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Abstract 

The CAPRISA 004 trial demonstrated the safety and a 39% efficacy of a 1% tenofovir 

(TFV) gel for the prevention of HIV-1 acquisition in young African women.  It was subsequently 

shown that women assigned to the TFV arm who became infected had higher viral loads, slower 

anti-HIV-1 antibody avidity maturation, and higher Gag-specific IFN-γ+ CD4+ T cell responses; 

although replication capacity, as measured by Gag-Pro recombinant viruses, did not differ 

between arms.  We thus aimed to investigate if there were differences in Envelope function, or 

TFV susceptibility, which may be selected for during transmission in those who became infected 

despite being assigned to the TFV arm.   

Viruses from 39 out of 48 recently HIV-1 infected individuals from the trial (matched on 

time post-infection and the presence of protective HLAs) were isolated.  Isolate env genes were 

sequenced using a single genome amplification approach and were compared to plasma 

sequences from the same time-point.  To evaluate phenotypic characteristics of env, inhibition 

assays were performed using the following inhibitors: tenofovir, maraviroc, T20, PSC-RANTES 

and anti-CD4 antibody clone SK3.  In addition, envs for 19 participants were cloned and used to 

generate pseudoviruses which were evaluated for entry efficiency.   

Viral isolates were identical or very similar to viruses in circulation in vivo; however had 

a lower diversity, indicating that they were representative of in vivo virus but did not reflect the 

entire quasispecies in plasma.  The TFV arm viruses were not more resistant to TFV than those in 

the placebo arm.  A comparison of variable loop characteristics, distance to a consensus 

representative of viruses circulating in the region, and sensitivity to inhibitors or entry 

efficiencies of the viruses, also found no difference in genotypic nor phenotypic properties 

between study arms.  When assessing the impact of viral phenotype on markers of disease 

progression, it was found that sensitivity to inhibitors did not contribute to VL or CD4+ count in 

this cohort.  To evaluate envelope in isolation of the rest of the genome, pseudoviruses were 

generated from 11 participants.  We found that PSV entry efficiency did not correlate with VL at 

isolation, 3 months post-infection and set-point, or with CD4+ counts at set-point.  However, 

pseudovirus inhibitor sensitivities were significantly different to those of isolates for the 

inhibitors T20, anti-CD4 antibody SK3 and PSC-RANTES. 

Overall, the isolate env genotypic and phenotypic characteristics investigated in this study 

did not differ between trial arms.  Interestingly, pseudoviruses showed significant differences in 

their sensitivity to entry inhibitors when compared to their corresponding isolate, highlighting 

the importance of caution when interpreting data from in vitro studies, and motivates for further 

evaluation of in vitro models.   
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1. Literature Review 

 

1.1 Introduction 

 

Human Immunodeficiency Virus (HIV-1), the causative agent of Acquired Immune Deficiency 

Syndrome (AIDS), has claimed more than 39 million lives since it was first described in 1981 (1).  

In 2013, 2.1 million new infections globally brought the total number of people living with HIV-1 

worldwide to 35 million.  Of these people infected with HIV-1, the majority live in Sub-Saharan 

Africa which contributes to almost 70% of new infections.  Women disproportionately carry the 

burden of HIV-1 infection in most regions in the world.  It is estimated that in sub-Saharan Africa, 

three to six times as many young women are infected than young men (1).  Many socioeconomic 

factors play a part in this disease burden disparity; most notably, cultural attitudes towards sex 

(2, 3), gender inequality (4), intergenerational sex (5), concurrent sexual partners (6), gender-

based violence (7), poor education, poverty and unemployment (8); all of which increase 

vulnerability to HIV-1 infection.  Aside from the socioeconomic factors, women have been found 

to more biologically susceptible to infection with heterosexual transmission of HIV-1 from male 

to female being up to eight-fold as efficient as from female to male (9–12).  Factors which have 

been identified as contributing to the higher efficiency of heterosexual transmission of HIV-1 

from male to female include: 

 

i. The female genital mucosa has a large surface area through which transmission of 

HIV-1 can occur (9); 

ii. The epithelial barrier of the endocervix and uterus is only a single layer of cells thick 

and has been shown to be more susceptible to the transmission of HIV-1 (13, 14); 

iii. The vaginal mucosa is susceptible to hormonal changes which occur during the 

menstrual cycle and when hormonal contraceptives are used (15–18). More 

specifically, thinning of the epithelial lining and decreased cervical mucous resulting 

in a reduced barrier to infection; 

iv. Intercourse can lead to micro-abrasions which lower the barrier to infection.   

v. There is a higher likelihood of genital ulcer disease and undiagnosed sexually 

transmitted infection (STIs) in women as well as bacterial vaginosis which men do not 

experience (15, 18, 19). 

vi. A high availability of target cells in the vagina due to genital tract inflammation (16, 

20, 21) 

 



  

14 
 

HIV-1 was discovered during a time when major breakthroughs were being made in the field of 

vaccinology and it was thought that a vaccine would be available within a few years.  However, 

35 years later, we are still without an effective vaccine.  Current management of the global burden 

of disease promotes safer sex practices such as abstinence, condom use and limiting the number 

of sexual partners, voluntary counselling, voluntary and frequent testing, antiretroviral therapy 

(ART), treatment of STIs, and male circumcision [reviewed in (22)].  The last decade has seen an 

expansion of biomedical interventions including pre- and post-exposure prophylaxis (PrEP and 

PEP, respectively); as well as microbicides (detailed in section 1.5).  Microbicides are of particular 

relevance to women, providing them control over their protection from acquiring HIV; especially 

important in situations where condom-use cannot be negotiated.   

 

This chapter will review HIV-1 transmission, the biomedical intervention trials including the 

CAPRISA 004 1% Tenofovir microbicide gel (the first successful clinical trial to demonstrate 

protection by a microbicide).  Finally the focus of this thesis will be how HIV phenotype affects 

transmission and disease progression, outlining why HIV-1 envelope (env) is a gene of interest. 

 

 

1.2 HIV-1 transmission and disease progression 

 

The HIV-1 transmission bottleneck 

During heterosexual transmission of HIV-1, only a subset of viruses from the diverse quasispecies 

within the donor will be transmitted and will establish productive infection (23–27).  In 

approximately 80% of cases this transmission bottleneck results in a single virus initiating clinical 

infection, known as the transmitted/founder (T/F) virus.  

  

Intravenous and intrarectal dose-challenge studies in Indian Rhesus macaques resulted in a 

genetic bottleneck similar to that seen in humans and HIV-1.  Simian Immunodeficiency Virus 

(SIV) challenge studies in monkeys have thus been used as a model system to aid in investigating 

HIV-1 transmission in humans.  In macaques, intravenous inoculation or high dose challenges 

delivered mucosally resulted in a larger proportion of multi-variant virus infections.  In humans, 

studies have found a higher multiplicity of infection in injection drug users (IDU), men who have 

sex with men (MSM) and heterosexual transmission in the presence of high genital inflammation, 

where 60% (28), 36% (29), and 57% (30) of infections were due to multiple variants, 

respectively.  Susceptibility to multivariant HIV-1 infection can increase in cases such as in penile-

anal transmission (where there is a higher availability of target cells) [reviewed in (31)] and 

transmission coinciding with genital disease and inflammation (15, 18–21).  Moreover, cases in 
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which HIV-1 circumvents the mucosal barrier altogether may also lead to multivariant 

transmissions as seen in some IDU studies (28), although this was not seen in all studies (32).  

Together, this data suggests that the mucosal barrier is largely responsible for the genetic 

bottleneck and that multivariant transmission is associated with modes of transmission where 

the risk of HIV-1 acquisition is increased.   

 

Disease progression and viral load 

Viral load (VL) is the number of copies of HIV-1 RNA per millilitre of blood and it fluctuates along 

the course of HIV-1 infection (33, 34), which is characterised by a period of acute infection 

followed by chronic infection.  During acute infection, the VL reaches a peak, after which the VL 

declines due to viral suppression by the host immune responses.  After acute infection (~3 

months post-infection), the chronic phase of infection sets in, which is characterised by clinical 

latency and stable VL over time, termed “set-point”.  The VL measurement at set-point is most 

reliably measured around 12 months post-infection and is used as a predictor of disease 

progression (35, 36) since set-point VL has been positively correlated with time to AIDS-defining 

illness or CD4+ T cell count below a certain critical value (currently 350 cells per microliter of 

blood) (37).  Some virological factors have been shown to affect disease progression as well, for 

instance, multi-variant infections.  Multi-variant infections have been correlated with higher VL 

at set-point and faster disease progression (30).  These factors are thus clinically important to 

study.  

 

 

1.3 Evidence for selection at the mucosal barrier 

 

The fact that there is a bottleneck raises the question of whether transmission represents a 

stochastic event in which each donor virus has an equal but very low chance of making it across, 

or whether the bottleneck represents a selection event where viral variants that have biological 

properties favourable to establishing new infections are favoured.  For HIV-1 infection to become 

established, the transmitted variant must be present in the mucosa at the site of transmission, 

must be able to cross the mucosal barrier to make contact with target cells in the recipient 

efficiently establish a local focus of infection and, finally, systemic infection.  While a large part of 

transmission may be based on chance, there are a number of factors pointing to an element of 

selection during transmission. 

 

Studies showing that transmitted viruses share common phenotypes, and that they differ from 

viruses present during chronic infection, suggests that there is selection occurring at the time of 



  

16 
 

transmission.  A study using infectious molecular clones (IMCs) showed that transmitted variants 

are more infectious and have 1.9-fold more Envelope glycoprotein (Env) on their surfaces per 

virus particle than viruses from chronic infection.  Transmitted viruses also share the common 

phenotype of CCR5 co-receptor usage (23, 38–43), and subtype A and C, but not subtype B, have 

been found to have more compact envs (i.e. shorter variable loop regions and fewer N-linked 

glycosylation sites) (24, 44–46).  While  one study found that T/F viruses were more resistant to 

the antiviral cytokine interferon alpha (subtype B viruses) (47) than viruses from chronic 

infection, a more recent study was unable to reproduce this finding (48).   

 

Serodiscordant couples (where one partner is HIV-1 infected and the other is not) and 

transmission pairs (when the seronegative partner in a serodiscordant pair becomes HIV-1 

infected) allow for the study of donor and recipient viruses, and offer insight into which factors, 

both viral and immunological, affect transmission.  In transmission pairs, where donor viruses 

were compared to early viruses in the recipient, transmitted variants were shown to be more 

sensitive to neutralization by the donor serum (49).  Furthermore, Carlson et al. observed the 

favoured transmission of variants with amino acid identities closer to the cohort consensus than 

what chronic viruses were in the donor (50).  Since consensus sequences represent viruses which 

are ‘fitter’ within a given environment (in the case of transmission, viruses which have favourable 

characteristics that allow them to be transmitted more easily), this suggests that transmitted 

viruses have a greater replicative fitness than viruses from chronic infection.  Moreover, 

participants with a higher risk of transmission showed a reduction in this selection bias for 

consensus-like amino acids.  For example, there was a weaker bias for transmission of consensus 

amino acids during transmission to women than to men, but men with inflammation or genital 

ulcers show a similar selection bias to that of women.  Also by studying transmission pairs, Boeras 

et al. showed that the transmitted variant is not the predominant variant in the genital tract (51); 

indicating that there is selection of a more favourably transmissible variant.      

 

The basis of selection during mucosal infection is complex with many factors contributing to the 

establishment of clinical infection; such as the target cell population at the mucosa and the level 

of inflammation present at the time of infection.  From these studies, it is evident that several 

properties of HIV-1 Env glycoprotein are implicated in selective transmission, making it a suitable 

candidate for investigation as a factor that may increase the chances of infection by certain viral 

variants over others.   
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1.4 The importance of Envelope in the transmission of HIV-1 

 

Cell-free virus transmission 

The Env glycoprotein of HIV-1 is responsible for attachment of virions to target cells, fusion of the 

viral and host cell membranes and entry of the viral capsid into the cell (52).  The env gene 

encodes gp160 which consists of a signal peptide, gp120 and gp41, subsequently cleaved by the 

host endoproteases (53–55) in the Golgi into gp120 and gp41.  This occurs as the proteins are 

exported to the cell surface prior to viral assembly at the cell membrane and budding.  It is 

important to note that cleavage of Env into gp120 and gp41 is not required for Env export onto 

the cell surface (55).  On budding and mature virions, fully processed Env spikes occur as Env 

trimers on the virion surface.  Each trimer consists of the gp120 non-covalently attached to gp41 

(56, 57).  Gp41 is embedded in the viral membrane and provides anchorage of Env to the virion 

surface.  To initiate the entry process, gp120 binds to the CD4 receptor on target cells which 

causes a conformational change in the Env complex, allowing for co-receptor engagement.  After 

CD4 and co-receptor binding, the N-terminal domain of gp41 (membrane fusion peptide) 

penetrates the cell membrane after which the two heptad repeat regions, HR1 and HR2, interact 

(fold back on each other) and form a hairpin structure. This results in fusion of the viral and cell 

membranes, and subsequently, the viral capsid is released into the cell.   

 

 

Cell-associated virus transmission 

In contrast to cell-free transmission, which relies on stochastic interaction between cell surface 

receptors and free-floating virions in the extracellular space, cell-to-cell transmission (fig. 3) 

takes advantage of the biological need for direct contact between immune cells as a means of 

communication.  While the mechanisms of cell-to-cell spread are poorly understood, it has been 

shown to be more efficient than cell-free transmission and has long been proposed as an 

important determinant in viral dissemination (58–60).  Cell-to-cell transmission depends on the 

interaction of receptors in donor- and target cell membranes and the subsequent formation of a 

virological synapse (VS) across which viruses traverse (61–67).  Infected cells have been shown 

to transfer virus particles across a VS to T cells at a high multiplicity of infection (60, 68–70).  

 

It has been shown in tissue culture models that high-multiplicity of infection resulting from cell-

to-cell contact increases the probability that a virus may escape drug inhibition.  This can occur if 

the number of infecting viral particles exceeds the effective drug concentration within the cell 

(71, 72).  It is a particular effective strategy of replication in the face of Tenofovir (TFV), which is 

an intracellular drug.  In the case of the drug being present prior to infection, sub-optimal levels 
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of TFV within immune cells in the mucosa could have been overcome by this mode of 

transmission.  Some groups have shown that cell-to-cell spread allows for efficient replication of 

the virus in the face of neutralizing antibody immune responses (60, 68, 72–74).  However there 

is contradicting evidence that this method of spread is not a mechanism to evade antibodies or 

other entry inhibitors (63).   

 

 

Figure 1.1.  Cell-to-cell spread facilitates multiple infections per cell.  One mechanism by 
which HIV can overcome intracellular drug concentrations is by cell to cell spread.  Infected cells 
are represented in red; uninfected cells in grey; blue hexagons represent viruses (encircled blue 
hexagon= cell-free virus); crosses represent a viral integration event blocked by a drug molecule; 
wavelets represent provirus (productive infection) and dotted circles outside of cells represent 
non-functional virions and those that do not go on to infect new cells.  Taken from Sigal et al. 2011. 
(71). 
 
 

Env is a key component in cell-to-cell transmission as it mediates the initial contact of infected 

cells (which have gp120 exposed on their surfaces) to uninfected target cells, and the formation 

of a VS (61).  Thus, Env engagement with cell surface receptors and co-receptors is essential for 

efficient transmission and dissemination and preventing this from occurring could be an effective 

way to prevent the establishment of infection.  

 

Target cell tropism 

HIV-1 most commonly makes use of one of two co-receptors to enter target cells:  C-C chemokine 

receptor type 5 (CCR5) and C-X-C chemokine receptor 4 (CXCR4).  CCR5 is commonly found on 

macrophages, dendritic cells, activated T-lymphocytes and, to a lesser extent, monocytes (in 

which case the virus is R5-tropic), while CXCR4 is found on T-lymphocytes, thymocytes and 

immune precursor cells (making the virus X4-tropic).  Binding of Env trimers to the CD4 receptor 

via the V1/V2 loop of Gp120 causes a conformational change in Env which, in turn, repositions 

the V1/V2, and the V3 loops.  The Env trimer then binds the chemokine receptors on the target 

cell surface [reviewed in (75)].  The V3 region of gp120, has been implicated as a determinant of 

co-receptor usage and can be used as a predictor of cell tropism (76, 77).   
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1.5 Antiretroviral therapy and prevention 

 

The different classes of anti-retroviral therapy (ART) are able to block or inhibit essential steps 

of the HIV-1 replication cycle (Table I) thereby decreasing HIV-1 VL to below levels of detection, 

and slowing down disease progression.  Although historically ART refers to these drugs used 

individually or with one other drug to treat HIV-1 infection, the current standard of care is 

combination, multi-drug therapy also known as Highly Active ART (HAART).  HAART employs the 

use of three or more drugs from at least two different drug classes in combination.  In South Africa, 

the current first line regimen consists of Tenofovir Disoproxil Fumarate (TDF), emtricitabine 

(FTC), and efavirenz (EFV) in combination.  Combination therapy has the added benefit of 

deferring the emergence of drug resistance by blocking multiple steps of the HIV-1 replication 

cycle simultaneously; ensuring that variants with resistance to one of the drugs are still not able 

to replicate. 

 

Table 1.1.  Antiretroviral drug classes and the steps of the viral life cycle acted on*   

Step of HIV-1 
replication cycle 
inhibited 

ARV drug class Abbreviation 

Example of drug in 

class (WHO 

abbreviation) 

Used in 
treatment in 
South Africa? 

Entry 
Fusion inhibitors FIs Enfurvitide (T20) No 

Co-receptor 
inhibitors 

CRIs Maraviroc (MVC) 3rd line 

Reverse transcription 

Nucleoside 
reverse 
transcriptase 
inhibitors 

NRTIs 

Tenofovir (TFV) 

disoproxil fumarate 

(TDF) 

1st line and after 

Non-nucleoside 
reverse 
transcriptase 
inhibitors 

NNRTIs Efavirenz (EFV) 

1st line and after 

Integration 
Integrase 
inhibitors 

INIs Raltegravir (RAL) 3rd line 

Virion assembly and 
maturation 

Protease 
inhibitors 

PIs 
Lopinavir/ritonavir 

(LPV/r) 

2nd line and after 

*This table was modified from the table provided on the AIDS info website, National Institutes of Health, 
USA (78) and the Scientific Electronic Online Library South Africa . 

 

 

A meta-analysis of ten studies showed that transmission correlated directly with VL in ART-naïve, 

serodiscordant couples (79) indicating that VL is a determinant of transmission.  This finding 

formed the basis of the treatment as prevention (TasP) strategy where ART is used by infected 
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individuals to prevent them from transmitting HIV-1.  Thus, in HIV-1 infected patients on ART, 

successful treatment leads to a reduction in their plasma VL, an increased CD4 count over time 

and also reduces the risk of transmission.  TasP has been shown to be effective in both 

serodiscordant couples (9, 80–85) and from mother to child during childbirth and breastfeeding 

(86–88) if the infected individual’s VL is suppressed below 50 copies/mL. 

 

ART has also been found to have prophylactic efficacy when administered to uninfected 

individuals either directly after an exposure event (post-exposure prophylaxis or PEP) or before 

an expected exposure event (pre-exposure prophylaxis or PrEP).  PrEP can be administered in a 

number of ways, including oral doses of ARVs and as topical microbicides.  Numerous efficacy 

trials have been conducted using both oral, topical and injectable PrEP as a means of preventing 

HIV-1 acquisition.  Of these, the pre-exposure prophylaxis initiative (iPrEx) trial  (89), Partners 

PrEP (90) and TDF2 (91) studies resulted in a high degree of protection ranging from 44- to 75% 

in MSM (89) and heterosexual (90, 91) serodiscordant couples, respectively.  Adherence is a 

major challenge in PrEP and is thought to account for the failure of some.  Lack of protection due 

to lack of adherence was evident for example in the FEM-PrEP (daily oral PrEP) and MTN 003 

(VOICE; daily oral and vaginal PrEP) trials which were discontinued early due to lack of evidence 

for protection against HIV-1 acquisition in women (92, 93).  A summary of the successful efficacy 

trials, dosing regimens, and efficacy in high adherers is summarised in table 1.2.  In order to 

overcome problems with adherence, trials investigating Cabotegravir, a long-acting integrase 

inhibitor, are currently underway (94). 
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Table 1.2.  A summary of successful placebo-controlled PrEP and microbicide trials and their 

efficacy 

 

Trial 
name 

Drug & dosing 
regimen 

Cohort Overall 
efficacy 

Efficacy by 
adherence  

Adherence 
measurement 

iPrEX 
(89) 

Daily oral FTC/TDF 
MSM & transgender 
women 

44% High (>90%): 73%  
Self-reported 
pill use 

Partners 
PrEP 
(90) 

Daily oral TDF or 
FTC/TDF 

Heterosexual HIV-1 
serodiscordant 
couples 

66% and 
73%, 

respectively 

Adherence was high 
throughout the 
study 

Pill counts of 
returned 
medication 

TDF2 
(91) 

Daily oral FTC/TDF 
Young heterosexual 
men and women 

63% 
Adherence was high 
throughout the 
study 

Pill counts of 
returned 
medication 

CAPRISA 
004 (95) 

Pericoital dosing of 
1% TFV gel 

Young women 39% High: 54% 

Returned 
applicators and 
self-reported 
gel use 

ASPIRE 
(96) 

Monthly dapivirine 
vaginal ring 

Heterosexual women 27% 
High in women >21 
y/o: 56%  

Drug levels in 
blood and 
residual drug 
in ring 

The Ring 
Study* 

Monthly dapivirine 
vaginal ring 

Heterosexual women 31% 
High in women >21 
y/o: 37% 

Drug levels in 
blood and 
residual drug 
in ring 

* CROI, Boston, MA, USA. February, 2016. 

 

 

These studies provided evidence that ART, when taken correctly, has the potential to affect 

transmission at the individual level and also, possibly, the course of HIV-1 incidence at the 

population level (97, 98).  Reducing the rate of infection in women is essential to changing the 

current trajectory of the HIV-1 epidemic in Africa.  Microbicides in particular may be of benefit 

for use by women in order to take control over their own protection.  Microbicides are a topical 

form of PrEP and can be made into a number of formulations (such as gels, sponges or rings) to 

contain either compounds with broad antiviral activity or HIV-specific ARVs.  These can be 

inserted into the vagina or rectum in order to prevent transmission of HIV-1 (or other STIs 

depending on the formulation).  Efficacy trials have shown that those microbicides containing 

compounds with non-specific antiviral activity (such as PRO2000, SDS and nonoxylin-9) have 

been ineffective at preventing acquisition of HIV-1 (99, 100).  On the contrary, some of these non-

HIV-1 specific microbicides lead to damage of the mucosa (101) and recruitment of HIV-1 target 

cells (102) resulting in increased rates of transmission.   
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However, microbicide trials with HIV-specific ARVs have yielded some success (see table 1.2).  

The first of these tested a microbicide containing Tenofovir (TFV).  TFV is an adenosine nucleotide 

analogue that terminates DNA strand synthesis by the viral reverse transcriptase enzyme because 

it does not have a 5’ phosphate for the next incoming base to react with. Hence, no phosphodiester 

bond can be formed and the process of reverse transcription is disrupted.  This makes it potent 

against retroviruses (103, 104).  The CAPRISA 004 microbicide trial was the first to demonstrate 

the success of a vaginal microbicide in preventing the acquisition of HIV-1 and also herpes 

simplex virus type 2 (HSV-2) (95, 105).  In sub-Saharan Africa, up to 80% of sexually active 

women and 50% of sexually active men are infected with HSV-2, which is the most common cause 

of genital ulcer disease and which, in turn, can increase the risk of HIV-1 acquisition.   

 

One advantage of microbicide use over oral PrEP is that uninfected individuals are only exposed 

to the ARVs at the mucosal sites of transmission and hence they have higher levels of the drug at 

the site of infection, while experiencing fewer adverse systemic effects associated with their use.   

 

It is essential that drug levels (systemic or in the mucosa) are maintained at optimal levels in 

order to achieve protection.  This was supported by observations from the CAPRISA 004 (see 

section 1.6) and FACTS 001 cohorts (106–108), where the degree of protection was linked to 

adherence of participants to the treatment regimen.  There is a necessity to identify dosing and 

counselling strategies which would encourage participants to adhere to treatment regimens so 

that effectiveness of treatments can be accurately determined.  

 

Non-adherence to treatment regimens has also been found to be associated with resistance of the 

virus to ARVs (109).  Resistance to TFV is associated with mutations in the reverse transcriptase 

(rt) gene which has been shown to confer viral resistance in cell culture (110, 111) and in patients 

on ART (109).  The most common of these mutations is the K65R point mutation which occurs in 

23-65% of people failing first-line ART containing TFV in South Africa (112–115).  In addition to 

the emergence of resistance due to drug exposure (116), these resistance mutations are able to 

be transmitted and confer viral resistance in recipients who become infected with these viruses 

(117).  Selection of TFV-resistant T/F viruses, which may occur due to the presence of the drug 

at mucosal sites, or the development of resistance by breakthrough viruses during the 

establishment of local infection while drug concentrations are suboptimal would pose a threat to 

the efficacy of TFV-based microbicides.  Thus far, however, no transmitted resistance due to the 

use of TFV-based microbicides has been observed (95, 118).  Hence, microbicides represent a 

step forward in the advancement of prevention methods. 
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1.6 The CAPRISA 004 1% tenofovir gel Microbicide Trial 

 

The Centre for the AIDS Programme of Research in South Africa (CAPRISA) conducted a phase IIb 

randomised, placebo (PLB)-controlled trial testing the safety and effectiveness of a 1% tenofovir 

gel formulation in women from rural and urban areas in Kwa-Zulu Natal, South Africa (95).  A 

total of 889 females between the ages of 18 and 40 years and who were sexually active were 

requested to use one dose of the microbicide gel 12h before sexual intercourse and one dose as 

soon as possible within 12h after with no more than two doses in a 24h period (BAT24).  The 

study provided the first evidence that coitally-linked dosing of the microbicide gel lead to a 

reduction in the acquisition of HIV-1 (fig. 1.2).  Overall, there was a 39% reduction in acquisition 

in women from the TFV arm (5.6 infections per 100 women-years compared to 9.1 infections per 

100 women-years in the PLB arm) and a 54% lower chance of acquiring the virus when adherence 

to the treatment regimen was high.  A phase III study for the licensure of 1% Tenofovir gel (FACTS 

001) showed that treatment had no overall protective effect but that the effectiveness of TFV gel 

was highest in high adherers who reported use of the gel in greater than 72% of sex acts (only 

20% of the cohort) (108).  Of those with self-reported high adherence, detectable TFV in their 

cervicovaginal lavages correlated significantly with protection from HIV-1 acquisition.   

 

 

 

Figure 1.2.  Probability of infection over time by trial arm in the CAPRISA 004 trial.  Figure 

taken from Karim et al.  2010.  (95). 
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A follow up of the women in the CAPRISA 004 cohort showed that, in participants who became 

infected despite the use of TFV, VLs were significantly higher at one year post infection when 

compared to participants of the PLB arm (HIV-1 VL log 4.30 versus 3.72 copies/ml; p=0.02) (119).  

The VLs of participants followed this trend throughout the first two years of infection.  

Interestingly, participants from both arms had similar disease progression as measured by time 

to plasma CD4+ T cell counts <350 cells/µL. 

 

 

1.7 Explaining the sub-optimal efficacy of tenofovir gel 

 

The characterisation of breakthrough infections reported in this study formed part of the 

Tenofovir gel Research for Advancing Prevention Science (TRAPS) Program, which was 

established to address questions that stemmed from the CAPRISA 004 Trial; including why only 

a 39% reduction in HIV-1 acquisition was observed in the drug arm of the trial.   

 

One hypothesis was that pre-infection inflammation and immune activation resulted in target 

cells being readily-available for infection at the site of transmission, thereby reducing the 

effectiveness of 1% TFV gel.  Naranbhai et al. (2012) found that participants who became infected 

while on the trial, regardless of the trial arm, expressed a unique pattern of innate 

proinflammatory and T cell homeostatic cytokines as well as higher proportions of activated NK 

cells in their blood plasma before infection (120).  Similarly, Masson et al. (2015) have shown that 

higher levels of genital inflammation correlated with an increased risk of HIV-1 acquisition in 

these women, regardless of trial arm (21).  The study found that raised levels of proinflammatory 

cytokines were persistent for about a year prior to infection.  While the reason for this persistent 

inflammation remains unclear, elevated levels of inflammation at the genital mucosa and overall 

systemic innate immune activation contributed to the risk of acquiring HIV-1 in this cohort. 

However, since neither genital inflammation, nor innate immune activation were found to be 

different between trial arms, this cannot explain the suboptimal efficacy of TFV gel. 

 

Adherence to the treatment regimen is a large contributing factor to the efficacy of all treatment 

and prevention methods and contributes to the transmission of resistant variants (see section 

1.5).  However, the high adherence group in the TFV arm of CAPRISA 004 still had suboptimal 

protection from infection (54%).  Therefore, low adherence only partially explains the sub-

optimal efficacy of the 1% TFV gel.  In addition, no resistance was detected in CAPRISA 004 

participants (95, 118) indicating that breakthrough infections were not the result of resistant 

viruses nor did breakthrough viruses develop resistance during early infection.  This is consistent 
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with resistance screening in other TFV-based PrEP trials where no resistance to TFV was found 

(89–91, 112).  These findings highlight the necessity of tweaking dosing strategies to confer 

optimal protection and present the challenge of elucidating why viruses were still able to be 

transmitted to participants despite high adherence to treatment.  

 

 

1.8  Viral characteristics can influence disease progression 

 

In vivo, the replicative fitness of a virus will depend on the interplay between the host’s immune 

system and viral characteristics, such as the virus’ ability to enter different target cells, the 

efficiency of the entry process, the efficiency of integration of the viral genome; and, how rapidly 

the virus can replicate and disseminate once it has entered the target cell.  Firstly, disease 

progression varies with the infecting subtype of HIV-1.  Subtype D infection is associated with 

faster disease progression than subtype A independently of viral load (121, 122), while subtype 

C infection is associated with faster disease progression than subtype B (123).  Furthermore, a 

switch in target cell tropism over the course of infection, from R5- to X4-tropic HIV-1, has been 

shown to be associated with disease progression to AIDS-defining illness (41, 124, 125). 

 

In elite controllers (individuals who suppress their VL to below 50 RNA copies/mL of plasma in 

the absence of ART) whose viruses have attenuated Gag (126, 127), Pol (128), Env or Nef (129) 

protein function, progression to AIDS-defining illness is slow.  This diminished protein function 

is due to selection pressure by effective CD8+ T-cell responses mounted by each individual’s 

protective human leukocyte antigens (HLAs) as part of the adaptive immune response to HIV-1 

during the natural course of infection.  It has also been shown that these attenuated strains can 

remain attenuated in the absence of immune pressure when transmitted to individuals who lack 

these protective HLA genes, as evidenced by a lower VL and more favourable disease progression 

in these patients (130, 131).  Furthermore, there is evidence that infection with viruses with 

reduced replication capacity was associated with subsequent elite control (127).  In vitro 

replicative capacity has been found to be a determinant of VL in chronic infection (132) and the 

replication capacity of recombinant viruses containing Gag-Pro genes from acute infection was 

shown to correlate with VL set-point and CD4 T cell decline (133).  In addition, the VLs in HIV-1 

recipients in both early infection and at set-point can be predicted by donor VLs (134, 135).  

Together, this evidence suggests that viral characteristics can have a large impact on disease 

progression, and that some of these characteristics which are observed during acute or early 

infection are transmissible.   
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1.9 Explaining the viral load differences between tenofovir and placebo 

recipients 

 

A higher VL at set-point was observed in those who became infected in the TFV arm.  Infection 

with multiple variants has been correlated with a higher VL at set-point and faster disease 

progression (30, 136, 137) and hence could possibly have explained the increased VL.  However, 

Valley-Omar and colleagues showed that the genetic bottleneck in breakthrough infections was 

not affected by the presence of TFV (138).  In the TFV arm 77% of infections were the result of a 

single variant; similar to the 93% in the PLB arm (P=0.37) and  80% in other subtype C studies 

(27, 138).  Therefore, alteration of the mucosal barrier allowing more than one viral variant to be 

transmitted was not likely to be the reason for the increase seen in the VL at set-point.   

 

Laeyenndecker et al. (2015) evaluated the antibody response to HIV-1 infection in the CAPRISA 

004 cohort and found that women who became infected while assigned to the TFV arm showed 

slower antibody avidity maturation to gp120 (139); that is, the combined strength of antibody 

binding due to multiple interaction between the antibody and antigen (140).  This finding mirrors 

the delayed antibody avidity seen in rhesus macaques following infection despite oral TFV PrEP 

(141).  Both studies showed no difference in antibody titre between the trial arms.  Interestingly, 

the macaque studies showed lower peak viremia during acute infection (which was not seen in 

the CAPRISA 004 cohort at the time of seroconversion) and reduced systemic inflammation in 

animals receiving PrEP (141, 142).  Whether delayed antibody avidity maturation may have led 

to higher VL at set-point in both macaque and human studies was not shown and remains 

unknown. 

 

An alternative hypothesis is that TFV selects for viruses that replicate better in the mucosal 

environment, establishing a greater local focus of infection that can overcome the TFV barrier and 

subsequently spreading to the lymph nodes to establish systemic infection.  As in vitro replication 

capacity has been shown to correlate with in vivo VL (127, 130, 132, 133, 143–145), HIV-1 Gag, 

Gag-Protease and Nef function were investigated as the possible underlying factors for an 

increased replicative capacity and VL (146).  Increased Nef activity, for example, has been shown 

to downregulate CD4 (147) and major histocompatibility complex (MHC) class I (148).  The 

replication capacity of Gag-Pro recombinants derived from T/F viruses from CAPRISA 004 

participants correlates with set-point VL; an observation that was also made using T/F Gag 

recombinants from a cohort in Zambia (144).  However, no significant differences were found in 

in vitro Gag-Pro mediated replication capacity or Nef function of T/F viruses between the 

microbicide or the PLB arm (146).  Therefore, the question remains as to what may have caused 



  

27 
 

the increased VL at set-point; and, if the cause was due to characteristics of the transmitted 

viruses, which characteristics may have been the reason for the increased VL.   

 

 

1.10 Study rationale 

 

Several studies have shown a relationship between HIV-1 replication ex vivo and plasma VL (132, 

143, 149, 150).  In addition, the Env glycoprotein has been shown to be an important determinant 

of ex vivo viral replicative fitness (76).  In this study we investigated whether the presence of TFV 

in target cells selected for viruses with a certain Env phenotype at the time of transmission.  We 

hypothesize that an altered Env phenotype in TFV arm virions, compared to the Env phenotype 

of PLB arm virions, conferred a replicative advantage which allowed viruses to replicate to a 

higher VL at set-point.  To do this we compared the Env properties of early breakthrough viruses 

from TFV recipients to early viruses from PLB recipients from the CAPRISA 004 microbicide trial.   

 

 

1.11 Significance of this research 

 

Microbicides need to block the transmission event and hence there is a need to identify the 

characteristics of the earliest viruses present in individuals who become infected despite the use 

of prophylaxis.  Inferences can be drawn from early viruses about the transmitted viruse(s) that 

were able to overcome the barrier of protection and those that may lead to high VL later on during 

infection.  In the CAPRISA 004 cohort, preliminary studies show that VLs in women who become 

infected while assigned to the TFV arm are higher than those assigned to the PLB arm.  Research 

is needed to understand the underlying mechanisms associated with the increase in VL.  In 

addition to informing the improvement of microbicides, information about acute-phase infection 

and transmitted viruses will also aid in vaccine design efforts (23, 151).  

 

 

1.12 Aims and specific objectives 

 

The aim of this study was to characterise the phenotypes of the viral Env proteins from early 

viruses from both the PLB and TFV arm of the CAPRISA 004 trial; and to determine whether there 

were differences in Env phenotypes that could explain the higher VL observed in TFV recipients.   
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Objectives: 

 

1) To isolate early viruses (<3 months post-infection) from participant plasma. 

 

Approach:  CD44 microbeads were used to isolate viruses from infected plasma by 

magnetic separation.  The resultant eluate, containing virus, was used to inoculate 

cultures of primary cells.  Primary cells from three different donors were isolated and 

pooled and subsequently stimulated under three different conditions before being 

infected.   

 

2) To assess if the isolates were representative of viruses in vivo.   

 

Hypothesis:  Isolates are representative of viruses in vivo, with only minor changes 

represented in isolate env sequences as compared with env sequences derived from 

plasma viruses 

 

Approach:   Sequences of env genes from culture virus and env sequences derived from 

plasma viruses were compared to determine if HIV-1 env of the isolates was 

representative of viruses circulating in vivo for each participant, and determine if major 

changes were introduced during tissue culture.   

 

3) To determine whether differences in Env genotype exist between study arms by 

comparing env genotypic properties between TFV and PLB arms  

 

Hypothesis:  Viruses isolated from the TFV arm have more genotypic characteristics 

favouring transmission and infection, such as fewer glycosylation sites, shorter variable 

loops and are less charged.  In addition, TFV arm viruses are closer to a subtype C 

consensus of viruses circulating in vivo.  

 

Approach:   For each participant, the average number of glycosylation sites, variable loop 

length, and variable loop charge was compared between TFV and PLB arm isolates.  The 

predicted sites of glycosylation, loop length and charge were determined using online 

prediction tools.  In addition, a subtype C consensus env representing viruses circulating 

in the region was generated and the distance of isolate env sequences to the consensus 

was evaluated for each study arm.  
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4) To determine whether differences in Env function exist between study arms by 

comparing Env phenotypic properties between TFV and PLB arms including 

susceptibility to TFV, entry inhibitor sensitivities, and entry efficiency 

 

Hypothesis:  Viruses isolated from the TFV arm have more favourable phenotypic 

characteristics such as higher CD4 and CCR5 binding capacity, higher fusion capacity, and 

a lower CCR5 dependence. 

 

Approach:  Isolates were assessed in inhibition assays to evaluate Env sensitivity to entry 

inhibitors.  Maraviroc, T20, PSC-RANTES, and an anti-CD4 antibody, clone SK3 were the 

entry inhibitors chosen.  These inhibitors act at the level of CCR5 binding, fusion, and CD4 

binding, respectively.  In addition, Pseudoviruses (PSVs) were used in a virion-cell fusion 

assay to assess the entry efficiency of the isolates more directly.  Using this system we 

could assess the contribution of Env to viral fitness and compare this between different 

viruses without the confounding effects of functional differences in other viral proteins.   

 

5) To evaluate whether Env phenotypic characteristics of the isolates are 

associated with predictors of disease progression 

 

Hypothesis:  Participants infected with viruses that have higher CD4 and CCR5 binding 

capacity, higher fusion capacity, a lower CCR5 dependence, and higher entry efficiency 

will have a lower CD4 count at set-point and higher VLs. 

 

Approach:  Correlations of all phenotypic characteristics investigated (objective 4) with 

VL at isolation, 3 months post-infection and at set point, as well as CD4 count at set-point 

were performed. 

 

6) To compare the phenotypic characteristics of PSVs with the phenotypic 

characteristics of viral isolates.  

 

Approach: Inhibitor sensitivities to maraviroc, T20, PSC-RANTES and anti-CD4 antibody 

clone SK3 were compared between isolates and the PSVs generated using the majority 

env corresponding to the same participant.  These were evaluated to determine if 

pseudoviruses exhibit different Env phenotypic properties to their corresponding isolate.  
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The findings of this study may provide insight into entry characteristics of early viruses that result 

in a higher VL at set-point.  
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2. Materials and Methods 

 

2.1 Ethics statement 

 

The CAPRISA 004 Microbicide trial was reviewed and approved by the University of KwaZulu-

Natal's Biomedical Research Ethics Committee (REC), Family Health International's Protection of 

Human Subjects Committee and the South African Medicines Control Council (95).  All 

participants of the study cohort provided informed consent for study participation.  This sub-

study, including laboratory protocols and the use of participant information, was reviewed and 

approved by the University of Cape Town’s (UCT) Faculty of Health Sciences Human REC (HREC 

REF number 587/2014). 

 

 

2.2 CAPRISA 004 participants and the TRAPS cohort 

 

The samples and information used in this study were from the Tenofovir gel Research for 

Advancing Prevention Science (TRAPS) programme, Durban, South Africa.  TRAPS was an 

ancillary study of CAPRISA004 where all consenting HIV-1 seroconverters were recruited, and 

followed up, as part of the CAPRISA 002 Acute Infection cohort.  Participants were followed until 

antiretroviral therapy commencement under the South African Antiretroviral Treatment 

Guidelines at the time; that is, when CD4+ T cell count fell below 350 cell/µL or at the presentation 

of AIDS-defining illness.  As part of the CAPRISA 004 trial protocol (95), blood samples (serum, 

plasma and PBMCs) were collected weekly for the first month, fortnight up to three months, 

monthly from months three to 12 and then at quarterly visits thereafter until antiretroviral 

therapy initiation.  VLs and CD4+ T cell counts measured at each sampling event, as well as gel 

adherence data, were provided.  In this study, VL at set-point was calculated as the average of 

three VL measurements around 12 months post-infection: the VL nearest the 12 month visit, and 

the measurements before, and after the 12 month visit.  VLs that differed by 1log10 were excluded 

from the average.  CD4 count at set-point was determined using measurements from the same 

visits used in the VL set-point determination for each participant.  

 

 

2.3 Sample selection for this study 

 

This study made use of blood plasma samples and clinical information obtained from 48 women 

from TRAPS.  Plasma samples from the earliest time-point available were obtained from CAPRISA.  
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Participants from the Tenofovir arm (n = 24) were matched to PLB arm controls (n = 24) based 

on the time post-infection that the plasma sample was obtained as well as protective human 

leukocyte antigens (HLAs) of the HIV-infected participant.  Adherence was measured by the 

number of unused applicators returned and the number of self-reported sex acts since the last 

study visit (data provided by N. Garrett).  TFV concentrations from cervicovaginal lavages were 

also measured as part of a previous study to determine whether participants had detectable levels 

of TFV in the vaginal mucosa (118). 

 

 

2.4 Cells and cell maintenance 

 

PBMC isolation 

Heparinized whole blood was obtained from HIV-negative donors and peripheral blood 

mononuclear cells (PBMCs) were isolated using Ficoll-Paque™ density gradient centrifugation.   

2mM ethylene-diamine-tetra-acetic-acid (EDTA) in phosphate buffered saline (EDTA-PBS) at pH 

7.2 was prepared and refrigerated at 4°C.  The PBS used in all protocols of this study did not 

contain any Calcium or Magnesium.  Whole blood was diluted four-fold in EDTA-PBS at room 

temperature.  35mL of diluted whole blood was layered carefully over 15mL Ficoll-Paque™ 

reagent in a 50mL conical tube which was then centrifuged for 20 min at 900 x g and at 20°C in a 

swinging bucket centrifuge without brake.  All centrifugation steps of this study were performed 

in an Eppendorf 5810R Centrifuge (Eppendorf, Hamburg, Germany) unless otherwise stated.  A 

10mL serological pipette was used to remove the mononuclear cell layer from the interphase of 

the Ficoll-Paque (bottom) and blood plasma (top) layers; being careful not to disturb the layers.  

This was transferred to a fresh 50mL tube, made up to 50mL with EDTA-PBS and centrifuged for 

10 min at 900 x g at 20°C.  In order to remove platelets from the mononuclear cells, the pellet was 

resuspended in 50mL EDTA-PBS and centrifuged for another 10 min at 900 x g after which the 

supernatant (containing platelets) was removed.  This wash step was repeated to ensure removal 

of all platelets.  Cells were diluted two-fold in Trypan Blue (Invitrogen, CA, USA) to a total volume 

of 20µL and subsequently counted using a Countess cell counter and counting chamber slides 

(both by Invitrogen).   

 

CD8+ T cell depletion of PBMCs & cell storage 

CD8+ T cells were depleted from unstimulated PBMCs to ensure that HIV replication was not 

inhibited by these cells during virus isolation (152).  This was achieved by magnetic labelling of 

CD8+ T cells using MACS CD8 MicroBeads (all MACS products were from Miltenyi Biotec, CA, USA) 

and subsequent depletion by column separation.  Briefly, the freshly isolated PBMCs in EDTA-
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DPBS were centrifuged (300 x g for 10 min at 20°C) and the pellet was resuspended in 80 µl MACS 

buffer + 20 µl CD8 MicroBeads per 1 x 107 cells after removal of the supernatant.  This was mixed 

well and the suspension was incubated for 15 min at 4°C.  Cold wash buffer was prepared by 

diluting bovine serum albumin (BSA) in EDTA-PBS to a final concentration of 0.5%v/v.  A MACS 

magnetic column was placed in the magnetic field of a MACS Separator mounted on a MACS 

MultiStand.  The columns were prepared by rinsing twice with 2mL volumes of buffer.  The 

labelled PBMCs were then added to the columns which were subsequently washed three times 

with 3mL of buffer each time.  Any CD8+ cells were retained in the column.  The cells in the effluent 

(desired cells) were counted using the Countess cell counter as described previously.  Cells were 

pelleted by centrifugation (500 x g for 10 min) and resuspended to a final concentration between 

2 x 107 and 5 x 107 cells/mL in foetal bovine serum (FBS) containing 10% dimethyl sulfoxide 

(DMSO).  PBMCs were frozen in 1mL aliquots at -80°C for one hour in a freezing container to 

ensure a 1°C/min decrease in temperature and then placed in liquid nitrogen (-196°C) for long-

term storage until needed. 

 

Cell lines 

The HEK293T cell line was obtained from the American Type Culture Collection (ATCC® 

CRL3216™) and is a human embryonic kidney cell line used for the production of proteins by 

transfection with plasmid DNA (153, 154).  The TZM-bl cell line was obtained through the 

National Institute of Health (NIH) AIDS Reagent Program- Division of AIDS, NIAID, NIH from Dr 

John C.  Kappes, Dr Xiaoyun Wu and Tranzyme Inc (155–159).  It is a HeLa cell line expressing 

CD4 and CCR5 which allows for entry of HIV virions into the cell.  The cells also have a firefly 

luciferase reporter gene under the control of the HIV-1 long terminal repeat (LTR).  The viral Tat 

protein binds to the LTR to initiate transcription of viral proteins during the normal viral 

replication cycle.  Hence, viral entry, reverse transcription, integration and expression of the viral 

Tat protein results in expression of the luciferase reporter.  This reporter system allows for 

quantification of infectivity of viral isolates by measuring luminescence after the addition of a 

luciferase detection reagent (SteadyLite, Perkin Elmer, MA, USA) to the infected cells.  SteadyLite 

reagent lyses the cells and contains D luciferin, the substrate acted on by firefly luciferase 

resulting in the production of oxyluciferin and photons of light (fig.  2.1). 
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Figure 2.1.  A schematic showing the SteadyLite reaction.  Figure taken from the SteadyLite 
Plus High Sensitivity Luminescence Reporter Gene Assay System manual found at 
http://www.perkinelmer.com/CMSResources/Images/44-173606MAN-steadylite-plus.pdf. 
 

 

Both cell lines were maintained in D10F growth medium (GM) which consists of Dulbecco’s 

Modified Eagle Medium (DMEM) containing phenol red and supplemented with 50 µg/mL of 

gentamicin as well as 10% FBS.  All cell culture incubation steps in this study were carried out in 

a humidified incubator at 37°C.  Cells were grown in monolayers in T75 filter cap tissue culture 

flasks and were passaged every 2 to 4 days when they reached 70% to 80% confluency.   

 

Passaging of HEK293T cells was carried out as follows: medium was removed and cells were 

washed with 5mL Dulbecco’s Phosphate-Buffered Saline (DPBS) without Calcium or Magnesium 

to remove trypsin inhibitors.  Thereafter, 5mL pre-warmed (37°C) 1X trypsin-EDTA (0.25% 

trypsin, 1mM EDTA) solution was added to the cells in order to cleave proteins that support cell 

adherence to the flask.  Cells were incubated for one minute at room temperature after which 

5mL pre-warmed D10F GM was used to inactivate the trypsin solution and wash the cells off the 

bottom of the flask.  The cell suspension was transferred to a 15mL conical tube, centrifuged for 

5 min at 900 x g and the pellet resuspended in 10mL D10F GM for counting.  Cell counting was 

performed as described previously for PBMCs.  Each new flask was seeded with 0.5 x 106 to 2 x 

106 cells.  TZM-bl cells were passaged in a similar manner with the following exceptions:  

i. TZM-bl cells were incubated with 7 mL trypsin solution for up to five min at 37°C; 

ii. 7 mL D10F GM was used to neutralize the trypsin solution after detachment of the cells. 
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2.5 Isolation of early viruses 

 

PBMC stimulation 

To minimize the effect of differences in donor PBMC susceptibility to HIV-1 infection on the 

efficiency of virus isolation (160), a 3x3 stimulation protocol was employed where PBMCs 

obtained from three different donors were stimulated under three different conditions (161, 132) 

to obtain a mix of PBMCs each time cells were added.  Cell culture flasks were coated with OKT3 

(BioLegend, CA, USA), which is an anti-CD3 monoclonal antibody, 24h before PBMC stimulation.  

OKT3 was diluted to a concentration of 10 µg/mL in DPBS and added to the flask which was 

incubated horizontally in a 37°C humidified incubator overnight.  The total volume of OKT3-DPBS 

required to coat a T25 or T75 flask was 5mL or 10mL, respectively.  Thereafter, the OKT3-DPBS 

was removed from the flask.  CD8+ depleted PBMCs from three buffy coat donors were thawed 

rapidly in a water bath set to 37°C.  These were pooled, mixed well and diluted in RPMI 1640 

supplemented with 10% FBS, 50 µg/mL gentamicin, 2mM L-glutamine and 200 U/mL IL-2 (IL-

2/stimulation medium) to a concentration of 4 x 106 cells/mL.  The pooled cells were split into 

three equal fractions; the first of which was added to the OKT3-coated flask.  The remaining two 

fractions were added to two fresh flasks which were subsequently supplemented with 

phytohemagglutinin (PHA) to final concentrations of 0.5 µg/mL and 5 µg/mL, respectively (132, 

161, 162).  All three flasks were incubated in a humidified incubator for 72h; the PHA flasks 

incubated vertically and the OKT3 flask incubated horizontally.  Over the incubation period 

roughly 50% of cells die; therefore, this was accounted for when determining the total number of 

PBMCs to stimulate prior to each application.   

 

Virus isolation from plasma & infection of PBMCs 

Viruses were isolated from participant plasma using the µMACS VitalVirus HIV Isolation Kit 

(Miltenyi Biotec).  The principle involves positive selection of HIV by magnetically labelling 

virions which contain CD44, a mammalian cell surface marker, in their lipid envelopes (163).  

Subsequent addition of the magnetically labelled sample to a magnetic column captured the 

labelled viruses, which were later eluted from the column, while the remainder of the sample 

flowed through the column.  Frozen plasma samples were thawed rapidly in a 37°C water bath 

and immediately centrifuged at 13 000 x g for 30s to remove large particles and cell debris.  One 

millilitre of plasma (supernatant) was incubated with 250µL CD44 magnetic MicroBeads in a 

fresh tube at room temperature for 30 min.  During incubation, PBMCs stimulated under the three 

different conditions described above, were pooled and counted as described previously using a 

Countess cell counter.  The stimulated PBMCs were centrifuged at 900 x g for 10 min at room 

temperature and the cell pellet resuspended in IL-2 medium to a final concentration of 7 x 106 
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cells/mL.  Cells were seeded at 0.7 x 106 cells per well in a 24-well plate (100 µL cell suspension 

per well).  One µColumn per plasma sample was placed in the magnetic field of a µMACS Separator 

mounted on a MACS MultiStand.  The column was prepared by adding 100 µL of equilibration 

buffer to the column followed by three washes with 100µL of virus wash buffer supplemented 

with 2% FBS.  The magnetically labelled sample was then added to the column followed by four 

200µL washes with the virus wash buffer.  After removal of the columns from the magnetic 

separator, magnetically labelled virus was eluted directly into a single well of the 24-well plate 

using 350µL IL-2 medium and a syringe plunger.  Plates were spinoculated for 60min at 1200 x g 

and at 25°C.  Thereafter, plates were mixed gently and placed in a humidified 37°C incubator 

overnight.   

 

Expansion & maintenance of infected cultures 

The following day, 550µL fresh, pre-warmed IL-2 medium was added to each well up to a total of 

1ml and the plates were placed back into the incubator.  This was repeated 72h later at (day three) 

with 1mL IL-2 medium.  On day seven, cultures were transferred to 6-well plates containing 2 x 

106 stimulated PBMCs per well in 2mL medium; adding up to a final volume of 4mL.  On day ten, 

these cultures were centrifuged at 900 x g and the resuspended in 10mL fresh, pre-warmed IL-2 

medium and transferred to T25 culture flasks incubated vertically in a 37°C humidified incubator.  

Virus cultures were assayed for virus production by Gag p24 ELISA every seven days (see method 

described in section 2.6).  On day 14, the infected PBMCs from intermediate and highly positive 

cultures were resuspended in 10mL fresh Il-2 medium and added to T75 culture flasks containing 

either 4- or 8 x 106 freshly stimulated PBMCs in 4 and 8mL IL-2 medium, respectively.  PBMCs 

from Gag p24-negative cultures were resuspended in 10mL fresh Il-2 medium and transferred to 

T75 culture flasks containing 1 x 106 freshly stimulated PBMCs in 1mL IL-2 medium.  Cultures 

were maintained in this way for 25-52 days with medium being refreshed as described every 

three days and cells being replenished as described every seven days. 

 

Harvesting & storage of virus stocks 

From day 18 onwards culture supernatants were harvested every three days and stored in 50mL 

conical tubes at -80°C.  Aliquots of each culture were stored separately in order to perform p24 

ELISAs as well as titration experiments in TZM-bl cells (see method described in section 2.7) after 

a single freeze-thaw cycle with all harvest days in the same experiment.  The results of the p24 

determination and viral titres were compared for all harvested supernatants and the harvest 

which had the highest titre in TZM-bl cells was thawed in a 37°C water bath and placed in long-

term storage at -80°C in 500µL aliquots.  For most cultures viral titres were highest at day 25. 
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2.6 Quantification of p24 antigen in viral isolate stocks 

 

In-house ELISA 

The Gag p24 content in viral culture supernatants was checked at regular intervals by enzyme-

linked immunosorbent assay (ELISA).  The protocol was developed in the Williamson laboratory 

(P. Selhorst, University of Cape Town, South Africa) and is based on a sandwich ELISA principle 

(fig.  2.2) in which a 96-well plate is coated with an anti-p24 capture antibody that will bind p24 

antigen in the sample.   

 

 

     

 

Figure 2.2.   The sandwich ELISA principle used for quantifying the amount of p24 antigen in a 
sample.  The figure depicts a single reaction taking place in a single well of a 96-well microtiter 
plate to which the coating antibody is bound with high affinity.  In reality the entire surface of the 
well is covered with coating antibodies. 
 

 

After washing, only the coating antibody and the bound p24 remain.  Thereafter, a secondary anti-

p24 antibody which is conjugated to alkaline phosphatase is added to the well and binds the p24 

at a different epitope to the first antibody.  After addition of the chemiluminescent substrate, 

alkaline phosphatase converts it to a product and light (fig.  2.3).   
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Figure 2.3.  A schematic showing the action of alkaline phosphatase on the chemiluminescent 
substrate, Tropix® CDP-Star with Sapphire-II™.  Figure taken from the Applied Biosystems 
Product Bulletin on Tropix® Chemiluminescent Substrate Formulations for OEM found at 
https://www3.appliedbiosystems.com/cms/groups/mcb_marketing/documents/generaldocu
ments/cms_047824.pdf. 
 

 

Briefly, high-bind 96-well white, opaque microtiter plates (Corning® COSTAR®, NY, USA) were 

coated with 100 µL anti-HIV-1-Gag p24 antibody D7320 (sheep anti-HIV monoclonal) (Aalto Bio 

Reagents, Dublin, Ireland) which was diluted 1:600 in sodium bicarbonate (0.1M, pH 8.5) from 

stock concentration of 2mg/mL prior to coating.  Plates were incubated overnight at room 

temperature and then washed 3 times with 1X TBS buffer (Appendix 1).  The plates were then left 

to dry for 2h and stored at -20°C until needed.   

 

Dilutions of culture supernatant were made for each culture; starting with neat supernatant.  A 

20 µL volume of a 5% solution of Empigen (Sigma-Aldrich, MO, USA) was pipetted into each well 

of the plate to which 80µL of viral culture supernatant was directly added in order to lyse virions 

and release p24.  The p24 antigen standard was prepared by diluting recombinant HIV-1 Gag p24 

(Aalto Bio Reagents) to a starting concentration of 12.5 ng/mL in cell culture medium.  Thereafter, 

seven two-fold serial dilutions were made by diluting the p24 standard in the appropriate cell 

culture medium (the same one as in the samples).  The Gag p24-standard dilutions were applied 

to the ELISA plate in duplicate with the eighth well in the dilution series containing cell culture 

medium only as the background control.  Plates were incubated at room temperature for 2h and 
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then washed three times with 400µL of 1X TBS buffer.  The secondary conjugate antibody (mouse 

anti-HIV monoclonal), alkaline phosphatase conjugate BC1071-AP (Aalto Bio Reagents), was 

diluted 1:12500 in 1X TBS containing 0.1% Tween-20 (Sigma-Aldrich) and 100 µL was applied to 

each well of the ELISA plate after the first wash.  This was incubated for 1h at room temperature 

and then washed four times with 400µL of 1xTROPIX-0.1% Tween buffer  CDP Star® substrate 

with Sapphire-II™ (Novex®, Life Technologies, CA, USA) was diluted 1:10 in 1X TROPIX buffer and 

100 µL was added to each well of the ELISA plate after the second wash.  After exactly 30 min 

incubation period with plates covered to ensure no exposure to light, luminometer readings were 

obtained (GLOMAX® 96-Mcroplate Luminometer using the Promega BrightGlo Protocol; 

Promega, WI, USA) as relative light units (RLU).  The in-house ELISA was used in order to narrow 

down the dilution range required to quantify the amount of p24 and reduce the cost of performing 

the assay using a commercial ELISA kit, which provided more accurate p24 quantitation.  

 

Commercial ELISA 

The Gag p24 antigen content of each viral stock was confirmed by the commercially available 

PerkinElmer Alliance ELISA Kit (PerkinElmer) using the cell culture supernatant protocol.  This 

kit provided accurate p24 quantification with reduced variation between experiments.  The 

protocol follows a sandwich ELSA principle as described above.  Briefly, the microplates were 

supplied pre-coated with a mouse monoclonal anti-p24 capture antibody which binds Gag p24 

antigen.  A viral lysis reagent (Triton X-100) was added to each well of a microplate.  Dilutions of 

the virus stocks were added to each well and the plates were incubated at 37°C for 2h.  Thereafter, 

plates were washed six times with the wash buffer supplied and a biotinylated polyclonal anti-

HIV-1 p24 antibody was added to each of the sample wells.  The plates were then incubated at 

37°C for another hour and then washed six times with the same wash buffer.  A Streptavidin-

horseradish peroxidase (HRP) conjugate was added to the plate which was incubated at room 

temperature for 30 min.  After a final six-wash step, ortho-phenyl-diamine-HCl (OPD) substrate 

was added to all wells and the plates were incubated at room temperature for 30 min in the dark.   

 

OPD cleaved by HRP produces a yellow colour and the production of colour is directly 

proportional to the amount of p24 captured in each well.  A stop solution was added after the final 

incubation period.  Colour output was measured at 650nm and 490nm using an absorbance 

reader blanked on air.  All plates were read within 15 min of stopping the reaction.  In addition to 

sample dilution-containing wells, each plate had a substrate blank well and a standard curve 

loaded in duplicate.  The substrate blank well did not undergo addition of lysis agent, sample or 

any antibody binding steps; but underwent all wash steps as well as addition of the substrate.  
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The standard curve was produced using the purified HIV-1 p24 supplied with the kit which was 

diluted to a 100pg/mL starting dilution and then serially diluted seven times by a factor of two.   

 

 

2.7 Titration of isolate stocks  

 

The relative titre for each stock of viral isolates was determined using a 50% Tissue Culture 

Infectious Dose (TCID50) assay.  The assay is based on infection of TZM-bl cells at various dilutions 

of virus stock to ascertain the concentration at which 50% of replicate wells result in ‘positive’ 

detection of infection.  Infection is measured by luminescence after the addition of a firefly 

luciferase substrate to the cells.  TZM-bl cells were seeded in a 96-well tissue culture-treated 

microtiter plate at a density of 1 x 104 cells per well in a final volume of 100µL of D10F GM with 

DEAE-dextran added at a final concentration of 40 ug/mL.  DEAE-dextran is a polycation that 

increases cell-free virus infection by stabilizing virion adsorption to the cell membrane allowing 

for enhanced viral entry (164).  Three-fold serial dilutions of the isolate stocks were made and 

100µL of each dilution was to six replicate wells.  Six background control wells were included per 

plate; by adding 100µL D10F GM instead of virus dilution to the cells.  Outer wells of the plate 

were filled with 200 µL sterile water to decrease evaporation.  After a 48h incubation period at 

37°C, 120 µL of supernatant was removed from each well and replaced with 75µL SteadyLite 

reagent (PerkinElmer).  Plates were incubated for 10 minutes at room temperature in the dark.  

The contents of each well were mixed and 100µL was transferred to an opaque white 96-well 

microtiter plate.  Luminometer readings were obtained as described in section 2.6.  Wells with 

RLUs greater than 2.5 times the average background value (average RLU from all negative control 

wells) were considered positive.  Viral titres were calculated using the Reed and Muench method 

(165) and expressed as infectious units per mL. 

 

 

2.8 Amplification and sequencing of viral envelope genes 

 

RNA extraction & cDNA synthesis 

One 500µL aliquot of each culture supernatant was thawed in a 37°C water bath and a 1:100 

dilution in DPBS was made for each.  HIV-1 RNA extractions were carried out on 200µL of the 

diluted supernatant using the Roche MagNA Pure Compact System and Roche MagNA Pure 

Compact RNA Isolation kit (Roche, Basel, Switzerland).  RNA was eluted in 50µL final volume of 

elution buffer; 25µL of which was reverse transcribed into cDNA on the same day to avoid 

degradation of the sample during storage and freeze-thaw cycles.  Reverse transcription was 
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carried out using a SuperScript™ III Reverse Transcriptase (RT) System (Invitrogen) with 

oligo(dT) as a primer.  The final concentration of reagents in each reaction were as follows: 

0.4mM dNTPs, 2µM oligo(dT), 1X Superscript buffer, 5mM DTT, 2 Units (U)/µL RNAseOUT 

(Ribonuclease inhibitor), 10U/µL SuperScript III™ reverse transcriptase and ddH2O to a final 

volume of 50µL.  These were set up as two separate master mixes.  The RNA along with the dNTPs 

and oligo(dT), the first master mix, were added to 0.2mL PCR tubes and placed on a heating block 

set to 65°C for 5 min.  Thereafter, the mix was put on ice for 1 min and the remainder of the 

reagents, in a second master mix, were added to each tube.  The reaction was run on a 

thermocycler at 45°C for 2h and then 75°C for 15min to inactivate the RT enzyme.  Thereafter, 2U 

RNAseH was added to each tube after which tubes were incubated for another 20 min at 37°C to 

digest the RNA template.  cDNA was stored at -80°C until needed. 

 

Single genome amplification (SGA) & sequencing 

cDNA was thawed and serially diluted in molecular grade water (Sigma-Aldrich) in order to 

obtain less than 50% positive amplification reactions at which, theoretically, each positive 

reaction would have been amplified from a single copy of HIV-1 cDNA 69% of the time (166).  

Where possible, this was decreased to less than 30% positive in which case each reaction would 

have been amplified from a single cDNA copy more than 80% of the time.  The SGA method was 

adapted by Salazar-Gonzalez et al.  in order to reduce recombination and Tat-induced error when 

amplifying env from HIV-1 cDNA (27, 151).  For amplification of env, a nested PCR was performed 

in which two rounds of PCR yield the desired product; the second round primers being nested 

within the first.  Briefly, 1µL cDNA of a particular dilution was added to eight replicate wells of a 

96-well PCR plate for first-round synthesis using OFM19 (5’-

GCACTCAAGGCAAGCTTTATTGAGGCTTA-3’) and VIF1 (5’-GGGTTTATTACAGGGACAGCAGAG-3’) 

forward and reverse primers.  Similarly, 1µL of first-round PCR product was added to 

corresponding wells of a second 96-well PCR plate for synthesis of the final product using EnvA 

(5’-GGCTTAGGCATCTCCTATGGCAGGAAGAA-3’) and EnvN (5’-

CTGCCAATCAGGGAAGTAGCCTTGTGT-3’) forward and reverse primers.  The concentrations of 

reagents (Invitrogen) in each reaction were as follows: 1X High Fidelity Buffer, 2mM magnesium 

sulfate (MgSO4), 0.2mM of each dNTP, 0.2µM of each primer, 0.025 U/µL Platinum® Taq DNA 

Polymerase High Fidelity enzyme and ddH2O to a final volume of 19µL.  The first round PCR was 

carried out under the following cycling conditions: 94°C for 2 min, then 35 cycles of 94°C for 15s, 

55°C for 30s and 68°C for 4min, followed by a final elongation at 68°C for 20min.  The second 

round PCR was performed under the same conditions but for 45 cycles.  Post-PCR clean-up and 

sequencing of the second-round product was carried out through the Central Analytical Facilities 

at the University of Stellenbosch using the ABI 3000 Genetic Analyzer (Applied Biosystems, CA, 
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USA) and BigDye terminator reagents.  Twelve gp160 primers (Appendix 2) spanning the length 

of env were used. 

 

 

Sequence analysis 

Sequences for each env gene for each participant were compiled using Sequencher (v5.2.4) and 

aligned and visualized using BioEdit (v7.1.11) and AliView (v1.18) (167).  MACSE (168) was used 

for all codon alignment.  Sequences containing more than three ‘double peaks’ in the 

chromatogram, indicating the presence of more than one template during the amplification, were 

excluded.  Those with one or two ‘double peaks’ were included.  env sequences were compared 

to SGAs from plasma and derived transmitted/founder env sequences generated internally (Z.  

Valley-Omar, C.  Rademeyer, R.  Thebus & M.  Logan, personal communication).  Those SGAs 

generated in this study with deletions larger than 50 nucleotides compared with the plasma 

consensus were also excluded.  Differences in both nucleotide and translated (using BioEdit) 

amino acid sequences were visualized using the Highlighter tool on the Los Alamos website 

(www.hiv.lanl.gov) as well as by neighbor-joining trees compiles using MEGA 6 (169).  Pairwise 

DNA and amino acid distances between sequences were computed using MEGA 6.  For this 

comparison, a consensus was generated using sequences from CAPRISA 002 participants who 

were recruited from the same population and same geographical region as CAPRISA 004 

participants.  A total of 592 env SGAs were aligned in MACSE and used to generate a consensus 

sequence in BioEdit. Variable loop length, charge and glycosylation prediction was performed 

using the Variable Region Characteristics tool and NX[ST] glycosylation sites were visualized 

along the env sequence with the N-glycosite tool (170), both on the Los Alamos website.  For those 

infections that were not previously classified as single or multivariant transmissions, full-length 

plasma env sequences were used to predict multiplicity of infection using the Poisson-fitter tool 

(171) on the Los Alamos website, the phylogenetic trees, and highlighter plots generated. 

 

 

2.9 Cloning of isolate envelope genes 

 

An env SGA which was representative of the majority variant identified in the screened isolate 

sequences was selected for cloning.  Where only one isolate sequence was obtained, that variant 

was cloned.  Where two isolate sequences were obtained for the participant, the sequence which 

had the fewest number of nucleotide changes to the derived transmitted/founder sequence of the 

plasma sequences was selected for cloning.  Second-round bulk amplification of the selected first 

round PCR products was performed in four replicates.  The cycling conditions and reagents were 
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identical to the second round amplification described in section 2.8; however, a different forward 

primer was used to introduce the 5’ CACC tag required for directional cloning; that is, EnvA-Rx 

(5'-CACCGGCTTAGGCATCTCCTATAGCAGGAAGAA-3').  The four replicate reactions were pooled 

and purified using the Qiagen MinElute PCR Purification kit (Qiagen, Venlo, Netherlands).  The 

size and integrity of the resultant product was confirmed as ~3kb by gel electrophoresis through 

a 1% agarose gel.  The following was mixed and loaded into each well: 2µL PCR product added to 

1µL 6X loading dye containing GelRed and 3µL ddH2O.  Bands were visualized with the UVIpro 

Silver gel documentation system (UVItec, Cambridge, UK).  The amount of DNA in the purified 

PCR product was quantified using a NanoDrop 2000 (Thermo Scientific, MA, USA) in order to 

determine the volume required for the cloning reaction. 

 

The pcDNA™3.1 Directional TOPO® Expression Kit (Invitrogen) was used for directional cloning 

of env genes.  The system uses a topoisomerase-linked linearized mammalian expression vector.  

The topoisomerase binds to the 5’-CACC-3’ tag sequence introduced on the 5’ end of env amplicon 

to ligate it into the plasmid.  The gene of interest is inserted downstream of a cytomegalovirus 

(CMV) promoter which ensures constitutive expression of the gene at high levels in mammalian 

cells.  Each cloning reaction was set up in a 0.2mL tube with reagents as follows:  10ng of the 

desired env PCR product in a volume of 0.5 to 4µL, 1µL salt solution, 1µL TOPO® vector and sterile 

ddH2O to a final volume of 6µL.  This was mixed gently and incubated at room temperature for 20 

min and then placed on ice.   

 

Next, one Shot® Stbl3™ chemically competent E.  coli cells (Invitrogen) were thawed on ice and 

transformed with the obtained env plasmids.  Briefly, 5µL of each TOPO® cloning reaction was 

added to the cells, mixed gently and incubated on ice for 30 min.  The transformation reactions 

were then heat shocked in a 42°C water bath for 30s without shaking and transferred to ice for 

2min.  Thereafter, 250µL Luria-Bertani medium (appendix 1) was added to each vial of cells.  The 

vials were placed in a shaking incubator (225 rpm) for 1 hour at 37°C.  After incubation, 200µL of 

each bacterial culture was spread onto a pre-warmed LB agar plate (Appendix 1) containing 100 

mg/mL carbenicillin (Sigma-Aldrich) for positive selection of transformants.  The plates were 

incubated at room temperature until the appearance of colonies two- to three days later.   

 

At least eight colonies per cloning reaction were screened by colony PCR to confirm whether the 

desired insert was present.  Colony PCR was performed in a 96-well plate format using the T7 

forward (5’-TAATACGACTCACTATAGGG-3’) and Rev 15 reverse (5’-

ACTTTTTGACCACTTGCCACCCAT-3’) primers.  The final concentrations of reagents in each 

reaction were as follows: 1X SuperTherm Buffer, 2mM magnesium chloride (MgCl2), 1mM each 
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dNTPs, 0.3 µM of each primer and 0.015 U/µL SuperTherm Taq DNA polymerase.  Cycling 

conditions were as follows: 94°C for 3 min, then 35 cycles of 94°C for 15s, 55°C for 45s and 72°C 

for 2.5 min, and a final elongation step of 72°C for 7min.  After 1% agarose gel electrophoresis as 

previously described, colonies that were identified as having the desired insert were used to 

inoculate 5mL LB broth containing 100 mg/mL carbenicillin which was incubated overnight 

(<16h) in a 32°C shaking incubator at 225 rpm.  Bacteria from 4mL of the overnight cultures were 

pelleted at 9600 x g in a Heraeus™ Pico™ 21 microcentrifuge (Thermo Scientific) for 3 min at room 

temperature.  After removal of all medium from the pellet, plasmid DNA was extracted using a 

QIAprep Spin Miniprep Kit (Qiagen).  DNA was eluted in 50µL final volume of sterile ddH2O and 

quantified using a NanoDrop 2000.  The remaining 1mL bacterial culture was added to 1mL 

sterile glycerol to obtain 50% glycerol stocks which were stored at -60°C. 

 

 

2.10  Generation of pseudovirus stocks 

 

In order to identify whether clones were functional, a small-scale test for function was carried out 

in 96-well microtiter plates.  PSVs were produced by co-transfection of HEK293T cells with an 

env clone and a plasmid containing an HIV-1 subtype B genome which has an env deletion, 

pSG3Δenv, as previously described (158, 172).  In this way all PSVs produced had the same proteins 

except for Env which was participant-specific.  The pSG3Δenv reagent was obtained through the 

NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH from Drs.  John C.  Kappes and Xiaoyun 

Wu (158, 172).  HEK293T cells were seeded at 2 x 104 cells/well into a 96-well round-bottom 

plate in a final volume of 100µL D10F GM.  For each clone, 0.15µg plasmid DNA was added to 

0.3µg pSG3Δenv backbone DNA and the volume adjusted to 15µL with sterile ddH2O.  PolyFect 

transfection reagent (2mg/mL, QIAGEN) was diluted in DMEM and 50µL added to each plasmid 

DNA mix such that the mass ratio of Env plasmid DNA:backbone-DNA:PolyFect was 1:2:26 (in this 

case 4µg per transfection).  This was mixed by vortexing for 5s and then incubated at room 

temperature for 15 min.  Each mix was subsequently added directly to the wells containing 

HEK293T cells up to a total well volume of 165µL.  This was incubated for 48h in a 37°C 

humidified incubator. 

 

Next, TZM-bl cells were seeded at a density of 1 x 104 cells per well in a final volume of 100 µL of 

GM with DEAE-dextran added at a concentration of 40 µg/mL.  50µL Pseudovirus-containing 

supernatant from the transfection plates was added directly to wells containing cells and DEAE-

dextran in duplicate to a final volume of 150µL.  After 48h incubation, the supernatant was 

removed, SteadyLite and luminometer readings obtained as previously described.   
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Functional clones were sequenced as described in section 2.8 and the clone with the fewest 

number of non-synonymous substitutions from the sequence selected for cloning was chosen to 

produce large-scale stocks for PSVs.  HEK293T cells were seeded at a density of 3 x 106 cells per 

T75 flask in 10mL D10F and incubated overnight in a 37°C humidified incubator.  The next day, 

pSG3Δenv backbone and env clones were mixed and incubated as described previously using 8µg 

of backbone plasmid, 4µg of env-containing plasmid and 120 µg of PolyFect reagent (mass ratio 

of 1:2:30) per transfection in a final volume of 650µL of D10F.  During incubation of the DNA with 

the PolyFect, the medium in each T75 flask containing cells was replaced with 15mL fresh D10F 

after which the DNA-PolyFect mix was added to the flasks.  After 48h incubation, the supernatant 

was removed, aliquoted and stored at -80°C.  This was replaced with 7mL fresh medium which 

was removed and stored as aliquots 24h later to obtain a second harvest.  Determination of Gag 

p24 concentrations in each stock of PSVs was determined as described previously by both in-

house and commercial ELISA.  PSVs from the first harvest were used for all assays that followed.   

 

 

2.11  Entry efficiency assays 

 

Entry efficiency assays were performed as described for titration experiments above with the 

difference being that no DEAE-dextran was added to the experiments.  Briefly, TZM-bl cells were 

seeded at a density of 1 x 104 cells per well in a final volume of 100µL of GM without DEAE-

dextran.  Three-fold dilutions of PSV stocks were made by diluting neat stocks in D10F GM.  100µL 

of neat supernatant and dilutions were then added to the individual wells in triplicate to a final 

volume of 200µL per well.  After 48h incubation, the SteadyLite protocol which was described 

earlier was carried out.  RLU measurements for each PSV were normalized on the p24 input 

(commercial ELISA) in each well to obtain entry efficiency measurements.  Average RLU/pg p24, 

which was used as a measure of entry efficiency, was calculated across all replicate wells for a 

particular virus incorporating all dilutions within the linear range for each plate.   

 

 

2.12  Inhibition assays using isolates and pseudoviruses  

 

TZM-bl cells were seeded in a 96-well tissue culture-treated microtiter plate at a density of 1 x 

104 cells per well in a final volume of 100µL of D10F GM with DEAE-dextran added to a final 

concentration of 40 µg/mL.  Five-fold serial dilutions of various inhibitors were made.  The 

inhibitors used in viral isolate inhibition assays were maraviroc (CCR5 antagonist), T20 (fusion 
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inhibitor), tenofovir (nucleotide reverse transcriptase inhibitor), JM-2987 (CXCR4 inhibitor), 

PSC-RANTES (CCR5 competitive inhibitor) and SK3 (monoclonal anti-CD4 antibody).  50µL of 

each dilution of inhibitor was added to wells in duplicate and plates were incubated at room 

temperature for 30 min.  Thereafter, virus (or PSV) dilutions were added to wells such that the 

multiplicity of infection in each well was 200 TCID50.  Microtiter plates were incubated for 48h 

after which 120µL of supernatant was removed from each well and replaced with 75 µL 

SteadyLite.  After 5 min incubation at room temperature in the dark, the contents of each well 

was mixed by pipette action and transferred to an opaque white 96-well microtiter plate.  

Luminometer readings were obtained as described in section 2.5.  Antiviral activity was 

expressed as the percentage of viral inhibition in experiment wells compared to untreated 

controls wells and subsequently plotted against the compound concentration.  Nonlinear 

regression analysis was used to calculate the EC50 based on at least three independent 

measurements.  Regression analysis was performed using GraphPad Prism software, version 

5.03, for Windows (GraphPad Software, CA, USA). 

 

 

2.13  Statistical analysis 

 

All P-values were calculated using STATA (Special Edition 11.0).  Graphs were generated using 

GraphPad Prism.  The Shapiro-Wilk test for normality was applied to each data set as well as a 

test for equal variances prior to calculation of the P-values.  For all comparisons where the data 

was normally distributed, the P-values were calculated using a two-sample t-test.  Where the data 

was not normally distributed, or had unequal variances despite being normally distributed, a non-

parametric test was employed as with cases where the sample size in each group was <30.  Where 

multiple comparisons were made, the P-value cut-offs were adjusted using a Bonferroni 

correction.  Where a parametric test was employed, the 95% confidence interval (CI) was 

reported in the results.  Where a non-parametric test was used, the interquartile range (IQR) was 

reported.  Due to the small sample size all correlations were performed using a Spearman 

correlation (CI = 95%).   
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3. Results 

 

3.1 Cohort and isolate  description 

 

This study characterized HIV-1 from participants who seroconverted while participating in the 

CAPRISA 004 1% TFV microbicide study, and who were enrolled into the CAPRISA 002 acute 

infection cohort.  To capture features associated with the virus that founded clinical infection 

(transmitted/founder or T/F), only participants who were enrolled within 3 months of estimated 

date of infection were included.   Participants assigned to TFV gel use (n= 24) were matched with 

PLB user controls (n=24) according to time post-infection, as well as the presence or absence of 

protective HLAs in both individuals of each pair.  Due to the relatively small number of 

participants who seroconverted while enrolled in the CAPRISA 004 trial, participants could not 

be matched according to HLA type.  Appendix 3A gives a description of the 24 matched pairs.   

 

Of the 48 participants selected, viruses from 39 participants were successfully isolated on PBMCs 

(81%).  Genotypic characterisation of env was performed to determine if these viruses were a 

good representation of viruses circulating in vivo (see section 3.2).  A subset of 28 viruses (14 

pairs; table 3.1) was selected for inhibition assays to evaluate whether phenotypic differences 

exist between viruses from the TFV and PLB arms, and whether characteristics correlate with 

predictors of disease progression in this study population.  The subset was selected based on 

detectable levels of TFV in plasma samples taken at the study visit closest to the estimated date 

of infection.  Of this subset, envs from 20 participants were cloned and entry efficiency was 

determined.  For the 39 viruses isolated, VL at time of isolation did not differ between trial arms 

(P= 0.2567; Wilcoxon rank sum test for independent samples) with a median VL of 5.06 and 4.78 

log copies/mL in the PLB and TFV arms, respectively.   
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Table 3.1.  Participant information for the subset of matched TFV and placebo participants used for comparison of Env function 

 

TFV arm 
participant 

VL at 
isolation Ɨ 

VL at 3 
months post-

infection 

Set-point 
VL 

Weeks 
post-

infection 

TFV 
present ǂ 

Placebo 
arm 

participant 

VL at 
isolation Ɨ 

VL at 3 
months post-

infection 

Set-point 
VL 

Weeks 
post-

infection 

Protective 
HLA? ɸ 

CAP320 37 500 30 550 1 607 5 Yes CAP345** 130 000 271 500 222 000 6 No 

CAP325* 127 000 66 350 10 261 3 No CAP327* 91 600 250 500 224 579 3 No 

CAP343 130 000 47 200 35 748 7 Yes CAP317 351 000 534 000 682 000 7 No 

CAP360 80 600 11 460 8 628 3 Yes CAP301 33 500 3 670 <400 4 Yes 

CAP363* 97 500 96 050 4 617 5 No CAP292* 458 000 43 733 256 085 5 No 

CAP367 3 360 000 428 500 142 970 3 No CAP326 31 500 16 300 4 329 3 No 

CAP283** 12 900 14 300 74 445 7 No CAP306 141 000 38 900 19 530 8 Yes 

CAP291 14 300 12 000 2 507 11 No CAP349 950 000 732 000 429 247 11 No 

CAP318 22 300 25 700 46 632 5 No CAP307 174 000 107 000 147 459 5 No 

CAP323 22 000 2 193 3 044 3 Yes CAP315** 108 000 65 400 793 3 Yes 

CAP334 21 200 3 150 8 077 6 Yes CAP311 18 600 1 390 855 6 No 

CAP348 305 000 112 267 21 581 8 Yes CAP287 13 200 52 000 9 174 8 No 

CAP370 28 800 8 570 12 237 5 Yes CAP331 12 700 1 550 8 574 6 No 

CAP375 192 000 110 900 20 117 5 Yes CAP357** 14 900 7 765 22 588 7 No 

VL reported as copies/mL 

Ɨ VL in the plasma sample from which viruses were isolated  

ǂ TFV detected in plasma at the time-point used for virus isolation  

ɸ Protective HLAs present or absent in both participants of the TFV-PLB pair 

*Participant not selected for cloning or **cloning of env was not successful 
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VL set-point was defined as the geometric mean of HIV-1 plasma VL measurements from three 

consecutive study visits around 12 months post-infection in ART-naïve participants (the visit 

closest to 12 months post-infection as well as one visit preceding and one immediately following 

the 12-month visit).  In participants who initiated ART before 12 months post-infection, set-point 

was defined as the last available VL measurement before ART initiation.  ART was initiated 

according to National Treatment Guidelines at the time; which was a CD4+ count of <350 cells/µL.  

Two participants initiated ART prior to 12 months: CAP317 (PLB arm) and CAP375 (TFV arm) 

initiated ART at 6.3 months and 8.5 months post-infection, respectively.  In the subset of 28 

viruses selected for viral inhibition assays, VL at isolation, 3 months post-infection and set-point 

did not differ significantly between trial arms (P= 0.7304, 0.6133 and 0.4082, respectively; 

Wilcoxon rank sum test for independent samples). 

 

 

3.2 Isolates are genotypically representative of plasma viruses  

 

In order to demonstrate that isolates were representative of plasma viruses, the env gene isolate 

sequences were compared to sequences generated from plasma at the same time-point post-

infection for 34 of the 39 isolates.  A total of 105 env gene sequences were PCR-amplified using a 

single genome amplification (SGA) approach and sequenced (median= 3, range= 1; 5 sequences 

per participant).  No more than three ‘double peaks’ per env sequence were tolerated in sequence 

chromatograms across the entire length of env for inclusion in all analyses.  Full-length (n= 16 

participants) and partial (n= 8 participants) env sequences from plasma viruses were available 

for the same time-point for 24 of these individuals (10 TFV and 14 PLB).  These env sequences 

were generated internally (R.  Thebus, C.  Rademeyer, J.  Marais, Z.  Valley-Omar; personal 

communication) (median= 6, range= 1; 26 sequences per participant).   

 

Isolate env sequences were compared to the plasma viruses for each of the 24 participants.  To 

include as much sequence data as possible in the comparisons, alignments were truncated to the 

length of the partial plasma sequences.  The two truncated alignments included one alignment 

from the start of env to the middle of gp41 (sequences between 1911- 1979 bp; HXB2 1- 1443) 

(n= 22 participants) and one that only included the V3V5 (sequences between 603- 642 bp; HXB2 

886- 1407) regions (n= 24 participants).   

 

For each participant, the plasma consensus (T/F) env sequence was derived which was assumed 

to represent the transmitted variant in vivo.  The genetic distance of the isolates and plasma 

viruses to the plasma consensus was measured to determine if the isolate env variants were more 
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diverse than expected compared to the diversity in vivo.  When the maximum DNA distance of the 

plasma consensus sequence was compared in a pairwise manner to plasma and isolate sequences 

for each participant (table 3.2, columns six and seven), no statistically significant difference was 

found (P= 0.1765; Wilcoxon signed-rank test for paired observations).  However, there was 

significantly greater maximum intra-participant pairwise DNA distance within plasma-derived 

envs (table 3.2, columns eight and nine) compared to isolate-derived envs (P= 0.0016; Wilcoxon 

signed-rank test).  Together, this implies that although viral isolation does not capture the full 

diversity in vivo, isolate sequences are a good representation of viruses in vivo.     

 

Nucleotide highlighter plots (fig 3.1 and appendix 3B) allowed for closer inspection of the number 

of synonymous versus non-synonymous mutations in all isolate- and plasma-derived envs.  Figure 

3.1 shows examples of highlighter plots for participants whose sequences matched the plasma 

consensus sequence (fig 3.1a), those that have random changes compared with the plasma 

sequences (fig. 3.1 b and c), and those whose isolate sequences have shared mutations which 

were not detected in plasma variants (fig 3.1d).  The maximum number of non-synonymous 

mutations in plasma and isolate sequences compared with the plasma consensus (table 3.2, 

columns four and five) revealed no statistically significant difference between the two (P= 0.2872; 

Wilcoxon signed-rank test).  There were 12 participants for which non-synonymous mutations 

were present at the same position in all of the isolates envs sequenced which were not present in 

the plasma sequences.  The positions of these shared non-synonymous mutations and the regions 

in which they occur are listed in appendix 3C.   
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Figure 3.1.  Highlighter plots comparing plasma and isolate env amino acid sequences for 
four participants.  Highlighter plots show the synonymous (green vertical bars) and non-
synonymous (red vertical bars) nucleotide substitutions for all sequenced env variants in plasma 
and isolate samples (grey vertical lines represent deletions).  Each env sequence is represented 
by a grey horizontal line.  Isolate envs are denoted by a blue bar on the right of the sequences.  
Sequences were aligned to the plasma consensus sequence representing the T/F env sequence 
(labelled ‘CON’ in each figure).  envs with a green arrow to the right of them were selected for 
cloning.  Numbers on the x-axis represent the codon number.  Highlighter plot A is for the CAP303 
alignment which was truncated to the V3V5 region and is one case where the sequenced isolate 
envs are identical to that of the plasma consensus.  Plots B and C show CAP360 (truncated to 
gp41) and CAP301 (full-length env) alignments, respectively, which represent participants with 
low diversity in their isolates and where the isolate envs have minor changes compared to 
variants in the plasma.  Plot D represents CAP323, a participant with greater diversity in the 
isolate env sequences (full length) and where the isolates represent a mixture of variants 
sequenced from plasma and those not seen in the plasma sequences.   
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Table 3.2.  A comparison of plasma and isolate env sequence diversity for each participant. 
 

Participant 
ID 

Arm Length of env 
alignment 

Max.  no.  of non-synonymous 
mutations 

Max.  DNA distance from T/F Max.  DNA distance within 
group* 

Plasma seqs Isolate seqs Plasma seqs Isolate seqs Plasma seqs Isolate seqs 

CAP303 PLB V3V5 2 0 0.003 0.000 0.010 0.000 

CAP327 PLB Full-length 1 0 0.001 0.000 0.003 - 

CAP311 PLB Full-length 1 0 0.001 0.000 0.003 0.000 

CAP331 PLB Full-length 2 1 0.001 0.000 0.005 0.000 

CAP301 PLB Full-length 5 2 0.002 0.001 0.005 0.000 

CAP323 TFV Full-length 1 2 0.000 0.001 0.000 0.002 

CAP315 PLB Mid-gp41 4 2 0.003 0.001 0.008 - 

CAP334 TFV Full-length 3 1 0.002 0.001 0.008 0.002 

CAP370 TFV Full-length 2 1 0.001 0.001 0.003 0.000 

CAP320 TFV Full-length 3 3 0.001 0.002 0.003 - 

CAP343 TFV Mid-gp41 2 3 0.002 0.002 0.006 0.002 

CAP317 PLB Mid-gp41 3 3 0.003 0.002 0.005 0.000 

CAP363 TFV Mid-gp41 3 3 0.002 0.002 0.003 0.000 

CAP292 PLB Full-length 1 1 0.003 0.002 0.007 0.002 

CAP326 PLB Full-length  4 - 0.002 - 0.000 

CAP307 PLB Full-length 2 3 0.002 0.002 0.005 0.000 

CAP314 TFV Mid-gp41 4 3 0.003 0.003 0.008 0.000 

CAP345 PLB Full-length 3 7 0.001 0.003 0.000 - 

CAP308 PLB Full-length 4 5 0.002 0.003 0.010 0.002 

CAP360 TFV Mid-gp41 8 5 0.010 0.005 0.037 0.000 

CAP287 PLB Full-length 7 9 0.003 0.005 0.006 0.010 

CAP357 PLB Full-length 0 4 0.001 0.005 0.000 0.002 

CAP375 TFV Full-length 22 21 0.016 0.014 0.022 0.055 

CAP348 TFV Mid-gp41 21 17 0.017 0.015 0.053 0.028 

*analysed using the V3V5 region only for all sequences; mid-gp41 refers to sequences that start at the start codon of env and end in the middle of gp41



  

53 
 

 

In
t
r

a
-
p

a
r

t
ic

ip
a

n
t
 m

e
a

n
 N

T
 d

is
t
a

n
c

e

M
a

x
.  

D
N

A
 d

i s
t a

n
c

e

f r
o

m
 T

/ F

M
a

x
.  

D
N

A
 d

i s
t a

n
c

e

w
i t

h
i n

 g
r o

u
p

- 0 . 0 2

0 . 0 0

0 . 0 2

0 . 0 4

0 . 0 6

P la s m a  s e q u e n c e s

I s o la t e  s e q u e n c e s
*

P =  0 . 0 0 1 6

C A P 3 4 8

C A P 3 6 0

C A P 3 7 5

C A P 3 7 5

C A P 3 4 8

C A P 2 8 7

 

 

Figure 3.2.  Diversity of plasma and isolate envs compared firstly to the 
transmitted/founder env, and secondly to other sequences within the same group.  envs 
were evaluated using an alignment truncated to the V3V5 region of env.  The intra-participant 
diversity was calculated in a pairwise manner for both comparisons.  In the first case, each 
plasma- or isolate-derived env was compared with the plasma consensus env and the maximum 
distance was used for comparison for each.  In the second case, DNA distance was calculated in a 
pairwise manner within the group of isolates or plasma envs for each participant.  Each point 
represents the mean of DNA distances obtained for all sequences from a given participant.  Black 
bars represent the median and IQR.  The PID’s of outlying points are indicated on the figure.  P-
values were calculated using a Wilcoxon signed-rank test for paired observations in STATA.   
 

 

Phylogenetic analysis was performed to assess the relationship between the plasma and isolate 

sequences.  Due to differences in the length of plasma sequences, three comparisons were made: 

one from a full-length env alignment (fig. A3D.1; appendix 3D); and two truncated alignments 

(HXB2 amino acids 1- 481) (fig. A3D.2; appendix 3D), and V3V5 (HXB2 amino acids 296- 469) 

regions (fig 3.3).  All results gave quantitatively similar results with isolate sequences clustered 

with plasma sequences for the same participant and each participant’s set of sequences forming 

a clade.  The V3V5 analysis incorporated all 24 participants and is illustrated (fig. 3.3). 

 

The isolate sequences for 18 of the 24 participants had low diversity and dispersed within the 

plasma sequences indicating that the env diversity of the isolates is similar to that in plasma.  Of 

these 24 individuals, 15 had previously been classified as infected with a single variant, while two 
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(CAP348 and CAP360) were classified as having multivariant infections (138), and seven 

remained unclassified.     

 

 

 

 

 
Figure 3.3.  A Maximum likelihood tree of HIV-1 env region V3V5 plasma- and isolate-
derived sequences from the same time-point post-infection in each participant.  Nucleotide 
sequences were generated by limit dilution PCR amplification.  Sequences from 24 participants 
from both arms of the trial (PLB depicted in blue, TFV in red) were aligned to a CAPRISA 002 
cohort consensus and a maximum likelihood tree was generated.  Triangles were used to 
represent isolate sequences while circles were used to represent plasma sequences.  Sequences 
were truncated to the V3V5 region to include plasma-derived env sequences which were already 
available for comparison.  This tree was generated using MEGA6.  **denotes participants who 
were identified as having established infection as a result of multivariant transmission.  The 
Subtype C acute consensus sequence was derived from available CAPRISA 002 env plasma 
sequences (n= 592 SGAs) generated from participants infected for less than 3 months.   
 
 
Viruses from CAP348, CAP360 and CAP375 had a high diversity typical of multivariant 

transmissions (denoted by the suffix ** adjacent to participant ID’s on each of the trees).  
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Multiplicity of infection in this cohort was previously identified by Valley-Omar et al (138) who 

identified CAP348 and CAP360 as multivariant transmissions using a heteroduplex tracking assay 

(HTA).  However, CAP375 was identified as a high diversity, single variant transmission by the 

same method.  It is clear from the highlighter plot for CAP375 in appendix 3B, in addition to the 

phylogenetic tree, that CAP375 is a multivariant transmission and thus was misclassified by HTA.  

The isolate sequences from multivariant transmissions show the presence of envs from all 

variants in plasma with the exception of CAP360, which appears to be a single variant 

transmission either because of a bottleneck created in tissue culture- where one variant grew 

preferentially, or it could be a result of under-sampling of isolate sequences.   

 

There were seven participants in this study whose multiplicity of infection was not previously 

classified.  These were classified in this study (using plasma-derived full-length env sequences 

only) by observing the pattern of non-synonymous mutations on the highlighter plots and 

determining whether sequence diversity followed a star phylogeny using the Poisson-Fitter tool 

(171) on the Los Alamos database (table 3.4).  For single variant transmission, we expected a low 

intra-participant diversity, a star-like phylogeny and Poisson distribution of Hamming distances.  

We also expected the clinically estimated days post-infection to fall within the estimated 

timeframe of infection based on the estimated time from the most recent common ancestor 

(MRCA).  Based on this definition, four infections (CAP326, CAP331, CAP345 and CAP357) were 

classified as single variant infections.  Conversely, sequences were classified as multivariant 

transmissions if there was high genetic diversity with a multimodal distribution of pairwise 

Hamming distances, a non-star-like phylogeny and/or if one or more sequences were noticeably 

different from others in plasma.  Based on these criteria, two sequences were classified into this 

group (CAP287 and CAP301).   
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Table 3.4.  Genetic complexity of plasma viruses classified for participants who had not been 

previously identified as being infected by a single or multiple founder variants 

 

Participant ID 
Trial 
Arm 

Mean 
hamming 
distance  

Estimated 
days post-
infection 

Days 
post-

infection 
(clinical) 

Max.  
DNA 

distance 
(%) 

Star 
phylogeny 

Single/Mutivatiant 
infection 

CAP287 PLB 6 
99  

(19, 179) 
58 0.4 No Multiple 

CAP301 PLB 6 
100 

(80, 120) 
25 0.5 No Multiple 

CAP311 PLB 2.7 
44  

(N/A) 
42 0.2 No Undetermined** 

CAP326* PLB 2.3 
44 

(14, 73) 
23 0.3 Yes Single 

CAP331 PLB 3.4 
56 

(35-78) 
43 0.2 Yes Single 

CAP345 PLB 2 
33 

(-5, 71) 
43 0.2 Yes Single 

CAP357 PLB 1 
17 

(1,32) 
25 0.1 Yes Single 

CAP375 
(reclassification) 

TFV - - 36 2.3 - Multiple 

*The plasma sequences used to classify this variant were variants present at the time of 

enrolment; one week prior to the plasma sample used to isolate the participant’s virus 

**Sequences had a low diversity amongst plasma SGAs but they did not fit the model of random 

evolution (a star phylogeny) therefore, multiplicity of infection could not be determined 

 

 

CAP287, although the estimated date of infection was within the range calculated for date to 

MRCA, was classified as multivariant due to the presence of a highly diverse second variant 

represented by one out of six plasma sequences.  CAP301 was classified as multivariant due to its 

maximum DNA distance between sequences being high and also the estimated date of infection 

according to Poisson-fitter being 75 days after the clinical estimate.  The highlighter plot of 

CAP301 also shows the presence of a closely related, but distinct, second variant.  CAP311 

remains unclassified because even though it does not follow a star phylogeny, the number of 

sequences and the low diversity does not allow multiplicity of infection to be determined with 

certainty.   

 

When these results were put together with those published (138), it was found that 17 out of 21 

(81%; 95% CI, 63%- 99%) women in the PLB arm were infected with a single virus, compared to 

16 out of 22 (73%; 95% CI, 53%- 93%) women in the TFV gel arm (P= 0.721; following a two-
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tailed Fisher’s exact test).  This result supports the previous finding which showed that TFV gel 

did not affect the genetic bottleneck (138). 

 

 

3.3 Genotypic characteristics of env do not differ between viruses from the TFV 

versus the placebo arm 

 

Variable loop characteristics of viral envelopes are determinants of cell tropism and entry, and 

may undergo selection during transmission, with subtype C viruses from acute infection having 

shorter loop lengths and fewer glycosylation sites than envs from viruses in chronic infection (24, 

39).  Variable loop charge has been implicated in a number of functions depending on the region 

being investigated.  For example, V1, V2 and V3 charge plays a role in fusion capacity and 

coreceptor tropism (173, 174).  In addition, isolates from end-stage disease with enhanced fitness 

displayed a higher net charge of gp120 (175).  We hypothesized that if TFV affected the barrier 

to infection, then these characteristics may differ between trial arms.  Examination of altered loop 

length, charge or predicted sites of glycosylation between viruses of the TFV and PLB arms (fig. 

3.4) showed that there was no significant difference between the trial arms for any of the 

characteristics investigated, including loop length, glycosylation, or charge (P> 0.05; two-tailed t-

test or a two-tailed Wilcoxon rank-sum test for independent samples depending on the 

distribution of the data for each characteristic in each loop).   
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Figure 3.4.  Variable loop characteristics of envs from PLB and TFV arm isolates do not 
differ.  For a given characteristic within each variable loop, the average for all isolates sequenced 
for each participant is represented as a point in a column.  The median and IQR is represented by 
the black bars overlapping points in each column.  Statistical significance was determined by 
performing either a two-tailed t-test or a two-tailed Wilcoxon rank-sum test for independent 
samples in STATA (depending on the distribution of the data for each characteristic in each loop).  
All P-values were greater than the significance cut-off of 0.05.   
 

 

Previously it has been shown that transmission selects for viruses which are more like consensus 

in amino acid identity (of Gag, Pol and Nef protein sequences) compared to chronic variants (50).  

Consensus-like variants are thought to have a higher in vivo fitness as they represent viral 

variants which are able to replicate to a majority in infected individuals, although they have not 

been shown to replicate more efficiently in vitro (48).  Furthermore, factors that increase or 

decrease the transmission barrier such as female-to-male transmission, the presence of genital 

ulcers or inflammation, were shown to increase or decrease this selection bias for consensus-like 

variants (50).  To identify whether breakthrough viruses from the TFV arm were more consensus-

like than those of the PLB arm in Env, isolate sequences were compared to the CAPRISA 002 

subtype C consensus derived from SGAs (n=592) generated from participants infected for less 

than 3 months (obtained from M-R. Abrahams, personal communication).  Pairwise distances 
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between isolate sequences and the CAP 002 consensus indicate that there is no difference 

between trial arms in the nucleotide or amino acid distance from consensus of isolate env 

sequences (fig 3.5; two-sample t-test on data with equal variances).  On the contrary, a trend can 

be observed for viruses from the TFV arm to be less consensus-like than those in the PLB arm.   
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Figure 3.5.  The distance to consensus does not differ between TFV and PLB arm isolates.  
Isolate env sequences were aligned to a CAPRISA 002 consensus sequence and the pairwise 
nucleotide (left) and amino acid (right) distances were calculated using MEGA6.  The average of 
all distances for a given participant’s sequences is plotted above with each participant 
represented by either a blue circle (PLB) or a red square (TFV).  Black bars represent the mean 
with the 95% CI.  P-values were calculated using a two-sample t-test on data with equal variances 
in STATA. 
 

 

3.4 Phenotypic characteristics of Env do not differ between viruses from the TFV 

versus the placebo arm 

 

Viral fitness is defined as the ability of a virus to survive and replicate within a given setting and 

fitness can be conferred by an increase in efficiency in any of the steps of the viral replication 

cycle, which would in turn increase its replicative capacity [reviewed in (176)].  Inhibition assays 

are a convenient way of measuring viral dependence on a particular step of the replication cycle 

by blocking that step.  This method can uncover functional differences between viruses in relation 

to one another.  Hence, we investigated the effect of various inhibitors on virus replication.  

Inhibition sensitivities of the isolates were determined using the effective inhibitory 

concentration, that is, the concentration at which viral replication, measured as RLU, was 

inhibited to 50% of growth in the absence of the drug (EC50).   
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Susceptibility to TFV 

The CAPRISA 004 trial found no evidence of TFV resistance based on genotypic data (95, 118).  

However, Lehman et al. (177) postulate that if TFV is present in the mucosa after participants 

became infected (pre-seroconversion) then viruses may have gained polymorphisms which allow 

it to replicate better in the face of sub-optimal levels of the drug.  Here, we inhibited the 

replication of isolates in tissue culture using TFV, firstly, to confirm that TFV arm viruses are not 

phenotypically resistant to TFV, and secondly, to determine if a difference in susceptibility was 

associated with women who became infected while using TFV gel. 

 

Resistance to TFV was preciously defined as a 0.4 to 2.2-fold change in inhibitor sensitivity when 

compared with that of HIV-1 IIIB (178).  All isolates were fully inhibited by TFV (fig. A3E.1 in 

appendix 3E) with a median EC50 of 2872 nM.  The two viruses that had the highest EC50s for TFV 

were CAP292 and CAP307 with EC50s 1.6-fold higher and 1.5-fold higher than the median, 

respectively.  In addition, there was no difference in isolate susceptibility to TFV between study 

arms (fig. 3.6), with all TFV arm inhibition curves falling within the range of PLB arm inhibition 

curves.  This indicates that there was no phenotypic resistance within our TFV arm isolates. 

 

 

Susceptibility to entry inhibitors 

To investigate if certain phenotypic properties associated with viral entry were enriched in the 

TFV arm, we assayed viral attachment using CCR5 dependence (non-competitive CCR5 binding) 

by inhibiting with maraviroc (MVC), CD4 binding affinity with anti-CD4 antibody clone SK3 

(referred to as anti-CD4 from here onwards), and CCR5 binding affinity with the use of PSC-

RANTES.  Fusion capacity was assayed using T20 which prevents fusion of the viral and host 

membranes.  We used JM-2987, a CXCR4 binding inhibitor, to investigate whether any of the 

isolates could utilize CXCR4 as a coreceptor (see appendix 3D for all inhibition curves).   

 

TFV, PSC RANTES and anti-CD4 all had narrow distributions of EC50’s (fig. 3.6), whereas the 

distributions of isolate sensitivities to T20 and MVC were wider with ranges of 1.5 nM to 27 nM, 

and 0.68 nM to 17.37 nM, respectively.  There was no difference to any of the inhibitors between 

isolates between isolates from the different study arms (fig 3.6; Wilcoxon rank sum test for 

independent observations).  All isolates were sensitive to MVC and PSC-RANTES, indicating that 

they utilized CCR5 as a coreceptor (fig. 3E.3 and 3E.5, respectively; appendix 3E).  In addition, 

none of the viruses displayed susceptibility to the CXCR4 inhibitor JM-2987 (fig. 3E.6; appendix 

3E), confirming that all isolates are exclusively R5-tropic.   
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Figure 3.6.  Inhibition sensitivities of isolates do not differ between trial arms.  Inhibition 
sensitivities represented as effective inhibitory concentrations (EC50) are represented on the x-
axis.  Each point on the graph represents an isolate from a given participant.  Viruses from the 
PLB arm are represented as blue circles while those from the TFV arm are represented as red 
squares.  The black bars represent the median and IQR for each group.  All P-values on this figure 
were calculated using a Wilcoxon rank sum test for independent observations in STATA. 
 

 

There are a few outliers on each of the plots (fig 3.6).  The isolates with a lower susceptibility to 

T20 were CAP353 and CAP326 in the PLB arm, and CAP343, CAP320 and CAP325 in the TFV arm.  

There were three isolates with higher MVC EC50s than all other isolates: CAP292, CAP326 and 

CAP345, all from the PLB arm.  More importantly, two isolates, CAP291 (TFV arm) and CAP292 
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(PLB arm) exhibited an inhibition plateau at 18% infection and below 10% infection, respectively 

(fig. 3.7), suggesting that these isolates can still enter cells despite the CCR5 co-receptor being 

blocked by MVC. 
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Figure 3.7.  Maraviroc inhibition plateaus for CAP291 and CAP292 suggesting that these 
isolates can still use CCR5 despite the presence of MVC.  The graph shows the decrease in the 
percentage infection (y-axis) by the isolates on TZM-bl cells with increasing MVC concentration 
(x-axis).  CAP291 inhibition is represented by the red curve while CAP292 inhibition is 
represented by the blue curve.  BAL (know R5-tropic isolate) was used as a control virus and is 
represented in black. 

 

 

Noticeably, CAP292 and CAP326 were less susceptible to MVC and PSC-RANTES while being more 

susceptible to anti-CD4 than the median of the isolates from the PLB arm.  This implies that these 

viruses had a greater CCR5 binding capacity and CCR5 affinity, while having a lower CD4 binding 

affinity than the majority of isolates from the PLB arm.  CAP326 was also less susceptible to T20, 

suggesting that this virus had a greater fusion capacity.  CAP325, a TFV arm isolate, was less 

susceptible to T20 and more susceptible to anti-CD4 inhibition than the majority of TFV arm 

isolates; indicating that it has a greater fusion capacity and a weaker CD4 binding affinity. 
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Entry efficiency 

To evaluate the role of Env directly, PSVs were constructed which only differed in Env and not in 

any other viral proteins.  The entry of Envs was examined to determine whether they differed 

between viruses from the two trial arms.  For each participant, Env-typed PSVs were generated 

by cloning the env most representative of the majority isolate.  In the highlighter plots for each of 

the participants (figure 3.1 and appendix 3B), the sequences which were selected for cloning are 

indicated by a green arrow and can be compared in relation to both plasma and isolate sequences.  

Of the 28 participants selected for phenotypic comparison (14 TFV and 14 PLB), PSVs were 

produced for 10 participants from the TFV arm and 9 participants from the PLB arm.  Since 

CAP348 was identified as a multivariant infection, two env genes were cloned (one representing 

each transmitted virus), and the overall entry efficiency was calculated as the average entry 

efficiency of both clones.  After multiple attempts at cloning CAP345, CAP283, CAP315, CAP343 

and CAP257, no functional clones could be generated.  Of the 20 functional PSV clones generated, 

17 were identical to the isolate SGA amplicon while two differed in a single site.  The final one, 

CAP287, had two synonymous and three non-synonymous changes compared with the SGA that 

was sequenced.  These are too many changes to have been introduced during PCR and cloning.  

As all of the non-synonymous mutations in CAP287 were present in vivo, but in two different 

plasma variants, we concluded they were probably real changes as opposed to PCR-induced 

errors.  Most likely  when the sample was taken from the first round product for second round 

PCR prior to cloning, we amplified a different variant to the one sequenced, which was present as 

a minor variant in the first round product.  Table 3.5 shows the participants for which non-

synonymous mutations were introduced during the cloning process and the possible functional 

implications of these changes.   

 

 

Table 3.5.  Non-synonymous changes introduced into pseudoviruses envs during the cloning 

process 

 

Participant ID Number of non-
synonymous changes* 

Location & possible functional implications, if 
known 

CAP360 1 V3 loop; possible effects on coreceptor binding 
CAP323 1 C1; none known 
CAP287 3 Any functional changes would still reflect an in vivo-

relevant phenotype 

*compared to the isolate env sequences selected for cloning 
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Finally, the in vitro entry efficiencies of PSVs were assessed in order to determine if they differ 

between the trial arms (fig 3.8).  Following a two sample t-test on log-transformed data it was 

found that there was no difference between the entry efficiencies between the trial arms (P= 0. 

7569).  
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Figure 3.8.  Entry efficiency does not differ between trial arms.  Entry efficiency of env-typed 
PSVs was assessed using a single cycle replication assay on TZM-bl cells.  The figure shows the 
entry efficiency expressed as RLU per pg of p24 in infection experiments with each PSV stock.  
Each point on the graph represents one PSV.  Black bars represent the mean and 95% CI for both 
data sets.  P-values were calculated by performing a two-sample t-test on log-transformed data 
in STATA.  The figure generated using GraphPad Prism. 
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3.5 Env phenotype does not correlate with predictors of  disease progression 

 

In order to determine whether Env phenotype can impact disease progression in this cohort, we 

investigated whether inhibitor sensitivity and viral entry efficiency (i.e.  PSV infectivity) 

correlated with VL and/or CD4 count.  There was no correlation between inhibitor sensitivity and 

predictors of clinical progression (VL and CD4 count) (table 3.6).   

 

 

Table 3.6.  Spearman correlation coefficients and P-values showing the relationship between 

inhibition sensitivities to each inhibitor and various clinical markers of infection for the isolates 

 

 CORRELATION WITH 
Inhibitor VL at isolation VL at 3 months 

post-infection 
VL at set-point CD4+ count at set-point 

TFV P= 0.5105 
r= 0.1297 

P= 0.6377 
r= 0.0930 

P= 0.8530 
r= 0.0367 

P= 0.8574 
r= 0.0356 

MVC P= 0.0985 
r= 0.3186 

P= 0.0979 
r= 0.3191 

P= 0.2716 
r= 0.2151 

P= 0.2393 
r= -0.2299 

T20 P= 0.8988 
r= 0.0252 

P= 0.7252 
r= -0.0695 

P= 0.7672 
r= 0.0586 

P= 0.4247 
r= 0.1571 

Anti-CD4 P= 0.7524 
r= -0.0624 

P= 0.8988 
r= -0.0252 

P= 0.4069 
r= -0.1631 

P= 0.7821 
r= -0.0547 

PSC-RANTES P= 0.7034 
r= -0.0753 

P= 0.8077 
r= -0.0482 

P= 0.7885 
r= -0.0531 

P= 0.3163 
r= -0.1965 

 

 

In addition, entry efficiency measured using a PSV entry assay did not correlate with VL at 

isolation (P= 0.5520), at 3 months post-infection (P= 0.6165) nor with VL at set-point (P= 0.2272) 

(fig 3.9).  Furthermore no correlation with CD4 count at set-point was found. 
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Figure 3.9.  Entry efficiency does not correlate with viral load at various time-points post-
infection.  Entry efficiency for all PSVs is depicted on the x-axis while the VL at A) isolation, B) 3 
months post-infection (p.i); and C) set-point is depicted on the y-axis.   A Shapiro-Wilk test for 
normality was used to determine distribution of the data and then a Spearman rank correlation 
was applied to all data sets using STATA 11.2. 
 
 

 

3.6 Pseudovirion Envs differ in sensitivity to entry inhibitors when compared with 

the corresponding  isolate 

 

It is known that native env trimers and PSV envs differ in terms of their glycosylation (179), the 

percentage at which they are present on the surface of virions and also the degree to which they 

are processed (180); all of which can affect the function of PSVs relative to their corresponding 

isolate.  In order to evaluate the PSV system to determine whether PSVs are representative of 

isolates, the inhibition sensitivities of PSVs were compared to that of their corresponding isolates 

(fig 3.10).  The PSVs which sustained PCR-induced errors compared with their corresponding SGA 

were excluded (that is, CAP60 and CAP 323).  Data for CAP287 was included in this analysis.  
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Inhibition curves of the isolate and corresponding PSV can be found in appendix 3F.  Median EC50 

values for PSVs and isolates for each inhibitor are shown below (table 3.7). 

 

Table 3.7.  Median inhibition sensitivities for the comparison of pseudoviruses and isolates. 

 

Inhibitor Median EC50- Pseudoviruses 
(IQR) 

Median EC50- Isolates 
(IQR) 

T20 (fusion capacity) 28.47 
(10.78; 57.02) 

5.267 
(2.986; 11.44) 

MVC (CCR5 dependence) 1.904 
(1.008; 6.306) 

2.812 
(1.826; 4.050) 

SK3 (CD4 binding affinity) 0.1249 
(0.1011; 0.1640) 

0.3411 
(0.2499; 0.3710) 

PSC-RANTES (CCR5 binding affinity) 0.04661 
(0.03930; 0.07912) 

0.08886 
(0.06440; 0.1570) 

 

 

It was found that PSVs were 5-fold less susceptible to inhibition by T20 (P= 0.0117), and 3-fold 

and 19-fold more susceptible to inhibition by the anti-CD4 antibody SK3 (P= 0.0117) and PSC-

RANTES (P= 0.0117) respectively, than isolates.  The significance was retained even after 

Bonferroni correction (P-value< 0.0125 for significance).  Since a Wilcoxon signed-rank test for 

paired data was employed to test the difference between PSV and isolate inhibition in all cases, 

the ranks of participant EC50’s within each group can be concluded to be different.  Interestingly, 

there was no significant difference between PSV and isolate sensitivity to MVC (1.5-fold 

difference, P= 0.2076).   
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Figure 3.10.  Inhibition sensitivities of pseudoviruses compared with their corresponding 
isolate.  EC50 values representing the effective inhibitory concentrations for 50% inhibition are 
shown on the y-axis for various inhibitors (indicated above each graph). Black bars represent the 
median and IQR for the data.  The P-values were calculated using a Wilcoxon signed-rank test for 
paired data and are significant for T20, anti-CD4 antibody clone SK3 and PSC-RANTES even after 
Bonferroni correction for multiple comparisons (P < 0.0125 for significance). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  

69 
 

4. Discussion 

 

Effective prevention modalities are essential if the trajectory of HIV-1 infection in Africa is to be 

curtailed; especially in young women who bear a disproportionate amount of the infection 

burden.  TFV-based microbicides, if used correctly, are a safe, effective, and convenient means of 

protection from infection, which provides women with control over their own protection.  

However, when breakthrough infections occur, a potential pitfall may be that this barrier which 

is only partially protective might select for more virulent viruses during transmission (181).  In 

the case of the CAPRISA 004 trial, the partial protection conferred by the microbicide could result 

in transmission of viruses with characteristics that may hasten disease progression or worsen 

clinical symptoms (119).  Therefore, this study investigated the transmission of Env variants in 

the CAPRISA 004 1% TFV trial in order to characterise early viral variants within the CAPRISA 

004 cohort, in order to identify differences in characteristics of early viruses between trial arms, 

and to determine their potential effect on clinical markers of disease progression.  

 

One observation suggests the transmission of more virulent viruses in the TFV arm of the study.  

Garrett et al. found a difference in VL between study arms with participants in the TFV arm having 

higher VL over time (up to two years post-infection) than those in the PLB arm, despite being 

assigned to gel use (119).  The authors state that the VL difference is explained partially by the 

higher number of participants in the PLB arm with protective HLA alleles.  In the subset of 48 

participants chosen for this study, VLs were found to be similar between trial arms at 3 months 

post-infection and at set-point.  This could be due to the fact that trial arms were matched for the 

presence of protective HLAs when selecting the cohort for this study.   

 

In fulfilment of the first objective of this study, clinical isolates were obtained for 39 women by 

isolating HIV-1 from cryopreserved plasma and culturing isolated virions in uninfected donor 

PBMCs.  One of the drawbacks of using PBMCs to isolate HIV-1 is that donor cells may have 

differential susceptibility to infection by HIV-1 (160).  To overcome this, a 3x3 stimulation 

protocol was employed where PBMCs were obtained from three different donors and stimulated 

under three different conditions (132, 161) to obtain a mix of PBMCs each time cells were added.  

This resulted in a high percentage (81%) of primary isolates being obtained.   

 

The next objective was to determine whether the primary isolates used in this study were 

genotypically representative of viruses circulating in the plasma of these individuals.  There have 

been a number of studies showing that PBMC-cultured viruses do not represent variants in vivo  

(182–184), however, these compared isolate sequences to proviral DNA for HIV-1 tat (182) and 
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env (183, 184).  These studies found outgrowth of minor variants from infected PBMCs in the 

isolates.  Other studies have found that isolates are similar to variants in vivo (160, 185), by 

comparing proviruses in the donor with proviruses in recipient PBMCs after co-culture.  Most 

recently, Dalmau et al. have shown (using a deep sequencing approach) that viruses isolated from 

plasma, infected donor PBMCs, and sequences obtained from plasma RNA do not differ, and that 

unique variants are infrequent (186).  Following these findings, we wished to confirm that our 

isolates were representative of circulating variants (sequences generated from plasma RNA).  We 

compared the isolate env sequences to plasma-derived envs for 24 participants.  The maximum 

intra-participant diversity from the plasma-derived T/F sequence (assumed to represent the 

virus that founded clinical infection) was not greater in the isolates than the plasma variants, 

indicating that there was little- to no diversification of isolate sequences during growth in tissue 

culture. However, the maximum intra-participant pairwise distance was greater in the plasma 

than in isolate env sequences; indicating that the isolates represent some, but not all of the 

diversity of the quasispecies in vivo.  This is consistent with findings from the studies which 

showed preferential expansion of certain variants over others when HIV-1 was isolated on PBMCs 

(182–184).  Our study was limited by the small number of env SGAs generated per participant 

which could, in some cases, lead to under- or overestimation of the diversity within isolates 

compared with plasma sequences.  The case of CAP323 is a good example.  Three of the five 

isolates sequenced had a non-synonymous mutation that was not present in any of the five 

plasma sequences that we had available.  This could represent outgrowth of a variant that 

sustained a mutation during growth in tissue culture, although the fact that so few plasma 

sequences were available could mean that the variant that grew was a minor variant in plasma.   

However, as in most cases the env sequences sampled from the isolates were similar to sequences 

in the plasma, and the env genes of isolates were genotypically representative of plasma variants 

(cell-free), we concluded that it was suitable to use primary isolates for further comparisons.   

 

The third objective was to characterise viruses genotypically and compare env characteristics 

between study arms.  We attempted to classify the multiplicity of infection for seven participants 

not classified previously (138).  Two were classified as multivariant infections, four were single 

variant infections and one, CAP311, remained undetermined.  CAP311 posed difficult to classify 

due to the fact that plasma envs had a low diversity and a small hamming distance amongst 

sequences, but mutations did not follow a random distribution.  Further sequencing would be 

needed to resolve the multiplicity of infection in this participant.  An eighth participant, CAP375, 

which was previously classified as a single variant transmission with high diversity (138), was 

reclassified as a multivariant transmission.  These results put together with the previous studies’, 

and using the same statistical analysis described by the authors, confirm the finding that TFV gel 
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use had no impact on the transmission bottleneck.  Thus, this study adds to the picture of 1% TFV 

gel being safe for use as a microbicide (95, 187, 188).  

 

The genital mucosa provides an efficient barrier to HIV infection.  Several lines of evidence 

suggest that transmission is not entirely stochastic but might involve selection of  viruses with 

favourable characteristics that can overcome this barrier to establish a local focus of infection 

(24, 47, 50).  T/F viruses, and more specifically their Envs, differ from viruses during chronic 

infection in a number of ways.  For example, T/F Envs have shorter variable loop lengths and 

fewer glycosylation sites than chronic Envs (24, 44–46).  Assessing loop length and glycosylation 

in early infection may give insight to the transmission fitness of the T/F.  We found no difference 

in the median loop length, charge or number of predicted glycosylation sites in any of the variable 

loops between trial arms when assessing isolate Env sequences.  This finding suggests that there 

may not be selection for viruses with Env characteristics that favour greater transmission fitness 

in women assigned to TFV gel use.   

 

Another characteristic associated with heterosexual transmission of subtype C viruses is the 

selection of viruses which are more consensus-like in amino acid identity (48).  A consensus-like 

identity is a proxy for transmission fitness, therefore, viruses which are more similar to consensus 

are more likely to be transmitted.  We found no difference between trial arms in nucleotide 

identity of the isolates when compared to a CAPRISA 002 cohort consensus (subtype C).  There 

was a trend towards isolates from the TFV arm being less consensus-like compared with PLB arm 

isolates; however, this did not reach statistical significance.  If this association is real, then it 

would suggest that TFV use is associated with reduction in selection during transmission.  An 

increased sample size would be needed to verify this result. 

 

Our fourth objective was to identify the isolates’ phenotypic characteristics and compare them 

between study arms.  Therefore, we assessed the susceptibility of the isolates to TFV in vitro to 

determine if differences in susceptibility to TFV could have contributed to breakthrough 

infection.  Tenofovir based PrEP has been a concern due to the possibility of selection of viruses 

with resistance mutations to TFV which could ultimately harm prevention and treatment efforts.  

Resistance is most commonly developed if PrEP is initiated during undiagnosed infection (189) 

and evidence suggests that subtype C strains have a lower barrier to resistance [reviewed in 

(190)].  In addition, there have been cases of breakthrough infections due to transmitted drug 

resistance in patients on oral PrEP [reviewed in (189)].  However, previous studies have shown 

no transmitted resistance in participants assigned to TFV gel use in the CAPRISA 004 cohort based 

on genotypic analysis (95, 118).  Our study confirmed this finding as complete inhibition of the 
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isolates by TFV was observed with all TFV inhibition curves falling within the range of PLB 

inhibition curves.  Furthermore, susceptibility to TFV did not differ between study arms 

indicating that TFV use was not a factor influencing breakthrough infection.   

 

All isolates were confirmed phenotypically to be exclusively R5-tropic since they were all 

sensitive to the CCR5 binding inhibitors MVC and PSC-RANTES, but were not sensitive at all to 

inhibition by bicyclam JM-2987, a CXCR4 binding inhibitor.  The early viruses in this study reflect 

previous findings that transmitted and early viruses are R5-tropic.  In addition to co-receptor 

tropism, MVC as a non-competitive CCR5 inhibitor, was used to measure CCR5 dependence and 

PCS-RANTES, as a competitive CCR5 inhibitor, was used to assess co-receptor binding affinity.  

Neither of these traits differed between isolates from the trial arms.  Ping et al. (39) described the 

presence of two conformations of CCR5 molecules on the surface of cells, a MVC resistant, and a 

MVC sensitive kind.  Transmitted viruses almost exclusively use the MVC sensitive CCR5 to enter 

cells, while viruses from chronic infection are able to utilize the MVC resistant kind, reaching an 

inhibition plateau at 10% infection when CCR5 expression on the cell surface is high.  Other 

groups have described similar observations of viruses that are able to utilize MVC-bound CCR5 

(191).  Interestingly, CAP291 (TFV arm) and CAP292 (PLB arm) both exhibit a MVC inhibition 

plateau, CAP291 at around 18% infection, and CAP292 below 10% infection.  However, CAP291 

was isolated from plasma sampled at approximately 11 weeks post-infection and CAP292 from 

plasma sampled at five weeks post-infection.  This is too early to be considered chronic infection 

which perhaps suggests that these viruses represent a transmitted phenotype from donors who 

were in chronic stages of infection. 

 

Neither fusion capacity, nor CCR5 dependence and binding capacity, nor CD4 binding capacity, 

differed between trial arms.  There were, however, two isolates from the PLB arm and one from 

the TFV arm that showed decreased susceptibility to binding and fusion inhibitors, respectively 

with a concomitant decrease in CD4 binding affinity.  This finding underlines the synergistic 

nature of the various stages of entry in determining overall entry efficiency.  We evaluated the 

overall entry efficiency directly using PSVs expressing the majority Env of the isolates and found 

that entry efficiency did not differ between study arms.  Thus, phenotypic characteristics of Env 

do not differ between viruses from the TFV and PLB arms of the CAPRISA 004 trial. 

 

Our fifth objective was to evaluate whether sensitivity to inhibitors, or entry efficiency, correlated 

with VL at isolation, 3 months, and set-point, or CD4+ T cell count at set-point.  Neither entry 

efficiency, nor sensitivity to inhibitors correlated with either CD4+ count at set-point or VL at any 

of the time-points specified.  This data indicates that TFV susceptibility, CD4 binding affinity, 
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CCR5 binding affinity, CCR5 dependence, fusion capacity and entry efficiency does not contribute 

to clinical markers of disease progression in this cohort.   

 

Finally we evaluated the PSV system in measuring characteristics of entry.  The PSV assay is a 

widely accepted, convenient way of examining entry efficiency and evaluating host immune 

responses or candidate vaccines against HIV-1 (neutralising antibodies).  Recently however, the 

functionality and neutralization sensitivity of PSVs was shown to differ from IMCs where the Env 

and backbone were a subtype match versus if they were mismatched (192).  Similarly, we found 

an altered susceptibility of PSVs to certain entry inhibitors when compared with their 

corresponding isolate.  Isolates were more susceptible to inhibition of fusion and less susceptible 

to inhibition of CD4 binding and CCR5 binding than PSVs.  This could be due to the fact that Env 

incorporation has been found to be less efficient in PSVs and depends on the ratio of backbone to 

Env plasmid used when generating the PSVs (180).  In addition, PSVs can differ greatly in the 

amount of fully processed Envs on the virion surface.  This decrease in functional Env could lead 

to differences in CD4 and CCR5 binding efficiency.  The lack of a difference in sensitivity between 

isolates and PSVs to MVC indicates that dependence on CCR5 binding does not differ between 

PSVs and isolates.  This seems to contradict the difference in sensitivity to PSC-RANTES between 

isolates and PSVs.  However, MVC merely decreases the amount of CCR5 available on the cell for 

use by the virus for entry and does not competitively inhibit CCR5 binding.  Thus, generating PSVs 

may affect Env’s ability to bind CCR5 but does not affect the amount of CCR5 needed to enter cells. 

 

While only one env per isolate was cloned for all participants in this comparison, the env chosen 

was a majority variant within the isolates and therefore represents the env of the virus replicating 

most efficiently within the isolate stocks.  This data highlights the importance of the context in 

which we study HIV-1 proteins.  For example, the LLP domains in the cytoplasmic tail (CT) of 

gp41 (which interacts with the Gag matrix (MA) protein) have been implicated in Env 

fusogenicity, protein stability and cell surface expression [reviewed in (193)].  Hence, if these CT-

MA interactions are changed in any way it may affect the fusogenicity and stability of Env.  

Similarly, the apparent affinities of CD4 and CCR5 binding might be affected as these CT-MA 

interaction have also been shown to be important for Env incorporation into virions (193–195).   

The concern that this raises is two-fold: firstly, evaluating different Envs expressed in the same 

backbone can have differential effects on each Env being studied, and secondly, evaluating 

subtype C Envs in a subtype B backbone may affect Env function across all Envs and differentially 

between Envs (192).  While we do not have data for homologous Env-backbone PSVs, the 

importance of examining HIV-1 proteins in a relevant context is underscored.   
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Overall, our study confirms that 1% TFV gel use does not affect the genetic bottleneck, and further 

shows that gel use does not select for an altered Env phenotype which may lead to worsening of 

clinical symptoms such as higher VLs and lower CD4 counts.  Although this study only evaluates 

Env, Chopera et al. have also shown no difference in Gag-Pro fitness and Nef function between 

study arms (146).  This means that, in addition to a slightly higher number of protective HLA-

bearing participants in the PLB arm (119), other factors are responsible for the VL difference 

between study arms.  Further investigation into the causes of this VL discrepancy is needed. 

   

 

5. Conclusion 

 

In summary, the analysis of early viruses from participants who became infected while enrolled 

in the CAPRISA 004 1% TFV gel microbicide trial showed that the genetic bottleneck was not 

affected by the use of 1% TFV gel and that viruses from the both study arms were similar in 

genotypic and phenotypic characteristics of their Envs.  Furthermore, characteristics of Env did 

not correlate with disease progression or VL at isolation, 3 months or at set-point, regardless of 

trial arm.   Overall this suggest that the partial protection of 1% TFV gel does not result in the 

selection of viruses that worsen disease outcome and further supports the use of TFV as a safe 

and effective microbicide. 
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Appendices 

 

Appendix 1.  Reagents and buffers 

 

The materials described hereafter and the methods in which they can be used are described in 

Molecular Cloning: A Laboratory Manual (196). 

For Carbenicillin:  (100 mg/mL) - stored at -20OC 

 

1. Weigh 1000 mg carbenicilin disodium salt (98-100% anhydrous) 
2. Dissolve in 10 mL distilled, de-ionized H2O in a 15 mL tube 
3. Vortex to ensure that all the salt is dissolved   
4. Using a syringe, pass the solution through a 0.22 µm filter into a fresh, sterile tube 

 

 

For Luria-Bertani Broth : -stored at room temperature 

 

1. Add the following to 800 mL H2O:  
10 g Bacto-tryptone 

5 g yeast extract 

10 g NaCl 

2. Adjust pH to 7.5 with NaOH or HCl 
3. Adjust the volume to 1 L with dH2O 
4. Sterilize by autoclaving at 121OC for 15 minutes 

 

For Luria-Bertani Agar: -stored at 4OC 

 

1. Add the following to 800 mL H2O:  
10 g Bacto-tryptone 

5 g yeast extract 

10 g NaCl 

2. Adjust pH to 7.5 with NaOH or HCl 
3. Add 15 g agar and dissolve by heating in the microwave 
4. Adjust the volume to 1 L with dH2O 
5. Sterilize by autoclaving at 121OC for 15 minutes 
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Pouring agar plates: 

 

1. Prepare LB Agar as above and allow to cool 
2. Add 1 µL carbenicilin (100 mg/mL as above) per mL of agar using sterile technique 
3. Add to sterile petri dishes until the height of the liquid ~1 cm thick 
4. Allow to set before storing the plate with the lid facing down 

 

 

For Tris- buffered saline (TBS) buffer:  -stored at 4OC for up to 3 months 

 

1. Dissolve 6.05g Tris and 8.76g NaCl in 800mL H20 
2. Adjust to pH 7.6 with 1M HCl 
3. Adjust volume to 1L with ddH20 
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Appendix 2.  Table A2.  HIV-1 subtype C envelope, full-length primers. 

 

Primer Name Sequencing 
Direction 

Primer Sequence Length 
(mer) 

HXB2 position of 
first 5’ nucleotide 

EF00 Forward 5' GGG AAA GAG CAG AAG ACA GTG GCA ATG A 3' 28 6204 

EF15 Reverse 5' CTT GCT CTC CAC CTT CTT CTT C 3' 22 8442 

EF55 Reverse 5' GCC CCA GAC CGT GAG TTG CAA CAT ATG 3' 27 7937 

EF115 Reverse 5' AGA AAA ATT CTC CTC TAC AAT TAA 3' 24 7371 

EF170 Forward 5' AGC AGG AAG CAC TAT GGG 3' 18 7802 

EF175 Reverse 5' TTT AGC ATC TGA TGC ACA GAA TAG 3' 24 6398 

EF200 Forward 5' GGG ATA ACA TGA CCT GGA TGC AGT GGG 3' 27 8095 

EF260 Forward 5' TTC AGC TAC CAC CGA TTG AGA GAC T 3' 25 8523 

For14 Forward 5' TAT GGG ACC AAA GCC TAA AGC CAT GTG 3' 27 6559 

For16 Forward 5' TTT AAT TGT GGA GGA GAA TTT TTC TA 3' 26 7353 

Rev 15 Reverse 5' CTG CCA TTT AAC AGC AGT TGA GTT GA 3' 26 7012 

Rev19 Reverse 5' ACT TTT TGA CCA CTT GCC ACC CAT 3' 24 8817 

  

 
Figure A2.  The order and direction of the sequencing primers along the envelope amplicon, from 5’ to 3’ end, as depicted in Sequencher v5.2.4
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Appendix 3A. Table A3A.  A description of the CAPRISA 004 participants selected for this study.

TFV arm 
participant 

Viral load Ɨ Time Post-infection TFV  
Present ǂ 

Placebo arm 
participant 

Viral load Ɨ Time Post-infection Protective 
HLA? ɸ Weeks Days Weeks Days 

CAP304 X 94 900 5 34  CAP321 338 000 5 35 No 

CAP305 X 45 600 11 77 No CAP337 114 000 10 71 Yes 

CAP310 X 305 000 4 29 No CAP303 344 000 4 29 No 

CAP314 166 000 12 87 Yes CAP340 X 72 500 13 89 No 

CAP320 37 500 5 34 Yes CAP345 130 000 6 43 No 

CAP325 127 000 3 20 No CAP327 91 600 3 20 No 

CAP343 130 000 7 51 Yes CAP317 351 000 7 51 No 

CAP355 19 700 5 32 No CAP353 487 000 5 32 No 

CAP360 80 600 3 24 Yes CAP301 33 500 4 25 Yes 

CAP362 X 44 200 4 29 Yes CAP335 X 214 000 4 28 No 

CAP363 97 500 5 36 No CAP292 458 000 5 38 No 

CAP367 3 360 000 3 22 No CAP326 31 500 3 23 No 

CAP283 12 900 7 52 No CAP306 141 000 8 54 Yes 

CAP291 14 300 11 79 No CAP349 950 000 11 77 No 

CAP318 22 300 5 37 No CAP307 174 000 5 37 No 

CAP323 22 000 3 22 Yes CAP315 108 000 3 22 Yes 

CAP334 21 200 6 42 Yes CAP311 18 600 6 42 No 

CAP348 305 000 8 57 Yes CAP287 13 200 8 58 No 

CAP352 113 000 7 50 No CAP365 14 500 9 63 Yes 

CAP358 X 717 9 66 No CAP308 37 100 9 66 No 

CAP368 1 180 4 31 Yes CAP351 X 151 000 4 28 No 

CAP370 28 800 5 33 Yes CAP331 12 700 6 43 No 

CAP372 107 000 3 21 Yes CAP330 X 21 200 2 15 No 

CAP375 192 000 5 36 Yes CAP357 14 900 7 47 No 

X Indicates participants whose viruses could not be isolated in tissue culture; Ɨ viral load of sample used for isolation;  

ǂ Measurements of TFV taken from plasma samples; ɸ Presence of protective HLAs in both participants. 
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Appendix 3B.  Highlighter plots  
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Figure A3B.  Highlighter plots comparing plasma and isolate env sequences for 20 participants.  
Highlighter plots show the synonymous (green) and non-synonymous (red) nucleotide 
substitutions for all sequenced env variants in plasma and isolate samples (grey vertical bars 
represent deletions).  Each env sequence is represented by a grey horizontal line.  Isolate envs are 
denoted by a blue bar on the right of the sequences.  Sequences were aligned to the plasma 
consensus sequence representing the T/F env sequence (labelled ‘CON’ in each figure).  envs with 
a green arrow to the right of them were selected for cloning.  Numbers on the x-axis represent 
the codon number.  Highlighter plot A is for the CAP303 alignment which was truncated to the 
V3V5 region and is one case where the sequenced isolate envs are identical to that of the plasma 
consensus.  Plots B and C show CAP360 (truncated to gp41) and CAP301 (full-length env) 
alignments, respectively, which represent participants with low diversity in their isolates and 
where the isolate envs have minor changes compared to variants in the plasma.  Plot C represents 
CAP323, a participant with greater diversity in the isolate env sequences (full length) and where 
the isolates represent a mixture of variants sequenced from plasma and those not seen in the 
plasma sequences.   
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Appendix 3C.  Table A3C.  Non-synonymous mutations shared in isolates envs that were not 

represented in plasma env sequences 

 

Participant 
ID 

HXB2 Env gp160 position 
(change from T/F) 

Known function(s) of residue or region Reference(s)
* 

CAP314 V86 (L->M) 
 
L116 (L->I) 
 
 
After N460 (deletion of 
three amino acids, SRI) 
 

Adjacent to V85, a gp120 point of contact with gp41  
 
Adjacent to K117, a coreceptor binding site outside 
of V3 
 
V5 hypervariable loop close to CD4 contact residue 
S461 (side-chain only); removes one N-linked 
glycosylation site compared to the majority of the 
isolates and two compared to the T/F 
 

(197) 
 

(197) 
 

(198) 
 

CAP345 V75 (V->I); R350 (K->E) 
 
Y484- Y486 (deletion in C5) 
 
V539 (V->A) 
 
 
R557 (R->K) 

No known function 
 
No known function 
 
Residue immediately precedes the 
Leucine/Isoleucine zipper-like sequence of gp41  
 
Within the Leucine/Isoleucine zipper-like sequence 
of gp41  
 

- 
 
- 
 

(199) 
 
 

(199) 

CAP343 T31 (M->V) First amino acid residue of GP120; adjacent to the 
Env signal peptide cleavage site 
 

(200) 

CAP363 L21 (G->S) 
 
E32 (E->G) 

Amino acid 20 of signal peptide  
 
Amino acid 2 of gp120; Env signal peptide cleavage 
site 
 

- 
 

(200) 

CAP326 V2 loop, residues not 
present in HXB2 (P->L) 
 
I284 (M->I) 

No known function 
 
 
Residue adjacent to Loop D, a CD4 contact site 

- 
 
 

(198) 
 

CAP307 T194 (K->I) In the V1 loop adjacent to a coreceptor-specific site 
 

(197) 

CAP323 K429 (G->R) CD4 contact residue for both main- and side-chain 
contact 
 

(198) 

CAP287 S190 (E->D) 
 
R327 (N->K) 
 

V2 hypervariable loop  
 
Coreceptor binding site inside the V3 loop 
 

- 
 

(197) 
 

CAP308 G167 (D->N) 
 
S190 (E->K) 
 
V275 (E->K) 

V1 loop, adjacent to a coreceptor-specific site 
 
V2 hypervariable loop 
 
First residue of Loop D; adjacent to a neutralising 
antibody binding site 
 

(197) 
 
- 
 

(198) 

CAP370 Q442 (N->S) Coreceptor binding site outside of the V3 loop and 
an N-linked glycosylation site 
 

(197) 
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Participant 
ID 

HXB2 Env gp160 position 
(change from T/F) 

Known function(s) of residue or region Reference(s)
* 

CAP375 L518 (V->M) 
 
R828 (R->G) 
 
R841 (C->Y) 
 

Fusion peptide of gp41 
 
First residue of LLP-1 
 
Residue in the LLP-1 

(201) 
 

(199) 
 

(199) 
 

CAP357 S767 (C->S) 
 
 
L774- V778 (FILIA->LALVI) 

Residue preceding the LLP-2 domain of gp41; no 
known function 
 
Series of 4 mutations in the LLP-2; overlaps with the 
Rev Leucine-rich domain 

- 
 

(199) 
 

*Obtained from the HXB2 Genome Annotation document available on the Los Alamos website at 
http://www.hiv.lanl.gov/content/sequence/HIV/MAP/annotation.html and the N Glycosite tool 
at http://www.hiv.lanl.gov/content/sequence/GLYCOSITE/glycosite.html (170). 
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Appendix 3D.  Maximum likelihood trees of isolate and plasma env sequences 

 

 

 

 

Figure A3D.1.  Phylogenetic analysis of full-length plasma- and isolate-derived env 
sequences of HIV-1 from the same time-point post-infection in each participant.  Nucleotide 
sequences were generated by limit dilution PCR amplification.  Sequences from 24 participants 
from both arms of the trial (PLB depicted in blue, TFV in red) were aligned to a CAPRISA 002 
cohort consensus and a maximum likelihood tree was generated.  Triangles were used to 
represent isolate sequences while circles were used to represent plasma sequences.  Only 
participants with full-length plasma-derived env sequences full-length sequences were used to 
generate this tree.  **denotes participants who were identified as having established infection as 
a result of multivariant transmission. 
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Figure A3D.2.  Phylogenetic analysis of truncated plasma- and isolate-derived env 
sequences of HIV-1 from the same time-point post-infection in each participant.  Nucleotide 
sequences were generated by limit dilution PCR amplification.  Sequences from 22 participants 
from both arms of the trial (PLB depicted in blue, TFV in red) were aligned to a CAPRISA 002 
cohort consensus and a maximum likelihood tree was generated.  Triangles were used to 
represent isolate sequences while circles were used to represent plasma sequences.  Sequences 
were truncated to the middle of gp41 within the env sequence due to a number of plasma-derived 
env sequences being only partially sequenced.  **denotes participants who were identified as 
having established infection as a result of multivariant transmission. 
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Appendix 3E.  Isolate inhibition curves 
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Figure 3E.1.  Isolate inhibition with TFV, a reverse transcriptase inhibitor.  The graph shows 
the decrease in the percentage infectivity of isolates (y-axis) on TZM-bl cells with increasing TFV 
concentration (x-axis).  TFV arm isolate inhibition is represented as red curves while PLB arm 
isolate inhibition is depicted in blue.  BAL (black) and IIB (turquoise) isolates were used as control 
within each experiment.  As both controls are sensitive to TFV, they are inhibited as expected.  
The figure was generated using GraphPad Prism. 
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Figure 3E.2.  Isolate inhibition with T20, a fusion inhibitor.  The graph shows the decrease in 
the percentage infectivity of isolates (y-axis) on TZM-bl cells with increasing T20 concentration 
(x-axis).  TFV arm isolate inhibition is represented as red curves while PLB arm isolate inhibition 
is depicted in blue.  BAL (black) and IIB (turquoise) isolates were used as control within each 
experiment.  As both controls are sensitive to T20 they behave as expected.  The figure was 
generated using GraphPad Prism. 
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Figure 3E.3.  Isolate inhibition with maraviroc, a non-competitive CCR5 binding inhibitor.  
The graph shows the decrease in the percentage infectivity of isolates (y-axis) on TZM-bl cells 
with increasing MVC concentration (x-axis).  TFV arm isolate inhibition is represented as red 
curves while PLB arm isolate inhibition is depicted in blue.  BAL (black) and IIB (turquoise) 
isolates were used as control within each experiment.  As BAL is a known R5-tropic virus it is 
inhibited as expected.  IIIB is an X4-tropic virus and is not sensitive to inhibition by MVC, as 
expected.  The figure was generated using GraphPad Prism. 
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Figure 3E.4.  Isolate inhibition with SK3, a competitive CD4 binding inhibitor.  The graph 
shows the decrease in the percentage infectivity of isolates (y-axis) on TZM-bl cells with 
increasing SK3 concentration (x-axis).  TFV arm isolate inhibition is represented as red curves 
while PLB arm isolate inhibition is depicted in blue.  BAL (black) and IIB (turquoise) isolates were 
used as control within each experiment.  Both controls are susceptible to inhibition by anti-CD4 
antibodies and re inhibited as expected.  The figure was generated using GraphPad Prism. 
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Figure 3E.5.  Isolate inhibition with PSC-RANTES, a competitive CCR5 binding inhibitor.  
The graph shows the decrease in the percentage infectivity of isolates (y-axis) on TZM-bl cells 
with increasing PSC-RANTES concentration (x-axis).  TFV arm isolate inhibition is represented as 
red curves while PLB arm isolate inhibition is depicted in blue.  BAL (black) and IIB (turquoise) 
isolates were used as control within each experiment.  As BAL is a known R5-tropic virus it is 
inhibited as expected.  IIIB is an X4-tropic virus and is not sensitive to inhibition by PSC-RANTES, 
as expected.  The figure was generated using GraphPad Prism. 
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Figure 3E.6.  Isolate inhibition with bicyclam JM-2987, a non-competitive CXCR4 binding 
inhibitor.  The graph shows the decrease in the percentage infectivity of isolates (y-axis) on TZM-
bl cells with increasing JM-2987 concentration (x-axis).  TFV arm isolate inhibition is represented 
as red curves while PLB arm isolate inhibition is depicted in blue.  BAL (black) and IIB (turquoise) 
isolates were used as control within each experiment.  As BAL is a known R5-tropic virus it is not 
inhibited, as expected.  IIIB is an X4-tropic virus and is sensitive to inhibition by JM-2987, as 
expected.  The figure was generated using GraphPad Prism. 
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Appendix 3F.  Inhibition of pseudoviruses with their corresponding isolate. 
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Figure 3F.  Inhibition curves of pseudoviruses and their corresponding isolate.  
Inhibition curves show the log of the drug concentration on the x-axis and the percentage 
inhibition on the y-axis.  Experiments were performed on TZM-bl cells with an incubation 
period of 48h after addition of the virus to the cells.  Cool colours represent participants 
from the placebo arm while warm colours represent those from the TFV arm.  On each 
figure, the darkly coloured curve (blue or red) represents inhibition of PSV growth while 
the lighter colour (turquoise or orange) shows inhibition of isolate replication.  This 
experiment was performed using eight PSVs for each of four inhibitors (labelled at the top 
of each set of inhibition curves).  Participant ID’s are indicated in each figure to the right 
of the inhibition curve.   
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