unit of the heavy chain of an IgM antibody. Next, the immature 
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) genes and joining to a light-chain gene of the constant 
region. The leader sequence (L) in the immunoglobulin mRNA transports the heavy-chain or light-chain polypeptide to the B-cell surface. A similar 
process generates the antigen receptors of T cells. Modified from Schwartz.
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A few weeks following HIV-1 and other infections, B cells are stimulated to proliferate 

into antibody-secreting cells (Figure 1.10). Activated B cells migrate to the bone 

marrow where they produce HIV-1-specific antibodies that work by preventing, 

reducing and clearing infection (155). They also undergo clonal expansion to make 

more B cells that will produce similar antibodies (Figure 1.10). All of the antibodies that 

are derived from a specific B cell constitute an antibody lineage, and this first B cell 

that initiates a lineage is termed an unmutated common ancestor (UCA). Their antigen 

specificity/affinity subsequently increases through somatic hypermutations which 

create gradual differences in related antibodies. Immunoglobulin V-region genes 

accumulate mutations at a rate of about one base pair change per 103 base pairs per 

cell division (156). This process is referred to as affinity maturation and is key for the 

generation of efficient antibody responses. 

 

 

 
 

Figure 1.10: B cell response to antigenic stimulation. After antigenic stimulation, naïve B cells starting 
proliferating and produce activated B cells that produce antibodies. If an infection is resolved, B cells become 
memory cells that can be activated to produce antibodies if the infection recurs. However, during a persistent 
infection, B cells may become exhausted (Moir and Fauci 2009).  
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1.7.2 Development of binding and neutralizing responses against HIV-1 Env 
 

Antibodies against HIV-1 are first detected as immune complexes, followed by free 

antibodies directed at the gp41 subunit, and then antibodies against the gp120 (157, 

158). Although the first detectable responses are capable of binding HIV-1, they are 

not able to neutralize the virus (prevent entry of the viral particle into host cells) or apply 

selective pressure resulting in virus evolution (157). The initial strain-specific 

neutralizing responses are detectable weeks to months after infection (159–162). HIV-

1 neutralizing antibodies frequently target epitopes in the C3V4 domain, the base of 

the V3 loop, V1V2 regions, and the CD4bs (163, 164). Although strain-specific 

neutralizing antibodies are produced in all HIV-1-infected individuals, viruses easily 

evade these strain-specific antibodies and thus are of limited value for vaccination 

design. However, in some people, bNAbs develop and these are described in more 

detail below. 

 

 

1.7.3 The development of bNAbs during infection 
 

BNAbs develop naturally during infection in approximately 15-30% of HIV-1 infected 

individuals but generally only after years of infection (165–168). The development of 

bNAbs has been associated with duration of HIV-1 infection, high viral loads and viral 

diversity suggesting that extended exposure to viral antigens and virus antibody co-

evolution is required, which described in more detail in section 1.8 (161, 165). Unlike 

most antibodies, bNAbs tend to have unusual characteristics such as long CDRs, 

skewed germline usage, high levels of somatic hypermutation associated with 

extensive affinity maturation and polyreactivity (169–172). Because of the rarity of 

bNAb development in natural infection, studies of antibody-virus co-evolution are 

essential to understand the events that lead to their production. Such studies have 

shown that some strain-specific antibodies continue to evolve to become bNAbs that 

have the ability to neutralize the majority of HIV-1 strains (173) (Figure 1.11).  
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Figure 1.11: Antibody-HIV-1 virus co-evolution. The schematic phylogenetic trees show evolution of viruses and 
antibodies respectively. The table on the right shows the neutralization of viruses (shown on the y-axis) by the 
antibodies (shown on the x-axis). Continuous antigenic stimulation causes a specific antibody lineage to mature 
through somatic hypermutation. Some antibodies mature to become bNAbs that have the ability to neutralize the 
majority of HIV-1 strains. 

 

 

1.7.4 Broadly neutralizing antibody (bNAb) targets 
 

The isolation of monoclonal antibodies from HIV-1 infected donors has enabled us to 

identify bNAb targets. To date, five bNAb target sites have been identified on the HIV-

1 envelope trimer (Figure 1.12). These include the V1V2 site, the N332 supersite, the 

CD4bs, the gp120-gp41 interface (including the fusion peptide) and the membrane 

proximal external region (MPER) (174), each of which is further described below.  

 

Yt1 t2 t3 t4 t5 tn

Y
Y Y Y Y Y

time

Least evolved
Neutralization profiles of isolated antibodies against HIV virus panel

Highly evolved

HIV

HIV-specific mAb

bNAbs



 

 22 

 
 
Figure 1.12: BNAb targets, potency and neutralization breadth. (A) Model of the HIV-1 trimer showing the 
different bNAb targets, (B) Potency and neutralization breadth of the different isolated broadly neutralizing 
antibodies. Source: Bonsignori et al., 2017; Gama and Koup, 2018. 

 

 

1.7.4.1 V1V2 site 
 

The V1V2 region is highly variable in terms of sequence, length, and the extent of 

glycosylation (175, 176), which poses a challenge for vaccine design. Nonetheless, 

many HIV-1 infected individuals develop antibody responses against the V1V2 site, 

and as such bNAbs against this site are important in vaccine design (165, 177–179). 

The antibodies are highly potent (shown in blue, Figure 1.12) and emerge relatively 

early in infection compared to other bNAbs  (180–182). These bNAbs, exemplified by 

PG9/PG16, have an extraordinarily long CDRH3 loops, (³ 24 amino acids), which 

helps them to penetrate the dense glycan shield on the Env spike trimer and access 

the protein surface below (183–185). Most isolated antibodies targeting these regions 

have shown dependence on N-linked glycans at sites 156 and 160, as well as other 

amino acids in the B and C strand, such as residues 166 and 169 in the V2 region 

(184, 186–190).  
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V1/V2 loop

High mannose
V3 loop

gp120/gp41
interface

CD4 
binding site 

MPER

Figure 1
Schematic representation of an HIV-1 gp120/gp41 trimer (white) interacting with broadly neutralizing
antibodies representing different binding sites. Abbreviation: MPER, membrane proximal external region.

Additionally, the administration of 2G12, 2F5, and other HIV-1 mAbs to infant RMs protected
them from mucosal SHIV challenge, providing the basis for the use of passive therapy to inter-
rupt mother-to-child transmission of HIV-1 (29–31). Early results in therapeutic human studies,
however, proved to be less favorable. A trial using antibody-rich chemically inactivated pooled
plasma from HIV-1+ healthy patients (HIV-1 immune globulins) infused in HIV-1-infected chil-
dren demonstrated no improvements in CD4 T cell count or plasma viral load (32), and studies
in which neutralizing antibodies were administered alongside ARV cessation resulted in only
minimal delay in virus rebound (33).

Although early studies with these first-generation mAbs were only moderately encouraging,
the development of new technologies leading to the isolation, characterization, and clinical devel-
opment of mAbs with much greater potency and breadth is set to revolutionize the field of passive
immunoprophylaxis and therapy of HIV-1.

NEW GENERATION OF BROADLY NEUTRALIZING ANTIBODIES
In 2008, the Nussenzweig laboratory developed the methods that allowed for the direct cloning
and sequencing of immunoglobulin (Ig) heavy and light chain genes directly from B cells (34,
35). These advances led to the rapid identification and characterization of multiple mAbs with
much greater potency and breadth than the prior antibodies. The first well-characterized set of
these bNAbs targeted the CD4 binding site on gp120 (36). This class of antibodies, commonly
described as VRC01-like, all bind gp120 in a similar manner, emulating native CD4 receptor
binding to gp120 through an antiparallel B sheet in their heavy chain. Importantly, they originate
predominantly from two germline Ig heavy genes and are highly somatically mutated (37, 38).

www.annualreviews.org • New-Generation Antibodies in Hiv Treatment 14.3
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Two CD4 binding site antibodies, VRC01 and 3BNC117, have progressed through phase I
human clinical trials. They neutralize 90–95% of HIV-1 strains in vitro with an IC50 of <50 mg/ml,
and both have been shown to be effective in blocking transmission and reducing plasma viremia
in animal models of HIV-1 infection (39–42). These two bNAbs have both shown therapeutic
antiviral activity when administered to HIV-1-infected individuals (43–46), and ongoing human
trials will soon determine whether VRC01 is effective at blocking HIV-1 infection when given to
high-risk HIV-1-uninfected adults (47).

Multiple bNAbs to other epitopes have also been described. The bNAbs PG9, PG16, CH01–
04, PGT141–145, and CAP-256 (VRC26–25) bind the V1/V2 loop, which is a variable glycan-
containing gp120 region that shields the conserved bridging sheet between the inner and outer
domains of the viral envelope glycoprotein (48–51). These antibodies maintain breadth by having
very long CDRH3 loops that interact with the glycan shield but also extend past the variable loops
to reach the more conserved bridging sheet (51). Another glycan-rich region, the V3 loop, was
also characterized as a prime neutralization site and is the target of the bNAbs PGT121, PGT135,
PGT128, and 10–1074 (52, 53). Antibodies from both the V1/V2 and V3 families are among the
most potent anti-HIV-1 bNAbs to date, although their neutralization breadth is more limited
when compared to bNAbs from the CD4 binding site group (Figure 2).

In 2012, a gp41 MPER antibody whose binding site includes residues close to the gp41 trans-
membrane region was isolated and characterized (54). This bNAb, 10E8, has between five- and
tenfold higher potency than the former MPER 4E10 but is still less potent than most recent
glycan-rich binding site antibodies (Figure 2). In contrast, 10E8 neutralizes more than 95% of
HIV-1 variants, making it one of the best antibodies for wide-ranging neutralization coverage.

More recently, a new family of bNAbs that distinguish cleaved from uncleaved envelope trimers
has been identified. These antibodies—PGT151 to -158, 8ANC195, and 35O22—bind to a
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Figure 2
Plotting of various broadly neutralizing antibodies against HIV-1 envelope according to their breadth
(percent cross-strain neutralization) and potency. Each antibody is colored according to its binding site:
CD4 binding site (yellow), V1/V2 loop (blue), high mannose V3 loop (pink), membrane proximal external
region (green), and gp120/gp41 interface (purple). Early antibodies are represented in faded colors.
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1.7.4.2 C3V4 site 
 

Another common target of bNAbs is the C3V4. BNAbs targeting this region are 

dependent on the N332 and N301 glycans, and are commonly referred to as V3-glycan 

supersite, high mannose V3 loop or N332-supersite targeting bNAbs (191). The bNAbs 

can approach this region from variable angles by making use of different high-mannose 

glycans at several sites (192–198). These bNAbs also recognize discontinuous amino 

acids in the C3, V3 and V4 regions, including a 4 amino acid linear motif (GDIR) in the 

HIV-1 V3 loop (192, 197–201). C3V4 bNAbs include PGT121, PGT128 and PGT135 

(shown in violet in Figure 1.12) (174, 194, 195, 199). C3V4 bNAbs are of interest for 

vaccine development because, like V1V2 responses, they are relatively common 

during infection. Furthermore, unlike other bNAb classes, they may not require 

extensive somatic hypermutation to develop neutralization breadth (173, 198).  

 

1.7.4.3 CD4 binding site 
 

The CD4bs is highly conserved, as it is required for virus infectivity. CD4bs bNAbs 

have been isolated from multiple HIV-1 infected individuals, and they are among the 

most broad and potent antibodies (shown in orange in Figure 1.12) (173). Examples 

of CD4bs antibodies include VRC01, VRC07, CH31, 8ANC131, CH235, CH103, HJ16 

and CH98 (170, 188, 202–209). Some isolated CD4bs bNAbs, referred to as VRC01 

class, share similar heavy V and J gene usage suggesting commonality of the antibody 

evolutionary pathway in multiple individuals (209, 210). However, such CD4bs bNAbs 

are likely to be difficult to elicit through vaccination as they have extremely high levels 

of somatic hypermutation, suggesting complex or prolonged maturation pathways 

(170, 204, 208, 211).  

 

 

1.7.4.4 gp120-gp41 interface 
 

Antibodies against the gp120-gp41 interface target conserved peptide and glycan 

segments in this region that exist on the pre-fusion conformation of the Env trimer (174, 

212). Interface bNAbs are very diverse as the epitopes are not completely overlapping 

(213). For example, PGT151 is highly trimer-specific, exclusively binding to the closed 



 

 24 

Env conformation and potently neutralizing the virus through interactions with complex 

tri- and tetra-antennary glycans at positions 611 and 637 within gp41, and protein 

residues K490, T499, R500, R503 in gp120 (214, 215). BNAbs such as 35022 on the 

other hand bind the gp120-gp41 interface at a site closer to the viral membrane than 

PGT151 (174, 212). Another interface bNAb, 8ANC19540 binds to glycans at 276, 234, 

and 637, with a footprint falling between that of PGT151 and 35022. This bNAb can 

bind to both closed and open conformations of the Env (216–218). Other examples of 

bNAbs targeting this region include 8ANC195, 3BC315/3BC176, N123-VRC34.01, 

ACS202 and CAP248-2B (shown in purple in Figure 1.12) (212, 215–217, 219). 

 

1.7.4.5 MPER site 
 

The fifth bNAb site, the MPER region, comprises the last 23 amino acids, from residues 

660 to 683, of the extracellular domain of gp41 just before the transmembrane domain 

(220). This region is highly conserved and critical for cell fusion and infectivity (221, 

222). Examples of MPER antibodies include 4E10, 10E8 and 2F5 (223–225). The 

bNAbs against the MPER exhibit the broadest neutralization capability (up to 98% of 

circulating HIV-1 subtypes), however they often have lower potencies compared to 

other HIV-1 neutralizing antibodies (shown in green in Figure 1.12) (199, 226). MPER-

specific bNAbs may however, be difficult to elicit by vaccination for a number of 

reasons that include tolerance control and immunoregulation, sequestration of the 

epitope in the lipid membrane, and exposure of the epitope only transiently during viral 

entry (227, 228).  

 
 

1.8 Co-evolution of antibody lineages and HIV-1 epitopes 
 

The discovery of bNAbs in HIV-1 infected participants has brought about renewed 

enthusiasm in the vaccine field as they are effective at neutralizing the majority of HIV-

1 strains and have shown to be protective in non-human primates (210, 229). However, 

bNAbs have not yet been elicited through vaccination, and this is a major focus of 

global research efforts. Co-evolutionary studies have the potential to elucidate intra-

molecular (between amino acids in an epitope/paratope) and inter-molecular (between 
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paratope and epitope) interactions, and explain co-evolution in terms of co-adaptation, 

where changes in one protein are followed by changes in another protein (230).  

 

A number of co-evolutionary studies have been performed in infected subjects to 

understand how bNAbs develop (182, 186, 231, 232). These studies have shed light 

on the arms race between the antibody and the virus which provides important 

information for vaccine strategies aimed at eliciting bNAbs. The studies performed thus 

far have investigated the developmental pathways of bNAbs targeting the V1V2, 

CD4bs, MPER and the C3V4 site (182, 186, 198, 201, 231–233).  

 

Comparison of the evolutionary rates of three broad pathways showed that high 

mutation rates in both virus and antibody were associated with rapid bNAb 

development (232). Studies that have used viral and antibody data from multiple time-

points during infection identified mutations that contributed to breadth, and the viral 

variants that engaged the UCA of bNAb lineages (186). The mAbs that matured to 

become broad co-evolved with the envelope glycoproteins to tolerate emerging viral 

escape mutations (186). Apart from showing how bNAb lineages evolve with viral 

variants, these studies have shed light on how some antibodies within bNAb lineages 

fail to tolerate viral envelope mutations, hindering their further evolution (186). Other 

antibodies within specific lineages became highly mutated but not acquiring breadth in 

the process suggesting they did not acquire the necessary mutations for neutralization 

breadth (186).  

 

While the developmental pathways of some broad lineages have been elucidated, very 

little is known about the development of antibody lineages that fail to become broadly 

neutralizing, or of the viral variants that shape their evolution. This thesis therefore 

compared viral evolution in individuals with broad and non-broad responses to identify 

the unique virological features associated with bNAb development (234), with 

implications for vaccine design (Chapter 2).  

 

 

 



 

 26 

1.9 Computational challenges of viral and antibody evolutionary 
analyses 

 

Studying virus-antibody co-evolution involves sequencing pathogen and host samples 

from multiple time-points in an individual during infection. In antibody sequencing, 

successful identification of the relevant antibody lineages is dependent on producing 

as many antibody reads as possible during sequencing, to capture the diversity of the 

repertoire. Although sequencing technologies have dramatically improved, the amount 

of data generated requires high-performance computational capacity for analysis. 

Ordinary computers cannot manage the immense amount of data generated during 

the analyses, and the memory requirements to perform the computations, and/or 

require many hours of computation.  

 

Similarly, understanding HIV-1 phylodynamics, like all other viruses, requires 

bioinformatics tools that have been developed to study the evolutionary, ecological and 

epidemiological processes that shape viral phylogenies (235). A better understanding 

of intra-host HIV-1 phylodynamics will assist in the development of a vaccine (236, 

237). This will also be particularly important to other viral pathogens such as dengue 

and influenza. Bayesian phylodynamic tools are increasingly becoming useful to 

reconstruct the evolutionary histories of viruses such as HIV-1, to identify virus 

population demographics and to quantify dispersal patterns between host species. The 

Bayesian phylodynamic models are based on the Bayes’ theorem that derives the 

posterior probability as a consequence of a prior probability and a likelihood function 

derived from a probability model for the data to be observed. These tools are therefore 

very robust, as they also apply Markov chain Monte Carlo (MCMC) methods for 

sampling stochastically from a probability distribution. Phylodynamic modelling can be 

performed by computational programs such as the Bayesian Evolutionary Analysis by 

Sampling Trees (BEAST), which is a statistical, graphical user program for parameter 

estimation and hypothesis testing of evolutionary models from molecular sequence 

data (238). 

 

However, BEAST is computationally intensive and parallelises calculations for large 

state models by making use of many-core algorithms for statistical phylogenetics under 

arbitrary molecular evolutionary models on Graphics Processing Units (GPUs) (239). 

It uses BEAGLE (Broad-platform Evolutionary Analysis General Likelihood Evaluator) 
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that provides both an API (Application Programming Interface) and implementations in 

Java, C and for CUDA-based GPUs (239). Such phylodynamics programs run 

efficiently on clusters and servers designed to run for longer hours, that have lots of 

memory and storage space for the generated data. In this thesis, the requirement for 

many of these computational tools led us to explore the development of a low-cost 

computational cluster to enhance our computational capacity (Chapter 4 of this thesis) 

 

 

1.10 Objectives and aims 
 

1.10.1 Overall project objective 
 

The aim of this study was to investigate HIV-1 viral envelope glycoprotein evolutionary 

dynamics, both among hosts with differing immune responses, and within hosts, 

between different tissues, using low-cost computational infrastructure. We utilised 

longitudinal samples from individuals enrolled in Centre for AIDS Programme of 

Research in South Africa (CAPRISA), to address three specific aims, as follows: 

 

1.10.2 Specific research aims 
 

1. To compare the evolution of the HIV-1 envelope glycoproteins between 

individuals with strain-specific and bNAb responses, to assess whether the 

unique viral evolutionary pathways in bNAb donors may inform vaccine design. 

2. To investigate compartmentalization of HIV-1 between plasma and cervico-

vaginal lavages using envelope glycoprotein sequences, to assess whether this 

might impact sensitivity to vaccines/microbicides. 

3. To develop a low-cost bioinformatics cluster to perform computationally 

intensive viral and antibody evolutionary analyses.  
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2.1 Abstract 
 

The development of HIV broadly neutralizing antibodies (bNAbs) has previously been 

shown to be associated with viral evolution and high levels of genetic diversity in the 

HIV envelope (Env) glycoprotein. However, few studies have examined Env evolution 

in those who fail to develop breadth, to assess whether bNAbs result from distinct 

evolutionary pathways. We compared Env evolution in eight HIV-1 infected participants 

who developed bNAbs to six donors with similar viral loads who did not develop bNAbs 

over three years of infection. We focused on Env V1V2 and C3V4 as these are major 

targets for both strain-specific neutralizing antibodies (nAbs) and bNAbs. Overall 

evolutionary rates (ranging from 9.92 ´ 10-3 to 4.1 ´ 10-2 substitutions/site/year)  and 

viral diversity (from 1.1% to 6.5%) across Env, and within targeted epitopes, did not 

distinguish bNAb donors from non-bNAb donors. However, bNAb participants had 

more positively selected residues within epitopes than those without bNAbs, and 

several of these were common among bNAb donors. Comparison of the kinetics of 

strain-specific nAbs and bNAbs indicated that selection pressure at these residues 

increased with the onset of breadth. These data suggest that highly targeted viral 

evolution rather than overall envelope diversity, is associated with neutralization 

breadth. The association of shared, positively selected sites with the onset of breadth 

highlights the importance of diversity at specific positions in these epitopes for bNAb 

development, with implications for the development of sequential and cocktail 

immunization strategies. 
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2.2 Introduction 

 

A preventative HIV vaccine is likely to require broadly neutralizing antibodies (bNAbs) 

that have the ability to neutralize the majority of HIV strains (173, 240). Animal studies 

have shown that bNAbs are able to protect from virus infection (241), however, no 

vaccine has thus far been able to elicit bNAbs. In contrast, longitudinal studies have 

shown that bNAbs develop in approximately 10-30% of chronically HIV infected 

patients (165, 167, 168). These bNAbs target five sites on the HIV trimer, namely the 

V1V2 region, the CD4 binding site, the membrane proximal external region (MPER), 

the V3 glycan supersite and the gp41-gp120 interface, which includes the fusion 

peptide (174). Although most donors develop some degree of cross-reactivity over 

many years of infection (242), some donors have neutralizing antibody responses that 

remain strain-specific, neutralizing only the infecting strain, despite equivalent duration 

of infection and high viral loads (172). The reason strain-specific responses fail to 

mature into bNAbs in all HIV-infected individuals is an important unanswered question 

in the field.  

 

Large cohort studies have shown that neutralization breadth is associated with several 

host factors including ethnicity, HLA genotype, CD4 T cell loss, and circulating T 

follicular helper cells (165, 167, 168, 243–246). However, viral factors such as subtype, 

high viral loads, virus diversity and duration of HIV-1 infection have been shown to be 

strongly associated with breadth, highlighting the importance of high levels of antigenic 

stimulation in driving the maturation of bNAbs (167, 168, 247, 248). 

 

Studies of the developmental pathways of bNAbs have shown that these develop from 

strain-specific precursors that mature to acquire breadth through a prolonged co-

evolutionary pathway, with emerging viral mutations driving antibodies to tolerate 

epitope diversity (173, 181, 182, 186, 201, 206, 231, 232, 249, 250). This has led to a 

vaccine framework that aims to incorporate variation within immunogens, an approach 

that has recently shown promise in small-animal immunization studies (251–256). 

However, similarly detailed studies of viral evolution in donors who maintain strain-

specific responses, especially in the context of high levels of antigenic stimulation, 

have not been performed. Comparative analyses of virus evolutionary pathways in 
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these individuals and those who develop bNAbs may provide useful insights into the 

viral characteristics and mechanisms that drive antibody maturation towards breadth. 

  

Robust strain-specific neutralizing responses develop in almost all infected individuals, 

regardless of whether they later develop breadth, and exert significant selection 

pressure on the HIV envelope glycoprotein (Env) (257, 258). This results in increased 

Env diversity and divergence from the transmitted/founder (T/F) virus and selection of 

neutralization resistant strains. Escape is associated with increased variable loop 

length and glycosylation that may shield underlying epitopes making it difficult to 

neutralize the virus (159, 160, 164, 259–261). Importantly, many of the strain-specific 

neutralizing responses target the same overall regions of the HIV envelope as bNAbs, 

such as the V1V2 and C3V4 regions (162, 181), and drive viral diversification within 

these regions (161, 164, 181).  

 

To assess why these strain-specific responses fail to acquire breadth, we have used 

longitudinal single genome-derived full Env sequencing data and matched antibody 

kinetics and mapping data from 14 participants in the Centre for the AIDS Programme 

of Research in South Africa (CAPRISA) 002 cohort, six of whom developed strain-

specific antibodies and eight who developed bNAbs. Interestingly, we did not observe 

significant differences in nucleotide substitution rates in participants with or without 

bNAbs, and observed high viral diversity across Env and within epitopes, in both 

groups. However, we identified several sites under positive selection that were 

common to donors with bNAbs. The tight clustering of these sites on the Env trimer 

suggest that the precise targeting of viral epitopes by early bNAb precursors, and 

subsequent viral escape pathways, determines whether these antibodies acquire 

breadth. Defining these sites highlights developmental differences in strain-specific 

and bNAbs which may inform future vaccine design strategies.  
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2.3 Materials and Methods 
 

2.3.1 HIV infected participants and Ethics 
 

Longitudinal plasma samples were collected from 14 women chronically infected with 

HIV-1 subtype C who were enrolled into the CAPRISA 002 and 004 cohorts (262, 263). 

Of these, 8 participants (CAP8, CAP177, CAP206, CAP357, CAP248, CAP255, 

CAP256 and CAP257) developed bNAbs (defined by their ability to neutralize more 

than 40% of a multi-subtype panel at 3 years) and 6 donors (CAP45, CAP88, CAP200, 

CAP225, CAP228 and CAP229) who did not develop bNAbs (with plasma breadth less 

than 10%) despite approximately 3 years of HIV infection (165) (Madzhivandila et al. 

unpublished).  

 

Evidence of HIV infection in participants was determined using two rapid HIV-1 

antibody tests (Determine, Abbott 89 Laboratories; Tokyo and Capillus, Trinity Biotech, 

Jamestown, NY). False positives and negatives were eliminated by using PCR for the 

negative samples (Ampliscreen v1.5, Roche Diagnostics, Rotkreuz, Switzerland) and 

HIV enzyme immunoassay (EIA, BEP2000, Dade Behring, Marburg, Germany) for 

positive samples. Viral loads were estimated using the Cobas Amplicor HIV-1 monitor 

test version 1.5 (Roche Diagnostics, Rotkreuz, Switzerland). The time of infection was 

estimated as either the midpoint between the last antibody negative and first antibody 

positive visits, or 14 days prior to an RNA-positive, antibody negative sample.  

 

Written informed consent to conduct research on stored specimens was obtained from 

all women at enrolment, and ethics clearance for the use of plasma samples was 

obtained from the Human Research Ethics Committee (Medical) from the University of 

Witwatersrand (MM040202), the University of Cape Town (025/2004) and CAPRISA 

at the University of KwaZulu Natal (E013/04).    

 

 

2.3.2 Single Genome Envelope Amplification and Sequencing 
 

HIV-1 RNA was isolated from plasma samples and full-length envelope genes were 

amplified from single genomes at multiple time points by nested PCR, and sequenced 
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using Sanger sequencing as described (264). Accession numbers for env sequences 

are EF203968-82, FJ443149-58, FJ443223-39, FJ443275-366, FJ443390-93, 

FJ443492, FJ443499, FJ443501-04, FJ443508, FJ443519, FJ444632, GQ999980, 

GK999985, GK999989, HQ625597-99, HQ625604-05, KC863376-78, KC863380-92, 

KC863446-56, KC863458-75, KC863542-53, KC863555-68, KC863571, KF241776, 

KF996579, KF996581, KF996584, KF996586-88, KF996590, KF996591, KF996593-

96, KF996598, KF996600-01, KF996604-30, KF996632-99, KF996700-16, 

KT698223-27, KU198436, MF572810-29 and MK205449-6213.  

 
 

2.3.3 Sequence Alignments and Data Partitioning  
 

Nucleotide sequence alignments were made in MUSCLE (265), and codon aligned 

and manually edited in Bioedit and Se-Al (266, 267). The longitudinal envelope (env) 

glycoprotein sequences were analysed as a whole, and also subsequently partitioned 

into variable and constant regions for subsequent analyses using Se-Al software (267). 

The partitions were defined according to the HXB2 reference sequence as follows: V1 

(131-156), V2 (157-196), V3 (296-330), C3 (329-383) and V4 (385-418). In some 

participants, the V2 and V4 regions contained several INDELS that were sometimes 

difficult to accurately determine their HXB2 numbering despite the fact that they had 

been confidently aligned. 

 

 

2.3.4 Estimating Diversity, Nucleotide Substitution Rates and Time of Infection 
 

Overall Env, C3V4 and V1V2 diversity was calculated using the Poisson correction 

distance model implemented in MEGA6 (268, 269).  The model assumes equality of 

substitution rates among sites and equal amino acid frequencies while correcting for 

multiple substitutions at the same site (268, 269). The presence of temporal signal was 

estimated in TempEst using maximum likelihood trees constructed with PhyML (270, 

271). Phylogenetic analyses were performed using BEAST v1.8.4 (272). Best-fit 

nucleotide substitution models were selected based on the Bayesian Information 

Criteria (BIC) and Akaike Information Criterion, corrected (AICc) values estimated 
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using MEGA 6 software (268). The best-fit demographic and clock models were 

selected with marginal likelihood estimations using the generalized path sampling and 

stepping stone methods with 50 path steps (273, 274). The Monte Carlo Markov chains 

were run until convergence (Effective Sample Sizes above 200), and the chain lengths 

were between 50-500 million steps.  The log files generated were analysed in Tracer 

(275), and the Maximum Clade Credibility (MCC) tree annotated in TreeAnnotator and 

viewed in FigTree (276).  

 
 

2.3.5 Identifying Sites Under Positive Selection Pressure 
 
We performed natural selection analyses using Fast Unbiased Bayesian 

Approximation (FUBAR) that identifies codons under positive selection (277, 278). 

Codons that had more non-synonymous compared to synonymous changes, and 

supported by a posterior probability greater than 0.9 were reported to be evolving 

under positive selection. The pipeline for selection analysis involved first analyzing 

recombination in sequences using the genetic algorithm for recombination detection 

(GARD) to avoid phylogenetic bias when running FUBAR (277, 278). We employed 

two strategies in the selection analyses, which we termed the snapshot and cumulative 

analyses, respectively. The snapshot analysis involved analyzing sequence data from 

two consecutive time points, whereas the cumulative analysis involved integrating 

overall sequences in the dataset at a particular time point.  
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2.4 Results 
 

2.4.1 Env diversity and evolutionary rates do not distinguish broad and strain-
specific donors with equivalent viral loads 

 

We first assessed viral diversity in 6 non-bNAb donors (with <10% breadth) and 8 

bNAb donors (with >40% breadth) over three years of infection (Table 2.1). Since viral 

diversity is closely linked to viral load, we selected where possible non-bNAb 

participants with similarly high viral loads to the bNAb donors. Two participants CAP45 

and CAP228, who had consistently low viral loads were also included as we have 

extensively characterized their neutralizing responses (Figure 2.1A). We generated 

between 29 and 171 single genome derived env sequences per donor from multiple 

time points spanning 3 years (Table 2.1). Maximum likelihood analysis of 

transmitted/founder viruses from bNAb and non-bNAb donors confirmed that these 

were phylogenetically unlinked (data not shown). 

 

Table 2.1: Description of HIV-infected participants, plasma neutralization breadth, set-point viral load (at 12 
months post-infection) and antibody targets. 

  

 

 

Participant
% neutralization breadth 

at 3 years
# 

Number of env 
sequences

Number of 

timepoints

Set-point viral load  

(RNA copies/ml)

Antibody targets 

(bNAbs shown in bold)
References

CAP257 82 63 6 8260 V1V2, CD4 binding site Wibmer et al., 2013

CAP256 77 171 13 178000 V1V2 Moore et al., 2011,Doria-Rose., 2014

CAP248 59 120 18 64600 gp120-gp41 interface Wibmer et al., 2017

CAP177 52 144 7 18000 C3V4, V1V2 Moore et al., 2009, Moore et al., 2012

CAP255 47 148 13 18200 C3V4 Lacerda et al., 2013

CAP206 47 130 9 315000 MPER, C3V4 Morris et al., 2011, Unpublished 

CAP357* 45 76 7 11596 not mapped Unpublished

CAP8 42 70 5 39300 not mapped Lacerda et al., 2013

CAP88 8 83 8 38700 V1V2, C3V4 Moore et al., 2009

CAP228 7 100 6 1520 V1V2, C3V4 Unpublished

CAP229 7 35 3 24600 V1V2 Unpublished

CAP225 5 29 3 21500 not mapped Unpublished

CAP200 2 53 4 108000 C3V4 Unpublished

CAP45 0 41 6 556 not mapped Moore et al., 2009

*Madzhivandila et al, unpublished; #Gray et al., 2011
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Since dual infection results in increased genetic diversity, we used BEAST to compare 

the estimated time of infection (tMRCA), based on the sequence diversity, to the actual 

time of infection for each donor (279, 280). For dual infection, sequence analysis 

predicts a greater estimated duration of infection compared to the known time of 

infection; indicated by orange shading for CAP256 (a donor known to be superinfected) 

but not for CAP88 (Figure 2.1B). Twelve out of fourteen datasets had sufficiently strong 

temporal signals (as determined by the positive slope (rate) and correlation coefficient) 

for phylogenetic molecular clock analysis. The two donors that were excluded from this 

analysis were CAP225 and CAP229. BEAST analysis indicated single infections in 6 

donors: CAP88, CAP206, CAP248, CAP255, CAP357 and CAP257 (Figure 2.1C, 

bNAb participants are ranked by breadth), consistent with the fact that most HIV-1 

infections are initiated by a single variant (41, 281). In contrast, we saw evidence of 

dual infection (indicated by asterisks in Figure 2.1C) for 5 donors: CAP200, CAP228, 

CAP8, CAP177 and CAP256. Dual infections were observed both in individuals with 

bNAbs (CAP8, CAP177 and CAP256), and without bNAbs (CAP200, CAP228).  
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Figure 2.1: Viral diversity and evolutionary rates are not the sole determinants of bNAb development. (A) 
Longitudinal viral loads of all participants, with bNAb donors in blue and strain-specific donors in grey (B) Maximum 
clade credibility trees of CAP88 and CAP256 constructed in BEAST showing the estimated time of infection 
(tMRCA) compared to actual time of infection. Similar analyses were performed for all donors. (C) Comparison of 
estimated and actual time of infection in 12 participants. The asterisk (*) denotes possible dual infection. (D) 
Comparison of overall amino acid envelope diversity at three years in participants with/without bNAbs. 

 

 

We next compared the levels of overall Env glycoprotein diversity in participants with 

and without bNAbs at 3 years post-infection (Figure 2.1D). We observed the highest 

overall diversity in CAP228, CAP8, CAP256 and CAP257 with a mean overall diversity 

>4% amino acid differences per site at 3 years post infection (Figure 2.1D). With the 

exception of CAP257, this is likely a result of their infection with multiple viruses or 

variants (Figure 2.1C). Among these donors, CAP228, who failed to develop breadth, 

had relatively high diversity despite low viral loads (Figure 2.1A). However, overall, 

there was no statistically significant difference in Env diversity between participants 

with or without bNAbs (p=0.7758, two-tailed Mann-Whitney test). Similarly, 

evolutionary rates across the envelope glycoprotein, based on nucleotide substitution 

rates estimated in BEAST, showed no significant differences between these groups 
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(data not shown).  

 

 

2.4.2 Comparison of Env evolution within antibody-targeted regions between 
bNAb and non- bNAb donors 

 

We have previously mapped the targets of both strain-specific and bNAb responses in 

8 participants to the V1V2 and/or C3V4 regions (Table 2.1, Figure 2.2A). This enabled 

us to compare the Env evolutionary pathways between bNAb and non-bNAb donors 

specifically within these targeted regions. The V1V2 and C3V4 regions were defined 

according to the HXB2 reference sequence as amino acid positions 131-196 and 329-

418 respectively. We first compared two donors with V1V2-directed bNAbs (CAP256 

and CAP257) with four donors who had strain-specific V1V2 responses (CAP88, 

CAP228, CAP229, CAP177) (165, 181, 189, 250) (Table 2.1). Although CAP177 

developed bNAbs to the C3V4 region, this participant also had a strain-specific V1V2 

response (164) and is included as a strain-specific donor for this epitope. The two 

participants with V1V2-directed bNAbs (CAP256 and CAP257) had higher levels of 

V1V2 amino acid diversity (20.7% and 14.5%,  respectively) compared to non-bNAb 

participants (ranging from 6.9 to 11.9% amino acid differences per site, though this 

difference failed to reach significance) (Figure 2.2B). Similarly, the two bNAb 

participants showed slightly higher V1V2 evolutionary rates than non-bNAb donors, 

however these differences were also not significant, with estimates within the same 

high posterior density intervals (Figure 2.2C).  
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Figure 2.2: Comparison of diversity and nucleotide substitution rates in epitope regions targeted by 
participants with/without bNAbs. (A) Schematic of an Env trimer showing the antibody targets defined in previous 
studies. Participants with V1V2 responses are shown in red and those with C3V4 responses are shown in green. 
The bold and faded colors represent participants with and without bNAbs respectively. The asterisk (*) denotes 
participants who have bNAb responses to other regions, but also developed strain-specific antibodies to V1V2 or 
C3V4. Epitope diversity (average number of amino acid differences per site) and Nucleotide substitution rates within 
V1V2 (B and C) and C3V4 (D and E) in participants with/without bNAbs. Broad participants arranged in order of 
increasing neutralization breadth. 

 

 

We similarly compared two donors who developed N332-specific bNAbs  (CAP177 

and CAP255, dark green in Figure 2.2A) with three donors shown to have strain-

specific C3V4 responses (CAP88, CAP206, and CAP228, light green) (Figure 2.2A). 

CAP206 developed bNAbs that targeted the MPER (165) but in this analysis we 
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focused on the strain-specific C3V4 response. BNAb donors showed no difference in 

overall C3V4 diversity and nucleotide substitution rates compared to the strain-specific 

C3V4 responders (Figure 2.2D and 2E). Overall, analysis of viral evolution within 

antibody targeted regions did not show evidence of unique viral evolutionary pathways 

for donors with N332-directed bNAbs. 

 

 

2.4.3 Participants with bNAbs show high levels of positive selection within 
targeted epitopes 

 

We compared levels of positive selection within epitope regions in bNAb and non-bNAb 

donors, by estimating the ratio of non-synonymous to synonymous substitutions per 

site (282). We first compared two approaches for assessing selection: a cumulative 

and a snapshot selection analyses. In the cumulative analysis, all sequences at 

preceding time points were combined, whereas in the snapshot analysis, we analyzed 

sequence data only from two consecutive time points. The cumulative analysis 

identified the same positively selected sites as the snapshot analysis as well as 

additional sites, and unlike the snapshot analysis retained all sequences for analysis 

(data not shown). All subsequent analyses were therefore done using the cumulative 

analysis. 

 

As expected, the number of positively selected sites increased over time in all 

participants regardless of whether they developed breadth or not (Figure 2.3 A and D). 

However, participants with V1V2-directed bNAbs exhibited a rapid increase in the 

number of positively selected sites (peaking at 26-27 amino acid residues) in V1V2  

within the first year, compared to those without bNAbs (6-11 amino acid residues), and 

this increased level of positive selection persisted over 3 years of infection (Figure 

2.3A-C). Similarly, participants with C3V4-directed bNAb responses had an increased 

number of positively selected sites (peaking at 11-12 amino acid residues at 1 year) in 

C3V4 during the first year of infection compared to strain-specific donors (3-4 amino 

acid residues at 1 year) (Figure 2.3D-F), though this difference was less pronounced 

than that observed in V1V2, and was not sustained in later years. These differences 

between bNAb/non-bNAb donors were driven largely by the C3 region (Figure 2.3D-

F), consistent with the fact that bNAbs to this region are known to be focused on the 
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N332 glycan in C3, whereas strain-specific antibodies also target the more sequence 

variable V4 region (162, 283).  

 

            

Figure 2.3: BNAb participants have more sites under positive selection than non-bNAb individuals. Positive 
selection was higher in the V1V2 region of participants that developed bNAbs (dark red) compared to those with 
strain-specific neutralizing antibodies (dull red) (A-C). In participants that had C3V4 responses, positive selection 
was higher in the C3V4 region of bNAb participants (dark green) compared to those with strain-specific neutralizing 
antibodies (dull green) only in the first year of infection (D-F). 

 

 

 



 

 42 

2.4.4 Common sites in the V2, C3 and V3 regions are targeted by bNAbs  
 

We next compared the specific sites under positive selection between participants with 

and without bNAbs. We focused on the V2 and C3 regions only, as the V1 and V4 

regions were highly variable and prone to indels, making accurate identification of 

specific sites difficult. Using FUBAR, we identified positively selected sites in the V2 

and C3 regions in each of the donors, and compared their positions between bNAb 

and non-bNAb donors.  

 

In the V2 region, we identified 28 positively selected sites across all donors with V1V2 

responses. bNAb donors CAP256 and CAP257 had 13 and 11 positively selected sites 

in V2 respectively (Figure 2.4A). Of these, six sites (160 and 162 which together form 

the highly conserved N160 glycosylation sequon, 166, 169, 181, 185 and 187) were 

common in both V2 bNAb participants (CAP256 and CAP257) (highlighted in red in 

Figure 2.4A and B). Four of these sites were also targeted by at least one of the non-

bNAb donors indicating that strain-specific V1V2 antibodies overlapped somewhat with 

bNAbs. Many of these sites (160/162, 166, 169 and 181) have previously been 

reported to mediate escape from V1V2-directed bNAbs (186, 188, 210, 284), and all 

are located proximal to one another at the apex of the envelope trimer (Figure 2.4B). 

However, overall positive selection at these sites, particularly at sites 166 and 181, was 

less common in donors who developed strain-specific V1V2 responses (Figure 2.4C). 
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Figure 2.4: Comparison of positively selected sites in the V2 region of participants with and without bNAbs. 
(A) Table showing all sites under positive selection in the V2 region of participants with V1V2 responses. Positively 
selected sites common to both bNAb donors are highlighted in red. (B) Trimer model showing all sites under positive 
selection in participants with V2 responses (left) and common sites under positive selection in CAP256 and CAP257 
(right). (C) bNAb sites also under positive selection in non-bNAb participants. 

 

 

Similarly, 22 positively selected sites were identified within the C3 region of the 5 

participants with C3V4 responses (Figure 2.5A). Of these, seven sites (332/334 which 

form part of mutually exclusive glycosylation sequons, 337, 339, 340, 341, 343 and 

344) were common in both participants who developed bNAbs targeting the N332 

supersite (highlighted in red in Figure 2.5A and B). Unlike the two bNAb participants, 

donors with strain-specific responses to the C3V4 region did not show evidence of 

positive selection at residue 332 or 334. In addition to the glycan, residues 341 and 

344 were not under positive selection in any of the three strain-specific donors (CAP88, 

CAP206 and CAP228). Sites 337, 339, 340 and 343, under positive selection in both 

bNAb donors were also  sometimes under positive selection in participants who failed 

to develop bNAbs (Figure 2.5C). Of note, we identified other common sites (351, 354, 
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355, 356 and 357) under selection in both CAP177 and CAP206 that clustered together 

within the C3 region on the envelope trimer, (highlighted in yellow in Figure 2.5B) 

suggesting another distinct epitope within this region.  

 

 

 

 

Figure 2.5: Comparison of positively selected sites in the C3 region of participants with and without 
breadth. (A) Table showing all sites under positive selection in the C3 region of participants with C3V4 responses. 
Positively selected sites common to both bNAb donors are highlighted in red. (B) Trimer model showing all sites 
under positive selection in participants with C3V4 responses (left) and common sites under positive selection in 
bNAb donors CAP256 and CAP257 (right). (C) bNAb sites also under positive selection in non-bNAb participants. 
(D) Analysis of sites that toggle in the V3 GDIRQAH motif of participants with C3V4-directed responses. 
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BNAbs to the N332 supersite have also been shown to depend on the 324GDIRQAH330 

motif at the base of the V3 loop (285). We therefore analysed selection at these sites. 

Although none reached statistical significance for positive selection, we observed 

toggling at sites 325 and 330 in both bNAb donors (CAP177 and CAP255) but also in 

strain-specific donor CAP228.  No such toggling was observed in CAP206 and CAP88 

(Figure 2.5D). Sites 325 and 330 have been reported to impact neutralization 

sensitivity when these mutations are accompanied by changes at other sites such as 

301, 324, 326 and 327 (285). The similarity of toggling of V3 residues in CAP177, 

CAP255 and CAP228 might suggest a similar epitope for both broad antibodies and 

some strain-specific antibodies, raising the question of how they differ in their mode of 

recognition. 

 

 

2.4.5 Increased positive selection is associated with neutralization breadth  
 

We next assessed whether positive selection at key sites increased with the acquisition 

of breadth. For this analysis we used previously published data defining the kinetics of 

bNAbs (grey shading, Figure 2.6) and strain-specific responses to the same epitope 

(indicated by the dotted line, Figure 2.6) (164, 165, 181, 182, 186, 250, 259). Selected 

residues are shown compared to the T/F virus, except for CAP256 where the 

comparison is with the superinfecting virus previously shown to elicit bNAbs in this 

donor (182). For V1V2 bNAb donors CAP256 and CAP257, we observed positive 

selection at sites 169/185 and 166/169/181, respectively, prior to the development of 

breadth, likely driven by the earlier strain-specific responses (Figure 2.6A). In CAP256, 

the positively charged K169 in the superinfecting virus was replaced with a 169Q, 

which is rare among subtype C viruses, but present in the primary infecting virus, and 

confers partial escape from V2 directed antibodies (182). Similarly, in CAP257, a 

charge-changing minority K169E mutation emerged prior to the development of 

breadth. In both donors, positive selection expanded to additional sites including the 

N160 glycan with the onset of neutralization breadth. In CAP257, additional, mutually 

exclusive glycans, at positions at 185 and 187 were selected for after bNAbs 

development.  
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Figure 2.6: Increased positive selection at the onset of neutralization breadth. Breadth is shown in grey, 
glycans are shown in cyan, positively charged amino acids in blue, negatively charged amino acids in red, and non-
charged in black. (A) Participants with V1V2-directed bNAbs showed increased numbers of positively selected 
bNAb sites (160, 166, 169, 181, 185 and 187) as breadth developed. (B) Participants with C3V4 bNAbs 
accumulated pressure at sites 332, 337, 339, 340, 341, 343 and 344 with breadth. 

 

 

In C3V4 donors CAP177 and CAP255, strain-specific responses drove positive 

selection at two to three sites (N332 and 344 for CAP177 and sites N339 and 340 for 

CAP255) (Figure 2.6B). However the emergence of bNAbs was associated with a 

significant increase in levels of positive selection. For CAP177, we have previously 

shown that the T/F does not contain a N332 glycan, and that early strain-specific nAbs 
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drive selection of this glycan, which is subsequently lost as bNAbs develop (250). For 

CAP255, the N332 glycan is under positive selection, but is nonetheless largely 

maintained in most late viral variants. Overall, we observed a significant increase in 

the number of key sites exhibiting selection pressure with the onset of breadth (Figure 

2.6), both within the V1V2 and C3V4 bNAb donors.  
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2.5 Discussion 
 

The study of virus-antibody co-evolution in infected donors who develop bNAbs has 

provided crucial insights into how viral variation drives antibody lineages towards 

breadth. However, most studies have focused on bNAb donors making the assumption 

that specific Env evolutionary patterns are unique to this group. The existence of 

infected donors who develop strain-specific responses raises the question of whether 

viral evolutionary pathways in these donors differ from the well-described bNAb 

donors. The purpose of this study was therefore to compare the evolutionary pathways 

of HIV envelope glycoproteins in bNAb and non-bNAb donors to identify whether there 

are distinct viral features that are associated with breadth. Moreover, we used 

previously generated data describing the targets of both strain-specific antibodies and 

bNAbs to compare viral evolution specifically within epitope regions. We showed that 

neither overall viral diversity, nor local diversity in targeted regions is sufficient for 

breadth. However, we observed higher numbers of positively selected sites in broad 

neutralizers, and identified several positively selected sites in the V2  and C3 regions 

that were common to bNAb donors, and limited or absent in participants without 

neutralization breadth. Selection pressure at these sites also increased with onset of 

neutralization breadth, highlighting the role of targeted viral selection in the 

development of breadth.  

 

One of the consistent factors associated with the development of bNAbs in cohort 

studies is the presence of high levels of viral diversity (167, 168, 172, 247, 248). 

However, in this study, Env diversity at 3 years of infection showed no significant 

differences between bNAb and non-bNAb donors. While this may appear to contradict 

previous cohort studies, it is important to note that most non-bNAb donors in this study 

were selected to have similarly viral load to the bNAb donors. As viral load and diversity 

are linked, this analysis indicates that in donors with similar viral loads, overall diversity 

does not distinguish bNAb donors from non-bNAb donors, and suggests that additional 

factors influence breadth. The lack of difference in overall Env diversity between the 

two groups is consistent with several studies showing that bNAbs often represent only 

a small proportion of the overall neutralizing responses in an infected donor (286) 

(Kitchin et al. unpublished). Although most of the strain-specific neutralizing antibodies 

that comprise the overall neutralizing response fail to acquire breadth (as is evident 
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from the low proportion of bNAb donors in infected cohorts), they nonetheless drive 

substantial diversity through viral escape. Indeed, there appears to be no clear 

association between overall autologous neutralization titers and breadth (165, 287, 

288).    

 

Superinfection has been reported to be important in the development of breadth  

although the effect is small (182, 289, 290). Our study included two donors where the 

tMRCA and actual time of infection differed significantly, suggesting (CAP8) or 

confirming (CAP256) superinfection. Both donors developed bNAbs, and CAP256 has 

been intensively studied over many years (182, 186, 189, 291). However, in CAP256 

we have recently demonstrated that superinfection played no significant role in driving 

breadth (288). Furthermore, within the CAPRISA cohorts, we see no association 

between superinfection and breadth (288). 

 

Many studies defining viral escape from bNAbs have confirmed that despite the 

conserved nature of these epitopes, HIV can utilize multiple pathways to escape (181, 

190, 250). For this reason, bNAbs fail to confer any clinical benefit to those donors in 

whom they develop (165). In donors who develop breadth, extensive toggling with 

epitopes has been shown to precede the development of breadth (186, 231). Our 

observation of higher numbers of positively selected sites in bNAb donors, particularly 

within the first year of infection, supports the notion that this early but targeted viral 

toggling is required for the development of breadth, and differentiates bNAb donors 

from those who remain strain-specific.  

 

The underlying reason for a higher number of positively selected sites in bNAb donors 

is of interest for HIV vaccine design. This is unlikely to be a consequence of higher 

titers, as many of the strain-specific responses we have previously mapped have 

equivalently high titers to bNAb responses (164, 257). The targeting of intrinsically 

more conserved epitopes may result in fitness costs for some escape mutations, and 

therefore higher levels of compensatory mutations at proximal sites (292). 

Alternatively, it is possible that antibodies with the potential to mature towards breadth 

bind the virus using a wider ”footprint” i.e, they have more contact sites, and therefore 

drive early escape mutations at more sites. The finding that mutations at many of these 
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positively selected sites, when introduced into heterologous viruses, confer 

neutralization escape from bNAbs may support the latter possibility (186, 210, 231, 

285, 293, 294). 

 

The identification of sites common to bNAb donors, and their clustered location on the 

trimeric Env may emphasise the importance of accurate early targetting by bNAbs. 

Studies of the ontogeny of V1V2-directed bNAb donors have confirmed the need for 

precursors encoding long third complementarity determining regions to penetrate the 

glycans shielding the V2 C-strand (where many of the positively selected sites we 

identify here are located). The tight clustering of positively selected sites for C3V4 

bNAb donors in this study may suggest that initial targetting is important here too, 

though mature members of V3-directed bNAb lineages show much more promiscuity 

in their angles of approach as they mature to accommodate sequence variation and 

glycosylation (185, 192–194, 197, 295, 296).  

 

We selected 14 participants for the in-depth epitope study because of the  availability 

of both sequence and mapping data. Furthermore, both V1V2 and N332-directed 

bNAbs are among the most common bNAb specificities elicited during infection (165, 

168, 177, 178, 287), and may require relatively less somatic hypermutation to acquire 

breadth (182, 198, 201). This makes these bNAb specificities attractive vaccine 

targets. However, this study could be improved by performing similar analyses on 

additional participants with/without bNAbs, including other less commonly elicited 

bNAb specificities. Since the number of participants in this study was relatively small, 

larger  cohorts and inclusion of donors infected by other viral subtypes would be 

valuable in future. We also utilized single genome Sanger sequencing data with limited 

depth, whereas sequences generated through next generation sequencing would give 

a more accurate representation of viral diversity. Nonetheless, this study has 

highlighted key differences between the evolutionary pathways of HIV env 

glycoproteins in participants with/without bNAbs. Furthermore, it has clarified that 

amino acid diversity at key positions within the V1V2 and C3V4 epitopes is more 

important than overall env diversity. The association of shared, positively selected sites 

with the onset of breadth highlights the importance of diversity at these positions in 

bNAb development. Designing immunogens against HIV that include targeted diversity 

within these common sites may thus be critical in the maturation of V1V2 and C3V4-
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directed bNAbs. 

 
 
 
 



 

 52 

3 Evidence for both intermittent and persistent 
compartmentalization of HIV-1 in the female genital tract 

 
 
Batsirai M. Mabvakurea,b*, Bronwen E. Lambsona,b*, Kavisha Ramdayalc, Lindi 

Massond, Dale Kitchina, Mushal Allame, Salim Abdool Karimf, Carolyn Williamsond,f,g, 

Jo-Ann Passmored,f,g, Darren P. Martind, Cathrine Scheepersa,b, Penny L. Moorea,b,f, 

Gordon W. Harkinsc and Lynn Morrisa,b,f 

 

 
aCentre for HIV and STIs, National Institute for Communicable Diseases of the National 

Health Laboratory Service, Johannesburg, South Africa  
bFaculty of Health Sciences, University of the Witwatersrand, Johannesburg, South 

Africa  
cSouth African MRC Bioinformatics Unit, South African National Bioinformatics 

Institute, University of the Western Cape, South Africa  
dInstitute of Infectious Disease and Molecular Medicine, University of Cape Town, 

Cape Town, South Africa  
eSequencing Core Facility, National Institute for Communicable Diseases of the 

National Health Laboratory Service, Johannesburg, South Africa 
fCentre for the AIDS Programme of Research in South Africa (CAPRISA), KwaZulu- 

Natal, South Africa  
gNational Health Laboratory Service, Johannesburg, South Africa 

*  Joint first authors – BM performed all bioinformatics analyses and wrote the paper. 

BEL generated viral Env sequences 

 
 
 
Article published: Mabvakure et al. 2019. Journal of Virology. Mar 6. pii: JVI.00311-19. doi: 

10.1128/JVI.00311-19 

   
 
 
 



 

 53 

3.1 Abstract 
 

HIV-1 has been shown to evolve independently in different anatomical compartments 

but studies in the female genital tract have been inconclusive. Here we compared the 

evolution of the HIV-1 envelope (Env) glycoprotein in cervico-vaginal lavages (CVL) to 

matched plasma samples over 2-3 years of infection for evidence of 

compartmentalization. HIV-1 gp160 amplification from CVL was achieved for only four 

of 18 acutely infected women and this was associated with the presence of pro-

inflammatory cytokines and/or measurable viremia in the CVL. Maximum likelihood 

trees and divergence analyses showed that all four individuals had compartment-

specific clusters by monophyly at all or some timepoints. Two participants (CAP177 

and CAP217) had CVL diversity patterns that differed from those in plasma and 

showed restricted viral flow from the CVL. However, time-stamped maximum clade 

credibility trees showed that only CAP177 had differences in evolutionary patterns with 

nucleotide substitution rates higher in plasma than CVL sequences. Three statistical 

tests of compartmentalization revealed evidence of persistent compartment-specific 

evolution in CAP177, while in CAP217 this was intermittent. Lastly, we identified 

several sites in Env that distinguished viruses in these two compartments. For 

CAP177, amino acid differences arose largely through positive selection while indels 

were more common in CAP217 and in both cases, these contributed to substantial 

charge changes located across the Env. Our data indicates that, in some women, 

distinct HIV-1 populations with different Env genetic features can arise in the genital 

tract, which could potentially impact sensitivity to vaginal microbicides and vaccine-

elicited antibodies. 
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3.2    Introduction                                                                                                                                                               
 
Globally, there were almost two million new HIV-1 infections during 2017, with the 

majority occurring among women in sub-Saharan Africa via vaginal intercourse (297). 

HIV-1 subtype C is the predominant circulating genetic subtype in southern Africa 

where the epidemic is mostly concentrated, particularly in women (297). It is not well 

understood whether viral populations in the female genital tract are genetically distinct 

from those in the blood compartment and if so, how these populations emerge and 

evolve over time. Such studies on the properties of HIV viral populations in the female 

genital tract are important for the design of effective microbicides and vaccines that 

have the potential to reduce vaginal HIV transmissions in this region (40).  

 

Compartmentalization is well described in HIV infection, with these analyses generally 

using envelope (Env) glycoprotein sequences which shows the greatest diversity (78, 

298). A number of factors favour compartmentalization such as barriers between 

tissues, differential host cell availability and tissue-specific immune selection 

pressures. While differences in viral replication rates in different compartments are 

likely the main driver of compartmentalization, genetic drift also likely contributes (78, 

299). As a result, compartmentalized viral populations often possess distinct tissue-

specific phenotypic characteristics when compared to plasma viruses, including 

differences in cell tropism, the extent of glycosylation, and drug resistance (78). These 

independent viral populations may produce variants with advantageous phenotypes 

for viral proliferation when compared to parental strains (300). Compartmentalization 

is particularly well described in the cerebrospinal fluid and the central nervous system, 

where it has been reported to affect responses to treatment and is associated with 

various brain complications (80, 83–86, 88). There is also convincing evidence that the 

semen constitutes a distinct compartment where locally produced HIV lineages evolve 

under different selection pressures to those in the blood (91, 93, 301–303). Relative to 

blood derived viral populations, semen-derived populations show less diversity, 

decreased levels of positive selection, decreased CXCR4 coreceptor utilization and 

altered glycosylation patterns (92). These differences may be at least in part 

attributable to an enrichment of cytokines and chemokines in the seminal tracts of HIV-

infected men that promote T cell activation and viral replication (94). 
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Studies of HIV compartmentalization in the female genital tract have shown evidence 

of tissue-specific differences in some, but not all of the HIV-infected women (97, 103–

106, 304–309). In certain individuals, compartmentalization was shown to be 

associated with distinct viral features including coreceptor usage, number of N-linked 

glycosylation sites, neutralization resistance and viral diversity (97, 104, 304, 308, 

310). The temporal scope of most of these studies has largely been limited by the use 

of cross-sectional sampling. Moreover, investigations that used more advanced 

computational and statistical analyses failed to find evidence of compartmentalization, 

and suggested such studies can be biased by monotypic and low diversity sequences 

(95, 96). A more recent study showed that there was higher HIV-1 Env sequence 

diversity in the vaginal tract early in infection than there was in the blood (311). This 

suggested the possibility of either restrictions in movement of viruses from the genital 

tract to the systemic blood compartment, or differences in HIV evolution between these 

compartments (311). However, this study utilized only the C2-V3-C3 region of the Env 

and might have missed other tissue-specific signatures elsewhere in Env. The only 

detailed study of HIV compartmentalization in the female genital tract that made use 

of complete gp160 sequences analysed only a small number of sequences and did not 

include longitudinal samples from the same individuals (106).  

 

In this study, we amplified longitudinal complete HIV-1 subtype C gp160 envelopes 

sequences from the cervico-vaginal lavage (CVL) supernatant and plasma samples, 

and analysed these for evidence of compartmentalization using statistical methods. 

We present evidence for the existence of separate populations that are maintained 

over time in the genital tract and plasma compartments of some study participants. 

These participants showed an asymmetric pattern of viral migration between the 

genital tract and plasma with fewer movements to the plasma compartment, 

suggesting a possible mucosal sieve. We conclude that compartmentalization may 

occur in some individuals yielding viruses in the genital tract that are genetically distinct 

from those in the plasma.  
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3.3 Materials and methods 
 

3.3.1 Participants  
 

This study made use of participants from the CAPRISA 002 Acute Infection study, a 

cohort of 245 uninfected high-risk women, which was established in KwaZulu-Natal in 

2004 (262). The parent study was reviewed and approved by the research ethics 

committees of the University of KwaZulu-Natal (E013/04), the University of Cape Town 

(025/2004), and the University of the Witwatersrand (MM040202). All participants 

provided written informed consent for sample storage for research purposes. Ethics 

approval for this sub-study was obtained from the University of the Witwatersrand 

(M160340).  

 

Stored plasma and CVL samples from 18 women (ages 18–59 years) collected during 

acute HIV infection were selected for this study. The time of infection was defined as 

the mid-point between the last HIV-1 antibody negative test and the first HIV-1 antibody 

positive test or estimated to be 14 days prior to a positive RNA polymerase chain 

reaction (PCR) assay when the HIV-1 Enzyme Immunoassay (EIA) was negative. 

Plasma and CVL samples were collected at multiple matched timepoints from acute to 

chronic HIV infection (2–190 weeks post-infection).  

 

 

3.3.2 Collection of CVL samples  
 

The cervix was bathed with 10ml of phosphate buffered saline before aspirating the 

fluid from the posterior fornix. This was repeated with the same fluid 2 to 3 times. The 

collected fluid was centrifuged at 400g for 10 minutes to fractionate the cellular 

component from the supernatant. The supernatant was aliquoted and stored at -700C. 

CVL samples were not collected during menstruation and supernatants with 

macroscopic blood contamination were not used. The presence of microscopic blood 

was detected with Roche Cobas combur dipsticks which detect 5 to 10 erythrocytes/µl 

(1+ score) to 250 erythrocytes/µl (4+ score). Viral load per ml was measured in the 1 

ml CVL supernatants with Nuclisens Easyq HIV1 version 1.2 which has a limit of 

detection of 50 copies per ml. 
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3.3.3 Isolation of HIV RNA from CVL supernatant and plasma 
 
Two different extraction procedures were tested to isolate viral RNA from CVL, either 

the VitalVirus followed by QIAamp Viral RNA MiniKit (VitalVirus+QIAamp) or QIAamp 

Viral RNA MiniKit on its own. The µMACSTM VitalVirus HIV Isolation Kit (Miltenyi Biotec, 

Bergisch Gladbach, Germany) captures virus particles with magnetic MicroBeads that 

bind to host derived CD44 in the viral envelope. Viral RNA was then isolated from the 

captured concentrated, intact virions with the QIAamp® Viral RNA Mini Kit (Qiagen, 

Hilden, Germany).   

 

Using the QIAamp Viral RNA MiniKit, RNA was isolated from 0.2ml - 1.75ml CVL 

supernatant or from 140µl plasma. When sample volumes exceeded 0.6ml, the 

supernatant was centrifuged at 23,000g for 1 hour at 40C and the supernatant was 

discarded except for 140µl in the base of the tube. In order to ensure that all PCR 

products had been amplified from cDNA and not DNA, during RNA purification an on-

column DNase digestion step (RNase-Free DNase Set, Qiagen) was added to the 

QIAamp procedure. The QIAamp extraction procedure on its own yielded more 

amplicons from CVL than VitalVirus+QIAamp and so the former was used for all 

subsequent amplifications.  

 

 

3.3.4 Single genome amplification (SGA) and gp160 sequencing  
 

Viral RNA was reverse transcribed to cDNA using SuperScriptTM III Reverse 

Transcriptase (Invitrogen, Carlsbad, CA) and the env primer OFM19 (264). The 

complete env was amplified in a nested PCR reaction. In order to ensure that env 

genes were amplified from single cDNA copies, cDNA prepared from plasma was 

diluted before PCR until fewer than 30% of reactions were positive. In most cases, it 

was not necessary to dilute the CVL cDNA as few reactions were positive. Amplicons 

were directly sequenced using the ABI PRISM Big Dye Terminator Cycle Sequencing 

Ready Reaction kit (Applied Biosystems, Foster City, CA) and resolved on an ABI 3100 

automated genetic analyzer. The full length env sequences were assembled and 
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edited using Sequencher v.4.5 software (Gene Codes, Ann Arbor, MI). Amplicons with 

double peaks or interrupted reading frames were not included in the sequence 

analysis. 

 

 

3.3.5 Measurement of cytokines  
 

The concentrations of 20 cytokines were measured in CVL samples from acute 

infection using Luminex Multiplex Flow Cytometric assays. After thawing, CVL samples 

were pre-filtered by centrifugation using 0.2 μm cellulose acetate filters (Sigma, 

USA). Concentrations of eotaxin/CCL11,  fractalkine/CX3CL1, granulocyte colony 

stimulating factor (G-CSF), interleukin (IL)-1α, IL-8/CXCL8, IL-12p40, IL-15, monocyte 

chemotactic protein (MCP)-1/CCL2, macrophage inflammatory protein (MIP)-

1α/CCL3, MIP-1β/CCL4, RANTES/CCL5, soluble CD40 ligand (sCD40L), were 

measured using Human Cytokine LINCOplex kits (LINCO Research, MO, USA) 

according to the manufacturer’s protocol. The sensitivity of these kits ranged between 

0.3 and 18.3 pg/ml for each of the 12 cytokines measured. Concentrations of IL-1β, IL-

2, IL-6, IL-7, IL-10, IL-12p70, granulocyte macrophage (GM)-CSF, and TNF-α were 

measured in CVL using High Sensitivity Human Cytokine LINCOplex kits. The 

sensitivity ranged between 0.01 and 0.48 pg/ml for each of the 8 cytokines measured 

with high sensitivity. Data was collected using the Bio-PlexTM Suspension Array 

Reader (Bio-Rad Laboratories Inc®) and a 5 PL regression formula was used to 

calculate sample concentrations from the standard curves. Data was analysed using 

BIO-plex manager software (version 4). Cytokine concentrations that were below the 

lower limit of detection of the assay were reported as the mid-point between the lowest 

concentration measured for each cytokine and zero. 

 

Multivariate statistical analyses were performed using STATATM (StataCorp, Texas, 

USA) and a hierarchical clustering analysis using R. Confirmatory factor analysis was 

used to group cytokines according to biological functions and to generate factor scores 

for each participant. Factor scores are linear combinations of the concentrations of 

each cytokine in a factor, weighted according to their factor loadings. Cytokines were 

grouped as follows: Pro-inflammatory (IL-1a, IL-1b, IL-6, IL-12p40, IL-12p70, TNFa), 

hematopoietic (G-CSF, GM-CSF), chemokines (IL-8, fractalkine, eotaxin, MCP-1, MIP-
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1a, MIP-1b, RANTES), anti-inflammatory (IL-10) and adaptive immune mediators (IL-

2, IL-7, IL-15, sCD40L). Factor scores were compared using Mann-Whitney U test and 

P-values <0.05 were considered statistically significant. 

 

 

3.3.6 Sequence alignments  
 

Env nucleotide sequences from each participant were initially aligned with ClustalO 

(312) using HXB2 as the reference sequence. Sequence alignments were then codon 

aligned using the Se-Al v2.0a11 (http://tree.bio.ed.ac.uk/software/seal/) sequence 

alignment editor (267) to avoid the inclusion of DNA encoding frame shifts and 

mistranslated sequences that would affect downstream analyses.  

 

 

3.3.7 Phylogenetic analyses  
 

Pairwise genetic distances between sequences were calculated using MEGA v6 (268). 

Maximum likelihood trees were constructed using PHYML (271) implemented in 

Recombination Detection Program (313). Nucleotide substitution saturation was 

analysed in DAMBE7 (314). Maximum clade credibility (MCC) trees were produced for 

CVL and plasma sequences in Bayesian Evolutionary Analyses by Sampling Trees 

(BEAST) v 1.8.4 (238, 272, 315). The phylogenetic trees were viewed in Figtree (276).  

 

 

3.3.8 Bayesian analysis of viral compartmentalization  
 

Posterior distributions containing 1000 trees for both plasma and CVL sequences were 

constructed in BEAST for all timepoints, and  used as input for the Bayesian Tip-

association Significance testing (BaTS) analysis (316). Timepoints that only had 

sequences from one compartment type, and identical sequences or low diversity 

sequences that could potentially inflate the appearance of structure, were excluded in 

subsequent BaTS analyses. The BaTS analysis performs statistical analyses for 

evidence of lineage movements between locations (the female genital tract and blood 

plasma) indicative of compartmentalization using the Association Index (AI), Fitch 
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Parsimony Score (PS) and the Maximum exclusive single-state clade (MC) tests (316). 

Evidence of compartmentalization was inferred when significant results for at least two 

of the three statistical methods were obtained. 

 

 

3.3.9 Analysis of HIV migration between CVL and plasma compartments 
 
 Phylogeography analyses of viral movements between CVL and plasma were 

performed in BEAST v1.10 (315). The direction of viral flow was determined by 

applying a discrete diffusion asymmetric model with a Bayesian stochastic search 

variable selection (BSSVS) and Bayes factor tests to identify the most statistically 

supported viral movements between the two compartments (317, 318). The average 

number of migration events between the genital tract and plasma compartments was 

estimated by reconstructing the state change counts using Markov jumps (319). Bayes 

Factors support of >5 was considered as significant statistical evidence for viral 

movement between compartments (317).  

 

 

3.3.10 Identifying amino acid differences in viruses from different 
compartments 

 
Amino acid sites in CVL-derived sequences that were different to those in plasma-

derived sequences were identified using the Highlighter tool (http://www.hiv.lanl.gov/). 

The consensuses of plasma-derived sequences were used to identify amino acid sites 

that were different to those found in the CVL-derived sequences. Only codons in the 

non-overlapping regions of the Env were analysed.  The frequencies of any 

differences per site and the percentage differences were then calculated. Sites that 

were evolving under positive selection were detected using the Fast Unbiased 

Bayesian Approximation (FUBAR) and Mixed Effects Model of Evolution (MEME) 

methods implemented in HyPhy (277, 278, 320). 
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3.4 Results 
 

3.4.1 HIV-1 gp160 amplification from the female genital tract over time  
 

CVL samples were obtained from 18 women enrolled in the CAPRISA acute infection 

study in Durban, South Africa within 2-15 weeks of HIV-1 infection (Table 3.1A). 

Women were not menstruating at the time of sample collection and there was no 

evidence of macroscopic blood contamination in CVL samples. Most samples were 

found to have low numbers of erythrocytes typical of normal mucosal vascularization 

(321). All participants had detectable plasma viral loads, but only two (CAP177 and 

CAP217) had detectable CVL viral loads (Table 3.1A). Full length gp160 Env 

sequences were successfully amplified from the CVL samples from these two 

participants plus two others (CAP261 and CAP270) who had CVL viral loads of less 

than 50 copies/ml.  

 

Longitudinal CVL samples from 2.5–3.5 years following acute infection were used to 

isolate additional sequences from all four participants. CVL viral loads were detectable 

in at least one timepoint in all cases (Table 3.1B). Amplicons were obtained from the 

CVL supernatants at all seven timepoints tested for CAP270, while fewer timepoints 

yielded amplicons for CAP177, CAP217 and CAP261 (5/10, 4/9 and 3/6 timepoints 

respectively). The total number of sequences from CVL varied from 1 to 19 per 

timepoint and totalled 42–62 over time for the different participants (Table 3.1B). 

Similar numbers of HIV-1 gp160 Env sequences from plasma were obtained for all 

participants at matching timepoints.  
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Table 3.1: (A) List of 18 CAPRISA individuals who donated early infection CVL samples used in this study. Clinical 
and demographic features and gp160 amplification results are shown. (B) Longitudinal CVL samples from four 
CAPRISA donors where gp160 was successful. 

 
 

 

3.4.2 Association between CVL cytokine levels and envelope PCR during 
acute infection  

 

We investigated whether there was correlation between Env amplification from CVL 

and local immune activation in the genital tract, which we determined by measuring 

cytokine levels (322, 323). CVL samples from acute infection were available from 14 

nd = not done; pi = post infection; Hb = hemoglobin

A

B

*The presence of microscopic blood contamination was detected with Roche Cobas combur
dipsticks which detect 5 to 10 erythrocytes/µl (1+ score) to 250 erythrocytes/µl (4+ score).

Participant Age Feibig stage Weeks pi CD4 Plasma VL CVL VL Dipstick* CVL gp160 PCR
CAP261 18 VI 9 311 821 000 <50  Hb3+/4+ +
CAP177 37 III 4 435 698 000 640  Hb- +
CAP270 24 V 8 492 76 800 <50  Hb2+/3+ +
CAP217 20 VI 9 375 75 600 1 580  Hb2+/3+ +
CAP137 23 VI 7 494 360 000 <50   Hb - -
CAP266 21 VI 7 447 238 000 <50  Hb3+ -
CAP276 25 nd 15 365 67 100 nd  Hb3+ -
CAP129 59 VI 4 616 55 900 <50  Hb1+ -
CAP200 32 V/VI 6 560 52 500 <50   Hb4+ -
CAP40 31 nd 3 197 51 600 nd  Hb1+ -
CAP136 25 V 2 581 41 600 <50  Hb1+ -
CAP271 25 VI 6 606 33 100 <50  Hb3+ -
CAP275 22 VI 8 535 26 600 nd  Hb- -
CAP222 19 V 6 454 15 800 <50  Hb2+ -
CAP262 24 V 7 366 6 560 <50  Hb>4+ -
CAP220 25 V 3 354 2 070 nd  Hb- -
CAP265 19 VI 12 892 2 000 <50  Hb1+/2+ -
CAP221 25 V/VI 5 800 547 <50  Hb4+ -

Participant Weeks pi CD4 Plasma VL CVL VL Dipstick* Plasma gp160 PCR CVL gp160 PCR
CAP177 2 nd 359 000 nd nd 18 nd

4 435 698 000 640 Hb- 12 18
28 444 152 000 nd Hb- 11 0
54 370 42 100 630 Hb- 11 19
80 347 59 200 nd Hb- 8 5
132 352 43 800 nd Hb- 4 1
186 233 38 800 nd Hb3+/4+ 18 19

82 62

CAP217 2 nd 3 260 000 nd nd 18 nd
9 375 75 600 1 580 Hb2+/3+ 20 20
60 638 18 400 <50 Hb4+ 6 5
110 346 1 940 nd Hb1+ 6 5
190 339 30 000 nd Hb2+ 19 19

69 49

CAP261 9 311 821 000 <50 Hb3+/4+ 19 19
59 471 65 400 2 000 Hb1+ 11 13
137 438 27 500 nd Hb- 10 10

40 42

CAP270 8 492 76 800 <50 Hb2+/3+ 10 15
15 470 103 200 nd Hb2+ nd 1
21 358 687 000 260 Hb1+ 8 8
33 315 310 000 6 500 nd 14 3
58 308 738 000 3 100 Hb3+ 12 11
85 161 3 710 000 nd Hb1+ 7 5
129 189 1 290 000 nd Hb1+ 10 12

61 55

*



 

 63 

of the 18 participants for this analysis. Participants were grouped according to the 

concentrations of 20 cytokines measured in their CVL using unsupervised hierarchical 

clustering. Three of the four participants with amplifiable gp160 clustered together on 

the heatmap, suggesting an association with higher concentrations of cytokines 

(Figure 3.1A). Statistical analysis revealed that the pro-inflammatory cytokine cluster 

was significantly associated with CVL gp160 amplification (Mann-Whitney U test, 

p=0.024) (Figure 3.1B).  

 

 

 
 
Figure 3.1: Association between cytokine levels, STIs and gp160 amplification in CVL at acute infection. (A) 
Heat map showing CVL cytokine levels, HIV gp160 PCR results, sexually transmitted infections (STIs) and bacterial 
vaginosis (BV). Participants with amplifiable CVL gp160 are shown in bold. (B) Confirmatory factor analysis was 
used to group cytokines according to biological functions and generate factors scores for each cytokine group for 
each participant. Mann-Whitney U test was used to evaluate differences in factor scores between women with 
amplifiable gp160 (Pos) and those without (Neg). Lines indicate medians. P-values <0.05 were considered 
statistically significant. 
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Sexually transmitted diseases (STIs) and bacterial vaginosis (BV) frequently result in 

genital tract inflammation, and also increase HIV replication rates in the female genital 

tract via pro-inflammatory signalling pathways (324–326). We investigated if the ability 

to amplify gp160 in the genital tract was related to the presence of STIs and BV. Eight 

of the 14 participants had evidence of an active STI (Figure 3.1A), including the three 

participants from whom CVL gp160 was amplified. This included CAP177 (Neisseria 

gonorrhoeae positive), CAP261 (HSV-2 PCR positive) and CAP217 (Mycoplasma 

genitalium positive) who all had infections known to be associated with increased HIV 

shedding (327–330). However, the prevalence of STIs was not associated with gp160 

amplification (Fisher's Exact, p=0.5804). Although all four participants with amplifiable 

gp160 had BV, 6/10 participants from whom gp160 was not amplifiable also had BV 

and the difference was not statistically significant (Fisher's Exact, p=0.2507; 

Supplementary Table 3.1). It was however found that the difference in CVL VL between 

those with amplifiable gp160 and those without approached significance (p=0.0659). 

 

We next performed logistic regression to evaluate whether the relationship between 

inflammation and amplification was independent of STIs, BV and CVL VL. It was found 

that STIs, BV and CVL VL were not significantly associated with pro-inflammatory 

cytokine factor scores (p=0.296, p=0.212 and p=0.141, respectively). Furthermore, 

despite the small sample size, pro-inflammatory factor scores remained significantly 

associated with amplification after adjusting for STIs and CVL VL (p=0.0357 and 

p=0.0303, respectively) and approached significance after adjusting for BV 

(p=0.0507). Therefore, although pro-inflammatory cytokine production may be 

influenced by STIs, BV and CVL VL, this analysis suggests that inflammation is 

associated with viral amplification regardless of the cause. 

 

 

3.4.3 Compartment-specific clusters in plasma and CVL samples  
 

To determine if sequences in the CVL differed from those in plasma, we constructed 

maximum likelihood trees to identify monophyletic clades comprised of sequences 

sharing common phenotypic characteristics and ancestry. For all four participants the 

plasma and CVL sequences were largely intermingled on the trees, although there was 

some evidence of sequences grouping together by timepoint and compartment (Figure 

3.2). This suggested the possibility of compartmentalization in these individuals. We 
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therefore further investigated if there were evolutionary differences between the 

sequences from the plasma and CVL compartments of these individuals.  

 

 

 
 
Figure 3.2: Maximum likelihood trees of CVL and plasma Env sequences from four donors constructed in 
PhyML. Plasma and CVL sequences are indicated by filled and open circles respectively, and the circle color 
represents the different timepoints. Node support greater than 0.348 is represented by black diamonds. The number 
of sequences included is shown in brackets. 

 

 

3.4.4 Statistical analyses of compartmentalization  
 

We next performed statistical tests for evidence of compartmentalization using BaTS 

(316). We first analysed all sequences from all timepoints and then repeated the 

analysis with identical sequences removed to rule out the possibility of inaccurate 

inferences (Supplementary Table 3.1). There was strong evidence of 

compartmentalization in CAP177 and CAP217 regardless of whether identical 

sequences were included or not (Figure 3.3A). Monophyletic clade size statistic for 

CVL was significantly higher than for plasma for both CAP177 and CAP217, providing 

more support for genital tract compartmentalization. This was consistent with the 

hypothesis that viruses move less frequently from the genital tract to the plasma 

compartment than they do in the opposite direction. There was no 
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compartmentalization in CAP261, with or without identical sequences, while for 

CAP270 the evidence was lost when identical sequences were removed, suggesting 

the possibility that bursts of local replication could account for the observed 

compartmentation in this participant (Figure 3.3A).   

 

 

 
Figure 3.3: Statistical analysis of compartmentalization using BaTS. (A) Analysis of all sequences for each of 
the 4 participants with/without identical sequences removed. (B) Longitudinal analysis of sequences from 2 
participants with evidence of compartmentalization. Each dot represents an independent statistical test for 
compartmentalization. Circles indicate cases where at least 2 tests were significant (p<0.05) for that compartment. 
Blue and red represent CVL and plasma respectively. Complete compartmentalization is shown by three circled 
dots in all the two compartments. The timepoints and numbers of sequences used in this analysis is shown in 
Supplementary Tables 1 and 2. 
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Having confirmed evidence of compartmentalization in CAP177 and CAP217, we next 

traced whether this changed during the course of infection by analysing the data at 4 

timepoints with the most number of sequences (Supplementary Table 3.2). We 

identified compartment-specific clusters at all timepoints in CAP177, and at the first 

and last timepoints in CAP217 (9 and 190 weeks) (Figure 3.3B). We also observed 

significantly higher monophyletic clade size statistic for CVL than plasma,  providing 

more support for genital tract compartmentalization than for plasma. In summary, the 

Bayesian statistical analyses suggested compartmentalization in two of the four 

participants. In CAP177 the evidence of compartmentalization was persistent, whereas 

in CAP217 it was intermittent. 

 

 

3.4.5 HIV migration between genital tract and plasma compartments  
 

We next investigated whether the compartmentalization in CAP177 and CAP217 was 

associated with restricted movement of viruses between the two compartments. To do 

this, we estimated the numbers of distinct migration events during the histories of the 

sampled viruses using Markov jumps in BEAST (315, 319). The sequence phylogenies 

from all four individuals yielded evidence of more viral migration events from the 

plasma to the genital tract compartment (Markov counts from 16 to 23) than from the 

genital tract to the plasma compartment (Figure 3.4). This was particularly evident for 

the CAP177 and CAP217 sequence phylogenies, both of which displayed evidence of 

only two instances of viruses moving from the genital tract to plasma (i.e. two Markov 

counts) during the evolutionary histories of all the sampled viruses. In contrast, the 

CAP261 and CAP270 phylogenies displayed evidence of eight and nine genital tract 

to plasma migration events, respectively. There was good statistical support for 

occurrence of at least some movements from the genital tract to plasma as indicated 

by the Bayes factors (BFs). Specifically, in all the participants other than CAP270, the 

BFs for CVL to plasma movements was >5 indicating that there was greater than 5 

times support for the occurrence of these movements than for their absence.  
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Figure 3.4: Viral migration events between CVL and plasma compartments. Migration events estimated as 
Markov counts in BEAST and the Bayes factor (BF) support for the movements between anatomical compartments 
are shown. Bayes Factor values > 5 indicate statistical support for the movements. 

 

 

3.4.6 Comparison of evolutionary differences between sequences in plasma 
and CVL 

  

As compartmentalization may arise due to differential viral population diversification in 

tissues, we estimated the average pairwise genetic distances between the sequences 

sampled at each of the timepoints in the separate compartments. For CAP177, 

CAP217 and CAP261 patterns of CVL-derived virus diversity differed from those seen 

in plasma-derived viruses (Figure 3.5). However, only CAP261 displayed higher viral 

sequence diversity in CVL compared to plasma at all timepoints, a finding that has 

been noted in another study (311). 
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Figure 3.5: Longitudinal Env sequence diversity analyses in plasma and CVL (shown in red and blue 
respectively) of four individuals. The average nucleotide pairwise distances were estimated in MEGA6. 

 

 

We next constructed maximum clade credibility trees in BEAST for plasma and CVL 

sequences separately for each participant to assess whether the observed diversity 

patterns were as a result of differences in evolutionary rates and ancestry of the viral 

lineages in the separate anatomical compartments (238). We used all sequences 

obtained at all available timepoints for these analyses. In three of the four participants 

no differences in either estimated nucleotide substitution rates, or estimated times to 

most recent common ancestors (tMRCAs) were noted between the CVL and plasma 

sequences. For CAP177, however, the estimated tMRCA of the plasma-derived 

sequences (185 weeks, 95% High Posterior Density (HPD) 184-186 weeks) was more 

recent than that of the CVL derived sequences (267 weeks, 95% HPD 200-345 weeks). 

In this individual viral evolutionary rates were also inferred to be higher in plasma (4.5 

´ 10-4 substitutions/site/week , 95% HPD 3.5 ´ 10-4 - 5.5 ´ 10-4 subs/site/week) than in 

CVL (2.2 ´ 10-4 substitutions/site/week , 95% HPD 1.5 ´ 10-4 - 2.9 ´ 10-4 
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subs/site/week). In addition, for both CAP177 and CAP261 the estimated tMRCA for 

all sequences was greater than the actual time of infection, supporting the hypothesis 

that these individuals were initially infected by multiple variants. We confirmed in 

DAMBE (data analysis in molecular biology and evolution) version 7 that our rate 

estimates were not biased by nucleotide substitution saturation at all codon positions.  

 
 

3.4.7 Comparison of CVL and plasma amino acid sequences in participants 
with evidence of compartmentalization 

 
We next compared amino acids in the Env sequences at all sites in the non-

overlapping regions to identify compartment-specific differences between the plasma 

and CVL derived viruses. Using the highlighter tool on the HIV LANL website, we 

identified a total of 43 and 31 amino acid residues in CAP177 and CAP217 Env 

sequences that were either more or less common in CVL compared to plasma viruses, 

by a margin of 40-100% (Figure 3.6A). We performed the comparisons using plasma 

and CVL sequences at timepoints that showed evidence of compartmentalization 

(Supplementary Table 3.3). The relative frequencies of synonymous and 

nonsynonymous substitutions within the codons encoding these amino acids 

estimated using FUBAR and MEME suggested that these amino acid differences were 

potentially a consequence of positive selection in CAP177, and both positive selection 

and insertions/deletions in CAP217 (Figure 3.6A). These amino acid differences 

resulted in charge differences at similar positions in the Envs of the plasma and CVL 

derived sequences suggesting that different amino acids are preferred at these sites 

in the different compartments. In CAP217, insertions were more common in the V1V2 

regions of CVL-derived sequences than they were in plasma-derived sequences 

(Supplementary Table 3.3). These amino acid differences also increased with time in 

both participants (Figure 3.6). When we compared the distribution of these sites on the 

Env of both participants, they were mostly in the V4 and C4 regions in CAP177 Env 

sequences, and in the V1V2 regions in CAP217 Env sequences (Figure 3.6B and C). 

In summary, these results suggest that the compartmentalization observed in CAP177 

and CAP217 was potentially associated with distinct, and possibly compartment-

specific selection acting at codon sites and/or the differential accumulation of insertions 

and deletions in CVL compared to plasma.   
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Figure 3.6: Identification of HIV-1 Env glycoprotein sites that distinguish CVL and plasma sequences in 
individuals with evidence of compartmentalization. (A) Number of sites that are different between plasma and 
CVL sequences shown in grey (p-value ⩽ 0.05), positive selection on those sites estimated in FUBAR and MEME 
in black, INDELS on the sites shown in green, and the amino acid differences that resulted in charge changes are 
shown in purple. (B and C) Distribution of the amino acid differences on the glycoprotein Envs over time, the bars 
are colored by timepoint. 
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3.5 Discussion 
 
Our study provides evidence of compartmentalization of HIV-1 subtype C in the genital 

tract in two of the four women studied. Using multiple analytical approaches, we 

showed that compartmentalization could be persistent or intermittent. Furthermore, we 

identified Env features in viruses from the genital tract that differentiated them from 

those found in plasma. In all four cases there was evidence of restricted migrations of 

viruses from the genital tract to plasma, which was more pronounced in individuals 

with compartmentalization. These data suggest that the female genital tract and the 

plasma can in some cases, act as separate compartments, each with a virus 

population that evolves with a degree of independence from the other compartment.    

 

Studies focusing on the detection and characterization of viral populations in the 

female genital tract have proven difficult due to challenges in collecting genital tract 

samples and the generally low viral loads in this compartment (311, 331–333). We 

made use of CVL samples which were collected at multiple timepoints from women in 

the CAPRISA cohort enrolled during acute HIV-1 infection and followed through to 

chronic infection (322). Although sampling by means of CVL yields a good 

representation of a large genital tract area, the high degree of genital fluid dilution likely 

contributed to our failure to amplify Env from most of the CVL samples. Other studies 

that have had greater success amplifying HIV sequences from the female genital tract 

have made use of swabs or endocervical cytobrushes (332, 334–337). However, these 

methods capture only the viral population at the specific site in the cervix from which 

samples were taken and cannot be used to study cytokine levels. The use of CVL 

samples allowed us to discover that HIV amplification was significantly associated with 

levels of pro-inflammatory cytokines in the female genital tract. Furthermore, all four 

women from which viral sequences in CVL samples were amplifiable at the acute 

infection stage had clinical or laboratory evidence of an STI and/or detectable CVL 

viral load. Local immune activation associated with STIs often results in an influx of 

leukocytes, elevated cytokine concentrations and increased HIV shedding that may 

have favoured viral replication (337, 338).  

 

We used a combination of genetic distance-based methods, Bayesian methods and 

natural selection analyses of sequences sampled from plasma and the genital tract to 

detect and characterize compartmentalization of viral populations at these sites. 
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Previous studies have used approaches such as genetic diversity and phylogenetic 

analyses to infer compartmentalization (105, 106, 306, 309), but as shown here, it is 

difficult to achieve robust conclusions based on the results from a single analytical 

approach. Until recently, previous compartmentalization studies did not account for low 

diversity and monotypic sequences which could occur because of resampling or local 

viral replication (95, 96). We accounted for these potentially confounding effects 

repeating analyses with identical sequences removed and ensuring that almost equal 

numbers of SGA-derived gp160 sequences were analyzed from CVL and plasma at 

matched timepoints. The number of sequences impacted the analyses in one 

participant (CAP270): time points with the most sequences (19-20 sequences at 9 and 

190 weeks) showed strong statistical support compared to the time-points with the 

lowest number of sequences that lacked statistical power (6 in plasma and 5 in CVL at 

60 and 110 weeks). This was however, not the case for CAP177 where the results 

were consistent at all timepoints regardless the number of sequences. We confirmed 

evidence of compartmentalization with a combination of approaches that examined 

different aspects of viral evolution and identified individual-specific residues in Env that 

differentiated CVL-derived viruses from those in the plasma. 

 

Evidence of HIV compartmentalization between the female genital tract and plasma 

was strongly supported in two of the four participants. In CAP177, 

compartmentalization was persistent with evidence for restricted viral movements from 

the genital tract to the plasma found at all four timepoints up to 186 weeks post 

infection. In CAP217 compartmentalization was only detected at the first timepoint and 

at 190 weeks post infection and not at the other two timepoints. Intermittent 

compartmentalization of HIV populations between the plasma and female genital tract 

has not been observed previously, but has been reported between the male genital 

tract and the blood (91). CAP177 and CAP217 were the only two individuals who had 

detectable levels of virus in CVL at acute infection, suggesting that local viral 

replication and diversification may have favoured subsequent compartmentalization in 

the genital tract HIV population from that in the blood.  

 

Two of the study participants, CAP261 and CAP270, displayed no convincing evidence 

of compartmentalization in that both CVL and plasma populations displayed similar 

patterns of diversity, indistinguishable evolutionary rates and tMRCA estimates. There 

were also similar numbers of migration events detected in both directions between the 
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genital tract and plasma. Other studies have similarly reported a lack of 

compartmentalization between the female genital tract and blood (103, 106, 304). By 

studying longitudinal sampling we have further shown that compartmentalization can 

occur sporadically in some individuals.  

 

Regardless of whether there was strong evidence of compartmentalization, all four 

participants consistently showed higher numbers of virus migration events from the 

plasma to the genital tract compartment. Low levels of virus in the CVL may have 

compromised our ability to detect migration events from the compartment. However, it 

has been well described that diversity rather than viral population size is a key factor 

in detecting compartmentalization (92, 97, 339). In general, levels of diversity were 

similar in both compartments despite the higher viral levels in plasma. Our ability to 

quantitate migration events in both directions is therefore likely due to the fact that the 

levels of diversity were sufficiently high in both compartments.  

 

 The Env amino acid composition of the 2 individuals with evidence of 

compartmentalization showed distinctive differences, including varying charges. Such 

differences have been reported to significantly alter key virologic properties, including 

cellular tropism and transmission (340). We speculate that the T/F viruses in these 

individuals potentially had properties that favored the genital tract over the plasma 

compartment. Individuals with no compartmentalization may have had T/F viruses with 

amino acid properties that were equally well adapted to the plasma and genital tract 

compartments. Persistent compartmentalization was associated with distinct 

evolutionary rates and tMRCA differences between the plasma and CVL-derived 

sequences, whereas intermittent compartmentalization was associated with more 

subtle evolutionary differences. A recent study showing that early HIV-1 viruses from 

the endocervix had higher levels of genetic diversity than those from blood, is 

consistent with the independent evolution of viruses in the female genital tract and/or 

the presence of a mucosal sieve effect between these two compartments (311).  

 
In conclusion, compartmentalization of HIV populations between the female genital 

tract and plasma likely does occur in some individuals despite frequent movements of 

viruses from the blood to the female genital tract. Our data indicates that in cases 

where compartmentalization occurs, distinct genetic features of viral Env populations 
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in the genital tract may impact the efficacy of microbicides and vaccines designed to 

provide mucosal immunity.  
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Supplementary Table 3.1: Compartmentalization tests using datasets with 
monotypic sequences included and excluded respectively. Tests performed using 

tree-based statistics AI (Association Index), PS (Fitch Parsimony Score) and MC 

(Maximum exclusive single-state clade) implemented in BaTS. Significant p-values 

that provide evidence of compartmentalization are shown in red text. 
 

 

Participant n(Plasma) n(CVL) Statistic Observed Mean p-value
CAP177 82 62 AI 3,08 0,00

PS 28,19 0,00
MC (CVL) 7,56 0,01

MC (Plasma) 9,98 0,02

CAP217 69 49 AI 3,35 0,00
PS 26,64 0,00

MC (CVL) 8,00 0,00
MC (Plasma) 5,63 0,19

CAP261 40 41 AI 3,45 0,14
PS 22,22 0,01

MC (CVL) 4,00 0,33
MC (Plasma) 4,03 0,31

CAP270 62 54 AI 4,68 0,01
PS 32,12 0,00

MC (CVL) 4,24 0,25
MC (Plasma) 7,05 0,02

Participant n(Plasma) n(CVL) Statistic Observed Mean p-value
CAP177 46 38 AI 2,35 0,00

PS 19,74 0,00
MC (CVL) 5,37 0,03

MC (Plasma) 3,83 0,39

CAP217 51 49 AI 3,09 0,00
PS 25,58 0,00

MC (CVL) 8,00 0,01
MC (Plasma) 4,17 0,25

CAP261 22 23 AI 1,65 0,09
PS 12,06 0,03

MC (CVL) 3,02 0,54
MC (Plasma) 3,08 0,45

CAP270 28 29 AI 2,94 0,43
PS 17,83 0,22

MC (CVL) 3,46 0,50
MC (Plasma) 3,00 0,40

Data with monophyletic sequences included

Data with monophyletic sequences excluded
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Supplementary Table 3.2: Longitudinal compartmentalization tests for CAP177, 
CAP217, CAP261 and CAP270 using BaTS. Tests performed using tree-based 

statistics AI (Association Index), PS (Fitch Parsimony Score) and MC (Maximum 

exclusive single-state clade). Significant p-values for evidence of 

compartmentalization are shown in red text. Timepoints with samples from only one of 

the two compartments and/or one sequence only were excluded from the analysis. 

 

 
 

 

Participant Timepoint n(Plasma) n(CVL) Statistic Observed Mean p-value
CAP177 4 wks 12 18 AI 0,13 0,00

PS 2,91 0,00
MC (CVL) 8,45 0,00

MC (Plasma) 9,13 0,00

54 wks 11 19 AI 0,68 0,00
PS 6,30 0,01

MC (CVL) 4,62 0,09
MC (Plasma) 3,00 0,07

80 wks 8 5 AI 0,26 0,03
PS 2,00 0,01

MC (CVL) 4,00 0,01
MC (Plasma) 3,90 0,13

186 wks 18 19 AI 1,09 0,00
PS 8,01 0,00

MC (CVL) 7,01 0,00
MC (Plasma) 3,85 0,43

Participant Timepoint n(Plasma) n(CVL) Statistic Observed Mean p-value
CAP217 9 wks 20 20 AI 1,50 0,00

PS 11,28 0,01
MC (CVL) 3,53 0,35

MC (Plasma) 3,47 0,34

60 wks 5 6 AI 0,42 0,24
PS 3,84 0,59

MC (CVL) 1,91 0,25
MC (Plasma) 2,22 0,44

110 wks 6 5 AI 0,34 0,08
PS 2,35 0,02

MC (CVL) 3,00 0,14
MC (Plasma) 4,00 0,06

190 wks 19 19 AI 1,23 0,01
PS 7,88 0,00

MC (CVL) 10,00 0,00
MC (Plasma) 3,41 0,42
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Supplementary Table 3.3: Plasma and CVL amino acid differences in (A) CAP177 

and (B) CAP217 alignments (p-value=0.05 using Fisher's test). The sites that are 

shown in grey were significantly evolving under positive selection using FUBAR and 

MEME. The sites that have asterisks (*) are number positions on the alignment. 

 

 
 

 
 
 
 
 
 
 
 
 
 
 

CAP177

A Time/weeks HXB2 site Mutation Region Total CVL 
sequences

Total Plasma 
sequences

CVL sequences with 
specified mutation

Plasma sequences with 
specified mutation

% 
difference

Plasma 
charge

CVL 
charge

4 355 E  C3 18 12 18 1 91,67 N -
54 141 deletion V1 19 11 7 0 100,00 N
80 142 I V1 5 8 5 1 87,50 N N
80 *156 H V1 5 8 4 1 84,38 N +
80 148 T V1 5 8 4 0 100,00 - N
80 151 N V1 5 8 4 0 100,00 + N
80 160 T V2 5 8 4 0 100,00 N N
80 281 I and S C2 5 8 4 0 100,00 N N
80 293 K C2 5 8 4 0 100,00 - +
80 295 E C2 5 8 4 0 100,00 + -
80 330 Y V3 5 8 4 0 100,00 + N
80 337 E C3 5 8 4 0 100,00 - -
80 354 S C3 5 8 4 0 100,00 N N
80 355 R C3 5 8 4 0 100,00 N +
80 383 L C3 5 8 4 0 100,00 N N
80 389 E V4 5 8 4 0 100,00 + -
80 392 N V4 5 8 4 0 100,00 N N
80 406 N (NNGGN motif in CVL) V4 5 8 5 2 75,00 N N
80 407 N (NNGGN motif in CVL) V4 5 8 4 0 100,00 N N
80 408 G (NNGGN motif in CVL) V4 5 8 4 1 84,38 N N
80 409 G (NNGGN motif in CVL) V4 5 8 5 2 75,00 - N
80 410 N (NNGGN motif in CVL) V4 5 8 4 0 100,00 - N
80 416 I V4 5 8 4 0 100,00 N N
80 429 G C4 5 8 4 0 100,00 - N
80 448 D C4 5 8 4 0 100,00 N -
80 460 S C4 5 8 4 0 100,00 N N
80 461 deletion  C4 5 8 4 0 100,00 N
80 462 deletion  C4 5 8 4 0 100,00 N
80 463 T C4 5 8 4 0 100,00 N N
80 464 N C4 5 8 4 0 100,00 N N
80 deletion (*475) T C4 5 8 4 0 100,00 N N
80 *476 I (insertion) V5 5 8 4 0 100,00 N
80 *478 deletion V5 5 8 4 0 100,00 N
80 467 I V5 5 8 4 0 100,00 N N
80 H gp41 5 8 4 1 84,38 - +
80 644 R gp41 5 8 4 1 84,38 + +
80 648 D gp41 5 8 4 1 84,38 - -
80 833 T gp41 5 8 4 0 100,00 N N
186 133 D V1 19 18 1 6 84,21 N -
186 144 D V1 19 18 5 0 100,00 N -
186 400 L (insertion) V4 19 18 13 3 75,64 N
186 402 T (insertion) V4 19 18 13 4 67,52 N
186 403 N (insertion) V4 19 18 13 4 67,52 N
186 407 I and S V4 19 18 12 2 82,41 N N
186 460 H C4 19 18 5 0 100,00 N +
186 461 K (insertion) C4 19 18 5 0 100,00 +
186 561 V gp41 19 18 0 7 100,00 N N
186 644 R gp41 19 18 0 7 100,00 + +
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Supplementary Table 3.3 (continued): 
 

 
 

 

  

CAP217

B Time/weeks HXB2 site Mutation Region Total CVL 
sequences

Total Plasma 
sequences

CVL sequences with 
specified mutation

Plasma sequences with 
specified mutation

% 
difference

Plasma 
charge

CVL 
charge

9 *206 K (Insertion) V2 20 20 10 17 41,18 +
9 *207 E (Insertion) V2 20 20 10 17 41,18 -
9 *208 T (Insertion) V2 20 20 10 17 41,18 N
9 *209 S (Insertion) V2 20 20 10 17 41,18 N
9 *210 N (Insertion) V2 20 20 10 17 41,18 N
9 *211 S (Insertion) V2 20 20 10 17 41,18 N
9 *212 S (Insertion) V2 20 20 10 17 41,18 N

190 87 G C1 19 19 10 1 90,00 - N
190 130 D C1 19 19 10 0 100,00 N -
190 *136 deletion V1 19 19 10 0 100,00 N
190 *137 deletion V1 19 19 10 0 100,00 N
190 *144 deletion V1 19 19 10 1 90,00 N
190 *145 deletion V1 19 19 10 1 90,00 N
190 *146 deletion V1 19 19 10 1 90,00 N
190 *147 deletion V1 19 19 10 1 90,00 N
190 *154 deletion V1 19 19 10 1 90,00 N
190 *155 deletion V1 19 19 10 1 90,00 N
190 171 Q V2 19 19 17 7 58,82 + N
190 181 L V2 19 19 0 8 100,00 N N
190 186 E V2 19 19 9 0 100,00 + -
190 *205 N (insertion) V2 19 19 10 0 100,00 N
190 *206 K (insertion) V2 19 19 10 0 100,00 +
190 *208 T (insertion) V2 19 19 10 0 100,00 N
190 *209 S (insertion) V2 19 19 9 0 100,00 N
190 *213 K V2 19 19 10 0 100,00 - +
190 345 I C3 19 19 7 0 100,00 N N
190 397 D V4 19 19 15 7 53,33 N -
190 399 T V4 19 19 10 2 80,00 + N
190 416 L V4 19 19 10 0 100,00 N N
190 429 G C4 19 19 10 0 100,00 - N
190 492 K C5 19 19 13 5 61,54 + +
190 818 T gp41 19 19 10 0 100,00 N N
190 851 L gp41 19 19 10 0 100,00 N N
190 853 I gp41 19 19 9 17 47,06 N N
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4.1 Abstract 
 
Next Generation Sequencing (NGS) technologies have revolutionized biological 

research by generating genomic data that were once unaffordable by traditional first-

generation sequencing technologies. These sequencing methodologies provide an 

opportunity for in-depth analyses of host and pathogen genomes as they are able to 

sequence millions of templates at a time. However, these large datasets can only be 

efficiently explored using bioinformatics analyses requiring huge data storage and 

computational resources adapted for high-performance processing. High-performance 

computing allows for efficient handling of large data and tasks that may require multi-

threading and prolonged computational times, which is not feasible with ordinary 

computers. However, high-performance computing resources are costly, and therefore 

not always readily available in low-income settings. We report the establishment of an 

affordable high-performance computing bioinformatics cluster consisting of 3 nodes, 

constructed using ordinary desktop computers and open-source software including 

Linux-Fedora, SLURM Workload Manager and a Conda package manager. This 

cluster out-performed high specification desktop computers to analyse large sets of 

antibody data and perform complex viral phylodynamics analyses. This has 

demonstrated that it is possible to construct high-performance computing capacity 

capable of analyzing large NGS data from relatively low-cost hardware and entirely 

free (open-source) software, even in resource limited settings. Such a cluster design 

has broad utility beyond bioinformatics to other studies that require high performance 

computing.  
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4.2 Introduction 
 
Next Generation Sequencing (NGS) technologies have revolutionized the sequencing 

landscape through their ability to generate millions of sequences at a time, and, 

provided new insights into pathogen and host evolution (341–344). Furthermore, the 

development of cheaper NGS systems means that this is no longer only the domain of 

well-resourced centers of excellence and is now becoming a standard tool in many 

molecular labs (345). For example, the Oxford Nanopore Minion costs just under 

US$1,000, and each flow cell can generate 10–20 Gb of DNA sequence data (346). 

Although NGS technologies are getting increasingly portable and cheaper, data 

management is lagging behind (347). The amount of data generated using NGS makes 

it challenging to analyze using desktop computers, as this comes with significant 

memory and storage requirements.  

 

Some bioinformatics programs required for such analyses are computationally 

intensive, requiring high processing power and long computational times either 

because of the large datasets being analyzed or the complex calculations and 

simulations performed (323, 348). Clusters and servers have been tailored to perform 

such analyses, however these are very expensive to establish. This means that 

researchers from low-income settings (where pathogen NGS data would be particularly 

useful to confront high burdens of disease) might not be able to afford to buy or rent 

the necessary computational resources. In settings where existing computational 

resources are available but scarce, internet is often a limiting factor. Transfer of large 

datasets between high-performance computing centers and the research centers is 

often very expensive, or the internet connections are too slow to be effective. In 

addition, some of the research data (for example patient data) may contain personal 

and sensitive information that require high levels of protection, making it risky to 

transfer into public domains. Also, many institutions have firewalls that prevent users 

from accessing outside servers and clusters to analyze their data, forcing researchers 

to perform analyses using ordinary desktop computers.  

 

Our laboratory is focused on studies of viral-host evolution in the context of HIV 

infection and vaccination. Understanding the interplay between the host and virus is a 

major basis of HIV vaccine design (349). We use bioinformatics analyses of Sanger 

and NGS to analyze viral and antibody gene evolution. The human antibody repertoire 
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is enormous, at greater than 1011 molecules per individual (149–152). NGS 

technologies are therefore ideally suited for antibody repertoire analyses as they are 

able to sequence millions of antibody reads at a time. Similarly, the HIV envelope 

protein, which is the target of antibody responses during HIV infection, varies by as 

much as 30% between infected individuals (65, 66). However, the amount of data 

generated through these types of studies has resulted in our laboratory encountering 

the computational challenges described above. 

 

To enhance our analyses, we have developed a low-cost bioinformatics cluster that is 

easy to build, capable of analyzing large NGS datasets and performing phylodynamic 

analyses, and less reliant on internet data usage. This system, which is amenable to 

analysis of virtually any large dataset, will enhance the ability of under-resourced 

researchers to independently interrogate large datasets to address locally relevant 

scientific problems.   
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4.3 Methods 
 

4.3.1 Development of a multi-node cluster 

 

4.3.1.1 Computer hardware 
A 3-node (20 thread) cluster, consisting of a master node and two subsidiary nodes 

was developed using ordinary personal computer workstations (Figure 4.1, 

Supplementary Table 4.1). The master node (Bio-linux) is an Intel(R) Xeon(R) CPU 

E3-1220 v3 @ 3.10GHz, with 4 CPU cores. It has the x86_64 architecture with 32G 

memory (RAM). Nodes 01 and 02 are Intel(R) Core(TM) i7-3770 CPU @ 3.40GHz 

machines, 4 cores per socket, 2 threads per core and a total of 8 threads. They have 

the x86_64 architecture and real memory of 4 Gigabytes (G). We increased the 

memory of each to the maximum capacity so that they could handle larger datasets 

and more tasks. The master node, Node 01 and the Bio-linuxnode 2 were all upgraded 

to 28G of memory. We also increased the space on the hard drive from 500G to 1 

Terabytes (T) and installed 11T and 50T storage drives for raw and processed data 

respectively (Figure 4.1, Supplementary Table 4.1). Files are also backed up to a file 

server that is further backed up to Linear Tape-Open (LTO) tapes. 

 

4.3.1.2 Operating system and packages 
Fedora release 23 was installed on all the nodes. The standard installation of linux was 

used, which does not have a graphical user interface. Fedora uses RPM (Redhat 

Package Manager) and the packages were installed from their repositories using either 

“yum install” or “dnf install”. The packages and all file components were extracted 

during installation and stored in the correct locations on the system (the default location 

being /var/lib/rpm). Cluster users were created using the Fedora dashboard.  

 

4.3.1.3 Networking 
Users login to the Master node, which is connected to the external Internet (Figure 

4.1). All the other nodes are connected via a Local Area Network (LAN) to the master 

node. External access to the cluster is by ssh on a non-standard port to reduce the risk 

of port scanning by automated bots. Users login by ssh on their terminal using a 

username and password supplied by the system administrator.  
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4.3.1.4 Power 
The electricity from the main electrical supply passes through a generator and 

Uninterruptible Power Supply (UPS) before passing through a secondary local UPS, 

to avoid disruption of analyses due to power failure. 

 

4.3.2 Cluster configuration 
 

4.3.2.1 SLURM 
Simple Linux Utility for Resource Management (SLURM) was installed to manage the 

cluster resources. SLURM allocates exclusive and/or non-exclusive access to 

resources (computer nodes) to users for a defined duration of time by providing a 

framework for starting, executing, and monitoring jobs (normally a parallel job) on the 

set of allocated nodes and arbitrates contention for resources by managing a queue of 

pending jobs. This means users can all work simultaneously on the cluster. SLURM 

was first installed on the Master node, and the process was repeated on the additional 

nodes. The number of nodes can be increased in future depending on the laboratory 

computational requirements.  

 

 

4.3.3 Bioinformatics cluster file system 
 
Data and scientific software packages are shared between nodes in the cluster using 

Network file system (NFS). The /opt/conda2 directory (for scientific software) and 

/home directory (for data being analyzed) are exported from the master node and 

mounted on the same paths on the worker nodes. This allows scripts submitted to the 

SLURM scheduler to run on a consistent environment on all nodes on the cluster. We 

installed a program called Ansible to synchronize user information on all the nodes.   

 
The cluster has two storage facilities, 11T for raw and a 50T for processed data (Figure 

4.1A). The storage for raw data is accessible to the institutional sequencing core 

(where the Miseq instruments are housed) to upload data. Cluster users access the 

cluster from the home directory and are able to analyse the raw data already uploaded 
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in the storage using various bioinformatics tools installed in the opt directory. Cluster 

users have access to the green and blue areas (Figure 4.1B). The red area shows an 

example of system files only accessible to the cluster administrator.  

 

The home directory where users login in is on the Master node, and by default all the 

jobs running write their output on the Master node disk space which only has 1T 

capacity. Once the diskspace became full the Master node would not be able to 

allocate other nodes to run jobs. To resolve this, we decongested the Master node by 

mounting a 11T volume to smb/cifs/share to increase the storage space on the share 

folder. Symbolic links (symlinks) were then created of all the user home folders to the 

share directory to prevent the master node from becoming congested (Figure 4.1B).  
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Figure 4.1: Bioinformatics cluster architecture. (A) Schematic description of the cluster architecture, storage 
and memory. (B) Bioinformatics cluster file system. The storage area is shown in blue, the user area for data 
analysis in green and the restricted system files in red. 

 

 
 



 

 88 

4.3.4 Package manager and installation of bioinformatics packages 
 
We installed several bioinformatics packages relevant to our studies of viral and 

antibody sequences. These are described below, however this could be replaced with 

tools relevant to local laboratory needs. We installed conda 

(https://conda.io/docs/intro.html) as our package manager. All the installed packages 

were located in /opt/conda2/ (Figure 4.1B and 4.2A). All programs were installed on 

the master node, and executable on all the computer nodes. Conda is a package 

manager application that quickly installs, runs, and updates packages and their 

dependencies. The conda command is the primary interface for managing installations 

of various packages. It can query and search the package index and current 

installation, create new environments, and install and update packages into existing 

conda environments. Creation of different environments is done for programs that 

might have conflicting requirements in terms of the dependencies used or versions of 

certain binaries (pre-built executables). The bioconda channel 

(http://bioconda.github.io/) was enabled within conda to provide access to its collection 

of over 4,000 open-source bioinformatics packages.  

 

We used open-source tools and established pipelines developed by collaborators to 

perform bioinformatics analyses on viral and antibody sequence data. Bash scripts 

were used to execute the various bioinformatics programs allowing us to specify a 

given node and memory requirements to run the program, an example of which is 

shown in Figure 4.2B. Job scripts are stored in a folder accessible by all users, 

standardizing all parameters for performing analyses and saving time when performing 

similar analyses between donors. 
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Figure 4.2: Access to bioinformatics programs on the cluster. (A) Bioinformatics programs on the cluster. (B) 
Example of a bash script to run programs on the cluster. 
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4.4 Results 
 
The establishment of this low-cost bioinformatics cluster has enabled us to perform 

analyses of large datasets that are impossible to process using ordinary machines. In 

this chapter, we summarise the outcomes of analyses which have been enabled by 

this cluster, several of which form the basis of ongoing (Scheepers et al, in preparation; 

Hlatswayo et al, unpublished data) and published studies (234, 350, 351). 

 

4.4.1 Cluster performance with computationally intensive programs 
 

Bioinformatics programs perform many analyses ranging from identifying signatures in 

sequences, to performing complex calculations, simulations and predictions. Some of 

these programs are very computationally intensive, requiring large memory and longer 

computational hours. An example of such computations performed in our laboratory 

are virus phylodynamics analyses that provide insights into intra-host evolution of HIV-

1 by estimating the rates of evolution, selection, diversity, divergence, elucidating 

spatio-temporal distributions of viruses and identifying number of viral infections. 

These phylodynamic analyses are described in detail in chapters two and three of this 

thesis (234, 351). 

 

To achieve this, we installed a number of phylodynamics programs on the cluster, 

including BEAST, which is computationally intensive. BEAST uses Bayesian statistical 

methods that require long computational times and memory requirements. BEAST ran 

faster on the bioinformatics cluster compared to an ordinary machine (164 and 284 

hours respectively) to complete the same task (Table 4.1). Furthermore, the 

bioinformatics cluster analyzed 18 datasets at a time compared to one on the ordinary 

machine. This further highlights the benefits of the cluster in rapidly performing 

analyses with computationally intensive programs. 
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Table 4.1: Comparison of the cluster performance with that of a high specification ordinary machine. The 
cluster runs jobs faster compared to the ordinary machine, and also runs multiple jobs in parallel therefore reducing 
the total time to complete multiple analyses. 

 

 
 

 

4.4.2 Cluster performance with large datasets 
 
Antibody repertoire analyses rely on large datasets to accurately capture their 

evolution. We have thus far analyzed more than 3 T of NGS antibody repertoire data 

(Figure 4.3A), which far exceeds the capability of ordinary desktop computers. This 

data was obtained from four participants (CAP88, CAP228, CAP206 and CAP248) at 

multiple time-points ranging between 7-281 weeks post-infection (Figure 4.3B). Each 

analysis (2–10 million light and heavy chain antibody reads) took 8–168 computational 

hours, and the memory usage varied between 4-20G. The cluster enables users to run 

several jobs simultaneously, thus allowing multiple time-points to be analyzed 

concurrently.  

 
 
 
 
 
 
 
 
 
 
 
 
 

Machine Av. speed & range 
(hours / mil steps)

Total time to 
complete 400 million 

steps (hours)

Number of 
analyses at a 

time

Cluster 0.41 (0.39 – 0.43) 164 18

Ordinary machine 
2.8 GHz Core i7, 
16 G mem

0.78 (0.25 – 1.01) 284 1
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Figure 4.3: Cluster performance with large datasets of antibody repertoire data. (A) The total amount of data 
from the SONAR analyses, followed by the breakdown per participant for donors CAP88, CAP206, AP228 and 
CAP248 (still ongoing). (B) Number of antibody sequences analyzed using the bioinformatics cluster per donor and 
per time point. Antibody heavy and light chain antibody sequences data are shown in black and grey respectively. 
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4.4.3 Easy integration of bioinformatics programs on the cluster 
 
Bioinformatics analyses of complex data often involves using different tools to perform 

specialized tasks as part of a pipeline or a workflow. An example is the antibody 

repertoire NGS data analysis that we use, which requires many steps, summarized in 

Figure 4.4, and for which all of the steps are performed on the cluster. The analysis 

steps involve the use of the SONAR pipeline which was developed by our collaborators 

at the University of Columbia (352). SONAR links several bioinformatics tools, 

including Clustal-Omega (265, 312), MUSCLE (265) and Basic Local Alignment 

Search Tool (BLAST+) (353), BEAST (272) and DNAML (354), to process the data 

and identify sequences related to an antibody sequence of interest (clonally related 

sequences) (Figure 4.4) (352).  

 

The pipeline was installed as follows: dependencies were first installed using conda or 

as per the developer' instructions if not packaged within conda. SONAR was 

downloaded from https://github.com/scharch/SONAR and placed in /opt/conda2/pkgs/. 

After uncompressing the files, we installed the pipeline by following the command 

prompts after executing “setup.sh”. The command prompts allowed us to specify the 

paths to the installed dependencies. We then defined the python path using the 

command: “export PYTHONPATH=$PYTHONPATH: /opt/conda2/pkgs/sonar/”. 

Finally for all the cluster users to be able to use the bioinformatics programs, we edited 

the .bashrc scripts to include the path to all the programs. 

 

The cluster therefore allows easy integration and automation of these bioinformatics 

programs, enhancing the laboratory’s throughput, with a specific example of these 

analyses described in more detail below.  
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Figure 4.4: NGS analysis flowchart using the bioinformatics programs on the cluster. The antibody repertoire 
analysis involves first organising the data from the sequencing facility (data pre-processing), SONAR analysis and 
post SONAR analysis that involves selection of clonally related sequences. The arrows show the flow of data 
through the various stages, and in some instances data can go back and forth certain stages (shown by the thin 
arrows).   

 
 

4.4.4 Case study: Antibody analysis of the CAP228-16H/19F antibody lineage 
using SONAR  

 

Here we describe the application of the bioinformatics cluster to trace the antibody 

lineage which includes CAP228-16H and 19F (which are clonally related antibodies) 

from CAPRISA participant CAP228 (350). This study built on the RV144 phase III HIV 

human clinal trial in Thailand that achieved 30% efficacy in vaccinated individuals (137, 

179). This the only protection ever to be achieved in HIV vaccination (137, 179). 

Protection was attributed to antibody responses directed against the V1V2 region, that 

showed antibody-dependent cell-mediated cytotoxicity (ADCC) activity. Two 

antibodies against the V1V2 were isolated from vaccinees and named CH58 and 
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CH59. The CH58 mAb used the IGHV5-51 heavy chain and IGLV6-57 light chain, and 

CH59 mAb used the IGHV3-9 and IGLV3-10 heavy and light chains respectively. 

Structural studies of these mAbs (CH58 and CH59) showed that binding was achieved 

by interactions with positively charged residues at positions 168, 169 and 171 in the 

V2 region of the envelope glycoprotein (188, 355). This binding was facilitated by a 

negatively charged glutamic-aspartic amino acid pair (ED motif) in the CDRL2 of the 

mAbs (350). However, this ED motif is only encoded by only two light chain germline 

genes (IGLV3-10 and IGLV6-57), which reduces the likelihood of these responses 

being elicited through vaccination. Our laboratory was therefore interested in exploring 

whether there are other modes of V2 binding by similar vaccine elicited antibodies that 

might have a greater probability of being present in germline genes.   

 

To do this, single-cell sorting of antigen-specific B cells was performed using 

biotinylated cyclic V1V2 peptides comprising of gp120 residues 157 – 196 (350). The 

resulting mAbs, CAP228-16H/19F bound to the V1V2 epitope. Similarly to CH58, the 

CAP228 mAbs used the IGHV5-51 heavy chain gene, but an IGLV3-21 light chain 

gene which was different from that of CH58 (350). Comparison of the CAP228-

16H/19F and CH58 mAbs showed striking similarities in that they both depend on the 

K169 residue, and both were able to mediate antibody-dependent cell-mediated 

cytotoxicity (ADCC) activity. However, unlike CH58 that used the ED motif, the 

CAP228-16H/19F mAbs used a DDxD motif which consisted of three aspartic acid 

residues creating a large anionic patch, and covering a larger surface area compared 

to CH58 (350). The CAP228-16H/19F mAbs exhibited broader ADCC activity through 

the interaction of the DDxD motif with a tyrosine residue at viral Env position 173, which 

is present in approximately ~65% of HIV-1 circulating strains(350).  

 

We therefore traced the development of the CAP228-16H/19F lineage in infection, 

performing these analyses on the bioinformatics cluster using a number of programs 

and the SONAR pipeline described in the previous section. Firstly, we designed gene 

specific primers to the CAP228-16H/19F lineage that can be used to further identify 

lineage members including the unmutated common ancestor (UCA) that initiated the 

antibody lineage. Next generation sequencing (Illumina MiSeq NGS System) was then 

applied to generate related sequences at multiple timepoints using the gene specific 

primers. Data analysis was then performed in SONAR as described below.  
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4.4.4.1 Data Pre-processing 
 
Prior to antibody lineage analysis, the data generated by MiSeq has to be pre-

processed into the correct format as well as ensuring adequate quality (Figure 4.4). 

The pre-processing stage involves checking the data quality using FASTQC (356), 

merging reads using PEAR (357) and identifying unique sequences using USEARCH 

(358).  

 

There are a number of quality controls during merging with PEAR that result in the 

reduction of the number of sequences. These quality controls include specifying a p-

value of 0.001 (PHRED quality score of 33), a minimum overlap size of 10 and a 

minimum read length of 50 bases. The quality controls reduce false positive assembles 

and very short reads (357). After assembling the sequences, identical sequences are 

collapsed using USEARCH generating only unique sequences and their abundance 

information for further analyses. Collapsing the sequences helps to reduce the 

computational load in analyzing identical data. The input files for PEAR are in a fastq 

format whereas the input files for USEARCH and all the subsequent analyses are in a 

fasta format, we therefore convert the fastq files to fasta after merging using fastx 

toolbox (359).  

 

4.4.4.2 Antibody Analysis using SONAR 
 

After preparing the data for SONAR analysis, there are three bash scripts that have 

been prepared to run the different stages of the pipeline. The first bash script runs the 

first three annotation stages of SONAR namely BLAST V, BLAST J and finalizing 

appointments (1.1-blast_V.py, 1.2-blast_J.py and 1.3-finalize_assignments.py). The 

annotation stages run BLAST against a custom database of immunoglobulin genes 

(including those from IMGT) to characterize the V(D)J germline gene usage and the 

CDRs of the all the NGS transcripts and filter transcripts that do not match the length 

requirements (352). The last stage (finalizing assignments) summarizes all the 

information about the NGS transcripts characteristics and outputs it in a table (352).  

 

The second bash script evokes the calculate identity divergence SONAR stage (2.1-

calculate_id-div.pl) that first aligns the NGS reads from the previous stages to its 

assigned germline sequence and the known antibody sequence of interest. It then 



 

 97 

calculates the percentage identity of each transcript to the antibody sequence of 

interest, and also the percentage divergence from the germline V gene (352). This data 

is also written an output file and will be used as input in the plotting stage.  

 

The plotting stages are executed using the third bash script, and these stages (4.1-

setup_plots.pl, 4.2-plot_histograms.R and 4.3-plot_identity_divergence.R) use 

information from the output tables to provide a graphical summary of the characteristics 

of the NGS transcripts (352). This includes the assigned V and J germline genes that 

all the NGS transcripts use, and the CDR lengths determined in the first stages of the 

analyses and identity divergence plots described in more detail in the data visualization 

section below. 

 

4.4.4.3 Data visualization 
 

Seven different time-points were sequenced covering 7-174 weeks post-infection with 

1.6-6.2 million heavy chain sequence pairs and 841 533-2.3 million light chain 

sequence pairs generated for each time-point (Table 4.2) (350). Between 84-99% of 

these sequences were merged and further analyzed. The rest did not meet the criteria 

that included the minimum quality score, overlap size and read length as described 

above. The fastq data was converted to fasta and subsequently analysed in 

USEARCH. Approximately 88-97% of these data had a lot of sequences that only 

appeared once (singletons) which could either be a result of PCR or sequencing error 

or rare antibody sequences that were not sequenced at sufficient depth. More than 

75% of all the light chain NGS reads used the IGLV3-21 gene of interest, and the IGLJ3 

(Figure 4.5A and B). In addition, almost 30% of all the heavy chain NGS reads were 

successfully assigned used the IGHV5-51 germline gene, and over 10% used IGHJ3 

(Figure 4.6A and B).   
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Table 4.2: Table showing the number of sequences and processes for the CAP228 longitudinal dataset 
before running SONAR. (A) Heavy chain data. (B) Light chain data (van Eeden et al. 2018). 

 

 
 

 

 

fastq to fasta
Timepoint 

(wpi)
Total forward 
sequences

Total reverse 
sequences Total Pairs Sequences 

merged 
Sequences 
not merged % merged Sequences 

converted Uniques Singletons % Singletons 

7 1,739,277 1,739,277 1,739,277 1,672,615 66,659 96.167 1,672,615 1,423,081 1,390,574 97.7
30 6,233,970 6,233,970 6,233,970 5,283,515 950,455 84.754 4,810,851 3,352,602 3,191,845 95.2
47 1,305,447 1,305,447 1,305,447 1,288,901 16,541 98.733 1,288,901 813,875 721,535 88.7
68 4,918,001 4,918,001 4,918,001 4,289,190 628,806 87.214 3,926,551 2,803,736 2,667,110 95.1
96 5,346,292 5,346,292 5,346,292 4,599,532 746,760 86.032 4,186,679 3,007,440 2,860,292 95.1
134 1,679,602 1,679,602 1,679,602 1,658,592 21,004 98.749 1,658,592 1,085,513 970,434 89.4
174 1,637,889 1,637,889 1,637,889 1,620,885 16,999 98.962 1,620,885 1,133,973 1,009,049 89.0

Sequencing Merging USEARCH

fastq to fasta
Timepoint 

(wpi)
Total forward 
sequences

Total reverse 
sequences Total Pairs Sequences 

merged 
Sequences 
not merged % merged Sequences 

converted Uniques Singletons % Singletons 

7 1,040,776 1,040,776 1,031,646 1,033,740 7,025 99.324 1,031,646 542,278 488,593 90.1
30 2,492,586 2,492,586 2,492,586 2,458,050 34,536 98.614 2,298,777 1,354,022 1,250,465 92.4
47 841,533 841,533 841,533 833,304 8,229 99.022 831,653 447,517 412,214 92.1
68 2,237,276 2,237,276 2,237,276 2,207,671 29,604 98.677 2,058,079 1,281,287 1,193,995 93.2
96 2,334,525 2,334,525 2,334,525 2,305,316 29,209 98.749 2,154,627 1,230,325 1,141,038 92.7
134 868,960 868,960 868,960 863,117 5,843 99.328 861,414 489,319 450,900 92.1
174 927,751 927,751 927,751 918,542 9,208 99.007 916711 543,631 502,437 92.4

Sequencing Merging USEARCH

Heavy chainsA

Light chainsB
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Figure 4.5: Visualization of the CAP228 NGS light chain sequence data, using the CAP228 30 weeks dataset 
as an example. The pipeline assigns V and J gene usage, and the CDR lengths. (A) Histogram showing the IGLV 
gene characteristics. (B) Histogram showing the IGLJ gene characteristics. 
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Figure 4.6: Visualization of the CAP228 NGS heavy chain sequence data, using the CAP228 30 weeks 
dataset as an example. The pipeline assigns V and J gene usage, and the CDR lengths. (A) Histogram showing 
the IGHV gene characteristics. (B) Histogram showing the IGHJ gene characteristics. 
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for the heavy chains and IGLV3-21 for the light chains (Figure 4.7A) (350). The 
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percentage divergence from the germline V-gene represents the somatic 

hypermutation (SHM) of the sequences. These plots highlight the presence of clonally 

related sequences to CAP228-16H throughout all time-points, by the presence of an 

“island” above 90% identity to CAP228-16H. These clonally related sequences were 

used to create phylogenetic trees of the lineage to trace their evolution and identify the 

UCA at 7 weeks (Figure 4.7A and B) (350). The UCA was closely related to IGLV3-

21*01, however the latter encodes a YD motif rather than the DD motif that mediates 

binding of the CAP228 mAbs to their epitope. However, sequencing of the germline 

genes from CAP228 genomic DNA identified a novel IGLV3-21 allele (IGLV3-

21*01mm) which encoded the CDRL2 DDxD motif (highlighted in blue in Figure 4.7C), 

suggesting that the DD encoding UCA was derived from this allele (350). Further, an 

analysis of the allelic frequencies estimated the prevalence of the DDxD-encoding 

IGLV3-21 alleles in the general population to be 60%, compared to the ED-encoding 

alleles that are less common. These data suggest there is a greater probability of 

eliciting these responses compared to those that are dependent on the ED motif in 

future vaccine studies. 
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Figure 4.7: Identifying clonally related sequences following SONAR analysis. Analysis of the CAP228-
16H/19F lineage has been used as an example. (A) Identity-divergence plots for heavy and light chains. (B)  
Maximum likelihood trees of the heavy and light clonally related sequences. The colours represent the different 
time-points the sequences were isolated. (C) Sequence alignments showing that CAP228-16H/19F lineage was 
initiated by a novel germline (IGLV3-21*01mm) that encodes the DDxD motif (van Eeden et al. 2018). 
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Figure 2. Identification of the CAP228-16H/19F UCA and Lambda IGLV3-21 Germline Alleles
(A) Maximum-likelihood phylogenetic trees of unique, clonally related sequences, for the heavy (left) and light (right) chain of the CAP228-16H/19F lineage, with

branches colored by time point. Mature CAP228-16H and 19F mAb sequences are colored according to the time point at which they were first observed rather

than when they were isolated. Trees were rooted to the least mutated common ancestor (LMCA).

(B) Alignment of the two additional CAP228 IGLV3-21 germline alleles, when compared to the IMGT sequences for IGLV3-21*01, IGLV3-21*02, and IGLV3-21*03.

Shared synonymous (positions 9 or 92) and non-synonymous (positions 17, 48, or 50) differences are indicated with alternate shading, where the key YD/DD

amino acid pair is colored yellow or blue, respectively.

(C) ELISA binding of the CAP228-16H/19F UCA to an autologous transmitted/founder CAP228 V1V2 scaffolded protein. Absorbance readings are plotted on the

y axis versus mAb concentration on the x axis. Binding of the CAP228-16H/19F UCA allelic variants for IGLV3-21*02 (pink) and IGLV3-21*03 (purple) are also

shown. IGLV3-21*01 shares the same amino acid sequence as IGLV3-21*01m.

(D) Frequency of the DD (blue) or YD (yellow) motifs among global allelic variants of the IGVL3-21 germline genes (data from The 1000 Genomes Project [Auton

et al., 2015]).
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4.5 Discussion 
 
Lack of infrastructure and limited resources are bottlenecks in research conducted in 

low to medium income settings. These regions are often also heavily burdened by 

infectious diseases such as HIV, malaria and tuberculosis, some of which are not 

priority research areas in well-resourced countries. Conducting disease surveillance 

and vaccine research to curb the spread of locally relevant pathogens is a public health 

priority. Our research laboratory is actively involved in HIV vaccine research, and this 

work involves generating and analysing huge amounts of sequencing data. We have 

successfully set-up a bioinformatics cluster using cheap and low specification CPUs 

and demonstrated its application in analyzing these large NGS datasets.  

 

The cost of constructing this cluster was reduced by using old computers that were no 

longer used in the laboratory and entirely open-source software. Only the computer 

memory and storage space were upgraded at a small cost to accommodate more data. 

This approach is very feasible in resource limited laboratories that have access to old 

computers, or funding to purchase relatively inexpensive ones.  We used open-source 

software to configure the cluster. There is a significant body of useful open-source 

software that also comes with good technical support. Most of this support comes from 

the community of users that interact on Google groups such as Gitter, GitHub, Biostars, 

Stack Overflow and other online platforms. We used Linux Fedora operating system, 

as it is open-source, stable and is sponsored and funded by Red Hat. Conda package 

manager is also open-source software that makes it easy and manageable to install 

bioinformatics packages. The SLURM scheduler is also open-source software with 

excellent community support. 

 

There are a number of software packages that may be used for cluster configuration 

management such as Ansible, Chef and Puppet. Puppet has advantages when it 

comes to updating programs on the cluster, it automatically updates the other nodes, 

whereas Ansible has to be run to update any changes on the other nodes. We used 

Ansible because it is simple and easy to configure compared to the other two as our 

cluster is small, with less than 3 nodes.  

 

A centralized cluster for running tasks makes it easy to standardize processes and 

install updates on programs run by users. In addition, it enables good management of 
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memory and storage resources as well as data security as users don’t have to carry 

huge quantities of data around. Access to the cluster only requires use of the command 

line and an understanding of Unix systems. If a Windows operating system if preferred, 

installation of a program such as Putty provides a command line to execute Unix 

commands.  

 

We applied the cluster to the analysis of the HIV envelope glycoproteins evolution 

within individuals (chapters 2 and 3), and to studying the development antibody 

responses (described in the previous section). Using this cluster, we have traced the 

antibody lineages of vaccine-like antibodies that developed during infection in CAP228 

and identified a novel IGLV3-21 germline (IGLV3-21*01mm) that encodes the DDxD 

motif (350). The frequency of DDxD-motif alleles is more common compared to those 

that encode the previously characterized ED-motif. The isolated CAP228-16H/19F 

antibodies also showed ADCC activity which has been linked to protection in the 

RV144 trial (350, 360, 361). This case study demonstrated how usage of this cluster 

has helped overcome hurdles in data processing and analysis, and generated valuable 

insights into vaccine design. 

 

We have demonstrated the building and implementation of a low-cost cluster for 

analyzing large NGS data and performing computationally intensive studies of intra-

host evolution of HIV. The establishment of this low-cost cluster demonstrates another 

alternative on how researchers from low-income settings can solve global challenges 

using cheap resources. Such an approach of using low-cost technologies, and 

recycling/repurposing equipment to tackle complex scientific problems is highly 

relevant to Africa and has broader implications in advancing creativity, research and 

bringing about home-grown solutions to the challenges facing the continent.  
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5 General Discussion and Conclusions 
 

5.1 General Discussion 
 

Millions of people are still being infected with HIV decades since the first recognition 

of this virus (297). Understanding HIV diversity within individuals from acute to chronic 

infection, and its influence on the sensitivity and maturation of neutralizing antibody 

responses is very important for the development of vaccines and microbicides. 

However, these studies are sometimes complicated because of the large amount of 

data and the sophisticated analysis software that require specialized computational 

infrastructure. The purpose of this study was to investigate HIV envelope diversity, 

both among hosts with differing immune responses, and within hosts, between different 

tissues, using low-cost computational infrastructure. 

 

Currently, no vaccine is able to elicit bNAbs that will prevent infection by global HIV 

strains. Several studies have implicated HIV Env diversity in the development of 

breadth (167, 168, 247, 248). However, Env evolution in individuals who fail to develop 

breadth despite mounting potent, strain-specific neutralizing responses has not been 

well-defined. Using longitudinal neutralization, epitope mapping and sequence data 

from 14 participants, we found that overall measures of viral diversity were similar in 

all donors (Chapter 2). This is unlike previous studies (167, 168, 362), probably 

because we specifically compared individuals with matched viral loads. However, the 

number of positively selected sites within Env epitopes was higher in bNAb participants 

than strain-specific donors. We further identified common sites that were positively 

selected as bNAbs developed. These data indicate that while viral diversity is required 

for breadth, this should be highly targeted to specific residues to shape the elicitation 

of bNAbs by vaccination.  

 

Several current vaccine approaches aim to represent the Env diversity associated with 

bNAb development in regimens using immunogen cocktails, and through sequential 

boosts (139, 142, 363, 364). The identification of toggling sites in the Env that are 

unique to bNAb donors may thus have very important implications for vaccine design. 

These findings indicate that instead of using multiple Envs in a regimen, fewer 

immunogens will be required, but these will need to incorporate diversity at key sites 
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to engage the relevant antibody lineage(s), and drive them towards breadth. This 

approach will likely be more feasible compared to the current strategies as it will require 

fewer immunogens. Secondly, we identified key sites that are specific to bNAbs 

targeting two different sites of the Env (V1V2 and C3V4). This makes it possible to 

develop a vaccine capable of eliciting multiple bNAb responses by incorporating the 

“key diversity sites” for two or more epitopes into a single trimeric immunogen (139, 

142, 365, 366). Current trimers have been able to elicit neutralizing antibodies, but thus 

far not bNAbs (366). This may be because such immunogens do not incorporate 

diversity targeted to specific residues, some of which have been identified in this study 

(139, 142, 365, 366).  Overall, this study therefore leveraged a unique set of 

longitudinal sequence and antibody mapping data to inform the development of 

immunogens that seek to elicit bNAbs by vaccination. 

 

Most HIV-1 infections in sub-Saharan Africa are acquired heterosexually through the 

genital mucosa (367). Understanding the properties of viruses replicating in the female 

genital tract, and whether these properties differ from those of more commonly studied 

viruses sampled from the blood, is therefore important. Using longitudinal CVL and 

plasma-derived sequences from four HIV-infected women we found fewer viral 

migrations from the genital tract to plasma than in the opposite direction, suggesting a 

mucosal sieve effect from the genital tract to the blood compartment (Chapter 3). 

Evidence for both persistent and intermittent compartmentation was detected in two of 

four individuals between the genital tract and plasma viruses during chronic infection. 

These data may explain previously conflicting findings regarding compartmentalization 

in the female genital tract (95, 96, 103, 105, 106, 304, 306, 309). Our study 

demonstrates that compartmentalization can either occur variably, probably depending 

on the characteristics of the T/F viruses, the strength of the mucosal sieve, and varying 

viral diversification pathways. In cases where compartmentalization occurred, 

comparison of CVL and plasma sequences indicated that distinct features of viral 

populations in the CVL may impact the efficacy of microbicides and vaccines designed 

to provide mucosal immunity. Phenotypic studies comparing the sensitivities of viruses 

from these compartments will provide further insight into these data. These findings 

show that it is not sufficient to sample HIV glycoproteins only from the plasma, as these 

do not necessarily represent the overall diversity in other compartments such as the 

genital tract. It is therefore important to also sample HIV from the mucosal tissues in 
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vaccine trials and epidemiological studies, so as to understand their diversity and 

properties, which in turn leads to development of better vaccines.  

  
Phylodynamic analyses are complex in nature, often involving large amounts of data, 

and sophisticated analytical software. This can limit these kinds of studies in resource-

limited settings such as Africa where the HIV epidemic, and the burden of many other 

pathogens, is greatest. We recycled old computational equipment, made 

improvements to memory and storage, and installed high-performance computing 

software (Chapter 4). This resulted in a low-cost supercomputer that was able to 

perform larger tasks with greater speed, as well as handling multiple jobs at the same 

time. In addition to enabling the studies of viral evolution detailed above, we also 

demonstrated the functionality of the cluster using a case study where we identified 

novel alleles in an HIV infected participant CAP228 that encoded antibodies against 

HIV-1 V1V2 peptides (350). Antibodies to the V1V2 site are important because the 

RV144 trial demonstrated that they can reduce risk of HIV infection (137, 179). 

Antibodies from CAP228 resemble these vaccine-elicited antibodies, but used a 

different light chain that encoded a more common K169-binding motif than those 

previously isolated. Importantly, this allele was discovered in an African population, 

where current vaccination trials are occurring, and using a similar immunogen as the 

RV144 trial (363). This means that there is a larger repertoire of B cells that may 

potentially be engaged by this vaccine to produce protective responses against HIV. 

In addition, this study provides more insights into African genes, a field that is yet to be 

explored in sufficient depth (368). Only a few studies have looked into African 

population genetics, although it is the most diverse (369). Establishment of this cluster 

creates more capacity to perform such studies, and provides an alternative strategy 

for other African researchers limited by computational power to conduct similar studies. 

This part of the thesis hopes to inspire communities that are resource-limited to tackle 

some of the local research challenges through application of simple and inexpensive 

approaches. 
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5.2 General Conclusion 
 

 

Overall, these studies have contributed to understanding HIV Env diversity in different 

tissues within a host, as well as the influence of Env diversity on the development of 

varying antibody responses between different hosts. The study highlights the 

importance of diversity at specific amino acid residues, but not overall Env diversity, to 

potentially elicit bNAbs through vaccination. The study also confirms that HIV evolves 

variably within hosts, and in some donors results in compartmentalization of viruses in 

the female genital tract, which may impact sensitivity to vaccines. Further, these 

studies have demonstrated novel approaches to  managing computational challenges 

faced by researchers in less resourced settings, to advance scientific research in low-

income communities.  
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Supplementary Table 4.1: Estimated costs for establishing the bioinformatics 
cluster.  
 

  

Item Cost Rands)
3 * desktops recycled from the lab (icore 7 workstations)
1 * computer screens recycled from the lab
software free (open-source)
Internet cables recycled from the lab
Memory upgrades 8400
Uninterrupted Power Supply (UPS) 7000
Internet switch 3500
Cabinet with cooling fans 10000
Storage updates (50T) 72000
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ABSTRACT The development of HIV broadly neutralizing antibodies (bNAbs) has
previously been shown to be associated with viral evolution and high levels of ge-
netic diversity in the HIV envelope glycoprotein (Env) glycoprotein. However, few
studies have examined Env evolution in those who fail to develop breadth in order
to assess whether bNAbs result from distinct evolutionary pathways. We compared
Env evolution in eight HIV-1-infected participants who developed bNAbs to six do-
nors with similar viral loads who did not develop bNAbs over three years of infec-
tion. We focused on Env V1V2 and C3V4, as these are major targets for both strain-
specific nAbs and bNAbs. Overall evolutionary rates (ranging from 9.92 ! 10"3 to
4.1 ! 10"2 substitutions/site/year) and viral diversity (from 1.1% to 6.5%) across Env,
and within targeted epitopes, did not distinguish bNAb donors from non-bNAb
donors. However, bNAb participants had more positively selected residues within
epitopes than those without bNAbs, and several of these were common among
bNAb donors. A comparison of the kinetics of strain-specific nAbs and bNAbs indi-
cated that selection pressure at these residues increased with the onset of breadth.
These data suggest that highly targeted viral evolution rather than overall envelope
diversity is associated with neutralization breadth. The association of shared posi-
tively selected sites with the onset of breadth highlights the importance of diversity
at specific positions in these epitopes for bNAb development, with implications for
the development of sequential and cocktail immunization strategies.

IMPORTANCE Millions of people are still being infected with HIV decades since the
first recognition of this virus. Currently, no vaccine is able to elicit bNAbs that will
prevent infection by global HIV strains. Several studies have implicated HIV Env di-
versity in the development of breadth. However, Env evolution in individuals who
fail to develop breadth despite mounting potent strain-specific neutralizing re-
sponses has not been well defined. Using longitudinal neutralization, epitope map-
ping, and sequence data from 14 participants, we found that overall measures of vi-
ral diversity were similar in all donors. However, the number of positively selected
sites within Env epitopes was higher in bNAb participants than in strain-specific do-
nors. We further identified common sites that were positively selected as bNAbs de-
veloped. These data indicate that while viral diversity is required for breadth, this
should be highly targeted to specific residues to shape the elicitation of bNAbs by
vaccination.

KEYWORDS broadly neutralizing antibodies, envelope glycoprotein, epitope
diversity, HIV vaccine, HIV-1 intrapatient evolution, sequential vaccination
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A preventative HIV vaccine is likely to require broadly neutralizing antibodies
(bNAbs) that have the ability to neutralize the majority of HIV strains (1, 2). Animal

studies have shown that bNAbs are able to protect from virus infection (3); however, no
vaccine has thus far been able to elicit bNAbs. In contrast, longitudinal studies have
shown that bNAbs develop in approximately 10 to 30% of chronically HIV-infected
patients (4–6). These bNAbs target five sites on the HIV trimer, namely, the V1V2 region,
the CD4 binding site, the membrane proximal external region (MPER), the V3 glycan
supersite, and the gp41-gp120 interface, which includes the fusion peptide (7). Al-
though most donors develop some degree of cross-reactivity over many years of
infection (8), some donors have neutralizing antibody responses that remain strain-
specific, neutralizing only the infecting strain, despite equivalent duration of infection
and high viral loads (9). The reason strain-specific responses fail to mature into bNAbs
in all HIV-infected individuals is an important unanswered question in the field.

Large cohort studies have shown that neutralization breadth is associated with
several host factors, including ethnicity, HLA genotype, CD4 T cell loss, and circulating
T follicular helper cells (4–6, 10–13). However, viral factors, such as subtype, high viral
loads, virus diversity, and duration of HIV-1 infection, have been shown to be strongly
associated with breadth, highlighting the importance of high levels of antigenic
stimulation in driving the maturation of bNAbs (5, 6, 14, 15).

Studies of the developmental pathways of bNAbs have shown that these develop
from strain-specific precursors that mature to acquire breadth through a prolonged
coevolutionary pathway, with emerging viral mutations driving antibodies to tolerate
epitope diversity (2, 16–24). This has led to a vaccine framework that aims to incorpo-
rate variation within immunogens, an approach that has recently shown promise in
small animal immunization studies (25–30). However, similarly detailed studies of viral
evolution in donors who maintain strain-specific responses, especially in the context of
high levels of antigenic stimulation, have not been performed. Comparative analyses of
virus evolutionary pathways in these individuals and those who develop bNAbs may
provide useful insights into the viral characteristics and mechanisms that drive anti-
body maturation toward breadth.

Robust strain-specific neutralizing responses develop in almost all infected individ-
uals, regardless of whether they later develop breadth, and exert significant selection
pressure on the HIV envelope glycoprotein (Env) (31, 32). This results in increased Env
diversity and divergence from the transmitted/founder (T/F) virus and selection of
neutralization-resistant strains. Escape is associated with increased variable loop length
and glycosylation that may shield underlying epitopes, making it difficult to neutralize
the virus (33–38). Importantly, many of the strain-specific neutralizing responses target
the same overall regions of the HIV envelope as bNAbs, such as the V1V2 and C3V4
regions (24, 39), and drive viral diversification within these regions (24, 38, 40).

To assess why these strain-specific responses fail to acquire breadth, we have used
longitudinal single-genome-derived full Env sequencing data and matched antibody
kinetics and mapping data from 14 participants in the Centre for the AIDS Programme
of Research in South Africa (CAPRISA) 002 cohort, six of whom developed strain-specific
antibodies and eight who developed bNAbs. Interestingly, we did not observe signif-
icant differences in nucleotide substitution rates in participants with or without bNAbs,
and we observed high viral diversity across Env and within epitopes in both groups.
However, we identified several sites under positive selection that were common to
donors with bNAbs. The tight clustering of these sites on the Env trimer suggests that
the precise targeting of viral epitopes by early bNAb precursors, and the subsequent
viral escape pathways, determines whether these antibodies acquire breadth. Defining
these sites highlights developmental differences in strain-specific antibodies and
bNAbs which may inform future vaccine design strategies.

RESULTS
Env diversity and evolutionary rates do not distinguish broad and strain-

specific donors with equivalent viral loads. We first assessed viral diversity in 6
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non-bNAb donors (with !10% breadth) and 8 bNAb donors (with "40% breadth) over
3 years of infection (Table 1). Since viral diversity is closely linked to viral load, we
selected, where possible, non-bNAb participants with similarly high viral loads to the
bNAb donors. Two participants, CAP45 and CAP228, who had consistently low viral
loads, were also included, as we have extensively characterized their neutralizing
response (Fig. 1A). We generated between 29 and 171 single-genome-derived env
sequences per donor from multiple time points spanning 3 years (Table 1). Maximum
likelihood analysis of transmitted/founder viruses from bNAb and non-bNAb donors
confirmed that these were phylogenetically unlinked (data not shown).

Since dual infection results in increased genetic diversity, we used BEAST to com-
pare the estimated time of infection (tMRCA), based on the sequence diversity, to the
actual time of infection for each donor (41, 42). For dual infection, sequence analysis
predicts a greater estimated duration of infection than the known time of infection; this
is indicated by orange shading for CAP256 (a donor known to be superinfected), but
not for CAP88, in Fig. 1B. Twelve out of 14 data sets had sufficiently strong temporal
signals (as determined by the positive slope [rate] and correlation coefficient) for
phylogenetic molecular clock analysis. The two donors that were excluded from this
analysis were CAP225 and CAP229. BEAST analysis indicated single infections in 6
donors, CAP88, CAP206, CAP248, CAP255, CAP357, and CAP257 (Fig. 1C, bNAb partic-
ipants are ranked by breadth), consistent with the fact that most HIV-1 infections are
initiated by a single variant (43–45). In contrast, we saw evidence of dual infection
(indicated by asterisks in Fig. 1C) for 5 donors, CAP200, CAP228, CAP8, CAP177, and
CAP256. Dual infections were observed both in individuals with bNAbs (CAP8, CAP177,
and CAP256) and without bNAbs (CAP200 and CAP228).

We next compared the levels of overall Env glycoprotein diversity in participants
with and without bNAbs at 3 years postinfection (Fig. 1D). We observed the highest
overall diversity in CAP228, CAP8, CAP256, and CAP257, with a mean overall diversity
"4% amino acid differences per site at 3 years postinfection (Fig. 1D). With the
exception of CAP257, this is likely a result of their infection with multiple viruses or
variants (Fig. 1C). Among these donors, CAP228, who failed to develop breadth, had
relatively high diversity despite low viral loads (Fig. 1A). However, overall, there was no
statistically significant difference in Env diversity between participants with or without
bNAbs (P # 0.7758, two-tailed Mann-Whitney test). Similarly, evolutionary rates across
the envelope glycoprotein, based on nucleotide substitution rates estimated in BEAST,
showed no significant differences between these groups (data not shown).

TABLE 1 Description of HIV-infected participants, plasma neutralization breadth, set point viral load, and antibody targets

Participant
% neutralization
breadth at 3 yra

No. of env
sequences

No. of
time
points

Set point viral load at 12
mo postinfection (RNA
copies/ml)

Antibody
targetsb Reference

CAP257 82 63 6 8,260 V1V2, CD4 binding site Wibmer et al. (24)
CAP256 77 171 13 178,000 V1V2 Moore et al. (46), Doria-Rose et al. (16)
CAP248 59 120 18 64,600 gp120-gp41 interface Wibmer et al., 2017
CAP177 52 144 7 18,000 C3V4, V1V2 Moore et al., 2009, Moore et al. (23)
CAP255 47 148 13 18,200 C3V4 Lacerda et al., 2013
CAP206 47 130 9 315,000 MPER, C3V4 Moore et al. (46), Unpublished data
CAP357c 45 76 7 11,596 Not mapped Unpublished data
CAP8 42 70 5 39,300 Not mapped Lacerda et al., 2013
CAP88 8 83 8 38,700 V1V2, C3V4 Moore et al., 2009
CAP228 7 100 6 1,520 V1V2, C3V4 Bhiman et al., unpublished data,

Van Eeden and Wibmer et al.,
unpublished data

CAP229 7 35 3 24,600 V1V2 Unpublished data
CAP225 5 29 3 21,500 Not mapped Unpublished data
CAP200 2 53 4 108,000 C3V4 Unpublished data
CAP45 0 41 6 556 Not mapped Moore et al., 2009
aGray et al., 2011.
bbNAbs are shown in bold.
cMadzhivandhila et al., unpublished data.
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Comparison of Env evolution within antibody-targeted regions between bNAb
and non-bNAb donors. We have previously mapped the targets of both strain-specific
and bNAb responses in 8 participants to the V1V2 and/or C3V4 regions (Table 1 and Fig.
2A). This enabled us to compare the Env evolutionary pathways between bNAb and
non-bNAb donors specifically within these targeted regions. The V1V2 and C3V4
regions were defined according to the HXB2 reference sequence as amino acid posi-
tions 131 to 196 and 329 to 418, respectively. We first compared two donors with
V1V2-directed bNAbs (CAP256 and CAP257) with four donors who had strain-specific
V1V2 responses (CAP88, CAP228, CAP229, and CAP177) (4, 23, 24, 46) (Table 1).
Although CAP177 developed bNAbs to the C3V4 region, this participant also had a
strain-specific V1V2 response (38) and is included as a strain-specific donor for this
epitope. The two participants with V1V2-directed bNAbs (CAP256 and CAP257) had
higher levels of V1V2 amino acid diversity (20.7% and 14.5%, respectively) than did
non-bNAb participants (ranging from 6.9 to 11.9% amino acid differences per site,
though this difference failed to reach significance; Fig. 2B). Similarly, the two bNAb
participants showed slightly higher V1V2 evolutionary rates than those of non-bNAb
donors; however, these differences were also not significant, with estimates within the
same high posterior density intervals (Fig. 2C).

FIG 1 Viral diversity and evolutionary rates are not the sole determinants of bNAb development. (A) Longitudinal viral loads of all participants, with bNAb
donors in blue and strain-specific donors in gray. (B) Maximum clade credibility trees of CAP88 and CAP256 constructed in BEAST showing the estimated time
of infection (tMRCA) compared to actual time of infection. Similar analyses were performed for all donors. (C) Comparison of estimated and actual time of
infection in 12 participants. The asterisk (*) denotes possible dual infection. (D) Comparison of overall amino acid envelope diversity at 3 years in participants
with/without bNAbs.
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We similarly compared two donors who developed N332-specific bNAbs (CAP177
and CAP255; dark green in Fig. 2A) with three donors shown to have strain-specific
C3V4 responses (CAP88, CAP206, and CAP228; light green in Fig. 2A). CAP206 devel-
oped bNAbs that targeted the MPER (4), but in this analysis, we focused on the
strain-specific C3V4 response. bNAb donors showed no difference in overall C3V4
diversity and nucleotide substitution rates from those of the strain-specific C3V4
responders (Fig. 2D and E). Overall, analysis of viral evolution within antibody-targeted
regions did not show evidence of unique viral evolutionary pathways for donors with
N332-directed bNAbs.

Participants with bNAbs show high levels of positive selection within targeted
epitopes. We compared levels of positive selection within epitope regions in bNAb and
non-bNAb donors by estimating the ratio of nonsynonymous to synonymous substi-
tutions per site (47). We first compared two approaches for assessing selection, cumu-
lative and a snapshot selection analyses. In the cumulative analysis, all sequences at

FIG 2 Comparison of diversity and nucleotide substitution rates in epitope regions targeted by participants with/without
bNAbs. (A) Schematic of an Env trimer showing the antibody targets defined in previous studies. Participants with V1V2
responses are shown in red, and those with C3V4 responses are shown in green. The dark shading and light shading
represent participants with and without bNAbs, respectively. The asterisk (*) denotes participants who have bNAb
responses to other regions but also developed strain-specific antibodies to V1V2 or C3V4. Epitope diversity (average
number of amino acid differences per site) and nucleotide substitution rates within V1V2 (B and C) and C3V4 (D and E) in
participants with/without bNAbs. Broad participants arranged in order of increasing neutralization breadth. subs,
substitutions.

Key Sites in HIV Env Define Broad Antibody Responses Journal of Virology

March 2019 Volume 93 Issue 6 e01685-18 jvi.asm.org 5

C
O
L
O
R

zjv-jvi/zjv00619/zjv4272d19z xppws S!5 12/27/18 6:11 4/Color Fig: 1,2,3,4,5,6 ArtID: 01685-18 DOI:10.1128/JVI.01685-18open-access CE: XXX



 

 157 

 
 
 
 

preceding time points were combined, whereas in the snapshot analysis, we analyzed
sequence data only from two consecutive time points. The cumulative analysis iden-
tified the same positively selected sites as the snapshot analysis, as well as additional
sites, and unlike the snapshot analysis, it retained all sequences for analysis (data not
shown). All subsequent analyses were therefore done using the cumulative analysis.

As expected, the number of positively selected sites increased over time in all
participants regardless of whether they developed breadth or not (Fig. 3 A and B).
However, participants with V1V2-directed bNAbs exhibited a rapid increase in the
number of positively selected sites (peaking at 26 to 27 amino acid residues) in
V1V2 within the first year, compared to those without bNAbs (6 to 11 amino acid
residues), and this increased level of positive selection persisted over 3 years of infec-

FIG 3 bNAb participants have more sites under positive selection than do non-bNAb individuals. Positive selection was
higher in the V1V2 region of participants who developed bNAbs (dark red) than in those with strain-specific neutralizing
antibodies (dull red) (A to C). In participants that had C3V4 responses, positive selection was higher in the C3V4 region of
bNAb participants (dark green) than in those with strain-specific neutralizing antibodies (dull green) only in the first year
of infection (D to F).
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tion (Fig. 3A to C). Similarly, participants with C3V4-directed bNAb responses had an
increased number of positively selected sites (peaking at 11 to 12 amino acid residues
at 1 year) in C3V4 during the first year of infection compared to that of strain-specific
donors (3 to 4 amino acid residues at 1 year) (Fig. 3D to F), though this difference was
less pronounced than that observed in V1V2 and was not sustained in later years. These
differences between bNAb and non-bNAb donors were driven largely by the C3 region
(Fig. 3D to F), consistent with the fact that bNAbs to this region are known to be
focused on the N332 glycan in C3, whereas strain-specific antibodies also target the
more sequence-variable V4 region (39, 48).

Common sites in the V2, C3, and V3 regions are targeted by bNAbs. We next
compared the specific sites under positive selection between participants with and
without bNAbs. We focused on the V2 and C3 regions only, as the V1 and V4 regions
were highly variable and prone to indels, making accurate identification of specific sites
difficult. Using FUBAR, we identified positively selected sites in the V2 and C3 regions
in each of the donors and compared their positions between bNAb and non-bNAb
donors.

In the V2 region, we identified 28 positively selected sites across all donors with
V1V2 responses. bNAb donors CAP256 and CAP257 had 13 and 11 positively selected
sites in V2, respectively (Fig. 4A). Of these, six sites (160 and 162, which together form
the highly conserved N160 glycosylation sequon, 166, 169, 181, 185, and 187) were
common in both V2 bNAb participants (CAP256 and CAP257) (highlighted in red in Fig.
4A and B). Four of these sites were also targeted by at least one of the non-bNAb
donors, indicating that strain-specific V1V2 antibodies overlapped bNAbs somewhat.
Many of these sites (160/162, 166, 169, and 181) have previously been reported to
mediate escape from V1V2-directed bNAbs (17, 49–51), and all are located proximal to
one another at the apex of the envelope trimer (Fig. 4B). However, overall positive
selection at these sites, particularly at sites 166 and 181, was less common in donors
who developed strain-specific V1V2 responses (Fig. 4C).

Similarly, 22 positively selected sites were identified within the C3 region of the 5
participants with C3V4 responses (Fig. 5A). Of these, seven sites (332/334, which form
part of mutually exclusive glycosylation sequons, 337, 339, 340, 341, 343, and 344) were
common in both participants who developed bNAbs targeting the N332 supersite
(highlighted in red in Fig. 5A and B). Unlike the two bNAb participants, donors with
strain-specific responses to the C3V4 region did not show evidence of positive selection
at residue 332 or 334. In addition to the glycan, residues 341 and 344 were not under
positive selection in any of the three strain-specific donors (CAP88, CAP206, and
CAP228). Sites 337, 339, 340, and 343, under positive selection in both bNAb donors,
were also sometimes under positive selection in participants who failed to develop
bNAbs (Fig. 5C). Of note, we identified other common sites (351, 354, 355, 356, and 357)
under selection in both CAP177 and CAP206 that clustered together within the C3
region on the envelope trimer (highlighted in yellow in Fig. 5B), suggesting another
distinct epitope within this region.

bNAbs to the N332 supersite have also been shown to depend on the 324GDIRQA
H330 motif at the base of the V3 loop (52). We therefore analyzed selection at these
sites. Although none reached statistical significance for positive selection, we observed
toggling at sites 325 and 330 in both bNAb donors (CAP177 and CAP255) but also in
strain-specific donor CAP228. No such toggling was observed in CAP206 and CAP88
(Fig. 5D). Sites 325 and 330 have been reported to impact neutralization sensitivity
when these mutations are accompanied by changes at other sites, such as 301, 324,
326, and 327 (52). The similarity of toggling of V3 residues in CAP177, CAP255, and
CAP228 might suggest a similar epitope for both broad antibodies and some strain-
specific antibodies, raising the question of how they differ in their mode of recognition.

Increased positive selection is associated with neutralization breadth. We next
assessed whether positive selection at key sites increased with the acquisition of
breadth. For this analysis, we used previously published data defining the kinetics of
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bNAbs (gray shading, Fig. 6) and strain-specific responses to the same epitope (dotted
line, Fig. 6) (4, 16, 17, 23, 24, 33, 38). Selected residues are shown compared to the T/F
virus, except for CAP256, where the comparison is with the superinfecting virus
previously shown to elicit bNAbs in this donor (16). For V1V2 bNAb donors CAP256 and
CAP257, we observed positive selection at sites 169/185 and 166/169/181, respectively,
prior to the development of breadth, likely driven by the earlier strain-specific re-
sponses (Fig. 6A). In CAP256, the positively charged K169 in the superinfecting virus
was replaced with a 169Q, which is rare among subtype C viruses but present in the
primary infecting virus and confers partial escape from V2 directed antibodies (16).
Similarly, in CAP257, a charge-changing minority K169E mutation emerged prior to the
development of breadth. In both donors, positive selection expanded to additional
sites, including the N160 glycan, with the onset of neutralization breadth. In CAP257,
additional mutually exclusive glycans at positions at 185 and 187 were selected for after
bNAb development.

In C3V4 donors CAP177 and CAP255, strain-specific responses drove positive selec-
tion at two to three sites (N332 and 344 for CAP177 and sites N339 and 340 for CAP255)
(Fig. 6B). However, the emergence of bNAbs was associated with a significant increase
in levels of positive selection. For CAP177, we have previously shown that the T/F does

FIG 4 Comparison of positively selected sites in the V2 region of participants with and without bNAbs. (A) Table showing all sites under positive selection in
the V2 region of participants with V1V2 responses. Positively selected sites common to both bNAb donors are highlighted in red. (B) Trimer model showing
all sites under positive selection in participants with V2 responses (left) and common sites under positive selection in CAP256 and CAP257 (right). (C) bNAb
sites also under positive selection in non-bNAb participants.
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not contain a N332 glycan, and that early strain-specific nAbs drive selection of this
glycan, which is subsequently lost as bNAbs develop (23). For CAP255, the N332 glycan
is under positive selection but is nonetheless largely maintained in most late viral
variants. Overall, we observed a significant increase in the number of key sites exhib-
iting selection pressure with the onset of breadth (Fig. 6), both within the V1V2 and
C3V4 bNAb donors.

DISCUSSION
The study of virus-antibody coevolution in infected donors who develop bNAbs has

provided crucial insights into how viral variation drives antibody lineages toward
breadth. However, most studies have focused on bNAb donors, making the assumption
that specific Env evolutionary patterns are unique to this group. The existence of
infected donors who develop strain-specific responses raises the question of whether
viral evolutionary pathways in these donors differ from those of the well-described

FIG 5 Comparison of positively selected sites in the C3 region of participants with and without breadth. (A) Table showing all sites under positive
selection in the C3 region of participants with C3V4 responses. Positively selected sites common to both bNAb donors are highlighted in red. (B)
Trimer model showing all sites under positive selection in participants with C3V4 responses (left) and common sites under positive selection in
bNAb donors CAP256 and CAP257 (right). (C) bNAb sites also under positive selection in non-bNAb participants. (D) Analysis of sites that toggle
in the V3 GDIRQAH motif of participants with C3V4-directed responses. wks, weeks.
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bNAb donors. The purpose of this study was therefore to compare the evolutionary
pathways of HIV envelope glycoproteins in bNAb and non-bNAb donors to identify
whether there are distinct viral features that are associated with breadth. Moreover, we
used previously generated data describing the targets of both strain-specific antibodies
and bNAbs to compare viral evolution specifically within epitope regions. We showed
that neither overall viral diversity nor local diversity in targeted regions is sufficient for

FIG 6 Increased positive selection at the onset of neutralization (Neut.) breadth. Breadth is shown in gray, glycans are shown in cyan, positively charged amino
acids are shown in blue, negatively charged amino acids are shown in red, and noncharged amino acids are shown in black. (A) Participants with V1V2-directed
bNAbs showed increased numbers of positively selected bNAb sites (160, 166, 169, 181, 185, and 187) as breadth developed. (B) Participants with C3V4 bNAbs
accumulated pressure at sites 332, 337, 339, 340, 341, 343, and 344 with breadth.
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breadth. However, we observed higher numbers of positively selected sites in broad
neutralizers and identified several positively selected sites in the V2 and C3 regions that
were common to bNAb donors and limited or absent in participants without neutral-
ization breadth. Selection pressure at these sites also increased with onset of neutral-
ization breadth, highlighting the role of targeted viral selection in the development of
breadth.

One of the consistent factors associated with the development of bNAbs in cohort
studies is the presence of high levels of viral diversity (5, 6, 9, 14, 15). However, in this
study, Env diversity at 3 years of infection showed no significant differences between
bNAb and non-bNAb donors. While this may appear to contradict findings from
previous cohort studies, it is important to note that most non-bNAb donors in this
study were selected to have a viral load similar to that of the bNAb donors. As viral load
and diversity are linked, this analysis indicates that in donors with similar viral loads,
overall diversity does not distinguish bNAb donors from non-bNAb donors, and it
suggests that additional factors influence breadth. The lack of difference in overall Env
diversity between the two groups is consistent, with several studies showing that
bNAbs often represent only a small proportion of the overall neutralizing responses in
an infected donor (53; see also Kitchin et al., unpublished data). Although most of the
strain-specific neutralizing antibodies that comprise the overall neutralizing response
fail to acquire breadth (as is evident from the low proportion of bNAb donors in
infected cohorts), they nonetheless drive substantial diversity through viral escape.
Indeed, there appears to be no clear association between overall autologous neutral-
ization titers and breadth (4, 54, 55).

Superinfection has been reported to be important in the development of breadth,
although the effect is small (16, 56, 57). Our study included two donors where the
tMRCA and actual time of infection differed significantly, suggesting (CAP8) or con-
firming (CAP256) superinfection. Both donors developed bNAbs, and CAP256 has been
intensively studied over many years (16, 17, 46, 58). However, in CAP256, we have
recently demonstrated that superinfection played no significant role in driving breadth
(55). Furthermore, within the CAPRISA cohorts, we see no association between super-
infection and breadth (55).

Many studies defining viral escape from bNAbs have confirmed that despite the
conserved nature of these epitopes, HIV can utilize multiple pathways to escape (36, 37,
59). For this reason, bNAbs fail to confer any clinical benefit to those donors in whom
they develop (Gray et al., 2011). In donors who develop breadth, extensive toggling
with epitopes has been shown to precede the development of breadth (17, 18). Our
observation of higher numbers of positively selected sites in bNAb donors, particularly
within the first year of infection, supports the notion that this early but targeted viral
toggling is required for the development of breadth, and it differentiates bNAb donors
from those who remain strain specific.

The underlying reason for a higher number of positively selected sites in bNAb
donors is of interest for HIV vaccine design. This is unlikely to be a consequence of
higher titers, as many of the strain-specific responses we have previously mapped have
equivalently high titers to bNAb responses (38, 60). The targeting of intrinsically more
conserved epitopes may result in fitness costs for some escape mutations and, there-
fore, higher levels of compensatory mutations at proximal sites (61). Alternatively, it is
possible that antibodies with the potential to mature toward breadth bind the virus
using a wider “footprint,” i.e., they have more contact sites and therefore drive early
escape mutations at more sites. The finding that mutations at many of these positively
selected sites, when introduced into heterologous viruses, confer neutralization escape
from bNAbs may support the latter possibility (4, 17, 18, 49, 50, 52, 62–64).

The identification of sites common to bNAb donors and their clustered location on
the trimeric Env may emphasize the importance of accurate early targeting by bNAbs.
Studies of the ontogeny of V1V2-directed bNAb donors have confirmed the need for
precursors encoding long third complementarity-determining regions to penetrate the
glycans shielding the V2 C-strand (where many of the positively selected sites we
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identify here are located). The tight clustering of positively selected sites for C3V4 bNAb
donors in this study may suggest that initial targeting is important here, too, though
mature members of V3-directed bNAb glycan bNAbs show much more promiscuity in
their angles of approach as they mature to accommodate sequence variation and
glycosylation (65–71).

We selected 14 participants for the in-depth epitope study because of the availabil-
ity of both sequence and mapping data. Furthermore, both V1V2- and N332-directed
bNAbs are among the most common bNAb specificities elicited during infection (4, 6,
54, 72, 73) and may require relatively less somatic hypermutation to acquire breadth
(16, 20, 74). This makes these bNAb specificities attractive vaccine targets. However, this
study could be improved by performing similar analyses on additional participants
with/without bNAbs, including other less commonly elicited bNAb specificities. Since
the number of participants in this study was relatively small, larger cohorts and
inclusion of donors infected by other viral subtypes would be valuable in the future.
We also utilized single-genome Sanger sequencing data with limited depth, whereas
sequences generated through next-generation sequencing would give a more accurate
representation of viral diversity. Nonetheless, this study has highlighted key differences
between the evolutionary pathways of HIV env glycoproteins in participants with and
without bNAbs. Furthermore, it has clarified that amino acid diversity at key positions
within the V1V2 and C3V4 epitopes is more important than overall env diversity. The
association of shared positively selected sites with the onset of breadth highlights the
importance of diversity at these positions in bNAb development. Designing immuno-
gens against HIV that include targeted diversity within these common sites may thus
be critical in the maturation of V1V2- and C3V4-directed bNAbs.

MATERIALS AND METHODS
HIV-infected participants and ethics. Longitudinal plasma samples were collected from 14 women

chronically infected with HIV-1 subtype C who were enrolled in the CAPRISA 002 and 004 cohorts (75,
76). Of these, 8 participants (CAP8, CAP177, CAP206, CAP357, CAP248, CAP255, CAP256, and CAP257)
developed bNAbs (defined by their ability to neutralize more than 40% of a multisubtype panel at
3 years) and 6 donors (CAP45, CAP88, CAP200, CAP225, CAP228, and CAP229) who did not develop
bNAbs (with plasma breadth less than 10%) despite approximately 3 years of HIV infection (46) (Mad-
zhivandhila et al., unpublished data).

Evidence of HIV infection in participants was determined using two rapid HIV-1 antibody tests
(Determine, Abbott 89 Laboratories, Tokyo, Japan; and Capillus, Trinity Biotech, Jamestown, NY). False
positives and negatives were eliminated by using PCR for the negative samples (Ampliscreen version 1.5;
Roche Diagnostics, Rotkreuz, Switzerland) and an HIV enzyme immunoassay (EIA; BEP2000; Dade Behring,
Marburg, Germany) for positive samples. Viral loads were estimated using the Cobas Amplicor HIV-1
Monitor test version 1.5 (Roche Diagnostics). The time of infection was estimated as either the midpoint
between the last antibody-negative visit and first antibody-positive visit, or 14 days prior to an RNA-
positive antibody-negative sample.

Written informed consent to conduct research on stored specimens was obtained from all women at
enrollment, and ethics clearance for the use of plasma samples was obtained from the Human Research
Ethics Committee (Medical) from the University of Witwatersrand (MM040202), the University of Cape
Town (025/2004), and CAPRISA at the University of KwaZulu-Natal (E013/04).

Single-genome envelope amplification and sequencing. HIV-1 RNA was isolated from plasma
samples, and full-length envelope genes were amplified from single genomes at multiple time points by
nested PCR and sequenced using Sanger sequencing, as described previously (77).

Sequence alignments and data partitioning. Sequence alignments were made in MUSCLE (78) and
edited manually in BioEdit (79). The longitudinal envelope (env) glycoprotein sequences were analyzed
as a whole and subsequently partitioned into variable and constant regions for subsequent analyses
using the Se-Al software (80). The partitions were defined according to the HXB2 reference sequence as
follows: V1, amino acids 131 to 156; V2, amino acids 157 to 196; V3, amino acids 296 to 330; C3, amino
acids 329 to 383; and V4, amino acids 385 to 418.

Estimating diversity, nucleotide substitution rates, and time of infection. Overall Env, C3V4, and
V1V2 diversity was calculated using the Poisson correction distance model implemented in MEGA6 (81,
82). The model assumes equality of substitution rates among sites and equal amino acid frequencies,
while correcting for multiple substitutions at the same site (81, 82). The presence of temporal signal was
estimated in TempEst using maximum likelihood trees constructed with PhyML (83, 84). Phylogenetic
analyses were performed using BEAST version 1.8.4 (85). Best-fit nucleotide substitution models were
selected based on the Bayesian information criteria (BIC) and Akaike information criterion, corrected
(AICc) values estimated using the MEGA 6 software (81). The best-fit demographic and clock models were
selected with marginal likelihood estimations using the generalized path sampling and stepping stone
methods with 50 path steps (86, 87). The Monte Carlo Markov chains were run until convergence
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(effective sample sizes, above 200), and the chain lengths were between 50 and 500 million steps. The
log files generated were analyzed in Tracer version 1.5, and the maximum clade credibility (MCC) tree
annotated in TreeAnnotator and viewed in FigTree (88).

Identifying sites under positive selection pressure. We performed natural selection analyses using
Fast Unbiased Bayesian AppRoximation (FUBAR) that identifies codons under positive selection (89, 90).
Codons that had more nonsynonymous than synonymous changes and that were supported by a
posterior probability greater than 0.9 were reported to be evolving under positive selection. The pipeline
for selection analysis involved first analyzing recombination in sequences using the genetic algorithm for
recombination detection (GARD) to avoid phylogenetic bias when running FUBAR (89, 90). We employed
two strategies in the selection analyses, which we termed the snapshot and cumulative analyses,
respectively. The snapshot analysis involved analyzing sequence data from two consecutive time points,
whereas the cumulative analysis involved integrating overall sequences in the data set at a particular
time point.

Data availability. The accession numbers for the env sequences are EF203968 to EF203982,
FJ443149 to FJ443158, FJ443223 to FJ443239, FJ443275 to FJ443366, FJ443390 to FJ443393, FJ443492,
FJ443499, FJ443501 to FJ443504, FJ443508, FJ443519, FJ444632, GQ999980, GK999985, GK999989,
HQ625597 to HQ625599, HQ625604, HQ625605, KC863376 to KC863378, KC863380 to KC863392,
KC863446 to KC863456, KC863458 to KC863475, KC863542 to KC863553, KC863555 to KC863568,
KC863571, KF241776, KF241779, KF241781, KF241784, KF241786 to KF241788, KF241790, KF241791,
KF241793 to KF241796, KF241798, KF996600, KF996601, KF996604 to KF996630, KF996632 to KF996699,
KF996700 to KF996716, KT698223 to KT698227, KU198436, MF572810 to MF572829, and MK205449 to
MK206213.
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SUMMARY

Antibodies that bind residue K169 in the V2 region of
the HIV-1 envelope correlated with reduced risk of
infection in the RV144 vaccine trial but were
restricted to two ED-motif-encoding light chain
genes. Here, we identify an HIV-infected donor with
high-titer V2 peptide-binding antibodies and isolate
two antibody lineages (CAP228-16H/19F and
CAP228-3D) that mediate potent antibody-depen-
dent cell-mediated cytotoxicity (ADCC). Both line-
ages use the IGHV5-51 heavy chain germline gene,
similar to the RV144 antibody CH58, but one lineage
(CAP228-16H/19F) uses a light chain without the ED
motif. A cocrystal structure of CAP228-16H bound
to a V2 peptide identified a IGLV3-21 gene-encoded
DDxD motif that is used to bind K169, with a mecha-
nism that allows CAP228-16H to recognize more
globally relevant V2 immunotypes. Overall, these
data further our understanding of the development
of cross-reactive, V2-binding, antiviral antibodies
and effectively expand the human light chain reper-
toire able to respond to RV144-like immunogens.

INTRODUCTION

TheRV144vaccine trialwas thefirstHIV-1phase III humanclinical
trial to showa favorable outcome,withamoderate31.2%efficacy

(Rerks-Ngarm et al., 2009). A case-control analysis showed that
cross-reactive binding antibodies specific for the V2 region of
HIV-1 Env correlated inversely with infection risk (Haynes et al.,
2012). Selection pressure was identified at positions 169 and
181 in V2, and vaccine efficacywas greater (!48%) when viruses
had a matched V2 K169 residue (Rolland et al., 2012). The V2 re-
gion of Env is also a target for broadly neutralizing antibodies
(bNAbs), and position 169 is often a mutational hot spot for anti-
body escape during infection (Moore et al., 2011; Wibmer et al.,
2013, 2015). However, since vaccine-induced V2 antibodies
were only able to neutralize sensitive tier 1 virus strains, exactly
how these antibodies contributed to reduced infection rates re-
mains unknown (Rerks-Ngarm et al., 2009).
The isolation of several monoclonal antibodies (mAbs) from

RV144 vaccinees that bound short, linear, V2 peptide epitopes
spanningpositions 166–182ofEnv, haveprovidedpossiblemech-
anisms of action. These V2 mAbs were able to mediate antibody-
dependent cell-mediated cytotoxicity (ADCC) against CD4+ target
cells coated in Env derived from breakthrough infections (Liao
et al., 2013) and subtype AE HIV-1 CM235 infectious molecular
clone-infected target cells (Pollara et al., 2014). Among RV144
vaccinees, 28% had V2 plasma antibody levels sufficient to
mediate ADCC and tier 1 neutralization (Rerks-Ngarm et al.,
2009). Furthermore, the binding footprints of the isolated V2
mAbs overlap with a tripeptide motif in V2 (position 179–181)
that binds the adhesion receptor a4b7 (Arthos et al., 2008).
Antibodies that block this interaction have been shown to reduce
simian immunodeficiency virus (SIV) acquisition and impact path-
ogenesis in the non-human primatemodel (Byrareddy et al., 2014,
2016).

Cell Reports 25, 3123–3135, December 11, 2018 ª 2018 The Authors. 3123
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Structural studies of two RV144 mAbs, CH58 and CH59,
showed that the V2 peptide epitope can be structurally dynamic,
as both mAbs bound to different conformations of V2 (Liao et al.,
2013). CH58 recognizes region 167–176 as an a-helix, and
177–181 as coiled loop, while CH59 binds region 168–173 as a
coil, and 174–176 as a short 310-helix. This differs from bNAbs,
which only bind conformational epitopes that include region
167–181 as one of five b-strands forming part of a ‘‘Greek key
motif’’ in prefusion Env trimers (Gorman et al., 2016; Julien et al.,
2013;McLellan et al., 2011; Pancera et al., 2014). Non-neutralizing
V2 antibodies previously isolated from HIV-1-infected donors
(such as 830A) also bind to this five-stranded b-barrel conforma-
tion of V2, but their epitopes are not exposed on native, pre-fusion
trimers (Pan et al., 2015). Similarly, the peptide epitopes recog-
nizedbyvaccineantibodiesCH58andCH59are likelyonlypresent
on aberrantly processed or refolded forms of V2, which coexist
with native pre-fusion Env on the viral membrane (Moore et al.,
2006). These aberrant forms of Env are the primary target for
non-neutralizingantibodiesmediating Fceffector functions,which
may have contributed toward the reduced infection risk in RV144.

In the case of RV144 V2 antibodies, these antiviral activities
were largely dependent on the interactions with positively
charged residues at positions 168, 169, and 171 in V2. In both
CH58 and CH59, this binding was mediated predominantly by
a glutamic-aspartic amino acid pair (ED motif) in the antibody
CDRL2 (Liao et al., 2013; Wiehe et al., 2014), which is structurally
preconfigured in the naive B cell to interact with V2 (Nicely et al.,
2015). Recognition of V2 by other RV144 mAbs, as well as mAbs
from vaccinated non-human primates, also required the same ED
motif, although alternative solutions could potentially be found
among other animal models that lack an appropriate ED-motif-
encoding genome (Wiehe et al., 2014, 2017). In humans the ED
motif is encoded by only two functionally expressed light chain
germline genes, IGLV3-10 and IGLV6-57 (Lefranc, 2001). This
suggests a limited capacity for eliciting these types of potentially
protective antibodies, even though the V2 region is highly immu-
nogenic, and 20%–45% of HIV-1-infected individuals develop
V2-specific antibodies (Israel et al., 1997; Kayman et al., 1994).

Therefore, to assess whether other modes of K169 binding ex-
isted, we screenedHIV-positive plasma samples for K169-depen-
dent, V2 peptide-binding antibodies, and isolated threemAbs that
resembled the RV144 vaccine antibody CH58. All mAbs used the
same IGHV5-51 heavy chain, but two mAbs used a light chain
that lacked an ED motif. A crystal structure of one of these,
CAP228-16H, bound to a V2 peptide revealed how a surrogate
DDxDmotif enabledbinding toK169. The identification of this third
light chain gene capable of binding V2 broadens the K169-binding
repertoire that can respond to RV144 vaccine antigens. Overall,
these data contribute toward a better understanding of K169-
focused V2 epitopes and the antibodies that target them, which
are considered essential for RV144 vaccine efficacy.

RESULTS

Isolation of V2 Peptide-Binding Antibodies from HIV-1
Infection
To identify HIV-infected individuals with RV144-like antibodies,
we screened plasma samples from 15 HIV-1 subtype C chroni-

cally infected donors for binding to V2 peptides and V1V2 scaf-
folded proteins (Figure 1A). Hierarchical clustering of reactivity
was used to divide the plasmas into three groups: V2 peptide-
binding antibodies (clustering with CH58/CH59), monomeric
V1V2-binding antibodies (clustering with PG9) (Walker et al.,
2009), and antibodies with limited-to-no monomer reactivity
(clustering with CH01) (Bonsignori et al., 2011). One-half of the
selected participants developed bNAbs during infection,
including two to the V2 region (CAP256 and CAP257) (Gray
et al., 2011a; Moore et al., 2011; Wibmer et al., 2013), but we
saw no obvious binding patterns to these antigens among those
individuals with bNAbs. Almost all plasma samples contained
cross-reactive V1V2 antibodies, with binding to the Case
A_gp70 protein used in the RV144 correlates analysis being
the strongest. However, only two participants (CAP228 and
CAP229) developed high-titer, cross-reactive, V2 peptide-bind-
ing antibodies similar to CH58 and CH59 from RV144.
Longitudinal analysis revealed that donor CAP228 devel-

oped V2 peptide-binding antibodies within 7 weeks of infection
that peaked at 36 weeks and remained high thereafter (Fig-
ure 1B). A large proportion of this response was dependent
on the K169 residue, as binding to a K169E mutant peptide
was considerably reduced. CAP228 did not develop neutrali-
zation breadth during this time and maintained relatively low
viral loads for 6 years before initiating antiretroviral therapy.
To find representative mAbs, memory B cells from CAP228
were isolated at 134 and 174 weeks post-infection (wpi) using
a differential K169/E169 single-cell sorting strategy (Figure 1C).
A total of 416 cells were sorted, yielding three K169-dependent
mAbs that bound strongly to V2 peptides in ELISA (Figure 1D).
The mAb CAP228-3D was isolated at 134 wpi only, while a
related pair of mAbs, CAP228-16H/19F, were isolated at
both 134 and 174 wpi. When compared with RV144-elicited
antibodies, the CAP228 antibodies were relatively less affected
by the K169E substitution, with only a 10-fold reduction in EC50

compared to CH58 where binding was knocked out. CH59
failed to bind the CAP45 V2 peptides (not shown). All three
CAP228 mAbs shared a common IGHV5-51 heavy chain
gene also used by CH58 (Figure 1E, highlighted in blue).
CAP228-3D also used the same IGLV6-57 gene as CH58,
while CAP228-16H and CAP228-19F (which are clonally
related) used a IGLV3-21 light chain gene (Figure 1E, high-
lighted yellow and purple). This latter gene does not encode
the characteristic K169-binding CDRL2 ED motif but does
have potentially analogous negatively charged residues at
the same positions (Figure 1E, bolded in red). The CAP228-
3D antibody had a 19-amino acid-long CDRH3 (as defined
by the ImMunoGeneTics database), like CH58, while the
CDRH3s of CAP228-16H/19F were slightly shorter (16 amino
acids), although still relatively longer than the average
CDRH3 lengths observed for CH59-like antibodies (Wiehe
et al., 2014). All three CAP228 antibodies had moderately
higher levels of mutation as expected for antibodies from
infection when compared to those after immunization. Most
noticeably, mutation levels of the two IGLV3-21 light chains
(antibodies CAP228-16H/19F) were higher than that of the
matched heavy chains, suggesting these may have been under
stronger selection pressure.
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The K169-Dependent V2-Binding Repertoire Is Not
Limited to ED-Motif Germline Genes
To trace the ontogeny of the CAP228 antibody lineages, gene-
specific antibody transcripts were sequenced from peripheral
blood mononuclear cells (PBMCs) at seven time points using
the Illumina MiSeq platform. Identity-divergence plots revealed
clonally related heavy and light chains as early as 7 wpi (Figures
S1A and S1B; Table S1), consistent with ELISA mapping data
showing the rapid elicitation of V2-binding antibodies (refer to
Figure 1B). Despite this rapid emergence, the CAP228 V2 anti-
bodies were not autoreactive and were thus unlikely to have
arisen from a preexisting polyreactive B cell pool (Table S2).
Although CAP228-16H was isolated at 134 wpi, exact matches
to the heavy chain of this antibody were detected at 96, 134,

and 174 wpi, while CAP228-16H/19F lineage-related reads
were detected at all time points sequenced (Figures S1A, S2A,
and S2B). In contrast, while CAP228-3D clonally related light
chains were found at all time points sampled, related heavy
chains were only detected above threshold at 47 wpi (Figures
S1B, S3A, and S3B). CAP228-3D uses the same heavy chain
V gene as CAP228-16H/19F and was thus amplified using the
same IGHV5-51-specific primers, suggesting a sampling bias
that might represent increased clonal expansion of this family
when compared to the CAP228-3D lineage.Maximum-likelihood
phylogenetic trees for the heavy and light chains of the
CAP228-16H/19F lineage (and the light chains of the CAP228-
3D lineage) were drawn using the isolated antibody sequences
and clonally related MiSeq reads to estimate lineage evolution

Figure 1. Isolation of V2p-Binding Anti-
bodies from an HIV-1-Infected Donor
(A) Hierarchical clustering of 15 HIV-1+ plasma

samples and four anti-V2 mAbs (labeled on the

right) based on their relative reactivity with V2

peptides or scaffolded V1V2 antigens (labeled on

the top and in the key) in an ELISA. Plasma sam-

ples and mAbs with broadly neutralizing activity

are indicatedwith an asterisk on the left-hand side.

Binding intensity was recorded as a relative per-

centage of maximum OD, where 0%–40% was

colored yellow; 40%–80%, orange; and 80%–

100%, red. Samples were grouped either with

mAbsCH58 andCH59 (based on strong binding to

peptides), with PG9 (based on binding to mono-

meric V1V2 proteins), or with CH01 (based on

no/limited binding to the peptides or proteins).

(B) ELISA binding of CAP228 longitudinal plasma

to CAP45 wild-type (blue) and K169E mutant

(cyan) cyclical V2 peptides. Absorbance readings

are plotted on the y axis against time on the x axis.

The 134 and 174 wpi time points at which mAbs

were isolated from stored PBMC samples are

indicated with the vertical dotted lines.

(C) Fluorescence-activated cell sorting (FACS) plot

showing the CAP228 memory B cells (in blue) that

bind BV421-labeled wild-type (y axis), but not

AF647-labeled K169E mutant (x axis) V2 peptide

antigens, and were therefore sorted for PCR

amplification.

(D) ELISA titers (y axis) of three CAP228 mAbs

(16H, 19F, and 3D) to both wild-type and K169E

mutant V2 peptides from CAP45 (colored as in B),

when compared to the RV144 vaccine antibody

CH58 (CH59 did not bind to CAP45 V2 peptides).

4E10 is an HIV-1 gp41 peptide-reactive mAb used

as a negative control (Buchacher et al., 1994).

(E) Properties of the CAP228 antibodies, defined

by the International Immunogenetics Database

(IMGT), compared to vaccine-elicited mAbs CH58

and CH59. CDRH3 lengths are also given for

Kabat numbering in parentheses. Shared immu-

noglobulin germline genes are shaded, and the

negatively charged amino acids in each CDRL2

are shown in red.
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(Figures 2A and S1C). The CAP228-16H/19F unmutated precur-
sor (or UCA) was identified directly from these data using the
least mutated common ancestor (LMCA) of clonally related
heavy and light chain sequences from 7 wpi, while the
CAP228-3D precursor was calculated by germline reversion of
the heavy chain, matched with the LMCA light chain from related
reads at 7wpi.

The predicted CAP228-16H/19F light chain UCA shared the
highest similarity with the IGLV3-21*01 allele, which encodes a
tyrosine-aspartic acid pair (YD) at position 49–50 in the CDRL2
rather than the two aspartic acids (DD) observed in the
CAP228-16H/19F lineage (Figure 2B, highlighted yellow and
blue). However, the CAP228-16H UCA also shared a synony-
mous allelic similarity with the DD-encoding IGLV3-21*02/03
alleles at position 92 (Figure 2B, highlighted red). To confirm
the origin of the CAP228-16H/19F lineage, the germline
IGLV3-21 alleles of CAP228 were amplified from genomic
DNA and sequenced. This revealed two previously undocu-
mented IGLV3-21 alleles, IGLV3-21*01m and IGLV3-
21*01mm (using a similar nomenclature for novel alleles as
previously reported in Scheepers et al., 2015), where IGLV3-
21*01m had a single synonymous mutation at position 92
(also found in IGLV3-21*02/03) when compared to IGLV3-
21*01. IGLV3-21*01mm further differed from IGLV3-21*01m
by also including the non-synonymous change from Y to
D at position 50 (Figure 2B, bottom row). Both the IGLV3-
21*01m and IGLV3-21*01mm predicted UCA variants were
synthesized and tested for their ability to bind the trans-
mitted/founder autologous CAP228 V1V2 in ELISA. Only the
DD-encoding UCA (IGLV3-21*01mm) bound the antigen (Fig-
ure 2C, blue and yellow lines). Together with longitudinal
lineage sequencing, these data suggested that the IGLV3-
21*01mm allele with the CDRL2-encoded DD pair initiated
the CAP228-16H/19F lineage.

Since the IGLV3-21*01mm allele has not been previously
described, we also assessed the known IGLV3-21*02/03 DD-
encoding alleles for their ability to engage V2 antigens. Both
the I48V mutation (that reverted the CAP228-16H/19F UCA to
IGLV3-21*03) as well as the K17Q mutation (converting the
CAP228-16H/19F UCA to IGLV3-21*02) bound equally well to
V1V2 (Figure 2C, pink and purple lines), confirming the relevance
of both common IGLV3-21 allelic variants in the V2-targeted im-
mune response. An analysis of allelic frequencies using ExaC
(Lek et al., 2016) suggested that the average prevalence of
DD-encoding IGLV3-21 alleles in the general population is 60%
(Figure 2D). The only population group to show significant varia-
tion from this was East Asia, where the frequency was much
lower at 26%, perhaps explaining why this light chain was not
represented among RV144 mAbs. Overall, the identification of
this additional light chain broadens the pool of potential
K169-dependent V2-reactive human B cells able to respond to
RV144 antigens.

The IGLV3-21 CDRL2 DDxD Motif Interacts with
V2 Residues K168, K169, and Y173
As CAP228-16H/19F lacked the CDRL2 ED motif used by
vaccine-elicited mAbs to interact with positively charged res-
idues at positions K168 and K169/K171, we hypothesized that

the negatively charged DD residues in the IGLV3-21 CDRL2
could make similar contacts with V2. To investigate this, a
cocrystal structure of CAP228-16H bound to the heterologous
CAP45 V2 peptide (residues 164–182) was determined at
2.6 Å resolution (Figure 3; Table 1). CAP228-16H bound to
V2 in a conformation that was highly similar to CH58 (Liao
et al., 2013), with the N-terminal half of the peptide adopting
an a-helical conformation, and the C-terminal portion, a
random coil structure (Figure 3A). Electrostatic analysis of
the CAP228-16H light chain paratope revealed a large anionic
patch, created by three aspartic acid residues in the CDRL2 at
positions 50, 51, and 53 (Figure 3B, highlighted in red). This
formed a DDxD motif that was analogous to the ED motif of
CH58 (positions 50 and 51), but covering a relatively larger
surface area.
An aspartic acid at position D51 was common to both anti-

bodies and was similarly oriented to interact with K168 in V2
(Figure 3C, boxed in pale blue). In contrast, the D50 side chain
of CAP228-16H is one carbon shorter than the E50 residue of
CH58, potentially weakening any interactions with K169.
Instead, K169 forms a surrogate water-mediated interaction
with the IGLV3-21 germline encoded D53 residue, broadening
the K168-K169 recognition motif to include an additional nega-
tively charged side chain (Figure 3C, boxed in pale red). The
space vacated by K169 is instead occupied by the CAP45
Y173 residue, which forms a hydrogen bond with D50 that is
not seen in the interaction between CH58 and the TH023 V2
peptide, containing the H173 immunotype (Figure 3C, boxed
in pale green). To assess the effectiveness of the IGLV3-21
CDRL2 as a surrogate for the IGLV3-10 or IGLV6-57 encoded
ED motif, position 50 of the CAP228-16H light chain was
mutated to glutamic acid (E) and assessed for binding to the
transmitted/founder autologous CAP228 V1V2 in ELISA. The
ED version of CAP228-16H bound equally well to V2 when
compared with the original DDxD version, with only a twofold
difference in EC50 (Figure 3D). Altogether, these data confirm
the suitability of the DDxD motif to serve as a surrogate for
the ED motif, by forming a larger anionic patch that recognizes
V2 residues K168 and K169, and also forms interactions with
position Y173.
The tyrosines at V2 residues 173 and 177 are also potentially

subject to tyrosine sulfation, which is thought to stabilize prefu-
sion trimers through CCR5 mimicry (Cimbro et al., 2014, 2016).
Intriguingly, while the V2 peptide used here for structural study
was not synthesized with sulfated tyrosines, we observed
additional density around position Y177, which we attributed
to a sulfate ion that facilitated cocrystallization of the
CAP228-16H/V2 complex by also forming important crystal lat-
tice contacts. This sulfate ion was likely from the mother liquor
during crystallization but was fortuitously oriented to occupy
the same space as a sulfated tyrosine would on virion-associ-
ated V1V2 (Figure 3E). An arginine at position 97 in the
CAP228-16H CDRH3 interacts directly with the Y177-associ-
ated sulfate ion, suggesting that during HIV-1 infection the
CAP228-16H lineage could have evolved to recognize a post-
translationally sulfated Y177 residue. This ability to bind
sulfated tyrosines potentially increases the functional activity
of the CAP228 antibodies.
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Figure 2. Identification of the CAP228-16H/19F UCA and Lambda IGLV3-21 Germline Alleles
(A) Maximum-likelihood phylogenetic trees of unique, clonally related sequences, for the heavy (left) and light (right) chain of the CAP228-16H/19F lineage, with

branches colored by time point. Mature CAP228-16H and 19F mAb sequences are colored according to the time point at which they were first observed rather

than when they were isolated. Trees were rooted to the least mutated common ancestor (LMCA).

(B) Alignment of the two additional CAP228 IGLV3-21 germline alleles, when compared to the IMGT sequences for IGLV3-21*01, IGLV3-21*02, and IGLV3-21*03.

Shared synonymous (positions 9 or 92) and non-synonymous (positions 17, 48, or 50) differences are indicated with alternate shading, where the key YD/DD

amino acid pair is colored yellow or blue, respectively.

(C) ELISA binding of the CAP228-16H/19F UCA to an autologous transmitted/founder CAP228 V1V2 scaffolded protein. Absorbance readings are plotted on the

y axis versus mAb concentration on the x axis. Binding of the CAP228-16H/19F UCA allelic variants for IGLV3-21*02 (pink) and IGLV3-21*03 (purple) are also

shown. IGLV3-21*01 shares the same amino acid sequence as IGLV3-21*01m.

(D) Frequency of the DD (blue) or YD (yellow) motifs among global allelic variants of the IGVL3-21 germline genes (data from The 1000 Genomes Project [Auton

et al., 2015]).

Cell Reports 25, 3123–3135, December 11, 2018 3127



 

 174 

 
 
 
 
 
 
 

CAP228 Antibodies Mediate ADCC against Globally
Prevalent V2 Immunotypes
To compare the epitope of CAP228-16H with the vaccine-
elicited antibody CH58, the percentage of accessible surface
area for each V2 amino acid side chain that was buried within
the respective antibody paratopes was compared in the two
crystal structures (Figure 4A). The overall binding profile was
strikingly similar, with K168, A/V172, Y/H173, L175, F176,
K/R178, and D180 burying more than 50% of their accessible
surface area in the antibody paratope and forming major
components of the antibody binding sites. These positions are
among the most conserved in V2 across globally circulating
strains in the Los Alamos National Laboratory HIV-1 Env data-
base and are likely important determinants of the cross-reactivity

Figure 3. Atomic-Level Details of the
Interaction between CAP228-16H and V2
Residues
(A) Cartoon representation of the CAP228-16H

Fab domain bound to V2 peptide residues 164–

182 from viral strain CAP45 (colored white). Heavy

and light chains are colored green and purple,

respectively, and the variable or constant domains

of the Fab are labeled.

(B) Surface representation of the CAP228-16H

paratope (top), compared to the CH58 paratope

(bottom), with the bound V2 peptide depicted as a

helix-loop cartoon with side chains shown in stick

representation. The Fab heavy chains are colored

green and blue, respectively, while the light chains

are colored per electrostatic potential. The CH58

CDRH3 was colored with partial transparency to

show the underlying V2 peptide. The large elec-

tronegative patch encoded by the IGLV3-21 DDxD

motif, or the IGLV6-57 ED motif, is indicated, and

K168 in V2 is labeled for perspective.

(C) A zoom-in of the atomic detail interactions

(shown with side chain sticks) between V2 resi-

dues K168, K169, and Y/H173, and the CAP228-

16H light chain DDxD or CH58 ED motifs.

Hydrogen bonds are indicated with the dotted

lines, andwatermolecules are shownwith the blue

spheres. The antibody CDRL2 and CDRH3 loops,

as well as the interacting amino acid pairs being

compared, are labeled.

(D) ELISA showing binding to the autologous

transmitted/founder CAP228 V1V2 scaffolded

protein by wild-type CAP228-16H (green), and the

ED-motif mutant (red), when compared to anti-

bodies that naturally contain the ED motif:

CAP228-3D (purple), CH58 (blue), and CH59

(gray). Absorbance readings are plotted on the

y axis versus mAb concentration on the x axis.

(E) 2Fo-Fc density map of V2 residue Y177,

showing the associated sulfate ion, oriented by

CAP228-16H CDRH3 residue R97.

for V2-binding antibodies (Figure 4B).
Several key differences between the
two antibodies were also apparent (Fig-
ure 4A, highlighted in yellow). Unlike
CH58, CAP228-16H did not make strong

salt bridges with K169 and K171, both of which are relatively
more sequence-variable residues across different strains of
HIV-1. CAP228-16H and CH58 both sequester the amino acid
side chain at position 173 almost in its entirety but make specific
hydrogen bonds with the Y173 or H173 immunotypes, respec-
tively. The Y173 immunotype recognized by CAP228-16H is
present in the majority (!65%) of HIV-1 circulating strains (Fig-
ure 4B, boxed in yellow), with a higher proportion of H173 found
among clade AE viruses (55%when compared to 19% globally),
which includes the RV144 vaccine strain. Together with a
reduced dependence on sequence-variable residues at posi-
tions 169 and 171, and the ability to recognize Y177 sulfation,
these data suggest that CAP228-like antibodies might better
recognize more globally dominant V2 immunotypes.
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To assess whether these recognition differences might impact
on the antiviral activities of V2-binding antibodies, the ability
of the CAP228 mAbs to mediate both neutralization and ADCC
was tested. Similar to CH58 and CH59, the CAP228 antibodies
were able to neutralize some tier 1A viruses in a TZM-bl neutral-
ization assay (Figure 4C), but they displayed marginally more
activity than CH58 and were able to neutralize both the subtype
AE TH023 (neutralized by CH58 and CH59) and the subtype
C MW965 strains (the latter with good potency; highlighted in
red on the heatmap). However, none of the other tier 1A viruses,

including those from subtype C, was sensitive to any of the
CAP228mAbs. For themost part, tier 1A neutralization sensitivity
trackedwell with the presence of a lysine at position 169 (with the
exception of SO032). These mAbs also failed to neutralize tier 1B
and tier 2 viruses, including the CAP228 autologous transmitted/
founder virus, consistent with the occlusion of these epitopes on
entry-competent envelope trimers (Table S3).
TheADCCactivityof theCAP228mAbswas initiallyassessedby

the granzyme B assay using a clade C gp120 from strain 1086. All
mAbs were re-expressed in an IgG1 backbone containing three
alanine mutations in the CH2 domain that improves FcgRIIIA
engagement (Ferrari et al., 2011;Shieldsetal., 2001). In this format,
all three CAP228 antibodies had ADCC activity comparable to the
RV144 vaccine antibodies CH58 and CH59 (Figures 4D and S4A).
The mAb A32 is specific for the inner domain of gp120, has a
well-defined ADCC activity, and was used as the positive control
(Ferrari et al., 2011; Moore et al., 1994), while Palivizumab (a
non-HIV respiratory syncytial virus [RSV]-specific mAb) was
used as the negative control. The specificity of the ADCC activity
was determined by introducing K169E or H173Y mutations into
the 1086 gp120. The K169E mutation substantially affected
ADCC by CAP228-16H/19F and almost completely abrogated
the activity ofCAP228-3DandCH58 (Figure 4D, cyan). In contrast,
the H173Y mutation only affected the ADCC activity of CH59,
consistent with previous studies (Liao et al., 2013). Control
antibodies A32 or Palivizumab remained unaffected by either
mutation.
The breadth of ADCCmediated by theCAP228mAbswas then

assessed against the autologous transmitted/founder virus, as
well as a multiclade panel of viruses (Figures 4E and S4B), using
an infectedcell assaywhere cell killing ismeasuredasa reduction
of the Luciferase signal provided by the infected cells (Pollara
et al., 2014). The CAP228 mAbs showed broader and more
potent reactivity compared to CH58 (Figure 4E, highlighted in
red), mediating high levels of ADCC against 6 of the 12 infected
cell targets including the CAP228 transmitted/founder virus (Fig-
ure 4D, labeled in gray). This difference appeared to trackwith the
immunotype at position 173 (Figure 4D, shaded green or purple).
RV144 mAb CH58 only showed high ADCC activity against
viruses with an H173 immunotype, mediating weak, sporadic
killing of cells infected with the Y173 immunotype, while CH59
was intolerant of the Y173 immunotype. The ADCC potency of
all five V2 antibodies also tracked well with changes at position
169, where 169R viruses displaying resistance to all mAbs, while
169T or 169I were resistant to the CAP228 mAbs, or CH58
respectively. For a few viruses, ADCC activity was more moder-
ate/weak and differed between the CAP228 mAb lineages. Both
CM244 and TV1.21 have longer, more glycosylated V1 loops
compared to the other viruses (32- and 37-amino acid loop
lengths and 6 glycans, respectively), potentially contributing to
resistance. Overall, these data are consistent with ADCC
directed to a V2 epitope and demonstrate the ability of CAP228
mAbs to recognize a broader range of viral immunotypes.

DISCUSSION

The V2 region of the HIV-1 envelope has become an increasingly
attractive target for vaccine immunogen design following the

Table 1. X-Ray Crystallographic Data and Refinement Statistics
(Molecular Replacement) for the Antigen-Binding Fragment of
CAP228-16H in Complex with HIV-1 CAP45 V2 Peptide

CAP228-16H Bound to

CAP45 V2 Peptide

Data Collection

Space group P212121

Cell dimensions

a, b, c (Å) 40.29, 104.27, 212.22

a, b, g (!) 90, 90, 90

Resolution (Å) 35.37–2.58 (2.67–2.58)a

Unique reflections 26,374 (1,710)

Rmerge 0.158 (0.373)a

Rpim 0.068 (0.263)a

I / sI 10.4 (2.1)a

CC1/2 0.951 (0.873)a

Completeness (%) 90.2 (59.4)a

Redundancy 5.1 (2.5)a

Refinement

Resolution (Å) 50–2.58

No. reflections 26,364 (1,709)

Rwork/Rfree 0.22/0.25

No. atoms (no H) 6.922

Protein 6,786

Other 20

Solvent 116

B factors (no H) 72

Protein 72

Other 87

Solvent 53

Wilson B-factor (Å2), all atoms 54

RMS deviations

Bond lengths (Å) 0.003

Bond angles (!) 0.650

Ramachandran favored % 96.5%

Ramachandran outliers % 0.0%

Rotamer outliers % 0.1%

Molprobity clash score 1.5

MolProbity overall score 1.0

PDB ID 6FY0
aValues in parentheses are for highest-resolution shells.
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Figure 4. Increased V2 Coverage and Broader ADCC Activity Mediated by CAP228 Antibodies
(A) Buried surface area for V2 peptides residues 165–182 (x axis) from the CAP228-16H (purple) or CH58 (green) cocrystal structures, plotted as a percentage of

the total accessible surface area (y axis). Significant differences between the two structures are boxed in yellow, and hydrogen bonds (H) or salt bridges (S) are

labeled. The potential interaction between CAP228-16H and a sulfated tyrosine at position Y177 is indicated with the asterisk.

(B) Global frequency (y axis) of amino acids occurring at V2 positions 165–182 (x axis), from non-redundant sequences in the HIV-1 Los Alamos National

Laboratory (LANL) database, aligned with V2 residues in (A). Positively or negatively charged residues are colored blue or red, while the tyrosines recognized by

CAP228-16H, and the histidine required for CH58 are colored purple and green, respectively. Position 173 is boxed in yellow.

(legend continued on next page)
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demonstration that V2 peptide-binding antibodies correlated
with reduced risk of infection in the RV144 vaccine trial (Haynes
et al., 2012; Rerks-Ngarm et al., 2009). Recognition of these V2
antigens relies on key interactions with lysine residues at
positions 168, 169, and 171 through a mechanism thought to
be restricted to two light chain V genes. Here, we identify an
additional light chain V gene that uses an alternative mode of
recognition, allowing for broader reactivity with global strains.
The CAP228 mAbs, isolated from an HIV-1 subtype C-infected
individual, were shown to mediate ADCC against a larger panel
of infected cells compared to mAbs from RV144. Overall, these
data improve our understanding of the immunogenicity of V2
and suggest an increased ability to respond to RV144-like vac-
cines in populations where suitable alleles are more prevalent.
The isolation of antibodies from HIV-1-infected donors that

resemble those from vaccine recipients suggests that RV144
mAbs were elicited by envelope conformations that are naturally
expressed during HIV-1 infection. As such, studies of mAbs
isolated from donors such as CAP228 are highly relevant for un-
derstanding how the RV144 vaccine may have mediated its
protective effect. Screening of donor sera revealed that while an-
tibodies to V2 were commonly elicited during chronic HIV-1
infection, only 2 of 15 individuals showed a dominant binding
pattern similar to the RV144 mAbs CH58 and CH59. This sug-
gests that cross-reactive, linear peptide-associated, K169-
dependent V2 response may be less immunodominant in HIV
infection, and perhaps explains why these types of V2 mAbs
have not previously been isolated from infected donors. In keep-
ing with this, we found the frequency of V2 K169-specific B cells
in CAP228 to be extremely low, as less than 1 per 25,000 mem-
ory B cells were isolated by the differential sorting approach.
Transcripts from both CAP228 mAb lineages were detected

at 7 wpi, suggesting that they arose early, and possibly simulta-
neously, co-incident with the appearance of V2-binding anti-
bodies in CAP228 serum. All of the CAP228mAbs showed subtle
differences in V2 recognition compared to CH58, including being
considerably less dependent on residue K169, which may reflect
their need to adapt to an evolving viral antigen. Of the two line-
ages, CAP228-3D was most CH58-like in that it shared the
same IGLV6-57 light chain gene. However, transcripts from the
CAP228-3D lineage were found at very low frequency, with
detection of the heavy chain only at a single time point. In
contrast, the CAP228-16H/19F lineage heavy and light chain
transcripts were seen across all time points, peaking at 47weeks
(which coincided with high V2-binding titers) and appeared to be
the dominant response. Whether or not the unique heavy-light
chain pairing of the CAP228-16H/19F lineage conferred a selec-
tive advantage is still to be determined. Similarly, the isolation of
two lineages that used the same heavy chain as CH58 may

indicate a genetic advantage for IGHV5-51 when accessing the
V2 site that warrants further study.
Antibodies able to bind V2 peptides were thought to be limited

to the two germline light chain genes IGLV3-10 and IGLV6-57
that contain a pre-configured EDmotif (Wiehe et al., 2014). Simi-
larly, mAbs isolated from V2-immunized rhesus macaques
almost always used the IGLV3-17 light chain gene (an ortholog
of human IGLV3-10) (Wiehe et al., 2014). This suggested a poten-
tial genetic restriction within the naive repertoire of B cells able to
respond appropriately to RV144-type vaccines. Our identifica-
tion of an additional light chain gene used by CAP228-16H/
19F, which can form productive K169-dependent V2 peptide
interactions, is therefore encouraging. Structural studies re-
vealed that this IGLV3-21 light chain uses a different CDRL2
arrangement to bind K169, which allowed us to define a DDxD
motif that serves as a surrogate for the ED motif. Generation of
an artificial antibody with an EDxD motif revealed equivalent
binding activity, indicating that this allele can accommodate
the traditional mode of binding, although the precise interactions
would need to be confirmed structurally. Two of the International
Immunogenetics Database (IMGT)-defined IGLV3-21 alleles
(*02 and *03) have this DDxD motif, while the third IGLV3-21*01
allele has a YDxD motif. Interestingly, germline sequencing of
IGLV3-21 fromdonor CAP228 revealed two alleles not previously
reported in the IMGT database (Lefranc, 2001), indicating the
importance of more inclusive online databases. Expression
and testing of the UCA with a YDxD motif (IGLV3-21*01m) sug-
gested that B cells carrying this allele were not engaged by the
infecting virus. Rather, this lineage derived from the IGLV3-
21*01mm allele, containing the DDxD motif. Reversion of
IGLV3-21*01mm allele to contain the *02 and *03 amino acid
changes showed no impact on binding to the autologous
CAP228 transmitted/founder V1V2, suggesting that all DDxD-
motif-containing alleles are equally functional in binding V2
antigens. The discovery of two undocumented alleles in one in-
dividual, in addition to the three previously reported alleles within
the IGLV3-21 light chain gene, suggests that significant variation
exists within the African genome as previously demonstrated for
the heavy chain variable region (Scheepers et al., 2015). Since
the IGLV3-21*01mm allele contains the DDxD motif, this in-
creases the repertoire of light chain alleles able to bind V2 and
could increase V2 antibody response rates and titers to
RV144-like vaccines.
In addition to expanding the B cell repertoire able to recognize

K169, the IGLV3-21 gene used by CAP228-16H also forms pro-
ductive interactions with Y173 in V2, potentially conferring
increased recognition of heterologous strains. Consistent with
this, CH58 showed strong ADCC against viruses with the H173
immunotype, while CAP228 antibodies recognized viruses that

(C) Neutralization activity of the CAP228 mAbs, or RV144 mAbs CH58 and CH59, in the TZM-bl assay against six tier 1A HIV-1 viruses. IC50 titers%1 mg/mL were

colored red, while those between 1 and 10 mg/mL are shown in orange, and those between 10 and 50 mg/mL are shown in yellow.

(D) Mapping the V2-directed ADCC activity by the granzyme B assay against HIV-1 1086 gp120-coated target cells. Measurements represent area under the

curve (y axis) for wild-type (blue), K169E (cyan), or H173Y (purple) mutant proteins.

(E) ADCC activity of the CAP228 mAbs against CEM.NKR-CCR5 cells infected with a multi-clade panel of 12 HIV-1 strains, compared to CH58 and CH59. Data

report percentage activity versus antibody concentration as area under the curve, above 15% background, and are displayed as a heatmap with >400 shown in

red; 200–400, in orange; 40–200, in yellow; and <40, in white. Relevant genotypic information for each envelope strain is also shown, grouped according to

immunotypes at residues 169 and 173. ThemAb A32with known ADCC activity was included as a positive control and showed reactivity against all infected cells,

while Palivizumab (a non-HIV antibody) was included as a negative control.
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contained both the H173 as well as the more globally prevalent
Y173 immunotype. These data suggest that the ability to accom-
modate Y173, in part due to the use of this newly implicated
IGLV3-21 light chain, may have resulted in broader ADCC activ-
ity, and these results are consistent with the relatively high ADCC
activity previously measured in CAP228 plasma (Richardson
et al., 2018). Antibodies fromRV144, such asCH58, were elicited
by a vaccine strain with an H173 immunotype that is relevant to
clade AE (which predominates in Thailand), while CAP228 anti-
bodies were elicited by a virus with a Y173 immunotype. While
this likely contributed to selection of IGLV3-21 used by the
CAP228-16H/19F mAbs, the CAP228-3D mAb (which uses an
ED-motif-containing light chain) was also elicited by the same
Y173-containing viruses. CAP228-3D interactions with Y173,
like CH58 interactions with H173, are exclusively mediated by
the heavy chain CDRH3. Another RV144 mAb, CH59, binds to
a different H173-dependent conformation of V2 but failed to
bind the peptides or V1V2 scaffolded proteins used in this study
with the more globally prevalent Y173 immunotype. The specific
immunotype presented at position 173 might therefore form an
important antigenic determinant of V2 immunogens. Similarly,
the ability to recognize a sulfated Y177 residue, which is less
frequently observed on recombinant immunogens when
compared with virus associated V1V2 (Cimbro et al., 2014),
may improve V2 mAb antiviral activities. These data highlight
key differences between CAP228 antibodies elicited through
HIV-1 infection, which were more cross-reactive with circulating
viral strains than mAbs elicited by vaccination, and suggest that
antigens more representative of the diversity within V2 could
elicit broader and more potent antiviral responses than RV144.

ADCC activity was identified as a correlate of reduced risk of
HIV-1 infection, and mAbs isolated from RV144 also showed
strong ADCC activity (Bonsignori et al., 2012; Haynes et al.,
2012; Pollara et al., 2014). Here, we show that the ADCC activity
of all tested V2 mAbs was largely restricted to cells infected with
viruses that harbored a K169 residue in V2, although the IGHV5-
51/IGLV3-21 pairing appeared to be more tolerant of variation at
this position. This further supports the genetic signature analysis
showing that breakthrough infections in RV144 were under-rep-
resented for K169 (Rolland et al., 2012). While this has been
attributed to a genetic sieve effect, i.e., that K169-containing
viruses were selectively prevented from establishing infection,
mutations away from K169 may also have arisen post-acquisi-
tion as a result of antibody selection pressure, possibly through
ADCC (Rolland et al., 2012). Increasingly, the Fc effector func-
tions of antibodies have been shown to play an important role
in antiviral efficacy (Horwitz et al., 2017), but direct evidence
for viral selection is limited mainly because of the difficulty of
analyzing the role of ADCC separately from that of antibody
neutralizing activities.

The RV144 trial conducted in Thailand is the only HIV-1 vac-
cine to show some level of efficacy, and follow-up studies of
this approach are being actively pursued. In the HVTN 097 phase
I trial, which tested the same vaccines used in RV144, antibody
responses to V2were found to be higher in Africans compared to
Thais (Gray et al., 2014). A follow-up study called HVTN 100, that
used clade C versions of these vaccine immunogens, passed all
pre-set go/no-go criteria, which included V2 antibody response

rates (Bekker et al., 2018). These data suggest that V2 antibodies
will be readily elicited in HVTN 702, the current efficacy study that
is enrolling 5,400 high-risk men and women in South Africa. It
remains to be seen whether modifications to the regimen, which
includes new HIV-1 clade C components, additional protein
boosting, and a different adjuvant, results in higher levels of effi-
cacy compared to RV144. Importantly, this trial will confirm
whether or not V2 antibodies with ADCC activity are a correlate
of reduced risk of HIV-1 infection. Our data, showing that South
Africans can respond to V2 antigens using additional genetic
determinants, expands the opportunities for responding favor-
ably to RV144-like vaccines, but confirmation of this awaits
isolation and characterization of mAbs from participants in the
HVTN 702 trial.
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