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Abstract

Since the advent of antiretroviral therapy (ART) and the resultant suppression of viraemia in
the majority of people living with HIV-1 (PLWH) on ART, HIV-1 infection has become
manageable and PLWH have similar life expectancies as uninfected persons. However, ART
is not curative, is needed lifelong, and its cessation leads to the recrudescence of viraemia. This
is due to the formation of a latent reservoir that is long-lived and stable over time, precluding
HIV-1 cure. The factors affecting reservoir formation, establishment, and kinetics are not fully
understood. Furthermore, differences exist at the population level in disease progression in
PLWH depending on ethnicity, biological sex, and infecting viral subtype. Similarly,
differences in the latent reservoir of HIV-1 have been described, although less extensively.
Understanding what shapes the latent HIV-1 reservoir is critical for developing strategies for
cure. Furthermore, it is imperative that cure research is undertaken in diverse populations to
ensure coverage of knowledge across different demographics. The latter will ensure that a cure
strategy can be developed that will be globally implementable. In the Introductory chapter of
this thesis, | provide a detailed review of the current literature and address the need for cure

research in low-and middle- income countries.

If a global cure is to be achieved, the burden of HIV-1 will need to be addressed in many
different populations, most notably African women, as women bear the burden of HIV-1
globally. In South Africa, the country in the sub-Saharan African region with the highest
prevalence of HIV-1, women are roughly twice as likely to be living with HIV than men (aged
15 to 49), with a prevalence rate 6% higher than the national average of 19%. Since women
are underrepresented in HIV-1 research in general and more specifically in cure studies due to

the paucity of research in countries outside of the global North, reservoirs and cure strategies
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need to be characterized in this context. Furthermore, while early treatment is the WHO
standard of care for people diagnosed with HIV, a large majority of PLWH only initiated
treatment in chronic infection. Since early ART is known to restrict formation of the latent
reservoir of HIV-1, research in both early and late ART initiators is necessary. This research
focused on characterising the viral reservoir in South African women in a well-established
cohort of women who were recruited during acute HIV infection and followed until treatment

initiation (which occurred during chronic infection) and beyond.

Overall, this thesis focuses on characterising immune activation and inflammation during the
course of both untreated and treated HIV-1 infection in a cohort of South African women and
subsequently determining whether clinical or immune measures influence characteristics of the
latent reservoir of HIV-1. T cell activation and the levels of soluble inflammatory cytokines in
plasma were determined in forty-six women in the CAPRISA 002 Acute infection cohort.
Chapter 2 describes the cellular immune activation and inflammation profiles of these
participants throughout the course of infection at the following timepoints: acute infection, one-
year post-infection, and within a year preceding ART initiation, and two- and four- years post-
ART initiation. T cell activation peaked in chronic infection and reduced dramatically after
ART initiation. CD4" and CD8" T cell activation reached a post-treatment nadir by two years
after ART initiation. Cytokine measures were within the ranges reported in the literature for
PLWH. Notably CXCL-10 levels in plasma decreased significantly between two- and four
years post-ART, indicating that it may be a sensitive marker of ongoing systemic inflammation
in people on ART. In short, the T cell activation and inflammation profiles of the women in

this study reflected what has been observed in other cohorts.



The size of the replication-competent HIV-1 reservoir, measured by quantitative viral
outgrowth assay after 5 years of suppressive antiretroviral therapy (ART), was quantified in
twenty women of the cohort. In Chapter 3, the clinical and immunological correlates of
reservoir size were investigated. Predictive modelling showed that the size of the replication-
competent reservoir is directly related to viral load and CD4* T-cell counts over the course of
infection, although these measures do not fully predict reservoir size. We found that, in addition
to viral load and CD4" T-cell count, CD8" T-cell activation within the year preceding ART,
nadir CD4* T-cell count, and baseline as well as on-treatment CD4:CD8 ratio at the time of
sizing was associated with replication-competent reservoir size. We provide evidence that the
late CD8"* T-cell activation level before treatment, together with viral loads and CD4" T-cell
counts, are directly related to the size of the replication-competent reservoir of HIV-1. Our
results are consistent with the hypothesis that the host immune milieu near the time of ART
initiation plays an important role in shaping the durable reservoir of HIV infection that persists

on ART.

Another characteristic of the HIV-1 reservoir is persistence: the presence of all forms of HIV-
1 within cells and tissues that contribute to pathogenesis, including defective, non-induced, and
non-integrated forms of HIV-1. In Chapter 4, total HIVV-1 DNA levels were measured as a
proxy for viral persistence in thirty-one participants, and the correlates thereof investigated.
The HIV-1 DNA levels in this cohort were similar to those reported in the literature for other
cohorts where participants initiated therapy in late chronic infection. HIV-1 DNA levels did
not differ significantly between two- and four years post-ART, but there was a trend to lower
HIV-1 DNA when measuring pol versus gag gene frequencies in peripheral blood mononuclear
cells (PBMC). These findings indicate that HIVV-1 DNA decay rates may differ depending on

the gene being measured, even when using the same assay. A weak significant correlation was



found between CD4" T cell counts at ART initiation and the change in HIV-DNA levels
between two-and four years on ART. There was a significant correlation between residual
CD4"* T cell activation at four years post-ART initiation and gag copies per million PBMC. A
trend towards a correlation was found between CD4* T cell activation and pol copies per
million PBMC at the same timepoint. Finally, we found significant correlations between
several cytokines at one-year post-infection and within one year pre-ART. These findings
further solidify the hypothesis that the immune milieu around the time of ART initiation and

after may play a complex role in formation of the viral reservoir of HIV-1.

Our studies show a significant link between chronic immune activation and replication-
competent reservoir size, and also ongoing immune activation and viral persistence on ART.
Further studies into whether these immune measures affect the timing of establishment and
clonality of the reservoir in this cohort are ongoing and will inform the field about whether
differences in cure strategies will need to be explored for those PLWH who had high levels of
chronic immune activation before treatment initiation and subsequent shaping for the long-

lived viral reservoir.
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1.1 Abstract

HIV-1 persists in infected individuals despite years of antiretroviral therapy (ART), due to the
formation of a stable and long-lived latent viral reservoir. Early ART can reduce the latent
reservoir and is associated with post-treatment control in people living with HIV (PLWH).
However, even in post-treatment controllers, ART cessation after a period of time inevitably
results in rebound of plasma viraemia, thus lifelong treatment for viral suppression is indicated.
Due to the difficulties of sustained life-long treatment in the millions of PLWH worldwide, a
cure is undeniably necessary. This requires an in-depth understanding of reservoir formation
and dynamics. Differences exist in treatment guidelines and accessibility to treatment as well
as social stigma between low- and-middle income countries (LMICs) and high-income
countries. In addition, demographic differences exist in PLWH from different geographical
regions such as infecting viral subtype and host genetics, which can contribute to differences
in the viral reservoir between different populations. Here, we review topics relevant to HIV-1
cure research in LMICs, with a focus on sub-Saharan Africa, the region of the world bearing
the greatest burden of HIV-1. We present a summary of ART in LMICs, highlighting
challenges that may be experienced in implementing a HIV-1 cure therapeutic. Furthermore,
we discuss current research on the HIV-1 latent reservoir in different populations, highlighting
research in LMIC and gaps in the research that may facilitate a global cure. Finally, we discuss

current experimental cure strategies in the context of their potential application in LMICs.

Keywords: HIV-1, cure, reservoir, low-and-middle income countries, LMICs.



1.2 Introduction

The advent of antiretroviral therapy (ART) has converted the HIV-associated death sentence
into a lifelong, manageable illness for those with adequate access. However, for many low-and
middle-income countries (LMICs), access to sustained ART for the full population is
challenging due to a variety of socio-economic factors. This is especially true in regions with
the greatest infection burden, Eastern and Southern Africa, which account for more than half
of all the people living with HIV-1 (PLWH). While, globally, more PLWH are aware of their
seropositive status (~80%) and are accessing treatment (~67%) [1], this still falls short of the
original 90-90-90 goal set forth by the United Nations for awareness of status, accessing
treatment, and viral suppression, respectively. In addition, due to the development of drug-
resistant strains, the ART failure rate for PLWH on first-line regimens is 5% per year,
necessitating constant development of new treatments over time. Lifelong ART also imposes
a substantial financial burden on already-constrained public health systems; as PLWH continue
to live longer, the overall cost of ART has risen to an estimated 26.2B USD globally in 2020
[1] and could reach 40B USD if goals for 2030 are going to be met. Even a long-term remission
of HIV-1 disease [undetectable viral load (VL)] in the absence of ART, as opposed to a
sterilizing cure, would save the world from millions of future deaths and trillions of USD in
drug and health care costs. Finally, even with full viral suppression there is still a high risk for
other long-term morbidities, including an increased risk of heart, bone, and kidney disease [2,
3], and PLWH can be impacted socially, financially, and psychologically due to HIV stigma

and discrimination. Thus, there is an urgent need for a cure for HIV-1.

The benefits of an HIV-1 cure to PLWH and the public-health system in LMICs are clear and

undeniable (Figure 1.1). However, as discussed below, most cure approaches in preclinical



development, or even those tested in clinical trials, may be financially prohibitive and
impractical to administer in many LMICs, especially in sub-Saharan Africa. Currently,
participation in clinical trials testing cure modalities requires frequent VL monitoring, reservoir
quantification (currently developed only for subtype B), and full viral suppression, all readily
available in high income countries (HICs)[4], but not in LMICs. Universally, the major barrier
for HIV-1 cure is the existence of a long-lived latent reservoir consisting of stably integrated
proviruses that persist in the host within various cell types and anatomical locations. Proviruses
within the reservoir capable of reactivation and re-establishing plasma viraemia upon ART
cessation persist despite years of suppressive ART [5-7]. PLWH exhibit differences in
infecting viral subtype, immune responses to HIV-1, and disease progression, notably between
individuals in LMICs vs. HICs, as well as between sexes [8-10]. Similarly, differences exist

in the size, composition, and turnover in the reservoir between PLWH.

In this review, we introduce HIV-1 cure and the barriers to a cure in LMICs, particularly those
in sub-Saharan Africa. This review starts with a description of clinical and immune correlates
of the HIV-1 reservoir, which is the focus of this thesis, and provides a detailed summary on
the viral and host cellular phenomena contributing to HIV-1 proviral latency establishment and
persistence. The most relevant strategies for intervention and cure are discussed, highlighting
scientific gaps that may influence generalizability of findings to LMICs. Finally, the rationale,

aims and objectives of the studies in this thesis are presented.
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Figure 1.1. ART regimen chosen for first-line therapy can affect eligibility for a therapeutic cure.
The incidence of treatment failure and/or drug resistance on an NNRTI+2 NRTI regimen is greatly
increased relative to individuals receiving DTG + 2 NRTI treatment. As a result of failing first-line
therapy, PLWH may initiate PI- and RAL-based regimens, which have heightened incidence of failure
and resistance. Effective ART allows more PLWH to maintain first-line therapy and facilitates
initiatives to achieve therapeutic cure. NNRTI=non-nucleoside reverse transcriptase inhibitor;
NRTI=nucleoside reverse-transcriptase inhibitor; DT =dolutegravir; Pl=protease inhibitor;
RAL=raltegravir.



1.3 The current state of ART in LMICs

Early ART has been shown to limit seeding of the HIV-1 reservoir and is associated with post-
treatment control. By diminishing the amount of immune activation, CD4" T-cell depletion and
VLs in untreated infection, what results is fewer target cells for HIV-1 infection, preservation
of the immune response [11-13], and a lower burden of viraemia over time. Thus, effective
HIV-1 treatment in LMICs is necessary to implement a cure therapeutic. This may require use
of more potent ART as a functional cure strategy during early stage of HIV infection. However,
challenges of limited early HIV diagnosis, and access to potent ART regimens in LMICs need
to be addressed. Successful distribution of generic DTG in LMICs through the Medicines
Patent Pool (MPP) program [14] coupled with high rate of adherence by patients in LMICs
[15] are good indicators that a cure therapeutic in LMIC setting can be achieved. Furthermore,
optimization of a cure approach that will be effective in the millions of PLWH who initiated
treatment during chronic infection is imperative. Therefore, to establish the potential utility of
cure strategies in LMICs, it is essential to understand differences in ART treatment rollout

among diverse global populations.

Global access to ART has increased tremendously. By end of 2019, over 26 million people had
access to ART of which 17.9 million (69%) were PLWH in sub-Saharan Africa [16]. Despite
this staggering number, the proportion of PLWH on ART in sub-Saharan Africa is still well
below the UN target of 90%, and this is also true for South America (62%) and Asia and the
Pacific (60%). Historically, first-line regimens in sub-Saharan Africa have included two
nucleoside reverse transcriptase inhibitors (NRTIs) and one non-nucleoside reverse
transcriptase inhibitor (NNRTI), commonly efavirenz (EFV) or nevirapine [17]. However, due

to the combination of frequent drug supply/access issues in LMICs resulting in treatment



interruptions [18] and the low genetic barrier to HIV-1 drug resistance mutations associated
with NRTI + NNRTI regimens [19], 10-15% of patients who start ART still fail within one
year, and 70-80% of people with virological failure develop acquired drug resistance [20]. In
Kampala, Uganda, failure of first-line treatment continues to occur at an annual rate of 9%
[21]. This statistic of treatment failure and drug resistance is rarely mentioned in discussion of

the 90-90-90 goals by various global enterprises championing these goals.

For patients failing first-line therapy, the guidelines in most sub-Saharan African countries [and
supported by the Global Fund and the U.S. President’s Emergency Plan for AIDS Relief
(PEPFAR)] calls for a second-line ART of an NRTI + protease inhibitor (P1) and, subsequent
to the failure of second-line, a third-line four-drug therapy of the NNRTI etravirine, the PI
darunavir, and an integrase inhibitor with any suitable NRTI [22-24]. The choice of “salvage”
treatment regimens in LMICs is limited due to lack of access to CCR5 antagonists, fusion
inhibitors, and second-generation Pls and NNRTIs- agents with a higher barrier to HIV-1 drug
resistance employed when patients fail treatment with first-generation Pls and NNRTIs.
Limited ART options may exacerbate problems facing ART programs in sub-Saharan Africa,
including adherence on ART, which directly translates to increased mortality. Indeed, a recent
modelling study shows that 6 months of ART disruption for 50% of people would result in
296,000 more AIDS-related deaths in sub-Saharan Africa over one year [18]. Furthermore,
frequent use of suboptimal NRTI + NNRTIs regimens has led to a >10% prevalence of strains
resistant to either NNRTIs or NRTIs in treatment-naive PLWH [25]. Without pre-screening for
drug resistance prior to initiation of first-line ART, treatment failure is likely to increase over
time. High rates of treatment interruption and/or first-line failure present a huge barrier to cure
therapeutic testing in sub-Saharan Africa, as all protocols to date have required participants to

be fully virally suppressed. However, this need not be a barrier; provided there is stable drug



supply, effective distribution to clinics/pharmacies, and ease of access to PLWH, adherence

and success of first-line treatment is outstanding and often better in LMICs than HICs.

Despite the sombre predictions described above, the roll out of a dolutegravir (DTG)-based
regimen (TDF+3TC/FTC+DTG) as a preferred first-line treatment at the end of 2017 has
improved the treatment success rates in all LMICs. Current estimates indicate that between 5
and 10 million PLWH in sub-Saharan African countries and other LMICs are receiving a DTG-
based regimen [26]. In treatment naive individuals, DTG-based treatment regimens are
extremely well tolerated with minimal adverse events promoting high treatment adherence.
Treatment failure and resistance to DTG is extremely rare in clinical studies to date due in part
to high genetic barrier for resistance [27] to these second-generation integrase inhibitors
(INSTIs). If the combination of DTG, bictegravir and the long-acting cabotegravir were
available in dual or triple drug formulations, especially as one-pill-a-day, treatment success
would improve dramatically in LMICs and thus provide a population of PLWH in LMICs that

could be treated with an affordable and practical cure therapeutic.

Treatment outcome studies in Africa and other LMICs are heavily affected by different
sociodemographic factors between countries, regions, and ethnic groups [28-31]. As
previously described in several cross sectional and longitudinal analyses on treatment
adherence and HIV-1 drug resistance in Uganda and other sub-Saharan African countries, one
of the greatest contributors to treatment failure is poor access to care/ARVs and intermittent
ARV shortages, even more so than differential sociodemographic factors. Across sub-Saharan

Africa and in LMICs during COVID-19 pandemic, ARV shortages, disruption in shipments,



and reduced foreign aid will likely contribute to ART failure by orders of magnitude higher

than the impact of HIV-1 types/subtypes, human genetics, and sociodemographic factors.

In a specific area, the co-circulating HIV-1 subtypes and/or CRFs could impact the
effectiveness of any proposed cure therapeutic. Like all antiretroviral drugs developed to date,
preclinical development and early phase human clinical trials of cure therapeutics have all been
based on the ability to inhibit HIV-1 subtype B isolates, i.e., the HIV-1 strains that predominate
in HICs. While ARTSs have similar inhibitory effectiveness regardless HIV-1 subtype in terms
of initial response to treatment [32-35], the effect of subtype on the emergence of drug
resistance is not yet fully understood. For instance, despite similar in vitro susceptibility of
subtype C and B strain-derived HIV-1 integrase enzymes to the currently-approved INSTIs,
differential levels of drug resistance were observed between HIV-1 subtype B versus C viruses
in cell culture assays, likely resulting from differential mutational pathways being favored
between different subtypes [36]. Additionally, in vivo development of drug DTG resistance
occurs at a slower rate among PLWH infected with subtype B compared to subtypes A/G and
C [37]. Drug resistance to NRTIs and Pls has been shown to occur more frequent in subtype B
compared to subtype C (26% vs. 8% for NRTIs, and 54% vs. 23% for PI’s, respectively)[38].
In Uganda, drug resistance and treatment failure is more prevalent in subtype D compared to
A or C-infected patients (Figure 1.2) [39]. These differences could be explained by variability
of HIV-1 genes at the amino acid level between different subtypes and higher entropy scores

observed at sites where drug resistance mutations emerge [40].
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Figure 1.2. Faster subtype D versus subtype A HIV-1 treatment failure observed over first- and
second-line treatments. The Joint Clinical Research Centre in Kampala, Uganda follows
approximately 12,000 HIV-infected patients treated with antiretroviral drugs. Resistance testing is
preformed in cases of treatment failure - VL >1000 copies/ml or two CD4 cell counts <200/ml.
Approximately 95% of all patients on first-line treatment maintain undetectable VL in Uganda. <50%
reach and maintain undetectable VL on salvage therapy. As part of standard of care, they subtype and
analyze drug resistance genotypes of all patients failing treatment on (B) first-line (C) or salvage
therapy.

Differences in disease progression exist depending on infecting viral subtype [41, 42]. In
Uganda and Zimbabwe, HIV-1 subtype D is associated with faster disease progression [43-46]
but lower transmission rates than subtype A [45, 47]. Furthermore, subtype C viruses were
linked with rapid disease progression in South African women [48]. The difference in disease

progression between HIV-1 subtypes is likely multifactorial [33-35, 39, 46]. However,
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functional differences between HIV-1 subtypes may influence reservoir formation, Kinetics,
and the efficacy of a cure therapeutic. HIV-1 acquisition risk (discussed extensively in [49])
and disease progression is known to differ between the sexes. Women exhibit a faster
progression to AIDS-defining illness than men, even at matched viral loads [50] and have
higher levels of inflammation and immune activation [51, 52] than men. In addition, women
are the most affected by HIV-1 in sub-Saharan Africa and disproportionately contribute to the
global burden of disease [49]. Thus, it is imperative that we tailor cure therapeutics to address

an HIV-1 cure in this population.

Predicting the effectiveness of cure strategies against different HIV-1 subtypes will be
complicated. Some cure therapeutics aim to activate transcription by targeting specific HIV-1
sequences, which will likely vary between the subtypes. Patterns of recombination sites in the
host genome differ by subtype [53]. Integration site may also be relevant in determining HIV-
1 persistence and vary by subtype. New data shows that, compared to in vitro-derived HIV-1
integration sites, in vivo-derived sites are significantly more enriched in transcriptionally silent
regions of the genome, which has relevance to reactivation of latent proviruses. With regard to
subtype, integration sites from PLWH infected with HIV-1 subtype A, C or D viruses exhibited
different preferences for specific genomic features and were more enriched in transcriptionally
active regions of the genome compared to subtype B virus [53]. Theoretically, any type of
transcriptional activation strategy to induce latency reversal may require greater potency in a
subtype B setting compared to subtype A, C and D infected individuals. This will be discussed

in further detail in section 1.7.
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1.4 Measuring and characterizing the latent viral reservoir

The evaluation of reservoir stability and the efficacy of clinical interventions and/or changes
in the reservoir after “drug holidays” or other periods of ART cessation necessitates a reliable
method of quantifying the frequency of latently-infected cells that is cost and time effective
[54]. This method would ideally not only enable the determination of reservoir size, but also
characterize the proviral landscape to monitor qualitative changes in the reservoir. Several
methods have been developed to quantify the reservoir to date. Each method measures different
aspects of the reservoir and each has caveats on the conclusions that can be drawn. Table 1.1
provides a summary of current sizing methods and assay examples. However, only the
detection of HIV-1 DNA by qRT-PCR could currently be widely implemented in most LMICs
and even this methodology would be difficult to apply in some small hospitals and more rural
clinics in sub-Saharan Africa. However, this method significantly overestimates the theoretical
“true” replication-competent reservoir, which is the frequency of cells harbouring genetically
intact proviruses that are capable of recrudescence in the absence of suppressive ART, because
resting CD4" T-cells harbour ~10-fold more defective than intact proviruses [55-58]. This
distinction is especially important when assessing efficacy of a potential cure therapeutic, as
differences in decay between intact and defective proviruses have been reported, with a slow
but significant decline in intact proviruses over time on ART and little to no decline in defective

proviruses [59].

In contrast, the quantitative viral outgrowth assay (QVOA) [5, 60, 61] is currently the gold
standard for measuring the frequency of cells harbouring replication competent provirus, but

underestimates the true reservoir as this assay relies on ex vivo reactivation of latently infected
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cells, and it has been demonstrated that in vitro reactivation methods are not 100% efficient
and their efficacy may vary between populations of PLWH [58]. Additionally, this assay is
resource-intensive and requires additional biosafety containment for the culture of live HIV-1.
As such, the QVOA may only be practical in LMIC sites performing clinical trials of cure
therapeutics and this assay would likely not be adopted as standard-of-care assay to monitor

the effectiveness of cure therapeutics upon approval.

Using QVOA, the size of the latent reservoir has been estimated to be one infected cell per
million resting CD4" T-cells in PLWH in North American cohorts [62, 63]. Historically in sub-
Saharan Africa, treatment has most commonly been initiated in chronic infection, leading to an
expectation that the barrier to a cure would to be greater due to lack of restriction of reservoir
size through early treatment (as highlighted in the section to follow). However, we have
previously reported that PLWH in Uganda (who initiated ART during chronic infection) have
reduced replication competent reservoir size (three-fold lower by QVOA) compared to North
Americans [8], and that Ugandan females have additionally smaller replication-competent

reservoirs than males.
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Table 1.1. Methodologies for measuring the HIV-1 latent reservoir.

Biomarker Feature of the Fraction of the Under/overestim Assay examples Caveats
latent reservoir reservoir ation of
measured included in replication
measurement competent
reservoir size
HIV-1 DNA | Either total or cell- = Both intact and Over Droplet digital PCR | With total HIV-1 DNA
associated HIV-1 defective HIV-1 (ddPCR); measurement, 2-LTR
DNA directly ex DNA (except for guantitative PCR circles and episomal
vivo by polymerase = IPDA); both (gPCR); Intact DNA are quantified
chain reaction inducible and non- proviral DNA assay = along with proviral
(PCR)-based induced viruses (IPDA); Q4PCR; DNA; only IPDA and
techniques SGS/NGS/near-full  near-full length
length genome genome sequencing
sequencing (with or  with integration site
without integration analysis measure intact
site analysis) provirus
HIV-1 RNA Cell- Both intact and Over Bulk CA-RNA A single round of
induction associated/cell-free  defective (but PCR; Single cell maximal stimulation
RNA produced transcription- RNA PCR; Single does not induce all
after ex vivo competent) copy assay (SCA); transcription-
stimulation of provirus; SGSINGS competent proviruses
infected cells inducible viruses
only
Induced HIV- | Cell-associated Both intact and Over Flow/mass A single round of
1 protein HIV-1 proteins defective (but cytometry; maximal stimulation
production induced after a transcription- FAST/digital does not induce all
single round of ex competent) microscopy; ELISA  transcription-
vivo stimulation provirus; competent proviruses;
inducible viruses false positives
only associated with p24
quantitation
Viral Replication- Intact, inducible Under Quantitative VOA A single round of
outgrowth competent virus proviruses only (QVOA) maximal stimulation

that grows out after
a single round of ex
vivo stimulation of
resting CD4* T-
cells

does not induce all
intact, inducible
proviruses as some are
in ‘deep’ latency

Interestingly, despite lower QVOA outgrowth, HIV-1 DNA levels were similar between males
and females [9]. Other studies report lower intracellular HIV-1 DNA in females compared to
males [78, 79], highlighting important differences that may need to be considered when
assessing latency reversal strategies. These studies in Uganda are two of only a handful of

published studies of replication-competent reservoir size in Africans, highlighting the need for
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more studies in diverse LMIC settings to examine if other differences in populations exist that
may help us to better understand the latent reservoir. Given that close to two thirds of women
bear the burden of disease in some LMIC [80], such differences between the sexes need to be
established if a global cure is to be achieved. Furthermore, only one study exists showing the
association between early ART initiation and HIV-1 DNA levels in children, highlighting a

paucity of cure studies in children living with HIV-1 in LMICs.

1.5 Clinical and immunological correlates of the HIV-1 reservoir

The most well-characterized clinical measure that correlates with reservoir size is pre-ART
viral load (VL). Several studies show that pre-ART VL setpoint, or even just the VL the time
of ART initiation, correlates positively with HIVV-1 DNA [13, 81] and QVOA estimates of
reservoir size [8, 9], which is consistent with studies showing that early ART restricts reservoir
size (both replication-competent and HIV-1 DNA) [82-85]. In ART-treated patients, CD4
counts over time have also been shown to predict replication-competent reservoir size in
PLWH who initiated treatment in acute infection [86], and several studies have identified the
extent of CD4 depletion as shaping the HIV-1 DNA proviral load [87, 88], with nadir CD4
count and CD4:CD8 ratio shown to be strong negative correlates of reservoir size. Furthermore,
time on ART has also been shown to correlate negatively with replication-competent reservoir

size [9].

Events soon after the establishment of infection impact disease progression, and there is
mounting evidence that this may be the case for characteristics of the latent reservoir. Immune

activation and inflammation play an important role in the disease progression of HIV-1 [89,
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90]. Immune activation is very strongly correlated with set-point VL, and predicts progression
to AIDS-defining illness more robustly than VL [13, 89, 91]. Early initiation of ART not only
reduces the cumulative viral burden before ART, preserves CD4" T-cells, and maintains
CD4:CD8ratios, but also reduces T-cell activation and inflammation [11-13]. T-cell activation
may increase the pool of target cells available to sustain HIV-1 replication, but also augments
antigen-driven clearance of infected cells and thus increases T-cell turnover. Following ART
initiation, many measures of immune activation decline rapidly, but this does not occur equally
in all individuals, and residual inflammation is a strong predictor of non-AIDS mortality in the
context of successful ART [92]. Understanding upstream contributors to T-cell activation,
such as cytokine expression throughout both treated and untreated infection, may shed light on
subsequent HIV-1 reservoir dynamics over time. IL-10, and sTNFRII concentrations were
positively associated with levels of total HIV-1 DNA in peripheral blood mononuclear cells

(PBMC) after 96 weeks of treatment [13], while MIP-3 showed a trend towards a correlation.

Since immune activation and inflammation are known to differ between the sexes, detailed
studies into the immune correlates of reservoir size in males and females are needed. A recent
study reported a difference in the immune correlates between males and females in PLWH in
Uganda [9]. While in males the frequency of PD-1* CD4* T-cells and IL-2* CD8" T-cells were
positive and negative correlates of replication-competent reservoir size, respectively, only
TNF-o" CD8" T-cells was found to have a positive association with replication-competent
reservoir size in females. The lack of a positive association between PD-1 expression and
reservoir size in women may be of particular concern, as this association, well-established in
men, has led to the development of PD-1 agonists as latency reversal agents. The efficacy of
this therapy, and other immune-based cure therapeutics, should be carefully tested in both

Sexes.
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Several studies have suggested that inflammation and immune activation are different in
African cohorts [93-97]. High levels of genital inflammation have been observed in a well-
characterized cohort of South African females [98] and high levels of inflammation during
early infection in this cohort correlated with VL set-point and, to a lesser degree, disease
progression (as measured by CD4 depletion). Few studies have addressed ongoing immune
activation in the context of Africans receiving ART. Understanding of the impact of immune
activation on viral reservoir dynamics at multiple stages of HIV-1 infection, particularly in
cohorts where ART was initiated in chronic infection, is imperative to formulating cure

strategies in LMIC.

Finally, the paucity of reservoir studies in different geographical settings also means that
critical information on reservoir establishment and dynamics in the face of co-infections is
overlooked. Moreover, an in-depth discussion of co-infections and the HIV- 1 reservoir is
precluded by the absence of studies on the topic. Co-infections have been shown to increase
pathogenesis and HIV-1 viral loads, increase immune activation, and inflammation. Thus, our
discussion on how increased or decreased viral loads, immune activation, and inflammation
impacts reservoir size would extend to the more general effect of co-infections. Effective
treatment of co-infections (excluding hepatitis B and C) results in a reduction of plasma
viraemia in ART naive PLWH [1]. As there remains fundamental questions on the timing of
viral reservoir seeding prior to ART initiation [10, 99-102], the effects of longer term (e.g. TB)
or periodic/sporadic (e.g. malaria or HSV) co-infections on the viral reservoir may depend on
the timing of these event(s) during acute and chronic disease and the timing of ART initiation.

Furthermore, infections that lower the barrier to HIVV-1 acquisition such as bacterial vaginosis
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and other sexually transmitted infections, resulting in an increased HIV-1 risk or a higher
multiplicity of infection, may influence HIV-1 reservoir size or composition. This topic has
been reviewed extensively elsewhere [2], including a detailed summary of knowledge gaps
with regards to specific co-infections such as Mycobacterium tuberculosis, Hepatitis B and C,
helminth infections, and other STIs. LMICs have a higher burden of co-infections and thus,

latent reservoir studies in this context are of great importance for cure strategies in the future.

1.6 HIV-1 reservoir establishment, heterogeneity, and Kkinetics

Studying the mechanisms that dictate reservoir establishment is challenging. Specifically, cells
isolated from an infected individual on ART have already entered into a latent state and
therefore can only provide a pseudo-measure of this process of latency establishment. The
long-lived reservoir in PLWH displays significant heterogeneity in sequence composition,
clonality, genomic integration sites, rates of decay and the proportion of replication-competent
to defective proviruses present in cells. Infected resting memory CD4" T-cells are the most
well-characterised of HIV-1 reservoir cells, are highly stable, with a half-life (t1) of ~44
months, and can theoretically persist for the lifetime of an affected individual [6, 62, 63].
Resting CD4" T-cells exhibit decreased expression of T-cell activation markers, lower RNA
content, and are not cycling [103], resulting in reduced HIV-1 transcription and favouring
latency. Activated effector CD4" T-cells represent a primary target for HIV-1 infection due to
their high permissiveness and metabolic state relative to resting cellular subsets. Many of these
cells, as well as other non-HIV-specific CD4" T-cells, are productively infected with HIV-1
and produce viral products, which are then detectable by host immune mechanisms. Such cells

are primed for elimination and are unlikely to contribute to persistence in vivo [104, 105].
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Rather, latency establishment likely occurs as cells that are transitioning towards a long-lived
memory phenotype [106]. Alternatively, proviral integration can occur directly in resting CD4
T-cells [107, 108]. However, despite their high abundance in the body, resting cells are
relatively resistant to infection, due to low expression of the HIV-1 co-receptor CCR5, limited

dNTP availability, and an increase in heterochromatic structures [109, 110].

1.6.1 Differences in integration sites, viral diversity, and decay in the HIV-1 reservoir

Following transmission, HIV-1 variants diversify rapidly [111-115], reaching a plateau in
chronic infection [116]. However, not all variants are equally likely to be represented in the
long-lived viral reservoir [10]. Rather, variants present at the time of ART initiation are
significantly over-represented, measured by both HIV-1 DNA [117, 118] and QVOA [10]. Our
South African study (where subtype C predominates) evaluating cells from nine women
showed that 17 to 100% (average: 71%) of the replication-competent viruses in the reservoir
after five years of suppressive treatment were genetically similar to the viral variants circulating
in the patient’s plasma the year immediately preceding ART initiation [10]. In comparison, the
percentage of viruses seeded into the long-lived reservoir within the first year from the
estimated time of infection ranged from 0 to 17% (average: 4%). Similarly, a study in Kenyan
women on ART for up to 5 years showed that 59 to 99% (median: 86%; measured by gag
sequences) of HIV-1 DNA during ART comprised of sequences present in plasma within 2
years of ART initiation [118]. These findings indicate that the long-lived reservoir may not be
formed continuously at the same rate. Instead, it is possible that ART initiation establishes an
environment favouring latency. Work by Jones et al. [119, 120] highlights the persistence of

viral variants from earlier time-points in infection, even if in smaller proportion. The
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mechanism of persistence of these variants or factors affecting their longevity in the reservoir

are still to be elucidated.

Over time the immune response (both CTL and antibody pressure) drives selection of variants
with immune escape mutations [111-115, 121, 122]. Given that studies suggests that the
reservoir is comprised of HIV-1 variants circulating close to ART initiation, the long-lived
reservoir would include variants with escape mutations, particularly in PLWH initiated on
treatment in chronic infection [123]. In addition, chronic high viraemia reduces CD8" T-cell
proliferation and promotes exhaustion, leading to CTL dysfunction [124]. Cure strategies
looking to boost T-cell responses are reliant on long-lived reservoirs that do not contain a great
deal of escape mutations. Recent research has detailed that HIV-specific T-cell responses are
maintained in chronical-treated individuals on long-term suppressive ART [125], and that
CD8" T-cells can suppress HIV-1 superinfected CD4" T-cells both ex vivo (isolated cells) [126]
and in vitro (after latency reversal) [127]. Furthermore, 68% of T-cell epitopes in the

replication-competent reservoir were recognized by autologous circulating T-cells [128].

In early treated individuals infected with subtype C viruses, the reservoir was found to have a
majority of proviral sequences intact, a low frequency of hypermutated genomes, and a paucity
of truncated genomes which are found commonly in chronically-infected, untreated individuals
[129]. While this scenario may not represent the majority of PLWH in LMICs due to late
initiation of ART, the future of cure in these settings will benefit from more longitudinal studies

characterizing reservoir heterogeneity.
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1.6.2 Cellular and tissue reservoirs

One area with currently no reported characterization in LMIC studies to our knowledge, is that
of cellular and tissue reservoir sites. Specific lineages of memory CD4" T-cells, the major
cellular reservoir of HIV-1, can persist for an individual’s lifetime. Their memory
differentiation status, as well as their functional polarization dictates longevity, anatomical
location, and likelihood of being a stable reservoir. Central memory (Tcwm) cells are most likely
to harbour provirus, followed by transitional memory (Ttwm) and effector memory (Tem) T-cells
[130-132]. A recent study showed that intact proviral DNA copies in each of these subsets
varied greatly between individuals [57], but the distribution of relative abundances were similar
between subsets and there were no differences in the contribution of each subset to the total
pool of intact proviral copies. Less abundant subsets, such as stem cell memory T-cells (Tscm),
also contribute to the reservoir, although only substantially in some individuals [133, 134].
Early treatment appears to increase the contribution of Tscm to the total CD4" reservoir,
reducing per-cell HIV-1 DNA levels in Tem and T+p (terminally differentiated) subsets [85].
The contribution of each subset to the reservoir over time on suppressive ART is difficult to
study due to the dynamic nature of cell differentiation where a cell can evolve from one subset
into others. Thus, the contribution of each subset to rebound virus remains an understudied
topic. However, studies have showed that viral rebound likely does not have a singular source
of cell type or anatomical location [135-137]. The proportion and number of T-cell subsets
during disease and following treatment is poorly understood between viral subtypes and may
also differ between early- and late- treated populations. This merits further investigation in the

context of the HIV-1 reservoir in LMICs vs. HICs.
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1.6.3 Clonality and homeostatic proliferation

The proliferation of CD4" T-cells brought about by proliferation from homeostatic regulation
and in response to antigen stimulation [138] results in large pools of clonal sequences in vivo
[135, 139-145], comprising both defective and intact proviruses. In our South African study,
we reported between 0 and 47% (by sequence identity) of outgrowth viruses form PBMC were
clonal in nature [10]. Furthermore, another small study found that clonal sequences were rare
over the first year of ART in early treated PLWH, providing insights into the difference in
reservoir composition between early- and late-treated individuals infected with subtype C
viruses [129]. Replication-competent clonal populations have been found to be distributed
across different T-cell memory subsets [57, 135, 146], indicating that infected cells
differentiate and proliferate during ART unabated by the immune system [146, 147]. In
addition to memory differentiation, differences in functional polarization may influence
reservoir size. One study found that functional polarization may lead to preferential clonal
expansion of replication-competent HIV-1 in Thy cells [148]. Furthermore, these clonal
populations are found in different tissues and can contribute to plasma viral rebound when
treatment ceases [135, 137]. A caveat with some of these studies is that frequently only a small
region of the HIV-1 genome is sequenced, so that it cannot be definitively known if cells with
identical sequences in that region are the result of integration by a pool of homogenous viruses,
or due to homeostatic proliferation of infected cells, the latter defining a true clonal population.
Integration site analysis is required to distinguish between these two possibilities, as the
likelihood that integration will occur multiple times in the same location in the human genome
is negligible [149]. Nevertheless, it is clear that clonal populations of HIV-1 contribute
markedly to reservoir maintenance. Antigenic stimulation and immune modulation are likely
different in LMICs vs. HICs, and further studies are needed to assess the contribution of clonal

expansion and latency in different cellular subsets in other populations in LMICs.
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1.7 Viral factors contributing to HIV-1 persistence

The role of infecting subtype in reservoir formation, size and maintenance is understudied.
Particularly in LMIC where the predominant infecting subtypes differ from the most studied
cohorts (predominated by subtype B infections), this may result in significant geographical
differences in the latent viral reservoir. The viral promoter element of HIV-1, the long terminal
repeat (LTR), has been reported to impact latency [150], with ‘latency potential’ (defined as
the ratio of latently infected cells to actively infected) differing between subtype-specific LTR
genotypes in vitro [151]. In subtype C viruses, increased levels of transcriptional activity
resulted in more rapid silencing of the viral promoter due to negative feedback, and was
associated with a greater number of NF-kB binding sites within the LTR [152]. Furthermore,
the AP-1genotype (a binding motif in the LTR) has been shown to confer greater latency
potential (i.e. reduced proportion of cells that lack transcription of HIV-1 genes) to subtype A
and C viruses compared to subtype B [153]. Conversely, another study showed no differences
in initial latency potential between subtypes with the exception of subtype AE in primary T-

cells [154].

The HIV-1 transcriptional switch protein, Tat, is heavily implicated in the establishment and
persistence of latent provirus. Tat regulates transcriptional elongation via RNA polymerase 11
(RNAP II) recruitment in the viral 5> LTR. For viral transcription to occur, Tat must bind the
trans-activating response (TAR) hairpin present on the viral transcript. In a study by Razooky
et al., Tat-mediated feedback was able to induce proviral reactivity in the absence of cellular
stimulation [155]. In fact, in the absence of multiply spliced RNA encoding tat/rev, the

feedback loop was disrupted and led to non-productive infection [156]. Due to the heavy
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implication of HIV-1 Tat on transcriptional status, this protein is critical to many therapeutic
strategies being utilized today, highlighting the importance of characterizing tat variants in the
reservoir. Subtype C Tat (TatC) has been shown to have a higher transcriptional activity in T-
cell lines than Tat from subtypes B (TatB) and E [157]. Furthermore, genetic variations in TAR
can impact the ability of Tat to facilitate viral transcription [158]. Studies identified intra-
subtype C variation in the TAR element as well as Tat that correspond to key functional sites
that affect Tat binding and Tat-induced transcriptional activity, respectively [159-161];
including evidence of positive selection in primary infection [160]. In addition to mediating
transcription, the viral protein Tat is also responsible for RNA silencing suppressor activity
(RSS) in infected cells [162—-165]. RSS serves to attenuate translation of HIV-1 transcripts,
determining viral load set-point and favouring latency. TatB has been shown to have more
potent RSS activity than that of TatC viruses, however, a greater range of RSS activity was

observed among TatCs [166].

The HIV-1 accessory protein Nef is an element of interest as a reservoir determinant. Nef
facilitates the pathogenesis of HIV-1 by interfering with host protein trafficking [167].
Furthermore, sequestration of major histocompatibility complex-1 (MHC-1) by Nef precludes
antigen presentation by infected cells and evasion of the host CTL response as a result [168,
169]. In a recent study, the strain-specific ability of Nef to downregulate MHC-I in vitro was
associated with in vivo reservoir size [81]. Furthermore, in a multivariable analysis adjusting
for multiple clinical factors, HIV-1 DNA levels were found to be higher in individuals infected
with subtype B compared to those infected with non-B subtypes (CRF_01 AE and G), and this
higher abundance of cells harbouring HIVV-1 DNA was attributable to the superior Nef function
of subtype B viruses. However, this study included only men who initiated treatment in

acute/early infection and were on treatment for less than a year [81]. Given that Nef function
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has been shown to differ across subtypes, with subtype C exhibiting reduced Nef function
compared to other subtypes [170], it will be beneficial to assess Nef function in the context of
other HIV-1 subtypes, females, and PLWH who initiated treatment during chronic infection,

to determine the generalizability of these findings to LMIC.

1.8 Strategies for HIV-1 Eradication and Cure

In the context of HIV-1, researchers often refer to cure as either ‘functional’ or ‘sterilizing’. In
either instance, a cure would allow for PLWH to interrupt ART without experiencing viral
rebound. For a functional cure, HIV-1 is durably controlled in the absence of ART, while
remaining, in some form, within the body. Alternatively, a sterilizing cure aims to remove all
traces of HIV-1, including provirus, from PLWH. The primary strategies being investigated
for HIV-1 cure are mentioned below and will highlight the practicality of implementation of
these strategies/therapeutics in LMICs based on ease of potential clinical use, cost, and

availability.

1.8.1 Hematopoietic Stem Cell Transplant

To date, an apparently sterilizing cure has been achieved in two individuals [171, 172]. These
individuals received a homozygous CCR5A32 hematopoietic stem cell transplant following
immune ablation. The CCR5A32 mutation renders cells impervious to strains of HIV-1 that use
CCR5 as a co-receptor. These; the ablation eliminates a substantial portion of the cells
harbouring replication competent provirus, and the transplanted CCR5A32 that reconstitute the

immune system are resistant to HIV-1 infection. While these cases of sterilizing cure offer
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proof that a cure is possible, this procedure is associated with high mortality and would not be
appropriate for an otherwise healthy person living with HIV. For those with treatment access,
ART provides a lower risk alternative with relatively fewer co-morbidities, while excluding
the possibility of treatment-associated death. Additionally, the high procedure-associated cost
(i.e., approaching several hundred thousand dollars per patient for treatment, hospitalization,
and follow-up monitoring) limit scalability and global rollout. Aside from the risk to the

patients, this approach will never be widely adopted even in HICs based on cost alone.

1.8.2 Shock-and-Kill

The ‘shock-and-kill’ strategy aims to induce transcriptional reactivation of the replication-
competent proviral reservoir, and has been recently reviewed by Kim et al. [173]. The intention
is that induced cells will produce viral products that are recognizable by host immune
mechanisms, prompting their clearance by cytotoxic immune mechanisms. During this process,
an individual would maintain daily ART to prevent de novo infection of bystander cells by
virus produced by reactivated cells. Since post-ART rebound occurs at a frequency of
approximately once a week, a substantial proportion of the reservoir must be cleared for this
approach to be feasible[174]. For instance, a 1,000-fold reduction in the replication competent
reservoir is theoretically required to achieve an average remission of 20 years[175]. Such
modeling reveals the innate challenge of developing a functional ‘shock-and-kill” therapeutic,

while also indicating that it is theoretically possible with the correct approach.

Latency-reversing agents (LRAs) comprise small molecules and biologics designed to induce

transcriptional reactivation of virally infected cells. Amongst the most investigated are histone
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deacetylase inhibitors (HDACI), which function through direct inhibition of the HDAC
enzyme. HDACI can induce highly variable latency reversal in cell lines engineered with latent
HIV-1 provirus [176] but fail to induce appreciable HIV-1 from cells isolated from PLWH on
stable ART [177-179]. HDACI activate a low level of transcription, but undetectable HIV-1
protein synthesis, which is necessary for immune recognition and elimination of these latently
infected cells. They have been utilized with low level, daily dosing in phase /1l clinical trials,
but have failed to reduce the latent HIV-1 pool [180]. Increased dosage may provide better
latency reversal, but HDACI are not selective for latent, integrated HIV-1 proviral DNA and

would result in general transcription upregulation of host genes.

In lieu of epigenetic manipulation, some approaches target cellular activation pathways. Protein
kinase C (PKC) agonists, for example, induce global T-cell signalling and transcription factor
recruitment [181]. Similarly, toll-like receptors (TLRs) that recognize RNA viruses, such as
TLR 3/7/8, can mediate T-cell activation and downstream induction of latent proviral
expression, while also enhancing cytolytic activity [182]. One example is the TLR-7 agonist,
GS-9620 (Vesatolimod; Gilead), which became a strong candidate after pre-clinical data
showed clearance of hepatitis B in several models of infection [183, 184]. In clinical trials, GS-
9620 could potently induce expression of interferon-stimulated genes (ISG), leading
researchers to investigate the agonist’s potential as a latency-reversing agent for HIV-1. A
subsequent ex vivo study revealed that TLR-7 agonists could promote HIV-associated RNA
production by 1.5-2-fold [185]. In a recent Phase Ib study, GS-9620 was well-tolerated at doses
sufficient to induce ISG expression (>4mg) [186], providing feasibility for use in future

regimens.
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Interestingly, several studies have indicated that optimal latency reversal could require
stimulation through the T-cell receptor (TCR) [187, 188]. Signalling through the TCR, best
demonstrated by the use of PMA/lonomycin or anti-CD3/anti-CD28 antibodies, results in an
intracellular cascade for multi-kinase activation, chromatin remodelling and transcription
factor induction necessary for immune activation of memory and naive T-cell subset [189].
Interestingly, the same activation cascade is required for productive HIV-1 replication in
activated T-cells, and reactivation of latent provirus is more potent after stimulation with HIV-
1 antigen, as opposed to non-HIV-specific antigen, which may be due to the preferential
infection of HIV-specific T-cells [190]. Upon primary HIV-1 infection, antigens consisting of
HIV-1 virus particles and proteins are transported to primary and secondary lymphoid
tissues/organs by antigen presenting cells. These APCs will ultimately present HIV-1 antigens
on MHC class Il to CD4" T-cells with TCR specific to these HIV-1 antigens, leading to
activated CD4" T-cells, which are now susceptible to HIV-1 infection and replication [191].
We hypothesize that this cycle of HIV-1 antigen presentation and activation of HIV-specific
T-cells leads to a skewing of the antigen-specificity of latently infected cells towards HIV-1
antigens [192]. This hypothesis is supported by the observation that most variants in the
reservoir arose from strains circulating immediately prior to ART initiation [10, 117, 118]:
once ART is initiated and HIV-1 antigens are cleared HIV-specific T-cells will revert to a
resting state en masse. The use of HIV-1 antigens as an immunogen could specifically

reactivate and eliminate this substantial portion of the reservoir [192].

A heterogenous virus-like particle (VLP) derived from the quasi-species of five HIV-1 infected
patients has recently been developed [192, 193]. This VLP formulation contains all the HIV-
1 proteins and is morphologically identical to wild type HIV-1 but lacks genomic RNA and

has additional mutations to ensure it is not replication-competent and can be tested as a cure

29



therapeutic [193]. Heterogenous HIV-1 VLPs have so far out-performed all other LRAs at
induction of the latent HIV-1 pool from CD4" T-cells isolated from patients on stable ART.
The level of latent HIV-1 induction by these VLPs is comparable to PMA/ionomycin but the
VLPs, unlike PMA/ionomycin, target only a fraction of CD4" T-cells for activation and
therefore is unlikely to create generalize and toxic immune activation. These findings suggest
that VLPs may result in targeted activation of a sizeable proportion of the latent pool. However,
for this therapeutic to be useful in LMIC, the effect of subtype congruency between VLP and
patient must be ascertained. Additionally, while activation of the latent HIV-1 pool in response
to VLP has been observed using cells form patients treated during both acute/early [192] and
chronic infection, it must be ascertained if the reservoir of individuals treated during chronic
infection is as heavily skewed towards HIV-specific T-cells. Individuals who initiated ART
soon after infection will have been exposed to fewer non-HIV antigens while viremic, but only
a minority of PLWH in LMIC initiated treatment during acute infection. Aside from these
remaining uncertainties, compared to the use of small molecules lacking a specific targeting
mechanism, the use of VLPs is safe, effective, and is an inexpensive cure therapeutic that could

potentially be widely used around the world.

Many of these small molecule or even peptide-based inhibitors/agonists would be a suitable
cure therapeutic for testing and potential roll-out in LMICs. Importantly, such strategies would
greatly benefit from longitudinal follow-ups to ensure viremia is suppressed in the absence of
ART. Currently, their cost remains prohibitive, but with relaxation of the agreement on trade-
related aspects of intellectual property rights (TRIPS) agreement/patent regulations for greater
drug access for LMIC markets, it is possible that investment by the Global Fund, PEPFAR,
and various other foundations, would be offset by the reduction in the burden of ART, the

concern of ART drug resistance, and the prevention of new infections.
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1.8.3 Block-and-Lock

The ‘block-and-lock’ approach aims to provide a functional cure for HIV-1 through the
suppression of transcriptional activity. One way to achieve this is by altering methylation and
acetylation status. For a block-and-lock approach, this will typically involve a combination of
hyper-methylation and/or hypo-acetylation. Furthermore, many strategies are utilizing small
interfering (si) RNA to induce epigenetic changes at sites of transcriptional relevance, such as
the HIV-1 NF-kB promoter site [194-196]. An alternative approach is blocking the HIV-1
accessory protein, Tat, which is involved in the recruitment of RNA polymerase 11. Blocking
its function might greatly limit transcriptional output. Didehydro-Cortistatin A (dCA) is one
small molecule capable of engaging with HIV-1 TAR RNA - the binding domain of Tat [197]
— and dCA treatment renders cells resistant to the effects of LRAs [198]. Another study
proposed the use of “naked” cyclic Tat peptidomimetics that have rapid cellular uptake, that
bind HIV-1 TAR RNA with high affinity, and inhibit Tat transactivation/mRNA transcription

as well as reverse transcription [199, 200].

For a block-and-lock strategy to be curative, virtually all replication competent provirus would
require durable, drug-mediated post-translational modification. This means that, even if a small
proportion remains unmodified, the chance of productive re-infection exists. However, studies
have shown that reducing the size of the replication competent reservoir can prolong the time
to viral recrudescence [175]. This would arguably be true of epigenetic silencing as well.
Therefore, the lock-and-block strategy likely reduces risk of re-infection short-term, but will

invariably lead to rebound unless complete, sustained reservoir silencing is achieved.

31



The block-and-lock approach is uniquely positioned from a therapeutic perspective. Since the
goal here is not the removal of the viral genomes but rather their suppression, blocking agents
could potentially function on multiple distinct cellular reservoirs. Block-and-lock inhibitors are
also easier to design, test, and possibly utilize for treatment. However, long acting formulations
are necessary for these inhibitors to be considered as a cure therapeutic, as opposed to a form
of ART. Long-acting ART will provide a benefit for those PLWH who have issues with
adherence (adolescents, etc.), and was found to be more acceptable than oral ART in the context
of pre-exposure prophylaxis [201], but may not replace oral ART completely in the very near

future.

One of the drawbacks of long-acting ART administration is having more frequent clinic visits:
once a month or every two months as opposed to biannually. In addition, well-resourced
settings may be able to handle the operational challenges associated with switching from oral
to injectable medications: potentially more staff required on site, more frequent VL testing to
ensure viral suppression between visits, increased challenges with regards to ensuring all visits
occur timeously, storage and transport of injectables/infusions. In terms of LMICs, this may
ease the burden on PLWH who have access to these resources in urban and suburban settings
but may not work well in rural settings unless distribution of these interventions can be

decentralized (i.e., administered outside of a clinical setting).

More research is needed into whether these treatments can be administered by non-medical
personnel or whether self-administration of these drugs is feasible. Despite the challenges,
intermittent administration of block-and-lock therapeutics could reduce pill burden and

alleviate ART-associated co-morbidities. As with all potential therapeutics, global investment

32



and robust organizational initiatives are mandatory for proper roll-out and maintenance in

LMICs, assuming a clinically successful ‘block-and-lock’ strategy is realized.

1.8.4 Broadly Neutralizing antibodies as a cure therapeutic

The discovery of monoclonal antibodies capable of potent neutralization of a wide range of
HIV-1isolates, termed broadly neutralizing antibodies (bNAbs), has provided new avenues for
functional cure research. In-human trials (passive immunization) have been conducted with
several bNAbs and they have been shown to be tolerable and safe, even at high doses and when
administered repeatedly in both HIV-1 uninfected [4, 5] and infected adults [6, 7]. Monoclonal
bNAD therapy did not result in decrease in residual plasma viraemia [8], HIV-1 DNA/RNA [8,
9] or outgrowth viruses (demonstrated with VRCO01) [8] but did result in a delay in viral
rebound after analytical treatment interruption (ATI), demonstrated with VRCO1 [10, 11],
3BNC117 [12], and UB-241 [13], although results were highly variable across trials (ranging
from 4 to 16 weeks median time to rebound). Combination bNAb therapy has also shown
promise, with the benefit of a decreased likelihood of developing resistance to multiple
antibodies [7]. Trials testing sequential administration of 2G12, 2F5, and 4E10 resulted in 8-
10-week delay in viral rebound upon ATI [14, 15]. Administration of 3BBNC117 and 10-1074
in combination during ATI resulted in maintained viral suppression for a median of 21 weeks

in participants who had antibody sensitive viral reservoirs [6].

A phase | clinical trial is ongoing in South African women (CAPRISA 012), testing
CAP256V2LS, a potent bNAD isolated from a subtype C infected individual capable, alone and

in combination with VRC07-523LS and PGT121 for use in pre-exposure prophylaxis [16].
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However, this trial could pave the way for investigation into CAP256V2LS (likely in
combination) as a functional cure in Africans. Finally, the first studies in non-human primates
showed efficacy of bNAbs produced in vivo through the administration of adeno-associated
viruses encoding bNAbs [17]. Although host-elicited immune responses limited effectiveness
of the treatment [18], one macaque was functionally cured. While this approach is still in
development and needs refining before in-human trials, it is a proof of concept for the role
bNADs in a functional cure strategy. A disadvantage associated with bNAb therapy in resource-
limited settings is the requirement for resistance screening both before administration of
therapy to ensure antibody sensitivity of viruses, and during therapy to monitor antibody
escape. Similar to long-acting ART, these drawbacks significantly limit the scalability of

bNADs as a cure therapeutic.

1.9 Study rationale, aims, and objectives

The major barrier to an HIV-1 cure is the formation of a stable latent reservoir in people PLWH.
The latent reservoir is formed very early during infection, even in people who initiate ART
during acute infection prior to seroconversion, and has a long half-life. Little is known about
factors influencing latent reservoir formation and maintenance but factors affecting disease
progression, such as viral burden during untreated infection, CD4" T-cell loss, immune
activation and inflammation, may impact reservoir formation. Furthermore, if a global cure is
to be achieved, the burden of HIV-1 will need to be addressed in many different populations,
most notably African women, women who bear the burden of HIV-1 globally. In South Africa,
the country in the sub-Saharan African region with the highest prevalence of HIV-1, women
are roughly twice as likely to be living with HIV-1 than men (aged 15 to 49) [202], with a

prevalence rate 6% higher than the national average of 19%. The studies in this thesis included
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the CAPRISA 002 acute infection cohort, a cohort of South African women aged 19 to 49 [48,
203]. The cohort was established for the long-term follow-up of at-risk women who became
infected with HIV-1 and were then monitored throughout infection until ART initiation

according to prevailing South African guidelines.

The overall aim of this study was to investigate the influence of immune activation and
inflammation on the size and persistence of the latent reservoir of HIV-1, in African women
on long-term suppressive ART initiated during chronic infection. This study contributes to a
growing body of knowledge on HIV infection in African women, with the aim of informing

HIV cure strategies in an African context.

Hypothesis: High levels of immune activation and inflammation in women living with HIV
results in seeding of a larger latent reservoir, due to an expansion in the number of HIV target
cells and/or increased viral replication when the reservoir is laid down. Furthermore, sustained
inflammation throughout the course of infection, in the presence or absence of treatment, will

expand the reservoir.

Aim 1
To characterize immune activation, measured by the frequency of activated memory CD4" and
CD8" T-cells, and levels of plasma markers of inflammation longitudinally during HIV

infection in PLWH.

Rationale: The role of immune activation over the course of untreated and treated infection in
influencing the latent reservoir over time is still being defined. Immune activation plays an

important role in viral control during acute infection but can also lead to a greater number of
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activated target cells for HIV. Sustained immune activation results in exhaustion of the T-cell
response to HIV, leading to a dysfunctional phenotype which could contribute to reservoir size.
This aim of our study serves to describe longitudinal immune activation and inflammation in a

clinically well-characterized cohort of South African women, the CAPRISA 002 cohort.

Aim 2
To determine the influence of immune activation and inflammation on the size of the

replication-competent latent reservoir in PLWH

Rationale: The replication-competent reservoir is the proportion of cells infected with viruses
that remain quiescent in the presence of ART but are capable of recrudescence when ART is
ceased. This proportion of cells represents the primary target for HIV cure strategies as it can
reinitiate viral replication in PLWH regardless of the duration on ART. While early ART
initiation and viral burden prior to ART are described determinants of reservoir size, the role
of immunological factors such as immune activation and inflammation remains largely
unknown. This aim serves to fill the gap in cure research by defining the effects of higher levels

of immune activation and inflammation on the replication-competent latent reservoir.

Aim 3
To determine the impact of immune activation and inflammation on the frequency of total HIV

DNA, a marker of HIV persistence, in PLWH

Rationale: Total HIV DNA is another measure of the latent reservoir and encompasses intact

HIV-1 genomes that are replication-competent, intact HIVV-1 genomes that are not able to be

reactivated, and defective HIV-1 genomes that may impact the host immune response and viral
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clearance during treatment. Thus, total HIV DNA represents a marker of HIV persistence and
decay kinetics of intact versus defective genomes have been shown to differ. In this aim, the
effect of immune activation and inflammation on total HIV DNA is elucidated. Total HIV
DNA will be measured at 2 time-points post-ART initiation to determine whether this portion

of the reservoir decays significantly during this time.
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CHAPTER 2

T-cell activation and inflammation in HIV-1 chronically infected South African women
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2.1 Introduction

Sub-Saharan Africa bears the greatest burden of HIV-1 infection worldwide, with South Africa
being one of the world’s top affected countries. While new infections in South Africa have
more than halved over the last 10 years to ~200 000 new infections in 2019, there are 7.5
million adults and children living with HIV-1 [202], requiring substantial resources to provide
lifelong ART. Furthermore, females aged 15 to 49 years are three times more likely to be living
with HIV-1 than their age-matched male counterparts (prevalence of 10.2% and 3.4%,
respectively) [202]. Thus, despite the stabilization of HIV-1 incidence in South Africa over the

past 10 years, women continue to bear a disproportionate burden of HIV-1 infection [204].

Recent data from South Africa found that 32% of PLWH are diagnosed late in infection, at a
CD4" T-cell count <200 cells/pL [202], indicating that a substantial number of people are still
initiating ART during at a late stage of chronic infection. The timing of ART is an important
determinant of the HIV-1 reservoir as firstly, studies have shown a restriction in reservoir
seeding in individuals treated early [82—-85] and, secondly, viral variants in the long-lived HIV-
1 reservoir are dominated by viruses in plasma just before the initiation of ART [10, 117, 118].
This was shown recently by Abrahams et al. in study participants from the same cohort
presented in this thesis [10]. These findings that the long-lived latent reservoir is established
proximal to ART initiation has been observed in different populations, infecting subtypes, and

treatment initiation times.

Several host factors that impact disease progression also impact reservoir establishment and

can differ significantly between early and chronic infection including the temporal expression
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of immune mediators of inflammation [89], T-cell activation and exhaustion [205]. Viral
factors influencing disease progression also differ over time as well as interactions between
virus and host. Examples of these are infecting viral subtype [41, 42, 48], co-receptor tropism
[206] and the propensity of early versus chronic Envelope proteins to elicit pro-inflammatory
cytokine production [207]. Thus, it is imperative that studies characterizing the HIV-1 latent
reservoir occur in diverse settings and include time points at this pivotal period of treatment

initiation during chronic infection.

The CAPRISA 002 Acute infection cohort presents an ideal opportunity to gain novel insights
into reservoir formation and maintenance in the context of subtype C infection and treatment
initiation during chronic infection [203]. This longitudinal cohort followed up women at a high
risk of HIV-1 acquisition, from pre-infection and up to 5 years after ART initiation. In these
participants, ART was initiated during the chronic stage of HIV infection, according to South
African National Treatment Guidelines at the time [203]. A previous study showed that rapid
disease progression occurred in approximately 50% of the participants in the original cohort
infected with subtype C viruses [48]. Since factors associated with both infecting subtype and
disease progression, such as CD4* T cell counts, CD4" T-cell nadir and VLs, have been shown
to impact the HIV-1 latent reservoir, it is conceivable that HIVV-associated immune activation
and inflammation (either directly or through their relationships with these clinical markers of
disease progression) may also influence the formation of the latent reservoir and the frequency

of circulating latently infected cells.

The overall aim of this study was to: 1) characterize immune activation and inflammation in

untreated and treated HIV-1 infection, and 2) determine which immunological characteristics

40



over the course of infection impact the formation of the HIV-1 latent reservoir. This chapter
comprehensively characterized immune activation and inflammation before and after ART

initiation in participants from the CAPRISA 002 cohort.

2.2 Materials and methods

2.2.1 Study participants and study ethics

Forty-six women from the CAPRISA 002 acute infection cohort [48, 114, 203] from Kwa-Zulu
Natal, South Africa were recruited into this study. Briefly, participants were enrolled and, upon
seroconversion, were followed up weekly for the first three months, monthly thereafter until
12 months post-infection, and then every three months until ART initiation. The date of
infection was estimated as the midpoint between the last antibody negative test and the first
antibody positive test, or as 14 days prior to the first HIV RNA positive test where the enzyme-
linked immunosorbent assay (ELISA) test was negative. ART was initiated according to the
prevailing South African National HIV Treatment Guidelines: a CD4" T-cell count of <200
cells/mm? prior to October 2012, <350 cells/mm? until March 2015, then <500 cells/mm? until
universal test and treat was adopted in September 2016. After ART initiation, follow-up visits
occurred at week one, months one, three and six, and then every six months thereafter.
Peripheral blood mononuclear cells (PBMC), plasma samples and sera were collected at each
follow up visit and CD4" and CD8" T-cell absolute counts and plasma viral load (VL)

measured.

VLs were determined using a PCR-based diagnostic assays. The specific assay used for VL

determination changed throughout the duration of the study. The initial assay was Roche
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AMPLICOR HIV-1 Monitor test version 1.5 (lower detection limit (LDL) of 400 RNA
copies/mL) which was switched to Roche 42 Tagman version 1.0 in June 2010 (LDL of 40
RNA copies/mL), and then Roche Tagman version 2.0 in January 2012 (LDL of 20 RNA
copies/mL). The FACSCalibur TruCOUNT method (BD Biosciences) was used to determine

absolute blood CD4* and CD8" T-cell counts.

For this study, PBMC were obtained at the following five time points for each participant,
when a sample was available: acute infection (median: 2.2 months post-estimated time of
infection [IQR: 1.9-3.3]), one-year post-infection (median: 11.9 months post-infection [IQR:
10.6-13.9] and 3.3 years post-ART initiation [IQR: 2.1-4.6]), and late chronic infection (within
one year of ART initiation; median: 7.9 months pre-ART [IQR: 5.0-10.7]), as well as two-
(median: 2.4 years post-ART initiation [IQR: 2.0-2.5]) and four years post-ART initiation
(median: 4.5 years post-ART initiation [IQR: 4.0-4.5]). CD4" and CD8" T-cell counts and VL
were available for all time points. All participants provided written informed consent prior to
enrolment into the CAPRISA 002 cohort (University of KwaZulu-Natal HREC BE178/150).
The parent protocol as well as this sub-study, including laboratory protocols and the use of
participant samples and information, was reviewed, and approved by the University of Cape
Town’s Faculty of Health Sciences Human Research Ethics Committee (HREC 025/2004 and

HREC 719/2017).

2.2.2 Thawing and resting cryopreserved PBMC

PBMC vials (of approximately 10 million cells/mL) were thawed rapidly in a 37°C water bath

and added to a 50mL tube. RPMI 1640 medium (Sigma) supplemented with 1% heat
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inactivated FBS (subsequently referred to as R1) was added dropwise to the thawed cells up to
a volume of 10mL. R1 medium was topped up to 30mL and cells were centrifuged (1200 rpm)
for 10 min at room temperature. The supernatant was discarded, and cells were resuspended in
500uL of R1 containing 0.002% of DNAse and incubated for 3 min at room temperature to
prevent the clumping of cryopreserved cell suspensions following thawing. R1 was added up
to 25mL and then samples were centrifuged (1200rpm) for 10 min at room temperature. After
discarding the supernatant, cells were resuspended in 3mL RPMI 1640 supplemented with 10%
heat inactivated FBS and penicillin-streptomycin (50 U/mL) (subsequently referred to as R10).
Cell counts were determined using Trypan Blue exclusion staining. Briefly, 20ul of cell
suspension was diluted 1:2 in Trypan Blue (Invitrogen) and counted using a Countess cell
counter and slides (Invitrogen). Cells were then diluted in R10 to a final concentration of 2 to
4 million cells/mL and rested by incubating them overnight (maximum of 16h) in a 5% CO;

incubator set to 37°C.

2.2.3 Ex vivo staining and flow cytometry

Fluorescently labelled monoclonal antibodies (Table 2.1) were used for surface staining of
rested, ex vivo PBMC. All antibodies were titrated to determine the optimal staining
concentration to achieve maximal separation between the negative and positive population in
a 50uL final staining volume. The titer was selected based on saturation, signal-to-noise ratio
and staining index. Delineating the positive and negative populations was informed by the
inclusion of a fluorescence minus one (FMO) control (i.e., a sample stained with all antibodies
excluding the one of interest). Each new lot of antibody was titrated alongside an FMO sample

before use in the panel.
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Table 2.1. Antibody cell surface staining panel for flow cytometry.

Marker Fluorochrome
Exclusion/Viability ViVviD Pacific Blue*
Exclusion (monocytes) CD14 Pacific Blue
Exclusion (B cells) CD19 Pacific Blue
Lineage CD3 PE-Cy7
Lineage CD4 PE-Cy5.5
Lineage CD8 Qdot 705
Memory differentiation CD45RA BV570
Memory differentiation CCRY PE-CF594
Activation CD38 FITC
Activation HLA-DR APC-Cy7

*ViVid is a fixable dead cell stain detected in the Pacific Blue channel

Clone

Tuk4
SJ25-C1
SK7
S3.5
3B5
HI100
150503
HIT2
L243

Manufacturer
Invitrogen
Invitrogen
Invitrogen
BD
Invitrogen
Invitrogen
Biolegend
BD
eBioscience
BD

For surface staining, rested, ex vivo PBMC were transferred into a 96-well v-bottom plate and

centrifuged (1800 rpm) for 3 min (as for all subsequent centrifugation steps in this section).

Cells were then washed twice using 200uL. PBS followed by centrifugation. Thereafter, cells

were stained using a LIVE/DEAD Fixable Violet Dead Cell marker (ViViD, Invitrogen) for 20

min at room temp in the dark, washed thrice with 200uL FACS wash (1% FCS in PBS), stained

with a pre-mixed cocktail containing antibodies targeting surface molecules (Table 2.1) for 30

min in the dark at room temperature, followed by three washes with FACS wash solution.

Stained cells were resuspended in 150puL of 1x CellFIX solution (BD) and kept at 4°C until

acquisition. Samples were acquired on the same day on a BD LSRFortessa using FACSDiva

software (version 8.01) and analysed using FlowJo (version 10.5.3; TreeStar)
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2.2.4 Gating strategy

T-cells were identified and categorised into memory subsets using the gating strategy presented
in Figure 2.1. A “time gate” was applied to exclude any potential fluorescent intensity shifts,
followed by sequential gating for singlets, lymphocytes, live CD3" cells. While gating for the
latter, CD14 and CD19, detected in the same channel as the dead cell stain (ViViD), were used
to exclude monocytes and B cells, respectively. CD4* and CD8" T-cells were gated from the
CD3" subset. Memory phenotypes were delineated using the markers CD45RA, CD27, CCR7,
CD95 and CD127, while HLA-DR and CD38 were used for identifying activated cells. Figure
2.1 describes the cell surface expression profile of each of the memory markers for each T-cell
memory subset. Since naive T-cells constitutively express CD38, T-cell activation was

assessed on memory cells only (CCR7* CD45RA" cells excluded).

Singlets

_ Lymphocytes ~Live CD3* cells

Pacific blue

CD45SRA \—' CD4

_ CD4* T cells

i -
CD4SRA

Figure 2.1. Gating Strategy for the analysis of T-cell activation and memory differentiation. Cells
were gated against time and then singlets, lymphocytes, live CD3* T-cells, and the frequency of CD38"
and HLA-DR* CD4* and CD8* memory T-cells was determined by excluding naive cells
(CCR7*CD45RA" cells).
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2.2.5 Measuring markers of inflammation

The concentrations of five mediators of inflammation: Interleukin-6 (IL-6), tumour necrosis
factor alpha (TNF-a), chemokine ligand 10 (CXCL-10) also known as interferon gamma-
induced protein 10 (IP-10), soluble cluster of differentiation 14 (sCD14), and soluble cluster
of differentiation 163 (SCD163) were measured in plasma samples by ELISA (DuoSet ELISA
kits and DuoSet ancillary reagent set 2, R&D), according to the manufacturer’s instructions.
Samples were run in duplicate, and the mean absorbance (minus background absorbance) was
used for calculating each analyte concentration. Background absorbance was measured in wells
that had been coated and washed but did not contain any sample (blank). Concentrations of
each inflammatory mediator were measured using a VersaMax microplate reader (Molecular
Devices) and SoftMax Pro software (version 5.3). The kit sensitivities for all measured
inflammatory mediators ranged from 0.6 pg/mL to 10 ng/mL. The data were analysed using a
five-parameter logistic regression applied to calculate sample concentrations from the standard
curve on each plate. Soluble marker concentrations below the lower detection limit (LDL) of

each assay were reported as half the value of the LDL.

2.2.6 Statistical analysis

Flow cytometry plots and resulting cell population frequencies, including Boolean frequencies,
were generated using FlowJo (version 10.5.3, BD Biosciences). GraphPad Prism version 8.0.2
(GraphPad Software, Inc.) was used to generate figures, calculate area under the curve VLs
(AUC VL), perform t tests and correlations. For AUC VL calculations, peak viraemia (<3

months post-infection) were not included since these data were not available for all
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participants. The Mann Whitney U Test and Wilcoxon Signed Rank Test were used to compare
groups of unmatched and matched samples, respectively. All correlations were tested using the
non-parametric Spearman’s Rank test. A P-value of <0.05 was considered significant for
individual comparisons. Where multiple comparisons were made, a Bonferroni P-value cut-off

correction was employed and is stipulated in the figure legend.

2.3 Results

2.3.1 Participant characteristics

Stored PBMC and plasma were obtained for 46 participants in the CAPRISA 002 Acute
Infection cohort. The cohort consists of women at a high risk of HIV-1 acquisition enrolled
during acute infection and followed-up up to 5 years after ART initiation, which occurred based
on South African National Treatment Guidelines at the time. Table 2.2 shows the demographic
and clinical characteristics of participants included in this study. The median age of participants
included in this study was 28.8 years (Interquartile range (IQR): 25.6-32.8). Participants were
ART-naive for a median of 3.8 years after their HIV positive diagnosis (IQR: 2.6-5.0) and
initiated ART at a median CD4" T-cell count of 292 cells/mL (IQR: 203-339). Of the 46
participants, 16/46 (35%), 20/46 (43%), and 10/46 (22%), initiated ART at CD4" T-cell counts
<250, <350, and <500 cells/mL, respectively. All participants included in this study were on

ART for at least 2 years.
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Table 2.2. Participant characteristics.

Estimated time of . .
Age untreated infection CD4* T-cell count CD4:CD8 Logio(VL) Logio(AUC VL)

PID _At ART Acute ipf_egtiqn to ART Nadir At ART At ART _A_t ART Acute ipf_et;tiqn Withi_n ly Within 1y
initiation initiation initiation initiation Initiation to ART initiation p.1. pre-ART
(months) (months) (years) (cells/mL) - (copies/mL) (months.copies/mL)

100303 28.8 26 2.2 60 60 0.0 4.8 6.7 6.3 6.4
100336 21.8 32 2.7 74 74 0.1 54 6.4 4.9 6.1
100276 26.3 16 1.3 94 94 0.3 3.9 5.5 54 55
100340 27.2 52 4.3 97 97 0.1 4.7 5.9 5.4 -

100065 45.8 80 6.7 121 121 0.3 5.0 6.5 5.9 5.7
100286 23.1 34 2.8 142 142 0.1 4.7 6.5 6.0 6.0
100268 25.3 50 4.2 163 163 0.2 3.6 5.7 5.1 4.8
100257 32.8 57 4.8 170 170 0.2 4.7 6.2 5.3 5.8
100008 41.7 40 3.3 175 185 0.3 5.0 6.3 5.7 5.8
100279 32.1 32 2.7 170 193 0.4 4.3 6.0 5.5 54
100358 26.3 13 1.1 165 194 0.2 3.9 5.3 5.3 5.3
100177 42.8 68 5.7 201 206 0.2 4.8 6.7 5.8 5.9
100333 26.5 44 3.7 218 218 0.2 4.8 5.6 3.7 5.5
100037 25.9 66 5.5 199 222 0.4 4.4 6.8 5.7 5.5
100329 22.5 18 15 243 243 0.2 4.7 5.8 5.5 5.8
100313 24.4 40 3.3 207 247 0.4 3.2 6.7 6.2 4.3
100321 19.0 2 0.2 241 267 0.3 5.9 - - -

100267 30.3 65 5.4 269 269 0.3 4.6 5.9 5.2 4.9
100328 40.9 32 2.7 238 280 0.5 3.0 4.6 3.6 4.1
100282 32.8 58 4.8 170 285 0.2 4.1 5.5 5.3 4.6
100217 27.3 82 6.8 256 287 0.3 4.9 6.7 5.9 5.8
100206 415 62 5.2 240 289 0.2 5.3 7.6 6.0 6.9
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100337 26.1 38 3.2 267 290 0.5 4.8 6.2 5.8 5.5
100244 29.9 87 7.3 241 293 0.3 4.4 6.3 5.4 5.5
100386 32.7 19 1.6 304 304 0.3 4.8 5.7 - 5.7
100222 25.6 73 6.1 305 305 0.6 3.7 55 41 4.3
100302 29.2 37 3.1 204 307 0.4 4.7 6.7 6.4 5.7
100372 25.6 41 3.4 309 309 0.5 5.2 6.2 54 6.0
100088 29.1 60 5.0 248 311 0.1 5.8 7.3 5.7 7.2
100341 29.5 54 45 250 312 0.3 4.1 54 4.2 5.0
100345 27.6 11 0.9 156 314 0.5 3.1 7.2 7.2 7.2
100288 29.1 48 4.0 288 318 0.4 4.3 6.1 5.6 4.9
100277 40.8 59 4.9 281 322 0.2 3.9 53 4.0 4.7
100237 25.6 63 5.3 183 325 0.6 3.2 5.7 5.2 4.4
100326 24.3 35 2.9 332 336 0.3 3.7 53 4.8 4.6
100289 37.7 42 3.5 235 347 0.4 55 7.1 6.3 6.7
100266 28.5 81 6.8 363 363 0.3 4.7 6.2 5.1 5.9
100188 37.8 56 4.7 267 364 0.1 5.4 7.0 5.8 6.0
100353 22.4 11 0.9 271 400 0.5 4.3 5.3 53 5.3
100280 32.0 68 5.7 174 406 0.3 4.8 6.5 5.6 6.0
100380 36.3 30 2.5 377 407 0.6 4.7 6.1 5.8 5.5
100287 26.2 59 4.9 216 411 0.3 4.2 6.1 54 5.4
100256 23.4 54 45 245 435 0.3 4.7 6.9 6.7 5.4
100316 28.7 49 4.1 278 436 0.3 3.7 5.6 54 4.4
100395 30.8 24 2.0 436 436 0.3 4.1 4.8 - 4.8
100352 39.8 24 2.0 333 451 0.4 4.1 59 5.8 52
Median 28.8 46 3.9 239 292 0.3 4.7 6.1 55 5.5
IQR 25.6-32.8 32-61 2.7-5.1 170-273 203-339 0.2-0.4 4.0-4.8 5.6-6.7 5.2-5.8 4.9-59
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2.3.2 Clinical parameter trajectories before and after ART initiation

The clinical parameters of the 46 participants were studied before and after ART initiation.
Representative VL and CD4" T cell count trajectories for two participants are shown in Figure
2.2, illustrating the frequency of sampling, and the dynamics of viral suppression and absolute
CD4* T-cell reconstitution after ART initiation. Median pre-ART VL over time (AUC VL)
was 6.1 time.copies/mL (IQR: 5.6-6.7) (Table 2.2) and 16/46 participants initiated ART in the
first 3 years post-estimated time of infection, indicating rapid progression on 35% of the cohort.
Nadir CD4+ T-cell count was 239 cells/uL (IQR: 170-273), indicating that most of the cohort

initiated ART at low CD4* T-cell counts.
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Figure 2.2. Representative viral load and CD4* T-cell trajectories. Viral load (left y-axis; black dots
with connecting line) and CD4* T-cell counts (right y-axis; blue dots and connecting line) for two
participants in this study. The vertical dotted red lines indicate ART initiation.
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Plasma VLs, CD4" T-cell counts, and CD4:CD8 ratios were compared longitudinally at three
time points: at ART initiation and at two- and four-year post-ART initiation (Figure 2.3). At
two years post-ART initiation, VVLs had decreased to undetectable levels from a median of 4.6
(IQR: 4.0-4.8) logio copies/mL at ART initiation (P<0.0001). Absolute CD4" T-cell counts
increased from a median of 292 cells/uL (IQR: 203-339) at ART initiation to 609 cells/pL
(IQR: 476-753) at two years post-ART (P<0.0001), and then further increased to a median of
638 cells/pL (IQR: 522-758) at four years post-ART initiation (P=0.033 between two and four
years on ART). Absolute CD8+ T-cell counts also decreased significantly between ART
initiation (median: 990 cells/pL (IQR: 631-1292) and after two years on ART (median: 686
cells/uL (IQR: 505-893), P=0.0014), and then remained stable four years post-ART (median:
653 cells/uL, IQR: 486-847). CD4:CD8 ratios, a measure of immune reconstitution, increased
from a median of 0.3 (IQR: 0.2-0.4) at ART initiation to 0.8 (IQR: 0.6-1.0) at two years post-
ART (P<0.0001) and then to a median of 1.0 (IQR: 0.7-1.3) at four years post-ART (P<0.0001

between two and four years on ART).

VL at ART initiation correlated positively with estimated time to viral suppression (P=0.004
r=0.42) and AUC VL both over the entire course of infection (P<0.0001, r=0.62) and within
one year before ART initiation (P<0.0001, r=0.77; data not shown). VL at ART initiation also
correlated negatively with CD4:CD8 ratio at ART initiation (P=0.013, r=-0.36). CD4" T-cell
count at ART initiation correlated positively with CD4:CD8 ratio at ART initiation (P=0.001,

r=-0.49) but not with contemporaneous VL (P=0.263, r=-0.17).
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Figure 2.3 Clinical parameters before and after ART initiation. Plasma viral load, absolute CD4*
T-cell count, absolute CD8* T-cell count and CD4:CD8 ratio in participants before ART initiation and
at two- and four-years after treatment (n=46). The horizontal dashed line indicates the detection limit
of the assay. Red horizontal bars indicate the median values. Statistical significance was calculated
using a Wilcoxon matched pairs signed rank test. Only statistically significant P-values (P<0.05) are
annotated, and P-values were not corrected for multiple comparisons. All but the comparison of CD4*
T-cell count between two- and four years post-ART initiation remained significant after Bonferroni
correction (Adjusted P-value cut-off of 0.025).
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2.3.3 Immune activation trajectories throughout untreated HIV-1 infection and after ART
initiation

HIV-associated immune activation impacts disease progression by driving CD4" T-cell loss
and exacerbating pathogenesis. Excessive T-cell activation results in increased cell turnover,
cell depletion [11-13] and cellular exhaustion and dysfunction [124]. Furthermore, sustained
activation of memory cells may impact the formation and dynamics of the HIV-1 latent
reservoir. For example, the presence of more activated memory CD4" T-cells may facilitates
HIV-1 replication, as these are the primary targets of HIV-1[208], and could lead to an increase
in reservoir seeding, or increased immune activation may lead to a higher rate of turnover of
infected cells in the latent reservoir. In addition, chronic CD8" T-cell activation leads to

immune dysfunction that may also impact reservoir formation.

To evaluate memory T-cell activation over time in this cohort, we measured CD38 and/or
HLA-DR expression on memory T-cells (Table 2.3) during acute infection, one-year post-
infection, within one year pre-ART, and at two- and four years post-ART. As expected, the
frequencies of memory CD4" T-cells expressing either CD38", HLA-DR™, or co-expressing
both markers- increased significantly from acute infection (median 2.2 months post-estimated
time of infection) to chronic infection (i.e., within a year before ART initiation, median 7.9
months pre-ART) (Figure 2.4; P=0.003, 0.008, and 0.022, respectively). After ART initiation,
the frequency of activated memory CD4" T-cells decreased significantly (P<0.0001 for all
subsets). The frequencies of CD4"CD38", CD4"HLA-DR" and CD4"CD38"HLA-DR™ T-cells

did not differ significantly between two- and four years on ART.
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Table 2.3. T-cell activation before and after ART initiation.

CD38*

HLA-DR*

CD38*
HLA-DR*

Acute infection
ly p.i.*

1 year pre-ART
2 years post-ART
4 years post-ART
Acute infection
ly p.i.*

1 year pre-ART
2 years post-ART
4 years post-ART
Acute infection
ly p.i.*

1 year pre-ART
2 years post-ART
4 years post-ART

*p.i.: post-infection

n
29
32
37
42
33
15
14
21
24
24
15
14
21
24
24

% of memory CD4* T-cells

Median
215
314
334
20.0
21.9

5.4
6.1
94
45
2.7
2.1
35
4.3
1.3
0.60

IQR
13.6-30.7
20.0-40.2
21.7-46.1
15.0-27.2
15.6-24.7
3.4-115
3.2-11.6
7.0-15.75
2.2-5.815
1.3-4.0
0.9-6.4
1.2-5.0
2.6-8.2
0.5-1.6
0.3-1.0

% of memory CD8" T-cells

Median
52.3
71.0
69.2
27.8
23.3
27.8
26.9
29.2
14.2
10.8
23.9
21.6
22.8

7.2
4.6

IQR
45.3-72.4
54.6-78.2
53.4-78.9
22.2-39.7
15.8-37.9
19.6-39.8
19.1-33.7
22.7-39.8
11.0-19.6
6.6-18.2
13.6-32.1
15.9-26.7
14.1-32.7
4.0-9.7
2.5-7.8

The memory CD8" T-cell activation profile remained similar from acute infection to the year

before ART initiation (Figure 2.4), but the memory CD4" T-cell activation, CD8"CD38",

CD8'HLA-DR*, and CD8"CD8"HLA-DR" cell frequencies significantly decreased at two

years after ART initiation (P<0.0001). Although it did not reach statistical significance,

memory CD8" T-cell activation further decreased between two and four years after ART

initiation (between 1.2- and 1.6-fold lower).
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Figure 2.4. Memory T-cell activation before and after ART initiation. Frequencies of CD38*
(green), HLA-DR* (purple), and CD38*HL-DR* (blue) CD4" and CD8" T-cells during untreated and
treated infection. Untreated infection time points were at acute infection, 1 year post-infection (p.i.),
and within 1 year pre-ART initiation, while on-treatment time points were at two- and four years post-
ART initiation. Wilcoxon Signed Rank tests were used to compare median T-cell activation between
acute infection and within 1 year pre-ART, between 1 year pre-ART and two years post-ART initiation,
and between two- and four years post-ART initiation. Only significant P-values were indicated on the
figure. All but the difference in median CD4* HLA-DR* and CD4*CD38*HLA-DR* frequency between
acute infection and 1 year pre-ART remained statistically significant after Bonferroni P-value cut-off
correction (P<0.005).
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These results show that memory CD4* T-cells become more activated over time during
untreated HIV-1 infection and that there is a high degree of memory CD8" T-cell activation
starting early in acute infection and persisting until treatment initiation. T-cell activation in
both the memory CD4" and CD8" compartments decrease significantly after ART is initiated
and reaches a plateau by two years post-ART initiation that persists up until at least four years
after the start of treatment. However, even after years of ART, T-cell activation does not
normalize to those levels seen in HIV-uninfected counterparts, possibly due to the fact that

treatment was initiated in chronic infection [92].

2.3.4 Relationship between CD4* and CD8* T-cell activation before and after ART initiation

We next investigated the relationships between CD4" and CD8" memory T-cell activation.
Positive associations were observed between the frequency of CD4* and CD8" memory T-cells
expressing CD38, HLA-DR and co-expressing CD38 and HLA-DR at all time-points before
and after ART except for the timepoint within one year pre-ART (Figure 2.5). After Bonferroni
P-value cut-off correction, the associations that remained statistically significant (P<0.003)
were those between memory CD4* and memory CD8" T-cells expressing CD38 at acute
infection (P<0.0001; r=0.73), one-year post-infection (P<0.0001; r=0.65), within one year pre-
ART (P<0.0001; r=0.75), and at two- (P=0.0002; r=0.54) years post-ART initiation. Only a
trend towards a positive correlation was observed for cells expressing CD38 at four years post-
ART initiation (P=0.0084; r=0.45) after employing the corrected P-value cut-off. Furthermore,
at four years post-ART initiation the frequencies of memory CD4* and memory CD8" T-cells
expressing HLA-DR (P<0.0001; r=0.77) and co-expressing CD38 and HLA-DR (P<0.0001;

r=0.72) also correlated significantly.
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Overall, these findings show that memory CD4" T-cell activation mirrors the activation profile

of memory CD8" T-cells. This suggests that common systemic factors drive peripheral T-cell

activation.
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Figure 2.5. Association between CD4* and CD8* memory T-cell activation before and after ART
initiation. Spearman correlations assessing the relationship between the frequency of CD38", HLA-
DR* and CD38"HLA-DR* cells in the memory CD4* T-cell compartment versus the memory CD8" T-
cell compartment. P-values and Spearman r coefficients are displayed in the bottom right corner of each
graph. Associations of significance (P<0.05) were also fitted with a best-fit line. The Bonferroni-
corrected P-value cut-off was 0.003. After P-value cut-off correction only the CD38" associations, and
all associations at four years post-ART remained statistically significant.
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2.3.5 Profiles of soluble markers of inflammation in plasma throughout natural infection and
during ART

While ART reduces inflammation [11-13], the cytokine milieu is not restored to pre-infection
levels [209]. Persistently elevated cytokines in the face of ART may impact reservoir dynamics.
Furthermore, there is a need to characterize the expression of inflammatory mediators over the
course of infection in Africans as there is a paucity of descriptive studies in these populations.
Here, we measured a range of soluble inflammatory markers (including IL-6, TNF-a, CXCL-
10, sCD163 and sCD14), and assessed their changes over time. Concentrations of each marker

at each of the sample time points are reported in Table 2.4.

Over the course of untreated infection, all five markers remained at similar levels over the three
time points measured (Figure 2.6). Plasma TNF-a, CXCL-10, and sCD163 concentrations
decreased significantly after two years of ART by 4.3-fold (P=0.0003), 2.9-fold (P<0.0001),
and 1.9-fold (P<0.0001), respectively. Concentrations of TNF-a and sCD163 were not
statistically different after four years of ART compared to two years on ART, while CXCL-10
concentrations decreased a further 1.4-fold (P=0.0075). In contrast, plasma concentrations of
sCD14 and IL-6 did not differ significantly pre- and post-ART and did not decrease even after
four years of treatment. Overall, these results show only a partial dampening of the systemic

inflammatory milieu after long-term ART.
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Table 2.4. Concentration of inflammatory mediators before and after ART initiation.

Analyte
(pg/mL)

IL-6

Median

IOR

Detectable %
TNF-a

Median

IOR

Detectable %
CXCL-10

Median

IQR

Detectable %
sCD163

Median

IQR

Detectable %
sCD14

Median

IOR

Detectable %

Detectable %: the percentage of samples above the lower limit of detection for the assay.

Acute infection
(n=42)

3.6
0.3-10.8
66.7

3.1
1.0-8.1
66.7

118.9
66.9-179.9
100.0

5.1x10°
3.3x105-9.2x10°
100.0

1.9x10°
1.5x106-2.5x10°
100.0

p.i.: post-infection.
*Plasma concentrations of analytes in HIV-uninfected individuals determined in a large African cohort described

by Kroeze et al. [210] included as a reference.

Pre-ART initiation
1 year p.i.

(n=40)

2.0
0.3-10.0
67.5

3.5
1.0-6.9
70.0

95.7

61.0-140.8

100.0

5.4x10°

3.8x10%-8.1x10°

100.0

1.9x10°

1.6x106-2.4x10°

100.0

1 year pre-
ART
(n=39)

2.6
0.9-6.6
79.5

4.3
2.5-6.7
79.5

135.5
72.8-180.2
100.0

5.9x10°
4.1x105-7.4x10°
100.0

1.8x106
1.4x106-2.3x10°
100.0

Post-ART initiation

2 years
(n=46)

1.3
0.3-8.2
71.7

1.0
1.0-2.4
26.1

46.4
27.4-84.0
100.0

3.1x10°
2.2x105-3.9x10°
100.0

1.9x10°
1.4x106-2.4x10°
100.0

4 years
(n=39)

1.7
0.3-7.7
69.2

1.0
1.0-3.3
28.2

34.1
18.1-62.2
97.4

3.1x10°
2.3x105-4.0x10°
100.0

1.8x10°
1.5x106-2.6x10°
100.0

HIV-
uninfected*

0.62
0.04-6.5
N/A

unavailable

45.2
39.0-65.9
N/A

4.4 x10°

2.9x105-7.9x10°

1.2x10°
1.0x106-1.4x10°

The plasma concentrations of all analytes (except for TNF-a for which data was unavailable)

during untreated infection were higher than in HIV-uninfected controls (Table 2.4). While

concentrations of CXCL-10 and sCD163 effectively normalized to the levels reported for HIV-

uninfected controls, sSCD14 concentrations in treated individuals remained higher than controls.

Notably, median plasma IL-6 concentration in HIV-infected individuals during untreated

infection fell within the IQR of IL-6 concentrations in HIV-uninfected individuals.
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Figure 2.6. Plasma marker concentrations over time in women living with HIV-1 treated during chronic infection. Concentrations of plasma markers of
inflammation during untreated and treated infection are shown. Untreated infection time points were at acute infection, 1 year post-infection (p.i.), and within
1 year pre-ART initiation, while on-treatment time points were at two- and four years post-ART initiation (shaded area). Wilcoxon Signed Rank tests were used
to compare median marker concentrations between acute infection and within 1 year pre-ART, between 1 year pre-ART and two years post-ART initiation, and

between two- and four years post-ART initiation. Only significant P-values were indicated on the figure and were considered significant at P<0.016 (after
Bonferroni cut-off correction).
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2.3.6 Relationships between plasma mediators of inflammation

Next, we compared inflammatory marker expression at each timepoint to evaluate the
relationships between markers, as their expression may be co-regulated. Statistically significant
associations were considered at a P<0.005 after Bonferroni cut-off correction. Several markers
correlated significantly with one another consistently across most time points, including IL-6
and TNF-a (P< 0.002 with only a trend for the one-year pre-ART time point), IL-6 and CXCL-
10 (P<0.0001 except for the one-year pre-ART time point), TNF-o and CXCL-10 (P< 0.003),
and sCD14 and sCD163 (P< 0.0004 with only a trend at four years post-ART) (Table 2.5).
Only trends towards correlations were observed between CXCL-10 and sCD163 (P=0.0478;
r=0.31) or sCD14 (P=0.0358; r=0.32) during acute infection, and between IL-6 and sCD14 at
two years post-ART initiation (P=0.0257; r=0.33). These findings indicate that several
inflammatory markers may be influenced by the same stimuli during HIV-1 infection, or that
the expression of some markers influences the expression of others. There were no statistically
significant correlations between contemporaneous VL or AUC VL over the course of infection
and plasma concentrations of any of the analytes measured (P>0.005; Bonferroni-corrected P-

value cut-off).
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Acute infection

1y p.i.

1 year
Pre-ART

2 years
Post-ART

4 years
Post-ART

TNF-a

CXCL-10

sCD163

sCD14

TNF-a

CXCL-10

sCD163

sCD14

TNF-a

CXCL-10

sCD163

sCD14

TNF-a

CXCL-10

sCD163

sCD14

TNF-a

CXCL-10

sCD163

sCD14

P
r
P
r
P
r
P
r
P
r
P
r
P
r
P
r
P
r
P
r
P
r
P
r
P
r
P
r
P
r
P
r
3]
r
3]
r
P
r
P

r

IL-6

0.7142
-0.0582
0.5383
0.0977

0.3347
-0.1565
0.7309
-0.0561
0.0315
0.3449
0.3241
0.1621
0.6646
-0.0717
0.8322
-0.0351

0.7143
0.0555
0.0257
0.3288

0.3295
-0.1603
0.6456
-0.0760

TNF-a

0.1388
0.2323
0.0539
0.2996

0.7495
0.0521
0.5975
0.0861

0.2012
0.2092
0.0711
0.2921

0.4492
-0.1144
0.5637
0.0874

0.1958
-0.2117
0.5372
-0.1019

CXCL-10

0.0478
0.3072
0.0358
0.3249

0.7215
0.0582
0.8776
0.0251

0.0555
0.3091
0.0869
0.2777

0.9180
0.0156
0.0582
0.2814

0.7522
0.0522
0.4246
0.1316

sCD163

0.0122
0.3978

Yellow shading indicates significance at P<0.05 (uncorrected P-value cut-off) and red indicates
significance at P<0.005 (Bonferroni-corrected P-value cut-off)

Table 2.5. Spearman correlation coefficients and P-values of plasma markers of inflammation
with each other at each timepoint.
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2.3.7 Relationships between T-cell activation and inflammation before and after ART
initiation

Finally, we explored the relationships between soluble markers of inflammation in plasma and
T-cell activation measured previously (Table 2.6). We identified weak positive relationships
between the frequency of activated memory CD4" T-cells expressing CD38 and CXCL-10
(P=0.0288; r=0.37) at one year pre-ART, and both IL-6 (P=0.0388; r=0.32) and TNF-a
(P=0.0458; r=0.31) at two years post-ART initiation. In addition, weak positive relationships
between the frequency of activated memory CD8" T-cells expressing CD38 and sCD163 at
both acute infection (P=0.0321; r=0.41) and one-year post-infection (P=0.0189; r=0.43), and
also TNF-a within one year pre-ART initiation (P=0.0380; r=0.33). These relationships may
be stochastic or spurious as relationships between the same cytokine-T-cell activation pairs
were not maintained across time points, relationships between cytokines and different activated
subsets were not consistent, and none of these correlations remained statistically significant

after Bonferroni P-value cut-off correction.
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Table 2.6. Association between inflammation and T-cell activation before and after ART initiation.

Acute infection

1y p.i.

1y Pre-ART

IL-6

TNF-a

CXCL-10

sCD163

sCD14

IL-6

TNF-a

CXCL-10

sCD163

sCD14

IL-6

TNF-a

CXCL-10

=S U= UVS>S T UT™"ST U= VTS UTS TS S TUOUTS UTTS TS UTS U S

%CD4+CD38+
27
0.8572
0.0363
0.6476
0.0922
0.2468
0.2308
0.6939
0.0794
0.5542
0.1190
30
0.8527
0.0354
0.7067
-0.0717
0.3936
0.1616
0.7918
0.0503
0.1601
-0.2631
35
0.4088
-0.1441
0.6746
0.0735
0.0288

%CD4+HLA-DR+
14
0.5818
0.1611
0.7556
0.0911
0.7156
0.1077
0.9155
-0.0330
0.7966
0.0769
13
0.7573
-0.0947
0.5691
0.1727
0.3734
0.2692
0.1695
0.4066
0.7647
0.0934
20
0.4022
-0.1982
0.8369
0.0492
0.1952

%CD4+CD38+HLA-DR+
14
0.5299
0.1832
0.7092
0.1089
0.5733
0.1648
0.7616
-0.0901
0.8676
0.0505
13
0.5691
-0.1727
0.9743
0.0111
0.5786
0.1703
0.0673
0.5275
0.7370
0.1044
20
0.3199
-0.2344
0.8469
0.0461
0.1271

%CD8+CD38+
27
0.7348
-0.0684
0.7141
0.0739
0.5239
0.1282
0.0321
0.4133
0.0611
0.3651
30
0.8657
0.0322
0.8170
-0.0441
0.8877
0.0269
0.0189
0.4261
0.7552
-0.0594
35
0.1889
-0.2274
0.9981
0.0004
0.1227

%CD8+HLA-DR+
14
0.7603
-0.0905
0.7092
0.1089
0.9035
0.0374
0.2149
0.3538
0.0779
0.4901
13
0.2536
-0.3399
0.8069
-0.0752
0.6960
-0.1209
0.2886
0.3187
0.3939
0.2582
20
0.4682
-0.1721
0.7475
-0.0768
0.9749

%CD8+CD38+HLA-DR+
14
0.9787
-0.0088
0.7075
0.1090
0.6510
0.1320
0.3039
0.2948
0.1223
0.4334
13
0.0775
-0.5098
0.3055
-0.3064
0.4043
-0.2527
0.1695
0.4066
0.6167
0.1538
20
0.3250
-0.2320
0.8019
-0.0599
0.4125
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sCD163

sCD14

IL-6
TNF-a

2y Post-ART
CXCL-10
sCD163

sCD14

IL-6
TNF-a

4y Post-ART
CXCL-10
sCD163

sCD14

=S U= U= U= TS S U= UTTS UTS UTTS TS SO S TUOW-S

r

0.3697
0.8517
-0.0328
0.6485
0.0798
41
0.0388
0.3239
0.0458
0.3137
0.0674
0.2884
0.3899
-0.1379
0.8797
0.0244
32
0.1548
-0.2575
0.8953
0.0242
0.7741
-0.0528
0.9104
-0.0207
0.8844
-0.0268

0.3023
0.8011
-0.0602
0.1180
-0.3609
24
0.2916
0.2245
0.5106
0.1412
0.8591
0.0383
0.3552
-0.1974
0.1398
-0.3104
23
0.0174
0.4908
0.0341
0.4434
0.0304
0.4518
0.6390
-0.1033
0.4923
0.1508

0.3528
0.4877
-0.1647
0.2131
-0.2911
24
0.1197
0.3263
0.2169
0.2616
0.3725
0.1905
0.2488
-0.2449
0.0839
-0.3602
23
0.1504
0.3097
0.0878
0.3639
0.2301
0.2604
0.2841
-0.2333
0.4260
0.1745

0.2658
0.4927
0.1199
0.2869
0.1852
41
0.0689
0.2870
0.0380
0.3253
0.0246
0.3505
0.0953
-0.2640
0.8558
-0.0293
32
0.1708
-0.2482
0.3331
-0.1768
0.3012
-0.1886
0.7347
-0.0623
0.3197
0.1817

0.0075
0.9699
0.0090
0.1053
-0.3729
24
0.7748
0.0616
0.1813
-0.2823
0.8370
0.0443
0.9069
-0.0252
0.4117
-0.1757
23
0.3054
0.2235
0.0808
0.3717
0.1996
0.2777
0.8755
0.0346
0.2759
0.2372

0.1940
0.7865
-0.0647
0.5522
-0.1414
24
0.0923
0.3513
0.9303
0.0189
0.1147
0.3305
0.3671
-0.1927
0.4970
-0.1457
23
0.9909
-0.0025
0.2514
0.2493
0.8914
-0.0301
0.3659
-0.1977
0.4180
0.1774

Yellow shading indicates significance at P<0.05 (uncorrected P-value cut-off) and red indicates significance at P<0.00028 (Bonferroni-corrected P-value cut-off).
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2.4 Discussion

Chronic HIV-1 infection results in hyperactivation of the immune system, resulting in CD4*
T-cell depletion, T-cell dysregulation, and disease progression. Persistent immune
dysregulation is likely a major contributor to increased mortality in treated individuals
compared to HIV-uninfected counterparts [211]. ART reduces T-cell activation and restores
some T-cell functions [212-214] but not all immune functions are restored to a ‘pre-infection’
state. Although studies indicate that the majority of reconstitution occurs within the first year
of treatment [210, 213, 215], there is evidence that some measures of immune activation and
inflammation continue to decrease after the first year on ART [216]. PLWH who initiate ART
earlier in infection are more likely to have more favourable treatment outcomes such as higher
CD4* T-cell counts, a CD4:CD8 ratio closer to two, a reduced occurrence of transient
detectable viraemia (or VL “blips”) and a lower risk of treatment failure. Thus, the timing of
ART plays a key role in preserving immunity and delaying disease progression, and these
factors may, in turn, affect the latent reservoir of HIV-1. This study characterized T-cell
activation and inflammation in PLWH to gain an understanding of how these measures change
over the course of both treated and untreated HIV-1 infection in chronically treated individuals

and the impact on the HIV reservoir, described in the next Chapters.

We explored the changes in T-cell activation over time and observed a significant increase in
memory CD4* T-cell activation over the course of untreated infection. Activation of memory
CD4* and CD8" T-cells decreased significantly after two years on ART but did not differ
significantly between two- and four years on ART. Other studies have shown previously that
HIV-induced immune activation is not fully normalized to pre-infection levels, including
studies of treatment during chronic infection [213, 217]. The degree of normalization is related
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to the timing of ART, an important determinant in reservoir formation. Thus, we hypothesize
that higher levels of CD4" T-cell activation are associated with a larger HIV-1 reservoir (i.e.,
a greater frequency of latently infected cells during ART). This hypothesis will be explored

further in Chapters 3 and 4.

HIV-1 also induces sustained systemic inflammation characterized by elevated levels of
circulating pro-inflammatory cytokines, chemokines, and other mediators of inflammation
such as soluble receptors. These alterations in the inflammatory milieu may in turn activate
cells that become available as targets for infection. The concentration of certain plasma
cytokines during early infection were predictive of set-point VL, CD4" T-cell loss, and disease
progression [98]. Numerous studies have reported that the levels of pro-inflammatory
cytokines observed in HIV-infected, ART-naive individuals are significantly higher compared
to HIV-uninfected controls [210, 214, 215]. We found that plasma concentrations of several
markers of inflammation during untreated HIV-1 infection were comparable to those reported
in other studies [210, 215]. While ART decreases the levels of inflammatory markers in plasma,
these are not reconstituted to pre-ART levels despite suppression of VVLs, particularly if ART
is initiated at low CD4" T-cell counts (<200 cells/uL) [210, 215]. In this study, we found that
while TNF-a, CXCL-10 and sCD163 concentrations decreased significantly after ART
initiation, those of sCD14, and IL-6 remained statistically similar to those before ART
initiation, even after four years on ART. While some studies have reported a reduction in the
levels of IL-6 after ART initiation [210, 218], a statistically significant decrease was not
observed in this cohort, similar to one other study [215]. Notwithstanding the challenge of
comparing cytokine concentrations between studies, it appears that these apparent
discrepancies could be explained by lower overall IL-6 levels in our cohort, i.e., pre-ART
plasma IL-6 concentrations to those in HIV-uninfected individuals which we have shown.
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Indeed, in the same study that reported similar levels of IL-6 in HIV-infected individuals on
ART compared to HIV-uninfected controls, plasma IL-6 concentrations were lower in in HIV-
1 infected South Africans compared to their Kenyan, Ugandan, and Nigerian counterparts
[210]. Residual CXCL-10 expression within the first year of ART has also been described [210,
216, 218]. Here, we report that CXCL-10 levels continue to decrease during ART, even up to
four years on treatment, consistent with a large study performed in European participants [216].
In addition, we have sustained high concentrations of sCD14 after ART. Consistent with this,
numerous studies have reported persistently elevated sCD14 despite suppressive ART [210,
219, 220]. sCD14 is shed from activated monocytes [221], suggesting that sustained epithelial
damage to the gut and incomplete deactivation of monocytes persists after ART. Persistent
inflammation has been linked to an increased risk of cardiovascular disease in treated PLWH,

and strategies to reduce inflammation are being pursued [222].

This study had several limitations. We did not assess the impact of co-infections on these
measures of immune activation and inflammation. Mycobacterium tuberculosis co-infection
has been associated with persistently elevated sCD14 levels [210, 219]. Thus, in countries with
high prevalence of co-infections (such as tuberculosis, helminths, etc.), further studies are
warranted to decipher the potential synergistic impact of other co-infections on HIVV-associated
chronic immune activation. Another factor our study did not account for is the effect of sex
differences on clinical markers of disease [223], and persistent immune activation and
inflammation [51, 52, 220]. Earlier studies have found discordant results, some showing that
immune activation [52, 224] and inflammation [220] are higher in women compared to men,
and others finding no difference [210]. There are also a number of factors that would result in
immune differences between our cohort and others, including population genetics,
environmental stimuli, smoking status and lifestyle differences, to name a few. Nevertheless,
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this study provides an important longitudinal perspective of immune activation and
inflammation in South African women before and after prolonged ART. Finally, our analysis
did not include HIV-1 specific cells but rather the total memory CD4* or CD8" T-cell subset,

an important consideration for future studies as this may alter the findings.

In conclusion, this study describes the immune environment in women who initiated ART at
different times during the course of HIV-1 infection, predominantly chronic infection.
Although viremia was successfully suppressed on ART, there was evidence of persistent innate
cell activation. This Chapter provides the context on which the remaining thesis is based,
namely determining the effect of T-cell activation and inflammation on shaping the long-lived

HIV-1 reservoir.

74



CHAPTER 3

Immunological correlates of the HIV-1 replication-competent reservoir size
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3.1 Abstract

The main challenge for curing HIV is the formation of a stable latent viral reservoir in infected
individuals. Determinants that shape this reservoir are understudied in women in general and
African populations in particular. It is well established that the majority of this reservoir is
composed of defective viral genomes, with only a small proportion capable of replication and
rebound following treatment interruption. Understanding correlates of the replication-
competent reservoir is critical for developing strategies for curing HIV-1. The size of the
replication-competent HIV-1 reservoir, measured by a quantitative viral outgrowth assay
(QVOA), was previously determined for twenty South African women; all of whom initiated
antiretroviral therapy (ART) during chronic infection. We investigated clinical and
immunological correlates of reservoir size in this cohort. Predictive modelling showed that the
size of the replication-competent reservoir was directly related to viral load and CD4* T-cell
counts over the course of infection, although these measures did not fully predict reservoir size.
As shown previously, viral load and absolute CD4* count associated with reservoir size. In
addition, we found that CD8" T-cell activation within the year preceding ART, nadir CD4" T-
cell count, and baseline as well as on-treatment CD4:CD8 ratio at the time of QVOA also
associated negatively with reservoir size. The frequency of activated CD8" T-cells in the year
before treatment, together with viral loads and absolute CD4" counts, were positively
associated with the size of the replication-competent reservoir of HIV-1. Our results are
indicative that the host immune milieu near the time of ART initiation plays an important role

in shaping the HIV-1 reservoir that persists on ART.
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3.2. Introduction

The greatest challenge to eradicating HIV-1 is the long-lived latent viral reservoir that is seeded
early in infection, decays slowly after treatment initiation (half-life of 44 months [62, 63, 86])
and results in viremia if ART is interrupted. There is an urgent need to understand factors
contributing to the formation and maintenance of the reservoir to inform strategies for an HIV-
1 cure. Furthermore, if a global cure is to be achieved, we need to expand the number of studies
on the durable HIV reservoir are needed in different populations, particularly in low- and
middle-income countries which bear the greatest burden of HIV infection. One purpose of this
study was to diversify the body of knowledge on the HIV-1 reservoir in different demographics.
Most North American and European HIV-1 cure studies are majority male cohorts. There is a
paucity of HIV-1 reservoir studies in African cohorts, particularly in African women who bear

the greatest burden of disease globally.

A number of clinical and immunological factors influencing the HIV-1 latent reservoir have
been described previously. These include early initiation of ART, which results in a smaller
HIV-1 reservoir [86], reducing the cumulative viral burden, preserving CD4" T-cells, and
maintaining CD4:CD8 ratios, while reducing T-cell activation [11, 12]. Nadir absolute CD4"*
count and CD4:CD8 ratio have been found to correlate inversely with the size of the HIV-1
latent reservoir, as measured by proviral DNA copy number [87][88]. Furthermore, pre-ART
plasma viral loads (VL) correlate positively with HIV-1 DNA levels in CD4" T-cells on ART
[88]. A range of assays have been developed to quantify the latent HIV-1 reservoir, the
reference standard for measuring reservoir size being the quantitative viral outgrowth assay
(QVOA) [61]. HIV-1 DNA and cell-associated RNA measures are more easily quantifiable,

requiring lower blood volumes, but overestimate the true replication-competent reservoir size
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since most infected cells harbour defective proviruses [55]. In contrast, QVOA underestimates
the true size of the reservoir because not all intact proviruses grow out after a single round of
cell stimulation [58]. Some measures of HIV-1 DNA, such as intact proviral DNA, correlate
with the number of infectious units per million CD4" T-cells (IUPM) and are therefore an

excellent proxy for replication-competent reservoir size [225].

As part of a collaborative NIH-funded study to understand the dynamics of the establishment
of the HIV-1 replication-competent reservoir in African women, investigators at the University
of North Carolina at Chapel Hill performed a QVOA on PBMC from 20 women from the
CAPRISA 002 acute infection cohort, and these data were made available for this study. Taking
advantage of clinical data and samples spanning approximately 5 years before and after ART
initiation, this study investigated the association between clinical and immunological factors
and replication-competent HIV-1 reservoir size in these virally suppressed South African

women on long-term ART.

3.3 Materials and methods

3.2.1 Study participants and study ethics

Twenty women from the CAPRISA 002 acute infection cohort [48, 114, 203] in Kwa-Zulu

Natal, South Africa were recruited into this study. The study cohort and ethics are described in

Chapter 2, section 2.2.1.
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3.2.2 Thawing PBMC, staining and flow cytometry

Thawing, resting, staining of PBMC, and flow cytometry were performed as described in
Chapter 2, sections 2.2.2 and 2.2.3. The gating strategy employed has been described in

Chapter 2, section 2.2.4.

3.2.3 Measuring markers of inflammation

The concentrations of five mediators of inflammation, IL-6, TNF-o, CXCL-10 (IP-10), sCD14

and sCD163, were measured in plasma samples, as described in Chapter 2, section 2.2.5.

3.2.4 Quantitative viral outgrowth assays

QVOAs and bias-corrected maximum likelihood estimation were carried out by the Swanstrom
and Archin laboratories, respectively (Department of Medicine, University of North Carolina
at Chapel Hill). Resting CD4+ T cells (HLA-DRCD69CD25'°) were isolated from PBMC
obtained ~5 years after ART initiation by negative selection with a CD25 depletion kit
according to the manufacturer’s instructions (custom kit, STEMCELL Technologies, BC,
Canada). The purity of the resulting cell fraction was assessed by flow cytometry (BD LSRII
Fortessa) with the following markers: CD69-PE, CD25-APC, CD8-FITC, CD4-PerCP-Cy5.5
(All from BD Biosciences), and Aqua LIVE/DEAD viability stain (Thermo Fisher Scientific,
MA, USA). QVOAs were performed as described [10]. Briefly, purified resting cells were
seeded at 100,000 cells per well and incubated with highly purified phytohemagglutinin (PHA,

1.5 pg/mL) (Remel, Thermo Fisher Scientific, MA, USA), IL-2 (60 U/mL), and irradiated
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PBMC from a seronegative donor. Irradiated PBMC were used as feeder cells; that is, they
produce necessary cytokines to support T cell expansion but do not proliferate hence will not
contaminate the culture after a few days. HIV-1 p24 capsid protein ELISAs were used to test
for production of HIV on days 15 and 19. Culture supernatants positive for p24 were stored at
—80°C. Bias-corrected maximum likelihood estimates for infectious units per million resting
CD4* T-cells (IUPM) were calculated in R using the SLDAssay package [226] based on the

frequency of HIV-1 p24 capsid-positive wells on day 15 of the assay.

3.2.7 Modelling the replication-competent reservoir size

Modelling was performed by the Perelson group (Theoretical Biology and Biophysics Group)
at the Los Alamos National Laboratory, Los Alamos, New Mexico, USA. The model given by

the equation three from Archin et al. [86] was employed:

ty
L(te) = eVt Lo + e~ M ] V()T (t)e"dr
0

e
+e M1 —e)ﬁ/ V(t)T(t)e'dr,
Ty

It was assumed that the latent reservoir half-life is 25 months before ART and 44 months during
ART, to predict reservoir size in this cohort. To calculate the area under the VL times CD4* T
cell count curve, a piecewise cubic Hermite interpolant was fit to both the VL and the CD4* T-
cell count data using the MATLAB function “pchip”. The trapezoidal rule and the product of
these two cubic interpolants were used to calculate the IUPM. The predicted IUPM is given in
the arbitrary units 10%2 f f. The initial VL was assumed to be 1x10° copies/mL and used 20
copies/mL for VL measurements below the limit of quantification. These values do not impact

our results as most of the AUC occurs between acute infection and ART.

81



3.2.5 Statistical analysis

Spearman rank correlation tests and area under the curve calculations for the VL (AUC VL)
used in correlations and linear regression models were performed in Prism version 8
(GraphPad). Uni- and multivariable linear regression models were used to determine the
clinical and immunological factors associated with replication-competent reservoir size
(performed by Farzana Osman at CAPRISA). All multivariable models adjusted for AUC VL
and/or nadir CD4" T-cell count and/or CD4:CD8 ratio at ART initiation. A P-value < 0.05 was
considered statistically significant for reporting and a Benjamini-Hochberg P-value cut-off
correction with a false discovery rate of 25% was used to adjust for multiple comparisons.

Regression analyses were performed in SAS version 9.4.

3.4 Results

3.4.1 Cohort characteristics

This study utilized samples from twenty participants living with HIV-1 from the CAPRISA
002 Acute Infection cohort (median age: 33 years [IQR, 30-39] who had been infected for a
median of 4.4 years (IQR, 3.3-5.2) prior to treatment initiation (Table 3.1). Of the 20 women,
5/20 (25%), 9/20 (45%), and 6/20 (30%) participants initiated ART at CD4" T-cell count <250,
<350, and <500 cells/uL, respectively. Median absolute CD4" T-cell counts at nadir and ART
initiation were 243 cells/uL (IQR: 182-280) and 306 cells/uL (IQR: 235-396), respectively.
The median plasma VL at ART initiation was 4.7 logio copies/mL (IQR: 4.2-4.9). The median

cumulative (AUC) VL was 6.2 logio (months x copies/mL) (IQR:5.8-6.6).
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ART was initiated at according to the prevailing South African National Guidelines and thus
first- and second-line therapies in the cohort reflected changes in Treatment Guidelines over

time. Seven participants switched ART regimens during the study period.

QVOA was performed a median of 5.1 years post-ART initiation (IQR: 4.7-5.5) at which time
all patient VVLs were undetectable. At the time of QVOA, the median CD4* T-cell counts were
655 cells/uL (IQR: 545-881). Eighteen (90%) women achieved CD4" T-cell count >500
cells/uL after five years on ART, while the remaining two (10%) had CD4" T-cell count >400
cells/uL. CD4:CDS8 ratios had also normalized to a median of 1.0 (IQR: 0.8-1.3). Thus, all
participants demonstrated immune reconstitution during the five years of ART, with no

virological failures.
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Table 3.1. Cohort characteristics

Time (years) CD4* T-cell count CD4:CD8 Logiwo VL Logio AUC VL
(cells/pL) (copies/mL)  (months x copies/mL)
PID Age at ART On Virally Nadir QVOA ART QVOAP ART Infection to
QVOA naive ART? suppressed initiation initiation ART initiation

100277 46 4.9 5.1 4.8 281 926 0.2 1.2 3.9 5.3
100222 31 6.1 4.6 55 305 717 0.6 1.7 3.7 55
100316 33 4.1 4.1 3.7 278 888 0.3 1.1 3.7 5.6
100333 32 3.7 5 4.8 218 524 0.2 0.8 4.8 5.6
100268 33 4.2 7.3 7.2 163 502 0.2 0.8 3.6 5.7
100287 30 5 4.3 4 216 599 0.3 0.8 4.2 6.1
100288 34 4 53 5 288 860 0.4 1.2 4.3 6.1
100380 41 2.5 5.1 4.6 377 774 0.6 1.3 4.7 6.1
100257 39 4.8 6.1 5.6 170 596 0.2 4.7 6.2
100337 31 3.2 53 4.8 267 955 0.5 0.8 4.8 6.2
100372 30 3.5 4.7 4.3 309 897 0.5 1.4 5.2 6.2
100244 35 7.3 5.1 4.6 241 652 0.3 1 4.4 6.3
100336 27 2.7 5 4.7 74 558 0.1 1.2 5.4 6.4
100280 37 5.7 4.8 3.8 174 736 0.3 0.9 4.8 6.5
100286 29 2.8 6 35 142 474 0.1 0.4 4.7 6.5
100217 32 6.9 4.6 4.3 256 657 0.3 0.7 4.9 6.7
100302 34 3.1 5.2 4.7 204 541 0.4 4.7 6.7
100256 30 4.5 6.1 5.9 245 567 0.3 1.4 4.7 6.9
100188 43 4.7 4.7 4.2 267 430 0.1 0.6 5.4 7

100206 47 5.3 55 5.2 240 978 0.2 5.3 7.6
median 33 4.4 5.1 4.7 243 655 0.3 1.0 4.7 6.2

IQR 30.3-385  3.3;5.2 4.7;5.5 4.2;5.2 182;280  545; 881 0.2;0.4 0.8;1.3 4.2;4.9 5.8;6.6



aART was offered according to the South African National HIV treatment guidelines (at a CD4 count of <200 cells/mm?3 prior to October 2012; <350 cells/mm? from
October 2012 to March 2015). The majority of participants (17/20) were taking standard first-line therapy, namely TDF/3TC/EFV (n=10); TDF/FTC/EFV (n=4);
TDF/3TC/NVP (n=2) or DTG/3TC/TFV (n=1). Three individuals were on a second-line regimen, consisting of AZT/3TC/Lpvr/r; AZT/EFV/3TC or EFV/3TC/Lpvr/r.
Seven participants switched drug regimens during the study period, namely 100188, 100222, and 100333 (TDF/3TC/EFV to TDF/FTC/EFV at months 24, 22, and
unknown, respectively), 100206 (TDF/3TC/EFV to TDF/FTC/EFV at month 36 with drug holidays between months 26 to 29, and 30 to 36, respectively, and no
recorded VL rebound at ART re-initiation visits), 100257 (TDF/3TC/NVP to TDF/3TC/EFV at month 12 to TDF/FTC/EFV at ~month 48), 100302 (AZT/3TC/EFV
to TDF/FTC/EFV at month 24), 100302 (AZT/EFV/3TC to TDF/FTC/EFV at month 34), and 100316 (AZT/3TC/ Lpvr/r to TDF/FTC/EFV at month 13).

bCD8* T-cell counts not available at the QVOA timepoint for 100206, 100257, and 100302.
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3.4.2 The frequency of latently infected cells in South African women on ART

The frequency of resting CD4" T-cells harbouring replication-competent HIV-1 was
determined by QVOA after a median of 5.1 years (IQR, 4.7-5.5) of ART, and 4.7 years (IQR,
4.2-5.2) of viral suppression (Table 3.1). The cohort had a median of 0.75 IUPM resting CD4"*
T-cells (IQR: 0.43-1.85) while the minimum and maximum were 0.07 (too low to be reliably

determined) and 4.40 IUPM resting CD4" T-cells, respectively (Figure 3.1).
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Figure 3.1. The frequency of latently infected cells in South African women on ART. Infectious
units per million (IUPM) resting CD4* (rCD4") T-cells as determine by quantitative viral outgrowth
assay in n=20 women of the CAPRISA 002 cohort after 5 years of ART. The median is indicated by a
red bar and the estimated frequency according to the literature is indicated with a dotted line at 1 IUPM
rCD4* T-cells. QVOA data and bias-corrected maximum likelihood estimation were provided by the
Swanstrom and Archin laboratories, Department of Medicine, University of North Carolina at Chapel
Hill.

3.4.3 Clinical correlates of the replication-competent reservoir size

Several studies have associated VL [8, 9] and absolute CD4" count dynamics with the

frequency of latently infected cells as measured by QVOA [86]. We investigated the
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association of latent cell infection with demographic and clinical characteristics in our cohort
(Table 3.2). Reservoir size, represented as IUPM, correlated positively with overall viral
burden (AUC VL) from infection to ART initiation, and also with viral burden within the 12
months prior to ART initiation (P=0.012, r=0.549; and P=0.026, r=0.498; respectively; Figure
3.2 A-C). Furthermore, reservoir size correlated inversely with nadir CD4" T-cell count
(P=0.005, r=-0.597; Figure 3.2 D), CD4:CD8 ratio at the time of ART initiation (P=0.004, r=-
0.610; Figure 3.2 E) and CD4:CD8 ratio at the time post-ART when the blood sample was
collected for QVOA (P=0.007, r=-0.643; Figure 3.2 D-F). The significant inverse relationship
between nadir CD4" T-cell count and IUPM remained significant in a multivariate linear

regression model adjusting for AUC VL (Table 3.3, discussed further in section 3.4.4).

Table 3.2. Demographic and clinical factors associated with replication-competent HIV

reservoir size [as Logio(IUPM resting CD4" T-cells)].

Spearman correlation Univariate linear
regression
n=20 Spearman’s r P-value Coefficient = P-value
Age at QVOA (years)? -0.1916 0.4185 - -
Duration (months)®
* Infection to ART initiation -0.0361 0.8799 - -
e from ART initiation to QVOA 0.0286 0.9046 - -
* virally suppressed on ART before QVOA -0.1734 0.4647 - -
Plasma VL (logio copies/mL)
e at ART initiation® 0.3098 0.1838 - -
« Cumulative (AUC VL)¢
Infection to ART initiation 0.5489 0.0122 0.3931 0.0220
1 year pre-ART 0.4977 0.0255 0.3047 0.0528
CDA4" T-cell count (cells/pL)®
* Nadir -0.5972 0.0054 -0.0040 0.0037
¢ ART initiation -0.4271 0.0604 - -
e at time of QVOA -0.2947 0.2071 - -
CD4:CDS ratiof
* ART initiation -0.6102 0.0043 -1.7576 0.0017
* at time of QVOA -0.6426 0.0065 -0.7612 0.0142

2Age of cohort: median 33 years, interquartile range (IQR) 30.3-38.5.
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Duration of HIV infection to ART initiation: median 52 months, IQR 38.8-61.3; from ART initiation
to the time of sizing by QVOA: median 61 months, IQR 56.3-65.8; from viral suppression to QVOA:

median 56, IQR 50.3-61.5.

‘Median VL at ART initiation: 4.7 logio copies/ml, IQR 4.2-4.9.

dArea under the curve VL expressed as logio time-copies/mL; from infection to ART initiation
(excluding peak VL during acute infection): 6.2, IQR 5.8-6.6; over the year prior to ART initiation:

median 5.5, IQR 5.0-6.0.

¢Absolute CD4+ T-cell count at nadir: median 243 cells/pL, IQR 182-280; at ART initiation: median
306, IQR 235-396; at time of sizing by QVOA: median 655, IQR 545-881.
fCD4:CDS8 ratio at ART initiation: median 0.3, IQR 0.2-0.4; at QVOA: median 1.0, IQR 0.8-1.3
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Figure 3.2. Correlates of the HIV replication-competent latent reservoir. (A-C) Association
between replication-competent HIV in resting memory CD4* T-cells [logio (infectious units per million,
IUPM)] and cumulative viral burden [area under the curve viral load (AUC VL), in logio (months x
copies/mL)], over the time period from acute infection to antiretroviral therapy (ART) initiation, acute
infection to 1 year post HIV infection, and over the final year prior to ART initiation (n=20). (D)
Association between replication-competent HIV [log:e (IUPM)] and absolute nadir CD4* T-cell count
(cells/uL; n=20), and (E) CD4:CDS8 ratio at the time of ART initiation (n=20) or (F) at the time point
where the quantitative viral outgrowth assay (QVOA) was performed (n=17). Non-parametric
Spearman rank correlations were performed, and statistically significant correlations were fitted with a

regression line.
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3.4.3 Modelling the frequency of latently infected cells from viral load and CD4™ T-cell

counts over time

Next, we modelled the frequency of latently infected cells containing replication-competent
HIV-1, similar to a previous study in early treated individuals reporting on determinants of the
frequency of latently infected cells [86]. Here, we sought to determine whether longitudinal
patient data could be used as a reliable predictor of the frequency of latently infected cells even
after 5 years on ART. This model makes use of CD4" T-cell count as the estimate of target
cells, while VL is a measure of viral replication, each of which contribute to seeding of the
reservoir. We also investigated whether these measures during the year prior to ART initiation
contributed disproportionately to replication competent reservoir size, compared to these
measures over the entire course of untreated infection. Since the model produced results in
arbitrary units such that reservoir size in each participant could be evaluated relative to others
in the cohort, the predicted IUPM was compared to measured IUPM to determine the
association between the two and evaluate the sensitivity of the model. We observed a
correlation between predicted and measured IUPM (Figure 3.3) for VL and CD4" T-cell counts
modelled from acute infection to ART initiation (P=0.012, r=0.555; Figure 3.3 A) and from
the year before ART initiation (P=.013, r=.552; Figure 3.3 B). These correlations do not differ
when extending the analyses to include on-ART VL and CD4* T-cell count (Figures 3.3 C and

D).
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Figure 3.3. Correlations between model predictions and measured frequency of latently infected
cells. Correlation between replication-competent HIV-1 in resting memory CD4" T-cells [logio
(infectious units per million, IUPM)] and the predicted IUPM resting CD4* T-cells over the time period
from (A) acute infection to ART initiation (n=20), (B) over the final year prior to ART initiation (n=20),
(C) acute infection to QVOA (n=20), and (D) from a year prior to ART initiation to QVOA (n=20).
Non-parametric Spearman rank correlation coefficients and the P-value of the correlation are given at
the bottom of each panel. Modelling was performed by the Perelson group at the Los Alamos National
Laboratory, Los Alamos, New Mexico, USA

3.4.4 Relationships between T-cell activation and replication-competent reservoir size

We next wanted to investigate whether T-cell activation during the course of untreated
infection, or residual T-cell activation after ART initiation associated with replication-
competent reservoir size. Extensive longitudinal sampling of PBMC in the CAPRISA 002

cohort allowed us to investigate whether memory CD4* or CD8" T-cell activation at multiple
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time points before and after ART initiation correlated with reservoir size. We measured the
surface expression of CD38 and HLA-DR on memory T-cells during acute infection, one year
post infection, one year pre-ART initiation, and at two- and four years post-ART initiation.
Reservoir size correlated positively with the frequency of memory CD8" T-cells co-expressing
HLA-DR and CD38 as well as those expressing HLA-DR alone, only in the year preceding
treatment initiation (P=0.018, r=0.709; and P=0.040, r=0.636, respectively; Figure 3.4). These
findings remained statistically significant after adjusting for multiple comparisons. We found
no correlations between the frequency of latently infected cells and the frequency of memory
CD4" T-cells expressing CD38, HLA-DR or co-expressing both activation markers at any time

point (Table 3.3).
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Figure 3.4. Associations between memory CD8* T-cell activation and reservoir size. Relationship
between infectious units per million (IUPM) estimates of replication-competent reservoir size in resting
memory CD4* T-cells and the frequency of (A) CD38" (n=13-19), (B) HLA-DR" (n=7-12), and (C)
CD38*HLA-DR*CD8* T-cells (n=7-12), at each of the five time-points assessed in this study. Non-
parametric Spearman rank correlations were performed, and statistically significant correlations were
fitted with a regression line.
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Table 3.3. Associations between CD4* T-cell activation and reservoir size.

% of memory CD4* T-cells

Activation marker Time point

Spearman’'sr P-value

Acute infection 0.4231 0.1517

1y post-infection 0.2530 0.3112

CD38* ly pre-ART 0.0158 0.9488
2y post-ART -0.0754 0.7589

4y post-ART -0.1706 0.5747

Acute infection -0.5357 0.2357

1y post-infection 0.4424 0.2044

HLA-DR* ly pre-ART -0.0364 0.9241
2y post-ART -0.1119 0.7329

4y post-ART -0.1636 0.6567

Acute infection -0.3214 0.4976

1y post-infection 0.3091 0.3869

CD38*HLA-DR* ly pre-ART 0.1455 0.6731
2y post-ART -0.0839 0.8004

4y post-ART -0.1515 0.6821

Given that nadir CD4" T-cell count and CD8" T-cell activation may be influenced by viral
burden over the course of untreated infection, we performed multivariable linear regression
analyses (Table 3.3) and found that nadir CD4" T-cell count and memory CD8* T-cell
activation within a year prior to treatment initiation were significantly associated with reservoir
size, even after adjusting for AUC VL (Table 3.4). These models predict that a 1% increase in
the frequency of CD38*"HLA-DR* memory CD8" T-cells would result in a 0.033 logio increase
in IUPM (P=0.0422) when adjusting for CD4:CD8 ratio at ART initiation and AUC VL, while
a unit increase in nadir CD4" T-cell count resulted in a 0.004 logio decrease in IUPM
(P=0.0420) after adjusting for the frequency of CD38"HLA-DR*CD8" memory T-cells and

AUC VL (Table 3.4).
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Table 3.4. Multivariable linear regression of predictors of reservoir size [Logio(IUPM resting

CD4* T-cells)].

Effect

Model 1:

% CD38"HLA-DR* memory CD8*
Logio(AUC VL)

Nadir CD4+ T-cell count

Model 2:
%CD38*HLA-DR* memory CD8*

Logio(AUC VL)
CD4:CDS8 at ART initiation

Model 3:

% HLA-DR* memory CD8*
Logio(AUC VL)

Nadir CD4+ T-cell count

Model 4:
% HLA-DR* memory CD8*

Logio(AUC VL)
CD4:CDS8 at ART initiation

3.4.5 3.4.5 Association of soluble markers of inflammation and replication-competent

reservoir size

Estimate
0.02831
0.1415
-0.00414

0.03251
-0.00262
34.5742

0.03826
0.05463
-0.00499

0.04658
-0.1769
49.0998

Standard error
0.01089
0.1684

0.001667

0.01311
0.2259
20.4826

0.01181
0.1597
0.001519

0.01522
0.2304
19.9969

95% CI

Lower
0.002550
-0.2568
-0.00808

0.001521
-0.5368
-13.8594

0.01033
-0.3230
-0.00858

0.01059
-0.7217
1.8146

Upper
0.05407
0.5398
-0.00020

0.06350
0.5315
83.0078

0.06619
0.4323
-0.00140

0.08257
0.3680
96.3850

P-value
0.0355
0.4286
0.0420

0.0422
0.9911
0.1353

0.0143
0.7423
0.0134

0.0183
0.4679
0.0438

Finally, in order to determine whether soluble mediators of inflammation associate with

replication-competent reservoir size,

the relationship between

inflammatory marker

concentrations in plasma and viral persistence was evaluated (Figure 3.5). We identified a

positive correlation between replication-competent reservoir size and CXCL-10 during acute

infection (P=0.0071, r=0.582) In addition, we identified an inverse correlation between

reservoir size and the concentration of SCD14 after four years on ART (P=0.017, r=-0.56).

These associations remained statistically significant after adjustment for multiple comparisons.
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There were also correlations between reservoir size and TNF-o during acute infection
(P=0.031, r=0.48) and sCD14 at one-year post-infection (P=0.042, r=-0.48), however these did

not remain significant after P-value cut-off correction.

Acute— 0.1822 | 0.4824 . 0.2466 | -0.1880 1 0.05

1y p.i.—{ 0.0936 | 0.1908 | -0.0155 | -0.0733 | -0.4840 1 0.04

1y pre-ART -{ 0.3765 | 0.1943 | -0.0647 | -0.0526 | 0.1173 1 0.03

2y post-ART — 0.0091 | 0.1430 | -0.0406 | -0.3113 | -0.1895 I0'02

4y post-ART —{ 0.2092 | 0.0198 | -0.1558 -0.2136-
T | |

Figure 3.5. Heatmap of the associations between the frequency of latently infected cells and
plasma levels of inflammatory mediators measured at different time points over the course of
infection. Spearman correlation coefficients for each correlation between the analyte concentration
(pg/mL in plasma) and the frequency of latently infected cells (IUPM). The bar on the right of the figure
shows the colour scale for uncorrected P-values of significance between 0 and 0.05. P<0.05 before
correction are coloured according to the scale, with non-significant correlations in white. An asterisk
(*) above the correlation co-efficient indicates significance after Benjamini-Hochberg P-value cut-off
correction. The number of participants in each correlation were as follows: acute infection n=20; one-
year post-infection (p.i.) n=18; within one year pre-ART n=20; two years post-ART initiation n=20;
and four years post-ART initiation n=18.

3.4 Discussion

Factors influencing HIV-1 reservoir formation and dynamics are understudied, particularly in
African populations. In this study, we provide insights into the immunological characteristics
correlating with the size of the replication-competent reservoir in a cohort of South African

women who initiated treatment in late chronic infection.
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We show that the cumulative viral burden measured over the entire course of HIV-1 infection
or in the year prior to treatment directly predicted reservoir size. In addition, nadir CD4" T-cell
count and CD4:CD8 ratio before treatment initiation correlated inversely with replication-
competent HIV-1 after prolonged viral suppression. Indeed, the extent of CD4 depletion has
also been shown to shape the HIVV-1 DNA proviral load [87, 88]. Here, we show that this is
true for replication-competent reservoir size as well. Furthermore, our findings build on
previous work that modelled VL and pre-ART CD4* T-cell dynamics as key predictors of
replication-competent reservoir size in the context of early ART [86]. We found that VL and
CD4* T-cell counts over time could be used to predict the frequency of latently infected cells
in the context of ART initiated in chronic infection, and that cumulative VL within the year
before ART initiation predicted the size of the replication-competent reservoir similar to the
cumulative VL over the entire course of infection. Finally, we observed that predicted IUPM
values, when including VL and CD4" T-cell counts after ART in the model, correlated similarly
with measured IUPM values when only pre-ART measures were used in the model. These
findings indicate that VL and CD4" T-cell count before ART initiation are robust predictors of
replication-competent reservoir size and that events preceding the year of treatment initiation

are critical to the establishment of the long-lived reservoir.

We hypothesized that greater T-cell activation pre-ART may enhance establishment of the
HIV-1 reservoir by providing a larger pool of target CD4* T-cells for infection. However, the
frequency of activated CD4" T-cells was not significantly associated with IUPM at any time-
point before or after treatment initiation. A limitation of this analysis is that CD4" T-cell
activation is highly dynamic due to continual depletion and migration of these cells, possibly
limiting our ability to detect a significant relationship between CD4" T-cell activation and

reservoir size. However, we unexpectedly observed that the frequency of activated memory
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CD8" T-cells in late chronic infection was positively associated with reservoir size. Immune
hyperactivation, a strong predictor of HIV-1 disease progression, drives CD8" T-cell
dysfunction, and may explain the relationship between CD8* T-cell activation and reservoir
size [227]. CD38 and HLA-DR co-expression on CD8* T-cells has been linked to an exhausted
cell state and reduced cytotoxic ability [228], resulting in diminished clearance of infected
CD4* T-cells during the transition to latency upon ART initiation in chronic infection, and

potentially a larger latent reservoir.

A limitation of our study was that T-cell activation was measured at too few time points to use
these measures in our model to predict IUPM. Nevertheless, our multivariate linear regression
analysis found that the link between CD8* T-cell activation and reservoir size remained
significant after controlling for viral burden, providing additional support for a direct link
between CD8" T-cell activation within the year prior to ART and reservoir size. Of note, a
recent study in a subset of the same women in this cohort showed that 71% of unique viral
outgrowth variants from the QVOA were genetically similar to viruses in circulation during
the year before ART initiation [10]. Together, the results suggest that immunological events
proximal to the time of ART initiation may disproportionately shape the size and composition

of the HIV-1 reservoir.

The impact of inflammation on the HIV-1 latent reservoir has been investigated by measuring
the association with HIV-1 DNA and cell-associated RNA [13, 229, 230], with most studies
showing no associations between the markers of interest included in our study and these
measurements of the reservoir. To date, there are a limited number of studies describing the
relationship between measures of inflammation and the replication competent reservoir [9,

231]. Thus, we explored the associations between inflammatory markers in plasma and the
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replication-competent reservoir size in our cohort. We found that the concentration of CXCL-
10 during acute infection correlated positively with the frequency of latently infected cells.
CXCL-10, also known as IP-10, is involved in immune cell trafficking to sites of inflammation,
having a role in clonal proliferation [232]. This chemokine is induced by IFN-y and produced
by several cell types including monocytes (the main producer of CXCL-10), NK cells, and T-
cells. The receptor for CXCL-10, CXCR3, is expressed on Thi-polarized T-cells and NK cells
[233]. CXCL-10 levels in chronic infection have been associated with a higher VL, lower CD4*
T-cell counts, [234] and faster disease progression [232, 235]. Given that higher VVLs and lower
CD4" T-cell counts are associated with a larger replication-competent reservoir, and that a large
proportion of the reservoir is present in Thi-polarized cells [148, 236], CXCL-10
concentrations in early infection may result in recruitment of target cells and/or the expansion
of infected cells, increasing the frequency of latently infected cells. Additionally, higher
CXCL-10 in plasma has been associated with increased infection of resting CD4* T-cells in
vitro [237]. As infection of resting CD4* T-cells has been shown to occur early during the
course of infection [238], elevated CXCL-10 concentrations may be facilitating reservoir

seeding in this manner.

We also found a negative association between sCD14 concentrations at four years post-ART
and the frequency of latently infected cells. sCD14, a soluble receptor, is a marker of systemic
inflammation and has been shown to be positively associated with disease progression [239],
co-morbidities [240], and mortality [241]. One possible hypothesis for this negative
relationship is increased cell turnover or a sequestration of HIV-1 specific cells (shown to be
preferentially infected by HIV-1 [190]) in the gut in individuals with high levels of plasma
sCD14. A recent study has shown that plasma sCD14 concentrations and the frequency of Gag-

specific CD4" T-cells in rectal tissue are both positively associated with HIV-1 Gag p24 protein
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expression in rectal and lymphoid tissues in individuals virally suppressed on ART [242].
Furthermore, HIV-1 Gag p24 protein expression was distinct between ART-suppressed
immunological responders (CD4* T-cell count >500 cells/uL) and non-responders (CD4" T-
cell count <350 cells/uL), potentially allowing for use of SCD14 concentrations on ART as a
surrogate marker of ongoing Gag expression. In this subset of participants, however, CD4* T-
cell counts were all >350 cells/pL. We could not explore this indirect link between sCD14 and
HIV-1 protein expression in lymphoid tissues. This study brings up questions relating to
temporal expression of inflammatory markers and their impact on formation of the replication-

competent reservoir that are pertinent to investigate in future studies.

While we could not explore the differences in the HIV-1 latent reservoir between males and
females due to our access to samples only from women in our retrospective study, the question
of whether differences exist is an interesting one. Two recent publications have performed a
comparison of replication-competent reservoir size (by QVOA) in males and females with
discordant findings [9, 243]. Prodger et al. [9] found a significantly smaller HIV-1 replication
competent reservoir size by QVOA in Ugandan females compared to males. Falcinelli et al.
[243] found no significant differences in reservoir size measured by QVOA or intact proviral
DNA (IPDA) between females and males in the U.S.A, having matched participants in each
group. These findings highlight the fact that further studies are needed. However, similar to
our findings, neither of the aforementioned studies found a correlation between CD4* T-cell
activation and IUPM. Furthermore, Prodger et al. [9] found no associations between cytokines
(IL-6 and CXCL-10) and HIV-1 replication competent reservoir size by QVOA in Ugandan
participants, with no significant differences in plasma concentrations of either cytokine in

females compared to males.
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In conclusion, we demonstrate that replication-competent HIV-1 reservoir size during long-
term suppressive ART associates with multiple immunological measures prior to ART,

underscoring the need for early diagnosis and treatment. This new knowledge may assist with

the design of novel cure and/or therapeutic vaccine approaches.
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CHAPTER 4
Clinical and immunological correlates of HIV-1 DNA levels in South African women on

antiretroviral therapy initiated during chronic infection
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4.1 Introduction

HIV-1 DNA has been shown to be a reliable measure of viral persistence [244, 245]. Measuring
HIV-1 DNA copy number typically involves the use of economical and rapid PCR-based
techniques to estimate the frequency of latently infected cells. As a large portion of the DNA
reservoir is defective, measuring HIV-1 DNA proviral copy number is an overestimate of the
size of the replication-competent latent reservoir [58], however it has relevance as it is a
practical and broadly applicable assay [54]. As such, measuring HIVV-1 DNA has been widely
used to describe HIV-1 persistence across different cell types and tissues [130, 246]. The most
common methods for quantifying HIV-1 DNA are quantitative PCR (gPCR) and droplet digital
PCR (ddPCR) that target conserved regions of the genome such as pol, gag, or the long terminal
repeat (LTR). In this chapter, we have estimated the size of the DNA reservoir using a ddPCR
assay whereby a droplet oil emulsion is generated and the amplification signal of HIV pol and

gag targets for each droplet is reported separately.

Total intracellular HIV-1 DNA includes all forms of HIV-1 contributing to persistence
including intact and defective copies of provirus, as well as unintegrated linear DNA episomal
forms (1- and 2- LTR circles). Episomal forms cannot be transcribed or translated, and cannot
integrate [245], and the stability of unintegrated HIV-1 DNA is still being debated [54]. The
episomal DNA contribution to the total HIV-1 DNA reservoir is thus considered negligible
[54, 65, 245]. Total HIV-1 DNA is a relevant clinical marker of HIV-1 disease and in
individuals on treatment is positively correlated with integrated HIV DNA [247, 248] and with
unspliced RNA, a marker of ongoing transcription that persists despite long-term ART [248].
HIV-1 DNA load provides complementary information regarding treatment success and viral

rebound [244].
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Pre-ART HIV-1 DNA levels can be used as a predictor of both disease progression [249, 250]
and time to viral rebound after ART interruption [78, 79, 87, 251-254], and correlates
positively with HIV-1 DNA levels during ART [229]. Lower peak plasma VL and higher CD4*
T-cell count nadir have been found to be associated with lower HIV-1 DNA levels during ART
as well as the absence of virological failure [79]. In addition, the frequency of HIV-1 DNA in
peripheral blood mononuclear cells (PBMC) is lowest in long term non-progressors [248], and
is associated with virological control in post-treatment controllers [255]. Thus, frequency of

HIV-1 DNA in people living with HIV (PLWH) is an important marker for a functional cure.

To date, there are only two studies that have characterized the HIV-1 DNA reservoir in Africans
[9, 118]. The first assessed HIV-1 DNA decay in a cohort of superinfected Kenyan participants.
Pankau et al. [118] found that the DNA reservoir of HIV-1 decays slower than the replication-
competent reservoir, with a half-life of 11.7 years (140 months) [256] compared to 3.7 years
(44 months) [62, 63], respectively. The second study compared HIV-1 DNA levels between
men and women in Uganda [9]. Two early studies reported lower total HIV-1 DNA levels in
PBMC from women compared to men [78, 79], while two recent publications, one being the
study in Ugandan women and men, found no significant difference in HIV-1 DNA between

the sexes in resting CD4" T-cells [9, 224].

The most extensive characterization of HIV-1 DNA in different cohorts has been performed in
European studies, most notably by the French National Agency for Research on AIDS and
Viral Hepatitis (ANRS) [244]. These studies provide a good basis for comparison of HIV-1
DNA levels in PBMC between cohorts with different ART statuses, treatment initiation times,
and disease progression due to the use of the same methodology to measure HIVV-1 DNA across

studies. In individuals treated during chronic infection, median HIVV-1 DNA levels ranged from
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2.14 to 2.84 logio copies per million PBMC [78, 79, 248, 255, 257], with 3.44 logio copies per
million PBMC reported in patients who had progressed to AIDS prior to beginning treatment

[258].

Given the paucity of studies in Africans, in particular African women, we aimed to quantify
the persistence of intracellular HIV-1 DNA in PBMC from women in the CAPRISA 002
cohort. Subsequently, we explored associations of immune activation, inflammation, and

clinical markers of disease progression with total HIV-1 DNA levels.

4.2. Materials and methods

4.2.1 Study participants and study ethics

Thirty-one women from the CAPRISA 002 acute infection cohort [48, 114, 203] in Kwa-Zulu

Natal, South Africa were recruited into this study. The study cohort and ethics are described in

Chapter 2, section 2.2.1.

4.2.2 Thawing PBMC, staining and flow cytometry

Thawing, resting, staining of PBMC, and flow cytometry were performed as described in

Chapter 2, sections 2.2.2 and 2.2.3. The gating strategy employed has been described in

Chapter 2, section 2.2.4.
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4.2.3 Measuring markers of inflammation

The concentrations of five soluble markers of inflammation, IL-6, TNF-a, CXCL-10 (IP-10),
sCD14 and sCD163, were measured in plasma samples, as described in Chapter 2, section

2.2.5.

4.2.6 DNA isolation

Cellular DNA and RNA were extracted simultaneously using the Allprep DNA/RNA Mini Kit
(Qiagen, Venlo, Netherlands), according to the manufacturer’s instructions. Briefly, ~5 million
PBMC from thawed cell pellets were lysed in the kit lysis buffer supplemented with f-
mercaptoethanol to stabilize nucleic acids. Lysate was passed through QIAShredder columns
(Qiagen) to remove cell membrane material and proteins. The flow-through was passed through
an AllPrep DNA spin column by centrifuging at 14 000 rpm for 2 min. The flow-through was
then added to an RNeasy spin column and the protocol followed to extract RNA while the DNA

spin column was placed at 4°C.

Once the RNA was extracted, the DNA column was brought to room temperature and the DNA
extraction protocol completed. DNA was eluted by adding 200uL buffer EB (Qiagen) to the
DNA spin column, incubating for 1 min and centrifuging for 1 min at 14 000 rpm. The elution
step was performed twice for a total volume of 400uL eluent. Two parts of 100% ethanol and
0.1 parts 3M sodium acetate (NaOAc) was added to the extracted DNA volume in order to
precipitate the DNA. The mixture was incubated at -20°C overnight and then centrifuged at
14 000 rpm for 30 min at 4°C. The supernatant was discarded carefully, using a fine 10uL

pipette tip to remove the residual supernatant. The pellet was resuspended in 1mL 70% ethanol
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(freshly prepared) and centrifuged at 14 000rpm for 30 min at 4°C. The supernatant was
removed as previously described, and the pellet left to air dry for at least 2 min. The precipitated
DNA pellet was resuspended in 30uL buffer EB. DNA concentration and quality were

evaluated using a Nanodrop 2000 (ThermoScientific, MA, USA).

4.2.7 Quantifying total HIV-1 DNA in PBMC

Similar to a previously described method [65], droplet digital PCR was used to determine the
frequency of HIV-1 copies in PBMC, through the detection and quantification of HIV-1 pol
and gag gene copy numbers in 1 pg of DNA extracted from PBMC. The detection of a cellular
housekeeping gene, rpp30, in 100ng of genomic DNA was used to quantify the number of
genomes in each reaction volume. HIV-1 pol and gag ddPCRs were multiplexed and performed
in triplicate in each experiment, while rpp30 reactions were performed in duplicate. A master
mix was made containing 1X Bio-Rad ddPCR Supermix for Probes (no dUTP), 0.25 U/uL
Banl| restriction enzyme (New England Biolabs, NEB), and gene-specific primers and probes.

The primer/probe sets used to detect HIV-1 gag and pol genes are listed in Table 4.1.

A volume of 5 pL of template DNA was added to wells of a 96-well plate containing 15 pL of
the master mix. Template DNA was allowed to digest at 37°C for 30 min in an AB 2720
Thermal Cycler (Applied Biosystems). Thereafter, the PCR reaction mix containing digested
DNA, along with ddPCR droplet generator oil (Bio-Rad), was loaded into the Bio-Rad QX200
droplet generator and droplets generated according to the manufacturer’s instructions. Once
droplet formation was complete, the samples were transferred to a ddPCR 96-well plate and
the plate was sealed with pierceable foil heat seals (both Bio-Rad) using a pre-heated Bio-Rad

PX1 PCR plate sealer (3s at 180°C). Cycling conditions, performed in a Bio-Rad C1000 Touch
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thermal cycler, were as follows: 95°C for 10 min; then 94°C for 30s and 60°C for 1 min,

repeating for 50 cycles; then 98°C for 10 min. Samples were held at 4°C until they were

analysed on the same day using a Bio-Rad QX200 Droplet Reader.

Table 4.1. ddPCR primers and probes

Primer/Probe name Sequence HxB2 numbering
pol Fwd 6 TCG GGT TTA TTA CAG AGA CAG CAG AGA 4898-4924
pol Rev 4 AGCICCTGC CATCTG TTT TCC AT 5041-5062
pol probe 3 FAM ZEN /56-FAM/AAG GAC CAG/ZEN/CCA ARC TAC TCT GGA 4936-4965
AAG GTG/3IABKFQ*/
gag Fwd GTT GGA GGA CAT CAA GCA GCCATG CA 1360-1385
gag Rev TTCCTGCTATGTCACTTCCCCT 1483-1504
gag probe HEX ZEN /SHEX/ACC ATC AAT/ZEN/GAR GAG GCT GCA GAA 1399-1427

TGG GA/3IABKFQ*/

rpp30 Fwd

GAT TTG GAC CTG CGA GCG

rpp30 Rev

GCG GCT GTC TCC ACA AGT

rpp30 probe HEX ZEN

/SHEX/CTG ACC TGA/ZEN/AGG CTC T/3IABKFQ*/

Each reaction used 1 pg of genomic DNA and HIV-1 DNA quantification was performed in
triplicate on samples, unless <1 ug gDNA was recovered in which case duplicate reaction were
performed. A no-template control (NTC) was included on each plate. As a negative control for
HIV-1 DNA and positive control for rpp30, genomic DNA from PBMC from HIV-uninfected
controls was included in each run. Individual wells were considered ‘negative’ for the detection
of HIV-1 DNA when the reading was below the Poisson confidence interval maximum for the
negative and NTC controls and excluded if the well contained fewer than 8000 droplets.
Samples were excluded from the analysis if rpp30 quantification failed. Thresholds were set
conservatively using results from negative controls across all experiments. In addition, a
positive control (0.25 pg/well subtype C HIV-1 infectious molecular clone) was included to
ensure that primers and reagents were functional and effective in detection of HIV-1 DNA. The

limit of detection for this assay was 10 copies per million PBMC for both pol and gag.
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4.2.8 Statistical analysis

Flow plots and resulting cell population frequencies, including Boolean frequencies, were
generated using the FlowJo software (version 10.5.3, BD Biosciences). GraphPad Prism
version 8.0.2 (GraphPad Software, Inc.) was used to generate figures, perform t tests and
correlations, and calculate area under the curve VLs (AUC VL). For AUC VL calculations the
viral, peak viraemia (<3 months post-infection) were not included since these data were not
available for all participants. The Mann Whitney U Test and Wilcoxon Signed Rank Test were
used to compare groups of unmatched and matched samples, respectively. All correlations were
tested using the non-parametric Spearman’s Rank test. A P-value of <0.05 (two-sided) was
considered significant for individual comparisons. Adjustments for multiple comparisons were
performed using a Benjamini-Hochberg P-value cut-off correction with a false discovery rate

of 25%.

4.3 Results

4.3.1 Cohort characteristics

Thirty-one women from the CAPRISA 002 Acute Infection cohort were included in this study
(Table 4.2). Participants initiated therapy according to the prevailing South African treatment
guidelines at a median of 3.4 years post-estimated date of infection (IQR: 2.0-5.0) and at a
median age of 29 years (IQR: 25-32). Of the 31 women, 9/31 (29%), 13/31 (42%), and 9/31
(29%) initiated ART at CD4" T-cell count <250, <350, and <500 cells/uL, respectively. Median
CD4" T-cell counts at nadir and ART initiation were 241 cells/uL (IQR: 170-304) and 304

cells/uL (IQR: 194-364), respectively.
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Following treatment initiation, the median CD4* T-cell counts were 622 cells/uL (IQR: 503-
786) after two years of ART and 641 cells/uL (IQR: 623-904) after four years of ART. Twenty-
three (74%) women achieved CD4" T-cell count >500 cells/uL after two years on ART, while
the remaining 8/31 (26%) had CD4" T-cell count >350 cells/uL. Twenty-two of the 31 (71%)
women had a PBMC sample from the two year post-ART time point only, 1/31 (3%) had a
PBMC sample from the four year post-ART time point only, and 8/31 had samples available

at both two- and four-years post-ART time points.
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Table 4.2. Cohort characteristics

PID Logio AUC VL Logwo VL CD4* T-cell count CD4:CD8 Time
(months x (copies/mL) (cells/pL) (months)
copies/mL)
Infection to ART Nadir ART 2 years 4 years ART 2 years 4 years 2 years 4 years
ART initiation initiation initiation = post-ART ' post-ART? | initiation = post-ART @ post-ART?  post-ART | post-ART?

100328 4.6 3.0 238 280 526 0.5 0.6 32

100395 4.8 4.1 436 436 1737 0.3 0.9 30

100326 5.3 3.7 332 336 1109 0.3 0.6 27

100353 5.3 4.3 271 400 881 0.5 1.3 25

100381 5.3 3.9 165 194 754 0.2 0.5 33

100277 5.3 3.9 281 322 545 493 0.2 11 1.2 35 60

100282 5.5 4.1 170 285 468 0.2 0.6 37

100222 55 3.7 305 305 781 641 0.6 1.6 1.7 30 54

100276 55 3.9 94 94 486 0.3 1.4 35

100316 5.6 3.7 278 436 743 0.3 0.9 25

100268 5.7 3.6 163 163 626 0.2 0.9 29

100386 5.7 4.8 304 304 919 0.3 0.7 21

100329 5.8 4.7 243 243 508 0.2 0.9 35

100352 5.9 4.1 333 451 613 0.4 1.1 36

100267 5.9 4.6 269 269 614 622 0.3 0.8 1.1 28 54

100279 6.0 4.3 170 193 486 0.4 1.4 16

100380 6.1 4.7 377 407 802 0.6 1.2 22

100287 6.1 4.2 216 411 604 0.3 0.6 22

100266 6.2 4.7 363 363 670 0.3 0.6 18

100372 6.2 5.2 309 309 618 0.5 0.8 11

100257 6.2 4.7 170 170 440 0.2 0.5 29

100244 6.3 44 241 293 689 666 0.3 0.6 1.0 24 60

100008 6.3 5.0 175 185 483 0.3 0.7 36
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100336 6.4 5.4 74 74 547 0.1 0.8 23

100280 6.5 4.8 174 406 479 635 0.3 0.8 1.0 24 48

100286 6.5 4.7 142 142 713 789 0.1 0.4 0.4 42 54

100188 7.0 5.4 267 364 370 0.1 05 30

100345 7.2 3.1 156 314 624 05 08 54

100088 7.3 5.8 248 311 1018 1099 0.1 0.7 0.9 29 47

100206 7.6 5.3 240 289 724 1019 0.2 0.8 08 36 48

100321 5.9 241 267 915 03 16 30

Median 6.0 4.4 241 304 622 641 0.3 0.8 1.0 29 54.0
IQR 5.5-6.3 3.9-48  170-304 194-364  503-787  623-904  0.2-04  0.62-1.07 0.81-1.18 23.8-350 48.0-57.0

422131 (71%) participants only had a single sample from two year post-ART, 1/31 (3%) participants only had a single sample from four years post-ART, and 8/31

(26%) participants had samples at both two- and four-years post-ART time points.
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4.3.2 Quantification of HIV-1 subtype C pol and gag DNA in the CAPRISA 002 cohort

Quantification of intracellular HIV-1 DNA is a broadly applied measure of latent reservoir size in
PLWH on ART, that correlates with clinical outcomes of disease including time to viral rebound
after treatment interruption [244]. We initially compared total HIV-1 pol and/or gag DNA levels
(copies per million PBMC) at two years (median: 2.4 years, IQR: 2.0-2.9) and four years post-
ART initiation (median: 4.5 years, IQR: 4.0-4.7) in the 31 CAPRISA 002 women using the highly
sensitive and reproducible ddPCR platform. Not all participants had samples available for both the
two- and four-year time points (Table 4.2). Pol DNA was measured in 28/31 (90%) and 9/31
(26%) women at two- and four-years post-ART, respectively, whereas gag DNA was measured in
27/31 (87%) and 8/31 (23%) women at two- and four-years post-ART, respectively. In addition,
three samples had detectable pol DNA but not gag DNA (all three at two years post-ART) and
four samples had detectable gag DNA but not pol DNA (three at 2 years post-ART and one at four
years post-ART). The pol and gag DNA copy number per million PBMC correlated significantly
with one another at both two- (P<0.0001; r=0.71) and four-years (P=0.0004; r=0.98) post-ART

(Figure 4.1).
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Figure 4.1. HIV-1 DNA frequencies measured by pol and gag correlate. The frequency of pol and gag
copies per million PBMC correlate with one another at both two- and four-years post-ART initiation. Each
black dot represents one participant. Spearman rank correlations were performed.

To determine if there was a change in the size of the DNA reservoir over time, we compared DNA
copy number between two- and four years post ART initiation in our cohort. There was no
statistically significant change in DNA copies per million PBMC for either gene region over this
period. The median pol DNA frequency was 2.52 logiocopies per million PBMC (IQR: 2.25-2.84)
and 2.37 logiocopies per million PBMC (IQR: 1.91-2.89) at two- and four- years post-ART
initiation, respectively (Figure 4.2). Similarly, the median gag DNA frequency was 2.49
logiocopies per million PBMC (IQR: 2.14-2.88) and 2.48 logiocopies per million PBMC (IQR:

2.10-2.93) at two- and four- years post-ART initiation, respectively.
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Figure 4.2. Total HIV-1 DNA levels in the CAPRISA 002 participants. Droplet digital PCR was
performed to detect pol and gag copy numbers in peripheral blood mononuclear cells obtained at two- and
four-years post-ART initiation. Medians (red line) and interquartile ranges (black vertical bars) of HIV-1
DNA levels in the study participants are shown.

To further assess the degree of decay of total HIVV-1 DNA, we assessed the change in the frequency
of cells harbouring HIV-1 DNA in matched samples from two- and four years after ART initiation
in a subset of women. We found no significant difference between pol (n=8) or gag (n=7) DNA
levels in this subset of participants (Figure 4.3). However, there was a trend towards lower total
HIV-1 DNA at four years post-ART when measuring pol gene copies, indicating that different
genes may undergo deletion at varying rates, or that deletions in the primer binding sites hampered

detection.
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Figure 4.3. HIV DNA levels do not differ significantly betweeen two- and four-years after ART
initiation. The frequency of pol (n=8) and gag (n=7) gene copies per million PBMC measured by digital
droplet PCR. A Wilcoxon matched pairs signed rank test was used to compare HIV DNA levles between
time points.

Finally, we investigated the relationship between HIVV-1 DNA levels and the size of the replication
competent reservoir (IUPM estimates) in a subset of 13 participants for whom QVOA had
previously been performed at ~5 years post-ART initiation (as described in Chapter 3). Similar to
other studies [244, 245], we found no correlation between IUPM estimates and HIV-1 DNA copies
per million PBMC for either pol DNA (P=0.0812; r=0.51) or gag DNA (P=0.1822; r=0.40) levels
(Figure 4.4). However, the limited overlap between study participants in the two studies may be

too small to accurately identify a correlation between these two measurements.
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Figure 4.4. Association between HIV-1 DNA levels and infectious units per million (IUPM) CD4* T-
cells. The frequency of pol (n=13) and gag (n=13) copies per million PBMC do not correlate with IUPM
estimates measured by quantitative viral outgrowth assay (QVOA) at both two- and four-years post-ART
initiation. Spearman rank correlations were performed.

4.3.3 Comparison of HIV-1 DNA levels of the CAPRISA 002 cohort with other cohorts

To determine whether viral persistence in this cohort was similar to what has been described in
other cohorts, total HIV-1 DNA levels were compared to those measured across different ANRS
studies using similar methodology (Figure 4.5). Total HIV-1 DNA levels fell within the range of
those in the ANRS cohorts where treatment was initiated during early- (SALTO cohort; Figure
4.5 D) [257] and late chronic infection [83] (Figure 4.5 E-I), with lower medians identified
compared to those in the late chronic treatment cohort. As expected, HIV-1 DNA levels in the
CAPRISA 002 cohort were higher than in those who initiated therapy in primary HIV-1 infection

(Figure 4.5 A- C) [83, 259] and in controllers (elite controller and VISCONTI cohorts; Figure
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4.5 M-0) [255, 260], but lower than those who had progressed to AIDS-defining illness (ETOILE

cohort; Figure 4.5 L) [258].
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Figure 4.5. A comparison of HIV-1 DNA levels in different ANRS cohorts with the measurements in
the CAPRISA cohort. Medians and interquartile ranges of logio HIV-1 DNA copies per million PBMC
measured in different European studies (black circles) compared to the HIV-1 DNA levels in the women
of the CAPRISA 002 acute infection cohort enrolled into this study (red circles depicting pol DNA copies
per million PBMC). This figure summarizes data from individuals treated in primary HIV infection (PHI):
A) AmfAR study [248], B-C) OPTIPRIM cohort, ANRS [83, 259]; individuals treated from chronic HIV
infection (CHI): D) SALTO cohort, ANRS (early chronic treatment) [257], E) ANRS study (later chronic
treatment) [83], F) LoViReT study [261], G) AmfAR study [248], H) ANRS study [79], ) ANRS/CHAIN
study [78], J-K) CAPRISA 002 cohort; those who had reached AIDS-defining illness: L) ETOILE cohort
(ANRS) [258]; elite controllers: M) ANRS study [260], N) AmfAR study [248]; and post-treatment (tx)
controllers: O) VISCONTI cohort (ANRS) [255]. Figure adapted from Avettand-Fenoel et al. 2016 [244].
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4.2.4 Clinical correlates of HIV-1 persistence

To investigate predictors of HIV-1 DNA reservoir size, we tested the associations between total
intracellular HIV-1 DNA levels (copies per million PBMC), demographic, and clinical measures
(Table 4.3). There was a correlation between both pol (P=0.0369; r=0.72) and gag (P=0.0458;
r=0.74) DNA levels at four years post-ART and VL at ART initiation. There was also a trend
towards a correlation between pol DNA levels at two years post-ART (P=0.0832, r=0.34) and four
years post-ART (P=0.0589, r=0.67) with cumulative AUC VL from acute infection to ART
initiation, and between pol DNA levels at two years post-ART with AUC VL within one-year pre-
ART (P=0.0827, r=0.34). There were no correlations between gag DNA levels and AUC VL at
any time point. Furthermore, when examining CD4" T-cell counts, pol (P=0.0255, r=0.75) and
gag (P=0.0107, r=0.86) levels at four years post-ART correlated with contemporaneous CD4* T-
cell count but not with nadir CD4*T-cell count nor the CD4*T-cell count at ART initiation (Table
4.3). Unexpectedly, pol (P=0.0120, r=0.47) and gag (P=0.0112, r=0.48) DNA levels at two years
post-ART initiation correlated with contemporaneous CD8* T-cell count, while pol (P=0.0214,
r=0.77) and gag (P=0.0458, r=0.074) levels at four years post-ART initiation correlated with CD8"

T-cell count at ART initiation.

Next, the association between clinical measures and the fold-change in HIV-1 DNA frequencies
between two- and four years post-ART was evaluated. It was found that there was a weakly

significant positive correlation of both pol (P=0.0458; r=0.74) and gag (P=0.0480; r=0.79) fold
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change in frequencies in PBMC with CD4" T-cell count at ART initiation (Figure 4.6). These

analyses did not include correction for multiple associations.

Table 4.3. Demographic, clinical, and immunological factors associated with Logio(HIVV-1 DNA

copies per million PBMC), a measure of viral persistence.

Time after ART
initiation

Duration (months)?
* Infection to ART
initiation®
* from ART initiation
to ddPCR®

Plasma VL®

(logio copies/mL)

* at ART initiation
+ Cumulative®
(AUC VL)
Infection to ART
initiation
One year pre-ART
CD4* T-cell count®
(cells/pL)
* Nadir
* ART initiation
« at time of ddPCR
CD8* T-cell count
(cells/uL)
* ART initiation
* at time of ddPCR

CD4:CDS ratiof
* ART initiation
* at time of ddPCR

Logzo(pol gene copies/106 PBMC)

2 years

Spearman
r

0.0249

-0.1928

0.3716

0.3394
0.3400

-0.0019
0.1508
0.2929

0.2266
0.4680

-0.1253
-0.2504

0.8998

0.3256

0.0515

0.0832
0.0827

0.9923
0.4436
0.1304

0.2462

0.0120

0.5251
0.1992

4 years

Spearman r

0.0667

-0.4480

0.7167

0.6667
0.5833

-0.3333
0.0333
0.7500

0.7667

0.6333

-0.5000
-0.5500

0.8801

0.2392

0.0369

0.0589
0.1080

0.3853
0.9484
0.0255

0.0214

0.0760

0.1777
0.1328

Logzo(gag gene copies/10° PBMC)

2 years

Spearman
r

-0.1475

0.0459

0.0464

0.0961
0.2328

-0.1094
0.0409
0.2393

0.0037
0.4805

0.0513
-0.1569

aAge of cohort at ART initiation: median 29 years, interquartile range (IQR) 25-32.

®Duration of HIV infection to ART initiation: median 40 months, IQR 24-59; from ART initiation to the time of

0.4628

0.8200

0.8182

0.6406
0.2524

0.5871
0.8394
0.2293

0.9855

0.0112

0.7995
0.4345

4 years
Spearman p
r
0.3095 0.4618
-0.5312 0.1881
0.7381 0.0458
0.5952 0.1323
0.5000 0.2162
-0.0476 0.9349
0.04762 0.9349
0.8571 0.0107
0.7381 0.0458
0.5000 0.2162
-0.4048 0.3268
-0.3571 0.3894

ddPCR at two years post-ART: median 29 months, IQR 23.75-35; from ART initiation to the time of ddPCR at four
years post-ART: median 54 months, IQR 48-57.
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°Median VL at ART initiation: 4.4 logso copies/ml, IQR 3.9-4.8.

dArea under the curve VL expressed as logio time-copies/ml; from infection to ART initiation (excluding peak VL
during acute infection): 6.0, IQR 5.2-5.7; over the year prior to ART initiation: median 5.5, IQR 4.8-6.0.

¢Absolute CD4* T-cell count at nadir: median 241 cells/uL, IQR 170-304; at ART initiation: median 304, IQR 194-
364; at time of ddPCR at two years post-ART: median 622, IQR 503-786; at time of ddPCR at four years post-ART:
median 641, IQR 623-904.

fCD4:CD8 ratio at ART initiation: median 0.3, IQR 0.2-0.4; at time of ddPCR at two years post-ART: median 0.8,
IQR 0.6-1.1; at time of ddPCR at four years post-ART: median 1.0, IQR 0.8-1.2.
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Figure 4.6. HIV-1 DNA fold change between two- and four-years after ART initiation correlated
positively with CD4*count at ART initiation. A Spearman Rank correlation was used to investigate the
relationship between HIV-1 DNA fold-change in pol (n=8) and gag (n=7) copies per million PBMC.
Negative x-values indicate a decrease in the frequency of HIVV-1 DNA copies.

4.3.5 Immunological correlates of total HIV-1 DNA load

Next, the relationship between measures of immune activation at various time points and viral
persistence on ART was evaluated. T-cell activation was measured by the cell surface expression
of CD38 and/or HLA-DR at the following time points: acute infection, one-year post-infection,

within one-year pre-ART, and then at two- and four years post-ART initiation (Table 4.4).
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Table 4.4. Median time post-infection and relative to ART for participants where both T-cell

activation and HIV-1 DNA levels were available.

Time pointname  n Median time IQOR Median time Median time IQOR Median time
post-infection (months) post-infection pre/post-ART (months) pre/post-ART
(months) (years) initiation (months) initiation (years)

Acute infection 20 2.0 20-3.0 0.2 30.0 16.8 - 54.0 25
One year post- 20 11.0 10.3-12.8 0.9 32.0 20.3-47.0 2.7
infection
One year pre-ART 24 41.0 21.0-54.3 34 8.0 5.0-10.8 0.7
Two years post-
ART initiation 29 76.0 54.0-91.0 6.3 29.0 245-35.0 24
Four years post- ) )
ART initiation 23 94.0 77.0-112.0 7.8 53.0 48.0-54.0 44

*Values in bold represent timing taken into account in inclusion criteria for samples.

HIV-1 DNA levels at four years post-ART initiation was associated positively with the
contemporaneous frequency of CD4" T-cells co-expressing CD38 and HLA-DR (Figure 4.7). This
correlation did not reach statistical significance for pol DNA levels (P=0.0583, r=0.83) but was
significant for gag DNA levels (P=0.0333, 0.089). There were no significant correlations with
activated CD4* T-cells and HIV-1 DNA levels at two-years post-ART initiation. Furthermore,

there was no relationship between CD8* T-cell activation and HIVV-1 DNA levels.
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Figure 4.7. The relationship between CD4* T-cell activation and HIVV DNA levels at 4 years post-ART.
There was a significant correlation between contemporaneous CD4* T-cell activation (measured as the
frequency of CD38*HLA-DR*CD4" T-cells) and gag copies per million PBMC (n=6). A trend towards a
correlation was found between CD4* T-cell activation and pol copies per million PBMC (n=6). A Spearman
rank correlation was used to evaluate these relationships.

The impact of T-cell activation on the change in HIV-1 DNA levels between two- and four years
post-ART initiation was assessed. The frequency of HLA-DR-expressing CD8* T-cells at both
two- and four years post-ART initiation did not correlate with the fold-change in HIV-1 DNA
(Figure 4.8), although there was a trend towards a correlation. No other activation markers showed

any significant associations with HIVV-1 DNA levels.
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Figure 4.8. The relationship between CD8* T-cell activation and fold-change in HIV-1 DNA levels.
There were trends towards a correlation between the frequency of activated CD8" T-cells at both two- and
four years post-ART initiation and HIV-1 DNA levels (both pol and gag). Spearman correlations were
performed to test the significance of these relationships.

4.3.6 Plasma concentrations of inflammatory mediators correlate with HIV-1 DNA load

Finally, the relationship between plasma concentrations of inflammatory markers and viral
persistence as measured by DNA reservoir size was evaluated. Samples were selected for each of
the five time points in this study (Table 4.5). Median and interquartile ranges differ slightly from

those in Table 4.4 (immune activation time points) due to samples being available for a greater
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Table 4.5. Median time post-infection and relative to ART for participants where both

inflammation and HIV-1 DNA levels were available.

Time pointname  n Median time IQOR Median time Median time IOR Median time
post-infection (months) post-infection pre/post-ART (months) = post-infection
(months) (years) initiation (months) (years)

Acute infection 27 2.0* 1.0-3.0 0.2 46.0 27.0-57.0 3.8
One year post- 27 11.0 10.0-13.0 0.9 30.0 20.0 - 47.0 25
infection
One year pre-ART = 27 38.0 20.0-55.0 3.2 8.0 4.0-11.0 0.7
Two years post-
ART initiation 30 75.0 52.8-90.5 6.3 29.5 24.8-35.0 2.5
Four years post- ) )
ART initiation 28 95.0 73.3-111.0 7.9 53.5 48.0-54.0 45

*Values in bold represent timing taken into account in inclusion criteria for samples.

Spearman correlations were performed to test the relationship between the concentrations of I1L-6,
TNF-a, CXCL-10 (also known as 1P10), soluble CD163 (sCD163) or soluble CD14 (sCD14) and
HIV-1 DNA frequencies measured by pol and gag copies per million PBMC at two- and four years
post-ART initiation (Figure 4.9). HIV-1 pol copy number at four years post-ART initiation
correlated strongly with plasma concentrations of TNF-o (P= 0.007; r= 0.929; n=7) and CXCL-
10 (P=0.003; r=0.964; n=7) at one-year post infection, and with TNF-o (P= 0.022; r= 0.810; n=

8) within one-year pre-ART.

Similarly, HIV-1 gag copy number at four years post-ART initiation correlated with plasma
concentrations of CXCL-10 at one-year post infection (P=0.017; r=0.943; n=6), and within one-
year pre-ART (P= 0.024; r= 0.857; n=7), respectively. HIV-1 gag copy number at 2 years post-
ART also correlated with contemporaneous sCD163 (P= 0.05; r= 0.383; n= 27). None of the

relationships remained significant after P-value cut-off correction.
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Lastly, there were no significant relationships (after P-value cut-off correction) between plasma
analyte levels at any time point and HIV-1 DNA levels measured at two years post-ART. There
were also no significant correlations between contemporaneous plasma analyte concentrations and
HIV-1 DNA levels at both two- and four years post-ART initiation.

HIV-1 DNA measured at

2 years post-ART 4 years post-ART
— IL-6-]0.192 [ 0.159 |-0.022 |-0.033 |-0.029 ||| 0.184 | 0.519 |-0.143 |-0.133| 0.502 — 0.05
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L) 4004
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Figure 4.9. Heatmap of the associations between on-ART HIV-1 DNA levels and plasma
inflammatory marker levels measured at different time points over the course of infection. The
heatmap shows Spearman correlation coefficients for each correlation between the cytokine concentration
(pg/mL in plasma) and either pol or gag frequency (logiocopies per million PBMC). The bar on the right of
the figure shows the colour scale for uncorrected P-values of significance between 0 and 0.05. Significant
correlations are coloured according to the scale, with non-significant correlations in white. The number of
participants in each correlation were as follows (h=pol 2 year, pol 4 year, gag 2 year, gag 4 year,
respectively): acute infection n=26, 9, 25, 8; one-year post-infection (p.i.) n=25, 8, 24, 7; within one year
pre-ART n=23, 8, 24, 7; two years post-ART initiation n=28, 9, 27, 8; and four years post-ART initiation
n=23, 9, 22, 8.
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4.4 Discussion

Given the burden of HIV-1 in sub-Saharan Africa, this is an important setting for cure studies if a
global cure is to be achieved. We aimed to address the gap in knowledge of correlates of viral
persistence, of which HIV-1 DNA is a marker, in the context of HIV-infected African women.
While there have been studies reporting differences in HIV-1 DNA levels between different
populations in the global North, data from African cohorts is limited. To our knowledge this is
only the second study to characterize total HIV-1 DNA in an African cohort, and the first in South
African women infected predominantly with subtype C. An advantage of characterizing this
specific cohort was that ART was initiated at different CD4" T-cell counts, reflective of the change
in treatment guidelines in South Africa over time, although all participants initiated ART during
chronic infection. This scenario is applicable to many sub-Saharan African countries where early

treatment has only recently been adopted, if at all, and reflect a great majority of PLWH.

In this study, viral persistence in a cohort of South African women was characterized by measuring
HIV-1 DNA levels (pol and gag copy number) in PBMC after two- and four years of ART. The
assay used was adapted from a subtype B based ddPCR protocol described by Strain et al. [65].
ddPCR is more precise than gPCR and is less sensitive to primer/probe mismatches. However, a
drawback of ddPCR is the occurrence of false-positives, which are less frequent in gPCR [65,
262]. In our study, this was controlled for by setting conservative thresholds based on uninfected
control samples. Infected cell frequencies did not differ significantly between two- and four years
post-ART initiation for both gag and pol DNA levels. However, there was a trend towards lower
pol copies per million PBMC at four-years post-ART initiation compared to two years. The lack
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of a difference in HIVV-1 DNA levels between time points is not unexpected. The total HIV-1 DNA
reservoir has been shown to have a half-life of 140 months [256], longer than that reported for the
replication-competent reservoir [62, 63], thus the degree of decay over two years would be
minimal. Furthermore, a study in Kenyan women evaluating decay of gag and env sequences found

that decay rates differed between the two genes [118], although not significantly.

In some participants, pol and gag DNA levels were discordant, either with a large discrepancy in
copy number or where one gene was detectable but the other undetectable. Discordant pol and gag
DNA levels were reported in one other study reporting on HIVV-1 DNA dynamics in a large cohort
[256]. Intact genomes have been found to decay more rapidly than defective genomes in the first
seven years of treatment [263], which may be contributing to the observed discordance if genome
deletions are more common on some regions compared to others. Supporting this, deletion
mapping in PBMC shows an accumulation of large deletions over time in acutely (subtype C)
infected individuals [129]; and subtype B-infected [148] individuals treated during chronic
infection more frequently in pol than in gag. Although we cannot be sure that deletions in
chronically infected individuals map similarly in a subtype C context compared to subtype B, the
differences in deletion patterns are likely to play a role in susceptibility of total HIV-1 DNA

measures to variation depending on the gene region targeted.

Due to the similarity in methodology used, results from this study could be compared to published
studies quantifying HIV-1 DNA levels post-ART [78, 79, 83, 248-250, 255, 257-261].

Furthermore, these studies have been conducted in cohorts where participants initiated treatment
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at different times post-infection, in elite controllers, and also post-treatment controllers, providing
a spectrum for comparison. HIV-1 DNA levels in our study cohort were similar to those reported
in the European studies where the participants initiated ART during chronic infection. While the
AMFAR [248] and LoViReT [261] studies used ddPCR to quantify gag copies per million PBMC
(and the LTR in LoViReT), allowing for a more acceptable comparison with our results, a caveat
of the comparison with most of the ANRS studies is that qPCR was used to quantify LTR copies
per million PBMC [264]. All studies, however, used unfractionated PBMC as a sample type. One
other study characterized HIV-1 DNA in men and women from a Ugandan cohort [9] but our
findings cannot be compared directly due to the fact that HIV-1 DNA levels were measured in
isolated resting CD4* T-cells. We acknowledge that the list of comparator studies is not exhaustive.
Nevertheless, the similarity in HIV-1 DNA levels between European and African cohorts treated
from chronic infection may indicate that the time of ART initiation is a more significant

determinant of HIVV-1 DNA persistence than population.

This study found a positive correlation between contemporaneous memory CD4* T-cell activation
and HIV-1 DNA levels at four years post-ART initiation. We hypothesize that residual memory
CD4" T-cell activation that persists for longer than two years on ART results in a greater HIV-1
DNA load in chronically treated individuals. This could be related to the degree of homeostatic
proliferation or clonal expansion occurring in CD4" T-cells, expanding the HIV-1 DNA copy

number.
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In addition, memory CD8* T-cell activation at both two- and four years post-ART trended towards
a positive correlation with the fold-change in HIV-1 DNA levels between two- and four years post-
ART initiation. This finding is unexpected as CD8" T-cell activation would more likely be
associated with clearance of cells with low-level HIV expression, although a positive relationship
was observed between memory CD8" T-cell activation and replication-competent reservoir size in
Chapter 3. It is important to note that these measures were not in HI\VV-specific CD8* T-cells, and
the association requires further exploration with larger sample numbers. Moreover, we did not
consider the co-infection burden in these participants and whether this may have an effect on

memory T-cell count and activation, which should be addressed in future studies.

In a mixed-sex cohort, one study reported no association between HIV-1 DNA at one-year post-
ART initiation and CD4" T-cell activation (measured as the frequency of CD4*CD38" T-cells)
[88]. However, it is important to contextualize the findings in our cohort as studies comparing the
reservoir between biological sexes note differences in immune correlates of the reservoir, even
when no difference in HIV-1 DNA levels were observed. The study in a Ugandan cohort by
Prodger et al. [9] found a difference in replication-competent reservoir size but not HIV-1 DNA
levels in resting CD4" T-cells between men and women. Similar to Prodger et al. [9], both
Falcinelli et al. [243] and Scully et al. [224] report no difference in HIVV-1 DNA per million resting
CD4" T-cells and total CD4" T-cells, respectively. Although, the latter study reported a trend
towards lower inducible HIV-1 RNA in women, both studies attributed these differences to unique
immune correlates between the sexes. Scully et al. showed a difference between males and females

in correlates of both total and integrated HIV-1 DNA (measures that correlate with one another),
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with CD4" T-cell count nadir being a strong negative correlate in males but not statistically

relevant in females.

Our study found no association between HIV-1 DNA levels in PBMC and CD4" T-cell nadir, but
we did identify a correlation with contemporaneous CD4" T-cell count at four years post-ART.
This is in keeping with our hypothesis of increased CD4" T-cell activation, also positively
correlated with HIV-1 DNA levels at this time point, leading to increased clonal expansion. As
expected, we found a trend towards a correlation between HIV-1 DNA levels and plasma VL at
ART initiation (with only trends towards positive associations observed between AUC VL and
HIV-1 pol DNA levels). Relationships between HIV-1 DNA measures and T-cell activation have
also been described and found to differ between the sexes. Scully et al. found no correlations
between CD38"HLA-DR* CD4" subsets and integrated HIV-1 DNA in CD4" T-cells in females,
but strong correlations of these same subsets in males [224]. Furthermore, Falcinelli et al. found
no difference in CD38"HLA-DR* CD4" frequency between matched males and females [243] and
no relationship between the frequency of CD38"HLA-DR* CD4" T-cells and proviral HIV-1 DNA
(gag DNA copies per million resting CD4" T-cells) in men or women. There seems to be
differences in correlates of HIVV-1 DNA levels between cohorts when comparing males and
females, however this is confounded by differences in methodologies across studies, an issue that
needs to be addressed by exploring assays that can be used in clinical trial settings so that results

are directly comparable.
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Interestingly, there was a weak positive association between CD4* T-cell count at ART initiation
and fold-change in HIV-1 DNA levels. That is, a higher fold-reduction in the detection of HIV-1
DNA was associated with a lower CD4 count. This could likely be attributed to thymic output after
ART initiation and CD4"* T-cell recovery resulting in a reduction in infected cell frequency. We
were not able to assess the levels of recent thymic emigrants (RTES) in this study. However, in
adults and in children, an increased frequency of RTEs, indicating a higher thymic output, is
observed in individuals on ART compared to baseline (ART initiation) even in chronic infection
[265, 266]. Moreover, in children, this increase in RTE frequency was associated with a decline
of cell-associated HIV-1 DNA independent of age or CD4" T cell count at ART initiation [267].
RTE frequency in both adults and children at baseline correlates with RTE frequency on ART
[265, 266]. Thus, it is likely that the same relationship between RTE frequency and HIV-1 DNA
exists in adults. A limitation of our findings was that multiple comparisons were not corrected for

due to the small sample size where HIVV-1 DNA and immune activation measures overlapped.

Finally, we tested associations between soluble markers of inflammation in plasma and HIV-1
DNA levels. HIV-1 DNA levels at four years post-ART initiation were associated with the
concentrations of TNF-o. and CXCL-10 in plasma during early and late chronic infection and also
sCD163 during late chronic infection. In a study in Thai individuals (predominantly males) who
received early treatment (RV254 cohort), pre-treatment levels of soluble biomarkers, including
TNF-0 and CXCL-10, were determined to correlate with contemporaneous VL and also HIV-1
DNA levels at treatment initiation. However, neither TNF-o nor CXCL-10 associated with HIV-1

DNA 96 weeks after treatment, while other markers such as MCP-1, STNRF-II, MIP-33, and MIG
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did [13]. Firstly, this may point to differences in biomarkers associated with reservoir formation
between early and chronically treated individuals. A recent study from Spain showed that a range
of cytokines, including CXCL-10, were not significantly different in PLWH with low versus
higher (>50 copies per million PBMC) levels of HIV-1 DNA, although no correlation analysis was
performed. Secondly, these differences between inflammatory correlates of HIV-1 DNA levels in
PBMC may be confounded by differences in cytokine profiles between males and females [52].
Even so, both studies point to the cytokine milieu close to ART initiation being associated with
HIV-1 DNA levels in PLWH on treatment. This finding is in accordance with our observations in
the previous chapter. Lastly, in one study, authors found no correlations between HIV-1 DNA
levels and levels of IL-6, SCD14 or sCD136 at four years on ART [229], consistent with our

findings that contemporaneous inflammation is not associated with HIV-1 DNA levels on ART.

In Chapter 3 of this thesis, the clinical and immunological correlates of the replication-competent
HIV-1 reservoir were described for twenty of the women in the CAPRISA 002 cohort. We found
a difference in the correlates of HIV-1 DNA in PBMC and replication-competent reservoir size.
Furthermore, total HIV-1 DNA levels in PBMC did not correlate with the frequency of infectious
units per CD4" T-cells, similar to other studies [245]. Thus, while findings of this study provide
insight into reservoir formation and dynamics in African cohorts, they cannot be applied to the
replication-competent fraction of the reservoir. In addition, a limitation of this study was the small
sample size in some of the comparisons, which means that our results should be taken as
hypothesis-forming in nature and that further studies are needed to confirm these findings. The

latter is important particularly with regards to the differences in correlates of HIV-1 DNA at two

142



versus four years post-ART, where the sample sizes differ significantly (n=28 and 9, respectively)
and may influence these statistics. Finally, the intact proviral DNA assay (IPDA) has recently been
developed to differentiate intact and defective copies of HIV-1 DNA using ddPCR [56]. This
method differentiates between intact proviruses and defective proviruses with 3” and 5’ deletions.
IPDA estimates correlate with QVOA estimates for the frequency of replication-competent HIV-
1inresting CD4" T-cells [268, 269]. However, this assay is yet to be optimized for non-B subtypes
of HIV-1. Future work will evaluate both intact and defective portions of the HIV-1 DNA reservoir
using IPDA, and will provide further resolution on correlates of importance in cell-associated

DNA dynamics on ART.
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CHAPTER 5

Discussion

Forty years after the discovery that HIV-1 causes acquired immunodeficiency syndrome (AIDS),
we still have not found an effective preventative vaccine or cure, resulting in an accumulating
number of people on treatment. ART has resulted in HIV-1 infection becoming a manageable
chronic disease however HIV-1 persists in a latent viral reservoir requiring lifelong ART and thus
a growing number of people needing treatment. This is placing an increased burden on society,

necessitating the need for an HIV cure.

The latent reservoir is influenced by the time of ART initiation, infecting viral subtype, immune
responses to HIV-1, and disease progression, and sexes [8-10]. Millions of individuals globally
only initiate ART during chronic infection, many of whom may also have difficulties in continuity
of accessing treatment. In South Africa, approximately a third of individuals are diagnosed during
chronic infection at a low CD4" T-cell count [202]. Thus, it is imperative that cure research takes
place in diverse settings to ensure that cure interventions are globally applicable. The overall focus
of this thesis was the characterization of immune activation and inflammation both before and after
ART in PLWH treated during chronic infection, and to assess their impact on the frequency of
HIV-infected cells after long-term ART. We undertook this research in the CAPRISA 002 acute
infection cohort, consisting of women from a South Africa where subtype C infection
predominates [203]. This is a well-characterized cohort having disease progression [48], adaptive

and innate immunity [89, 212, 213, 217, 270, 271], host genetics and viral factors described in
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previous studies [115, 272]. We have now added a study on correlates of the HIV-1 latent reservoir.
We measured HIV-1 DNA levels at two- and four years post-ART initiation. Despite minor
differences in methodology, HIV-1 DNA levels in our study cohort were similar to those reported
in the European studies where ART was initiated during chronic infection [78, 79, 83, 248, 257,
261]. Notably, to our knowledge, this is only the second study reporting these frequencies in an
African cohort [8, 9]. This suggests that despite differences in viral subtype, demographic
characteristics, and methodologies, the size of the HIV-1 reservoir likely has conserved features

across different populations.

We characterized memory T-cell activation over time in both untreated and treated HIV-1
infection. As expected, memory CD4* and CD8" T-cell activation increased significantly over the
course of untreated infection. Upon ART initiation, the frequency of activated memory CD4" and
CD8" T-cells decreased significantly and reached a plateau between two and four years on ART.
While we did not measure T-cell activation in these subjects before infection, studies suggest that
T-cell activation does not normalize to levels observed in HIV-1 uninfected individuals [213, 217].
There were no correlations between memory CD4" T cell activation at any time point and
replication-competent reservoir size. However, this study found a positive correlation between
contemporaneous memory CD4" T-cell activation and HIVV-1 DNA levels at four years post-ART
initiation. We hypothesize that residual CD4" T-cell activation is related to proliferation of cells
containing HIV-1 DNA, expanding the DNA reservoir. We found that the frequency of activated
memory CD8" T-cells was a positive predictor of replication-competent reservoir size. In addition,

memory CD8* T-cell activation at both two- and four years post-ART correlated positively with
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the fold-change in HIVV-1 DNA levels between two- and four years post-ART initiation. Together,
these findings indicate an inadequate clearance of infected cells, potentially due to T-cell

dysfunction [227] and a reduced cytotoxic ability [228].

We went on to characterize systemic inflammation by measuring plasma concentrations of five
analytes: IL-6, TNF-a, CXCL-10, sCD163 and sCD14. Similar to other studies, we showed a
decrease in TNF-a, CXCL-10, and sCD163 upon ART initiation, and a persistently elevated level
of sCD14 after ART. Interestingly, plasma IL-6 concentrations during untreated infection in this
cohort were similar to levels reported for HIV-1 uninfected individuals. Also of note was the
significant decrease in CXCL-10 between two and four years on ART, providing evidence for
ongoing immune cell activation well after treatment initiation. Plasma CXCL-10 levels during
acute infection were a positive correlate of the replication-competent reservoir. We hypothesize
that this finding is attributable to infection of resting CD4" T-cells [237, 238] or an expansion of
already-infected Thi-polarized CD4" T-cells. We also found that plasma sCD14 concentration at
four years on ART was a negative correlate of replication-competent reservoir size. We
hypothesize that the latter finding is due to ongoing systemic inflammation, possibly driven by
production of Gag p24 in the gut and lymph nodes of infected individuals [242], resulting in
increased cell turnover and a reduced reservoir size. Finally, there was only a trend towards a
correlation between chronic inflammation (from one-year post-infection through to one year pre-
ART) and HIV-1 DNA levels at four years post-ART initiation, namely CXCL-10 and TNF-a
concentrations. Our findings were differed from other studies identifying correlates of HIV-1 DNA

[13, 229], that either found a different set of markers of inflammation to be correlates of the
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reservoir or found no correlations between the markers measured in our study and the reservoir.
Despite this, these findings may highlight potential differences between early and late treated
individuals or differences in inflammatory mediator expression between females and males [52].
Further studies into the abovementioned hypotheses are necessary, including potential studies into
the mechanisms underlying the link between expression of inflammatory mediators and the latent

reservoir of HIV-1.

A limitation of this study was the small sample size, making this research exploratory. Hence, this
research should be taken as hypothesis-generating rather than elucidating mechanisms of reservoir
formation and maintenance. This study has identified several avenues for future work. Firstly, the
correlates of the replication-competent reservoir and the total HIV-1 DNA reservoir differ. Our
study was not able to measure these in the same samples. Employing an assay such as the IPDA
[56] will allow simultaneous measurement of both intact and defective genome frequencies in the
latent reservoir, while differentiating between defective copies with 5* and 3’ defects. This will
provide further resolution on correlates of importance in cell-associated DNA dynamics on ART.
Secondly, elucidating the mechanisms behind the association of T-cell activation and replication-
competent reservoir is paramount. Early ART is not accessible to everyone in LMICs.
Interventions to mitigate T-cell dysfunction until ART can be initiated may result in a smaller
reservoir being established. Ongoing exploratory research also includes evaluating the associations
between T-cell activation, inflammation and timing of establishment of the latent reservoir, and

other characteristics such as the drivers of clonality. Finally, these findings need to be confirmed
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in other African cohorts, and in cohorts including male participants, to determine whether these

findings are generalizable to other populations.

Lastly, our sample size precludes the evaluation of the contribution of other chronic co-infections
to T-cell activation in PLWH on long-term ART. Nevertheless, we can speculate that co-infections
that result in an increased VL set-point or increase the VL significantly within the year preceding
ART initiation would result in the establishment of a larger replication-competent reservoir.
Further, large-scale studies would be needed to evaluate the roles of different co-infections on

reservoir formation.

In conclusion, we find that in South African women who initiate therapy during chronic infection,
VL and CD4* T-cell dynamics before treatment initiation, as well as immune reconstitution, are
important determinants of replication-competent reservoir size. Our research also supports
previous findings that the year preceding ART is an important period in reservoir formation [10,
117, 118], with our findings that both cumulative VL and memory CD8" T-cell activation within
the year preceding ART predict replication-competent reservoir size. Furthermore, the correlates
of replication-competent reservoir size and HIV-1 DNA levels differ, with ongoing T-cell
activation on ART (both memory CD4* and memory CD8" cells) being predictors. Our study is
the first to undertake a detailed study on immune and clinical correlates influencing reservoir size
in a cohort of African women, paving the way for future cure studies in this cohort. Our findings

provide insights for possible cure interventions in future.

148



References

1. UNAIDS. Fact Sheet - Global AIDS Update 2019. UNAIDS. 2019.

https://www.unaids.org/en/resources/fact-sheet. Accessed 13 Apr 2021.

2. Freiberg MS, Chang C-CH, Kuller LH, Skanderson M, Lowy E, Kraemer KL, et al. HIV
infection and the risk of acute myocardial infarction. JAMA Intern Med. 2013;173:614.

doi:10.1001/jamainternmed.2013.3728.

3. Brown TT, Qagish RB. Antiretroviral therapy and the prevalence of osteopenia and

osteoporosis: a meta-analytic review. AIDS. 2006;20:2165-74.

doi:10.1097/QAD.0b013e32801022¢b.

4. Saag MS, Gandhi RT, Hoy JF, Landovitz RJ, Thompson MA, Sax PE, et al. Antiretroviral drugs
for treatment and prevention of HIV infection in adults. JAMA. 2020;324:1651.

doi:10.1001/jama.2020.17025.

5. Finzi D. Identification of a reservoir for HIV-1 in patients on highly active antiretroviral therapy.

Science. 1997;278:1295-300. doi:10.1126/science.278.5341.1295.

6. Finzi D, Blankson J, Siliciano JD, Margolick JB, Chadwick K, Pierson T, et al. Latent infection
of CD4+ T cells provides a mechanism for lifelong persistence of HIV-1, even in patients on

effective combination therapy. Nat Med. 1999;5:512-7.

7. Chun T-W, Stuyver L, Mizell SB, Ehler LA, Mican JAM, Baseler M, et al. Presence of an
inducible HIV-1 latent reservoir during highly active antiretroviral therapy. Proc Natl Acad Sci.

1997;94:13193-7. doi:10.1073/pnas.94.24.13193.

149



8. Prodger JL, Lai J, Reynolds SJ, Keruly JC, Moore RD, Kasule J, et al. Reduced frequency of
cells latently infected with replication-competent Human Immunodeficiency Virus-1 in virally
suppressed individuals living in Rakai, Uganda. Clin Infect Dis. 2017;65:1308-15.

doi:10.1093/cid/cix478.

9. Prodger JL, Capoferri AA, Yu K, Lai J, Reynolds SJ, Kasule J, et al. Reduced HIV-1 latent
reservoir outgrowth and distinct immune correlates among women in Rakai, Uganda. JCI Insight.

2020;5:e139287. d0i:10.1172/jci.insight.139287.

10. Abrahams M-R, Joseph SB, Garrett N, Tyers L, Moeser M, Archin N, et al. The replication-
competent HIV-1 latent reservoir is primarily established near the time of therapy initiation. Sci

Transl Med. 2019;11:eaaw5589. doi:10.1126/scitransImed.aaw5589.

11. Ndhlovu ZM, Kazer SW, Nkosi T, Ogunshola F, Muema DM, Anmole G, et al. Augmentation
of HIV-specific T cell function by immediate treatment of hyperacute HIV-1 infection. Sci Transl

Med. 2019;11:eaau0528. doi:10.1126/scitranslmed.aau0528.

12. Rajasuriar R, Wright E, Lewin SR. Impact of antiretroviral therapy (ART) timing on chronic
immune activation/inflammation and end-organ damage. Curr Opin HIV AIDS. 2015;10:35-42.

doi:10.1097/COH.0000000000000118.

13. Teigler JE, Leyre L, Chomont N, Slike B, Jian N, Eller MA, et al. Distinct biomarker signatures

in HIV acute infection associate with viral dynamics and reservoir size. JCI insight. 2018;3:1-8.

14. Algeria gains inclusion to ViiV Healthcare and MPP adult licence enabling greater access to
dolutegravir-based HIV treatments - MPP. 2020. https://medicinespatentpool.org/news-

publications-post/algeria-gains-access-to-mpp-dtg-adult-licence# _ftnrefl. Accessed 11 Jun 2021.

150



15. Mills EJ, Nachega JB, Buchan I, Orbinski J, Attaran A, Singh S, et al. Adherence to
antiretroviral therapy in sub-Saharan Africa and North America. JAMA. 2006;296:679.

d0i:10.1001/jama.296.6.679.

16. UNAIDS. Global HIV & AIDS statistics — 2020 fact sheet | UNAIDS. 2020.

https://www.unaids.org/en/resources/fact-sheet. Accessed 23 Apr 2021.

17. HIV/AIDS Programme. Antiretroviral therapy for HIV infection in adults and adolescents:

Recommendations for a public health approach. 2006.

https://www.who.int/hiv/pub/guidelines/artadultguidelines.pdf. Accessed 23 Apr 2021.

18. Jewell BL, Mudimu E, Stover J, ten Brink D, Phillips AN, Smith JA, et al. Potential effects of
disruption to HIV programmes in sub-Saharan Africa caused by COVID-19: results from multiple

mathematical models. Lancet HIV. 2020;7:e629—40. doi:10.1016/S2352-3018(20)30211-3.

19. WHO. HIV drug resistance report 2019. https://www.who.int/publications-detail-

redirect/WHO-CDS-HIV-19.21. Accessed 21 Apr 2021.

20. Clutter DS, Jordan MR, Bertagnolio S, Shafer RW. HIV-1 drug resistance and resistance

testing. Infect Genet Evol. 2016;46:292-307. doi:10.1016/j.meegid.2016.08.031.

21. Kaleebu P, Kirungi W, Watera C, Asio J, Lyagoba F, Lutalo T, et al. Virological response and
antiretroviral drug resistance emerging during antiretroviral therapy at three treatment centers in

Uganda. PL0S One. 2015;10:e0145536. doi:10.1371/journal.pone.0145536.

22. World Health Organization. Consolidated Guidelines On The Use Of Antiretroviral Drugs For

Treating And Preventing Hiv Infection. WHO 2013 Consol Guidel. 2013; June.

151



https://apps.who.int/iris/handle/10665/208825. 23 Apr 2021.

23. WHO. Consolidated guidelines on the use of antiretroviral drugs for treating and preventing
HIV infection. 2016. HIV infection. 2016. https://apps.who.int/iris/handle/10665/208825. 23 Apr

2021.

24. Edessa D, Sisay M, Asefa F. Second-line HIV treatment failure in sub-Saharan Africa: A

systematic review and meta-analysis. PLoS One. 2019;14:e0220159.

doi:10.1371/journal.pone.0220159.

25. WHO. Tackling HIV drug resistance: Trends, guidelines, and global action. 2017.
https://apps.who.int/iris/bitstream/handle/10665/255881/WHO-HIV-2017.21-eng.pdf. Accessed

23 Apr 2021.

26. HIV Market Report: The state of HIV treatment, testing, and prevention in low- and middle-
income countries. Clinton Health Access Initiative. 2020. https://3cdmh310dov3470e6x160esh-
wpengine.netdna-ssl.com/wp-content/uploads/2020/09/2020-CHAI-HIV-Market-Report.pdf.

Accessed 23 Apr 2021.

27. Boffito M, Waters L, Cahn P, Paredes R, Koteff J, Van Wyk J, et al. Perspectives on the barrier
to resistance for dolutegravir + lamivudine, a two-drug antiretroviral therapy for HIVV-1 infection.

AIDS Res Hum Retroviruses. 2020;36:13—-8. doi:10.1089/aid.2019.0171.

28. Wasti SP, Simkhada P, Randall J, Freeman J V, van Teijlingen E. Factors influencing
adherence to antiretroviral treatment in Nepal: A mixed-methods study. PLoS One.

2012;7:35547. doi:10.1371/journal.pone.0035547.

29. Anderson K, Muloiwa R, Davies M-A. Long-term outcomes in perinatally HIV-infected
152



adolescents and young adults on antiretroviral therapy: a review of South African and global

literature. African J AIDS Res. 2020;19:1-12. doi:10.2989/16085906.2019.1676802.

30. Ahoua L, Guenther G, Pinoges L, Anguzu P, Chaix M-L, Le Tiec C, et al. Risk factors for
virological failure and subtherapeutic antiretroviral drug concentrations in HIV-positive adults

treated in rural northwestern Uganda. BMC Infect Dis. 2009;9:81. doi:10.1186/1471-2334-9-81.

31. Posse M, Meheus F, Van Asten H, Van Der Ven A, Baltussen R. Barriers to access to
antiretroviral treatment in developing countries: a review. Trop Med Int Heal. 2008;13:904-13.

doi:10.1111/5.1365-3156.2008.02091.x.

32. Geretti AM, Harrison L, Green H, Sabin C, Hill T, Fearnhill E, et al. Effect of HIV-1 subtype
on virologic and immunologic response to starting highly active antiretroviral therapy. Clin Infect

Dis. 2009;48:1296-305. doi:10.1086/598502.

33. Bocket L, Cheret A, Deuffic-Burban S, Choisy P, Gerard Y, de la Tribonniere X, et al. Impact
of Human Immunodeficiency Virus type 1 subtype on first-line antiretroviral therapy

effectiveness. Antivir Ther. 2005;10:247-54. http://www.ncbi.nlm.nih.gov/pubmed/15865219.

34. Easterbrook PJ, Smith M, Mullen J, O’Shea S, Chrystie I, Ruiter A, et al. Impact of HIV-1
viral subtype on disease progression and response to antiretroviral therapy. J Int AIDS Soc.

2010;13:4-4. doi:10.1186/1758-2652-13-4.

35. Poon AFY, Ndashimye E, Avino M, Gibson R, Kityo C, Kyeyune F, et al. First-line HIV
treatment failures in non-B subtypes and recombinants: A cross-sectional analysis of multiple

populations in Uganda. AIDS Res Ther. 2019;16.

36. Bar-Magen T, Donahue D a, McDonough El, Kuhl BD, Faltenbacher VH, Xu H, et al. HIV-1

153



subtype B and C integrase enzymes exhibit differential patterns of resistance to integrase inhibitors

in biochemical assays. AIDS. 2010;24:2171-9. doi:10.1097/QAD.0b013e32833cf265.

37. Quashie PK, Mesplede T, Han Y-S, Oliveira M, Singhroy DN, Fujiwara T, et al.
Characterization of the R263K mutation in HIV-1 integrase that confers low-level resistance to the
second-generation integrase strand transfer inhibitor dolutegravir. J Virol. 2012;86:2696—705.

doi:10.1128/JV1.06591-11.

38. Grossman Z, Vardinon N, Chemtob D, Alkan ML, Bentwich Z, Burke M, et al. Genotypic
variation of HIV-1 reverse transcriptase and protease: comparative analysis of clade C and clade

B. AIDS. 2001;15:1453-60. doi:10.1097/00002030-200108170-00001.

39. Kyeyune F, Nankya I, Metha S, Akao J, Ndashimye E, Tebit DM, et al. Treatment failure and
drug resistance is more frequent in HIV-1 subtype D versus subtype A-infected Ugandans over a

10-year study period. AIDS. 2013;27:1899-909. doi:10.1097/QAD.0b013e3283610ec?7.

40. Theys K, Libin PJK, Van Laethem K, Abecasis AB. An evolutionary model-based approach
to quantify the genetic barrier to drug resistance in fast-evolving viruses and its application to HIV-

1 subtypes and integrase inhibitors. Antimicrob Agents Chemother. 2019;63:1-12.

doi:10.1128/AAC.00539-19.

41. Touloumi G, Pantazis N, Pillay D, Paraskevis D, Chaix M-L, Bucher HC, et al. Impact of HIV-
1 subtype on CD4 count at HIV Seroconversion, rate of decline, and viral load set point in

European seroconverter cohorts. Clin Infect Dis. 2013;56:888-97. doi:10.1093/cid/cis1000.

42. Novitsky V, Wang R, Bussmann H, Lockman S, Baum M, Shapiro R, et al. HIV-1 subtype C-
infected individuals maintaining high viral load as potential targets for the “test-and-treat”

154



approach to reduce HIV transmission. PLoS One. 2010;5:e10148.

doi:10.1371/journal.pone.0010148.

43. Kiwanuka N, Laeyendecker O, Robb M, Kigozi G, Arroyo M, McCutchan F, et al. Effect of
Human Immunodeficiency Virus type 1 (HIV-1) subtype on disease progression in persons from

Rakai, Uganda, with incident HIV-1 infection. J Infect Dis. 2008;197:707-13.

doi:10.1086/527416.

44. Kaleebu P, French N, Mahe C, Yirrell D, Watera C, Lyagoba F, et al. Effect of Human
Immunodeficiency Virus (HIV) type 1 Envelope subtypes A and D on disease progression in a
large cohort of HIV-1-positive persons in Uganda. J Infect Dis. 2002;185:1244-50.

d0i:10.1086/340130.

45. Kaleebu P, Nankya IL, Yirrell DL, Shafer LA, Kyosiimire-Lugemwa J, Lule DB, et al. Relation
between chemokine receptor use, disease stage, and HIV-1 subtypes A and D. JAIDS J Acquir

Immune Defic Syndr. 2007;45:28-33. doi:10.1097/QAI.0b013e3180385aa0.

46. Venner CM, Nankya I, Kyeyune F, Demers K, Kwok C, Chen PL, et al. Infecting HIV-1
subtype predicts disease progression in women of sub-Saharan Africa. EBioMedicine.

2016;13:305-14.

47. Kiwanuka N, Laeyendecker O, Quinn TC, Wawer MJ, Shepherd J, Robb M, et al. HIV-1
subtypes and differences in heterosexual HIV transmission among HIV-discordant couples in

Rakai, Uganda. AIDS. 2009;23:2479-84. d0i:10.1097/QAD.0b013e328330cc08.

48. Mlisana K, Werner L, Garrett NJ, McKinnon LR, van Loggerenberg F, Passmore J-AS, et al.

Rapid disease progression in HIV-1 subtype C—infected South African women. Clin Infect Dis.
155



2014;59:1322-31. doi:10.1093/cid/ciu573.

49. Abdool Karim Q, Havlir D, Phanuphak N. Putting women in the centre of the global HIV

response is key to achieving epidemic control! J Int AIDS Soc. 2020;23:23-5.

50. Farzadegan H, Hoover DR, Astemborski J, Lyles CM, Margolick JB, Markham RB, et al. Sex
differences in HIV-1 viral load and progression to AIDS. Lancet. 1998;352:1510-4.

d0i:10.1016/S0140-6736(98)02372-1.

51. Sankaran-Walters S, Macal M, Grishina I, Nagy L, Goulart L, Coolidge K, et al. Sex
differences matter in the gut: effect on mucosal immune activation and inflammation. Biol Sex

Differ. 2013;4:10. doi:10.1186/2042-6410-4-10.

52. Klein SL, Flanagan KL. Sex differences in immune responses. Nat Rev Immunol.

2016;16:626—38. doi:10.1038/nri.2016.90.

53. Kohio HP, Ajoge HO, Coleman MD, Ndashimye E, Gibson RM, Arts EJ, et al. Specialized
DNA structures act as genomic beacons for integration by evolutionarily diverse retroviruses.

bioRxiv. 2020. 2020.02.23.959932 doi: 10.1101/2020.02.23.959932.

54. Falcinelli SD, Ceriani C, Margolis DM, Archin NM. New frontiers in measuring and

characterizing the HIV reservoir. Front Microbiol. 2019;10 December:1-17.

doi:10.3389/fmich.2019.02878.

55. Bruner KM, Murray AJ, Pollack RA, Soliman MG, Laskey SB, Capoferri AA, et al. Defective
proviruses rapidly accumulate during acute HIV-1 infection. Nat Med. 2016;22:1043-9.

doi:10.1038/nm.4156.

156



56. Bruner KM, Wang Z, Simonetti FR, Bender AM, Kwon KJ, Sengupta S, et al. A quantitative
approach for measuring the reservoir of latent HIV-1 proviruses. Nature. 2019;566:120-5.

doi:10.1038/s41586-019-0898-8.

57. Kwon KJ, Timmons AE, Sengupta S, Simonetti FR, Zhang H, Hoh R, et al. Different human
resting memory CD4 + T cell subsets show similar low inducibility of latent HIV-1 proviruses.

Sci Transl Med. 2020;12:eaax6795. doi:10.1126/scitransimed.aax6795.

58. Ho YC, Shan L, Hosmane NN, Wang J, Laskey SB, Rosenbloom DIS, et al. Replication-
competent noninduced proviruses in the latent reservoir increase barrier to HIV-1 cure. Cell.

2013;155:540-51. doi:10.1016/j.cell.2013.09.020.

59. Antar AAR, Jenike KM, Jang S, Rigau DN, Reeves DB, Hoh R, et al. Longitudinal study
reveals HIV-1-infected CD4+ T cell dynamics during long-term antiretroviral therapy. J Clin

Invest. 2020:130:3543-59.

60. Wong JK, Hezareh M, Ginthard HF, Havlir D V, Ignacio CC, Spina C a, et al. Recovery of
replication-competent HIV despite prolonged suppression of plasma viremia. Science.

1997;278:1291-5.

61. Siliciano JD, Siliciano RF. Enhanced culture assay for detection and quantitation of latently
infected, resting CD4+ T-cells carrying replication-competent virus in HIV-1-infected individuals.

In: Human Retrovirus Protocols. 2005. p. 003-16. doi:10.1385/1-59259-907-9:003.

62. Crooks AM, Bateson R, Cope AB, Dahl NP, Griggs MK, Kuruc JD, et al. Precise quantitation
of the latent HIV-1 reservoir: Implications for eradication strategies. J Infect Dis. 2015;212:1361—

5.

157



63. Siliciano JD, Kajdas J, Finzi D, Quinn TC, Chadwick K, Margolick JB, et al. Long-term
follow-up studies confirm the stability of the latent reservoir for HIV-1 in resting CD4+ T cells.

Nat Med. 2003;9:727-8.

64. Chun T-W, Carruth L, Finzi D, Shen X, DiGiuseppe JA, Taylor H, et al. Quantification of
latent tissue reservoirs and total body viral load in HIV-1 infection. Nature. 1997;387:183-8.

d0i:10.1038/387183a0.

65. Strain MC, Lada SM, Luong T, Rought SE, Gianella S, Terry VH, et al. Highly precise
measurement of HIV DNA by droplet digital PCR. PL0S One. 2013;8:e55943.

doi:10.1371/journal.pone.0055943.

66. Gaebler C, Lorenzi JCC, Oliveira TY, Nogueira L, Ramos V, Lu C-L, et al. Combination of
quadruplex gPCR and next-generation sequencing for qualitative and quantitative analysis of the

HIV-1 latent reservoir. J Exp Med. 2019;216:2253-64. doi:10.1084/jem.20190896.

67. Chun TW, Finzi D, Margolick J, Chadwick K, Schwartz D, Siliciano RF. In vivo fate of HIV-
1-infected T cells: quantitative analysis of the transition to stable latency. Nat Med. 1995;1:1284—

90.

68. Archin NM, Liberty AL, Kashuba AD, Choudhary SK, Kuruc JD, Crooks AM, et al.
Administration of vorinostat disrupts HIV-1 latency in patients on antiretroviral therapy. Nature.

2012;487:482-5. doi:10.1038/nature11286.

69. Pasternak AO, Lukashov V V, Berkhout B. Cell-associated HIV RNA: a dynamic biomarker

of viral persistence. Retrovirology. 2013;10:41. doi:10.1186/1742-4690-10-41.

70. Procopio FA, Fromentin R, Kulpa DA, Brehm JH, Bebin A-G, Strain MC, et al. A novel assay

158



to measure the magnitude of the inducible viral reservoir in HIV-infected individuals.

EBioMedicine. 2015;2:874-83. doi:10.1016/j.ebiom.2015.06.019.

71. Spivak AM, Bosque A, Balch AH, Smyth D, Martins L, Planelles V. Ex vivo bioactivity and
HIV-1 latency reversal by ingenol dibenzoate and panobinostat in resting CD4 + T cells from

aviremic patients. Antimicrob Agents Chemother. 2015;59:5984-91. doi:10.1128/AAC.01077-15.

72. Das B, Dobrowolski C, Luttge B, Valadkhan S, Chomont N, Johnston R, et al. Estrogen
receptor-1 is a key regulator of HIV-1 latency that imparts gender-specific restrictions on the latent

reservoir. Proc Natl Acad Sci. 2018;115:E7795-804. doi:10.1073/pnas.1803468115.

73. Pasternak AO, Berkhout B. What do we measure when we measure cell-associated HIV RNA.

Retrovirology. 2018;15:1-16. doi:10.1186/s12977-018-0397-2.

74. Baxter AE, Niessl J, Fromentin R, Richard J, Porichis F, Charlebois R, et al. Single-cell
characterization of viral translation-competent reservoirs in HIV-infected individuals. Cell Host

Microbe. 2016;20:368-80. doi:10.1016/j.chom.2016.07.015.

75. Baxter AE, Niessl J, Fromentin R, Richard J, Porichis F, Massanella M, et al. Multiparametric
characterization of rare HIV-infected cells using an RNA-flow FISH technique. Nat Protoc.

2017;12:2029-49. doi:10.1038/nprot.2017.079.

76. Pardons M, Baxter AE, Massanella M, Pagliuzza A, Fromentin R, Dufour C, et al. Single-cell
characterization and quantification of translation-competent viral reservoirs in treated and

untreated HIV infection. PLoS Pathog. 2019;15:1007619. doi:10.1371/journal.ppat.1007619.

77. Grau-Exposito J, Serra-Peinado C, Miguel L, Navarro J, Curran A, Burgos J, et al. A novel
single-cell FISH-flow assay identifies effector memory CD4+ T cells as a major niche for HIV-1

159



transcription in HIV-infected patients. MBio. 2017;8:e00876-17. doi:10.1128/mBi0.00876-17.

78. Fourati S, Flandre P, Calin R, Carcelain G, Soulie C, Lambert-Niclot S, et al. Factors associated
with a low HIV reservoir in patients with prolonged suppressive antiretroviral therapy. J

Antimicrob Chemother. 2014;69:753-6. doi:10.1093/jac/dkt428.

79. Cuzin L, Pugliese P, Sauné K, Allavena C, Ghosn J, Cottalorda J, et al. Levels of intracellular
HIV-DNA in patients with suppressive antiretroviral therapy. AIDS. 2015;29:1665-71.

doi:10.1097/QAD.0000000000000723.

80. Nyabuti MN, Petersen ML, Bukusi EA, Kamya MR, Mwangwa F, Kabami J, et al.
Characteristics of HIV seroconverters in the setting of universal test and treat: Results from the

SEARCH trial in rural Uganda and Kenya. PL0oS One. 2021;16:e0243167.

doi:10.1371/journal.pone.0243167.

81. Omondi FH, Chandrarathna S, Mujib S, Brumme CJ, Jin SW, Sudderuddin H, et al. HIV
subtype and Nef-mediated immune evasion function correlate with viral reservoir size in early-

treated individuals. J Virol. 2019;93. doi:10.1128/JV1.01832-18.

82. Henrich TJ, Gandhi RT. Early treatment and HIV-1 reservoirs: A stitch in time? J Infect Dis.

2013;208:1189-93. doi:10.1093/infdis/jit307.

83. Hocqueloux L, Avettand-Fénoél V, Jacquot S, Prazuck T, Legac E, Mélard A, et al. Long-term
antiretroviral therapy initiated during primary HIV-1 infection is key to achieving both low HIV

reservoirs and normal T cell counts. J Antimicrob Chemother. 2013;68:1169—78.

doi:10.1093/jac/dks533.

160



84. Ananworanich J, Schuetz A, Vandergeeten C, Sereti I, de Souza M, Rerknimitr R, et al. Impact
of multi-targeted antiretroviral treatment on gut T cell depletion and HIV reservoir seeding during

acute HIV infection. PLoS One. 2012;7:e33948. doi:10.1371/journal.pone.0033948.

85. Buzon MJ, Martin-Gayo E, Pereyra F, Ouyang Z, Sun H, Li JZ, et al. Long-term antiretroviral
treatment initiated at primary HIV-1 infection affects the size, composition, and decay kinetics of
the reservoir of HIV-1-infected CD4 T cells. J Virol. 2014;88:10056—65. doi:10.1128/JV1.01046-

14.

86. Archin NM, Vaidya NK, Kuruc JAD, Liberty AL, Wiegand A, Kearney MF, et al. Immediate
antiviral therapy appears to restrict resting CD4 + cell HIV-1 infection without accelerating the

decay of latent infection. Proc Natl Acad Sci U S A. 2012;109:9523-8.

87. Boulassel M-R, Chomont N, Pai NP, Gilmore N, Sékaly R-P, Routy J-P. CD4 T cell nadir
independently predicts the magnitude of the HIV reservoir after prolonged suppressive

antiretroviral therapy. J Clin Virol. 2012;53:29-32. doi:10.1016/j.jcv.2011.09.018.

88. Martin GE, Pace M, Shearer FM, Zilber E, Hurst J, Meyerowitz J, et al. Levels of Human
Immunodeficiency Virus DNA Are determined before ART initiation and linked to CD8 T-cell

activation and memory expansion. J Infect Dis. 2020;221:1135-45. doi:10.1093/infdis/jiz563.

89. Roberts L, Passmore J-AS, Mlisana K, Williamson C, Little F, Bebell LM, et al. Genital tract
inflammation during early HIV-1 infection predicts higher plasma viral load set point in women.

J Infect Dis. 2012;205:194-203. doi:10.1093/infdis/jir715.

90. Langford SE, Ananworanich J, Cooper DA. Predictors of disease progression in HIV infection:

a review. AIDS Res Ther. 2007:4:11. doi:10.1186/1742-6405-4-11.

161



91. Claiborne DT, Prince JL, Scully E, Macharia G, Micci L, Lawson B, et al. Replicative fitness
of transmitted HIV-1 drives acute immune activation, proviral load in memory CD4 + T cells, and

disease progression. Proc Natl Acad Sci. 2015;:201421607. doi:10.1073/pnas.1421607112.

92. Wilson EM, Sereti I. Immune restoration after antiretroviral therapy: the pitfalls of hasty or

incomplete repairs. Immunol Rev. 2013;254:343-54. d0i:10.1111/imr.12064.

93. Koesters SA, Matu L, Kiama P, Anzala O, Embree J, Plummer FA, et al. Elevation of immune
activation in Kenyan women is associated with alterations in immune function: implications for

vaccine development. J Clin Immunol. 2004;24:702-9. doi:10.1007/s10875-004-6238-1.

94. Kalinkovich A, Borkow G, Weisman Z, Tsimanis A, Stein M, Bentwich Z. Increased CCR5
and CXCR4 expression in Ethiopians living in Israel: environmental and constitutive factors. Clin

Immunol. 2001;100:107-17. doi:10.1006/clim.2001.5040.

95. Messele T, Abdulkadir M, Fontanet AL, Petros B, Hamann D, Koot M, et al. Reduced naive
and increased activated CD4 and CD8 cells in healthy adult Ethiopians compared with their Dutch

counterparts. Clin Exp Immunol. 1999;115:443-50. doi:10.1046/j.1365-2249.1999.00815.x.

96. Rizzardini G, Piconi S, Ruzzante S, Fusi M, Lukwiya M, Declich S, et al. Immunological
activation markers in the serum of African and European HIV-seropositive and seronegative

individuals. AIDS. 1996;10:15351542.

97. Rizzardini G, Trabattoni D, Saresella M, Piconi S, Lukwiya M, Declich S, et al. Immune
activation in HIV-infected African individuals. Italian-Ugandan AIDS cooperation program.

AIDS. 1998;12:2387-96.

98. Roberts L, Passmore JS, Williamson C, Bebell LM, Mlisana K, Burgers W a, et al. Plasma

162



cytokine levels during acute HIV-1 infection predict HIV disease progression. AIDS.

2010;24:819-31.

99. Margolis DM, Archin NM, Cohen MS, Eron JJ, Ferrari G, Garcia JV, et al. Curing HIV:

Seeking to target and clear persistent infection. Cell. 2020;181:189-206.

doi:10.1016/j.cell.2020.03.005.

100. Churchill MJ, Deeks SG, Margolis DM, Siliciano RF, Swanstrom R. HIV reservoirs: what,

where and how to target them. Nat Rev Microbiol. 2015;14:55-60. doi:10.1038/nrmicro.2015.5.

101. Deeks SG, Lewin SR, Ross AL, Ananworanich J, Benkirane M, Cannon P, et al. International
AIDS Society global scientific strategy: towards an HIV cure 2016. Nat Med. 2016;22:839-50.

doi:10.1038/nm.4108.

102. Poon AFY, Prodger JL, Lynch BA, Lai J, Reynolds SJ, Kasule J, et al. Quantitation of the
latent HIV-1 reservoir from the sequence diversity in viral outgrowth assays. Retrovirology.

2018;15:47. doi:10.1186/s12977-018-0426-1.

103. Vatakis DN, Nixon CC, Zack JA. Quiescent T cells and HIV: an unresolved relationship.

Immunol Res. 2010;48:110-21. doi:10.1007/s12026-010-8171-0.

104. Wei X, Ghosh SK, Taylor ME, Johnson VA, Emini EA, Deutsch P, et al. Viral dynamics in

human immunodeficiency virus type 1 infection. Nature. 1995;373:117-22.

doi:10.1038/373117a0.

105. Ho DD, Neumann AU, Perelson AS, Chen W, Leonard JM, Markowitz M. Rapid turnover of

plasma virions and CD4 lymphocytes in HIV-1 infection. Nature. 1995;373:123-6.

163



d0i:10.1038/373123a0.

106. Shan L, Deng K, Gao H, Xing S, Capoferri AA, Durand CM, et al. Transcriptional
reprogramming during effector-to-memory transition renders CD4+ T cells permissive for latent

HIV-1 infection. Immunity. 2017;47:766-775.e3. doi:10.1016/j.immuni.2017.09.014.

107. Dai J, Agosto LM, Baytop C, Yu JJ, Pace MJ, Liszewski MK, et al. Human
Immunodeficiency Virus Integrates directly into naive resting CD4+ T cells but enters naive cells

less efficiently than memory cells. J Virol. 2009;83:4528-37. doi:10.1128/JV1.01910-08.

108. Agosto LM, Yu JJ, Dai J, Kaletsky R, Monie D, O’Doherty U. HIV-1 integrates into resting
CD4+ T cells even at low inoculums as demonstrated with an improved assay for HIV-1

integration. Virology. 2007;368:60-72. doi:10.1016/j.virol.2007.06.001.

109. Stevenson M, Stanwick TL, Dempsey MP, Lamonica CA. HIV-1 replication is controlled at

the level of T cell activation and proviral integration. EMBO J. 1990;9:1551-60.

d0i:10.1002/j.1460-2075.1990.tb08274.x.

110. Zack JA, Arrigo SJ, Weitsman SR, Go AS, Haislip A, Chen ISY. HIV-1 entry into quiescent
primary lymphocytes: Molecular analysis reveals a labile, latent viral structure. Cell. 1990;61:213—

22. doi:10.1016/0092-8674(90)90802-L.

111. Salazar-Gonzalez JF, Bailes E, Pham KT, Salazar MG, Guffey MB, Keele BF, et al.
Deciphering Human Immunodeficiency Virus type 1 transmission and early envelope
diversification by single-genome amplification and sequencing. J Virol. 2008;82:3952-70.
doi:10.1128/JV1.02660-07.

112. Abrahams M-R, Anderson JA, Giorgi EE, Seoighe C, Mlisana K, Ping L-H, et al. Quantitating
164



the multiplicity of infection with Human Immunodeficiency Virus type 1 subtype C reveals a hon-

poisson distribution of transmitted variants. J Virol. 2009;83:3556-67. doi:10.1128/JV1.02132-08.

113. Kearney M, Maldarelli F, Shao W, Margolick JB, Daar ES, Mellors JW, et al. Human
Immunodeficiency Virus type 1 Population genetics and adaptation in newly infected individuals.

J Virol. 2009;83:2715-27. d0i:10.1128/JV1.01960-08.

114. Treurnicht FK, Seoighe C, Martin DP, Wood N, Abrahams M-R, Rosa D de A, et al. Adaptive
changes in HIV-1 subtype C proteins during early infection are driven by changes in HLA-

associated immune pressure. Virology. 2010;396:213-25. doi:10.1016/j.virol.2009.10.002.

115. Abrahams M-R, Treurnicht FK, Ngandu NK, Goodier SA, Marais JC, Bredell H, et al. Rapid,
complex adaptation of transmitted HIV-1 full-length genomes in subtype C-infected individuals

with differing disease progression. AIDS. 2013;27:507-18.

d0i:10.1097/QAD.0b013e32835cah64.

116. Maldarelli F, Kearney M, Palmer S, Stephens R, Mican J, Polis MA, et al. HIV populations
are large and accumulate high genetic diversity in a nonlinear fashion. J Virol. 2013;87:10313-23.

doi:10.1128/JV1.01225-12.

117. Brodin J, Zanini F, Thebo L, Lanz C, Bratt G, Neher RA, et al. Establishment and stability of

the latent HIVV-1 DNA reservoir. Elife. 2016:5. doi:10.7554/eLife.18889.

118. Pankau MD, Reeves DB, Harkins E, Ronen K, Jaoko W, Mandaliya K, et al. Dynamics of
HIV DNA reservoir seeding in a cohort of superinfected Kenyan women. PL0oS Pathog.

2020;16:€1008286. doi:10.1371/journal.ppat.1008286.

119. Jones BR, Kinloch NN, Horacsek J, Ganase B, Harris M, Harrigan PR, et al. Phylogenetic
165



approach to recover integration dates of latent HIV sequences within-host. Proc Natl Acad Sci.

2018;115:E8958-67. doi:10.1073/pnas.1802028115.

120. Jones BR, Miller RL, Kinloch NN, Tsai O, Rigsby H, Sudderuddin H, et al. Genetic diversity,
compartmentalization, and age of HIV Proviruses persisting in CD4 + T cell subsets during long-

term combination antiretroviral therapy. J Virol. 2020;94:1786-805. doi:10.1128/JV1.01786-19.

121. Bar KJ, Tsao C, lyer SS, Decker JM, Yang Y, Bonsignori M, et al. Early low-titer neutralizing
antibodies impede HIV-1 replication and select for virus escape. PL0oS Pathog. 2012;8:e1002721.

doi:10.1371/journal.ppat.1002721.

122. Borrow P, Lewicki H, Wei X, Horwitz MS, Peffer N, Meyers H, et al. Antiviral pressure
exerted by HIV-1-specific cytotoxic T lymphocytes (CTLs) during primary infection demonstrated

by rapid selection of CTL escape virus. Nat Med. 1997;3:205-11.

123. Deng K, Pertea M, Rongvaux A, Wang L, Durand CM, Ghiaur G, et al. Broad CTL response
is required to clear latent HIV-1 due to dominance of escape mutations. Nature. 2015;517:381-5.

doi:10.1038/nature14053.

124. Warren JA, Clutton G, Goonetilleke N. Harnessing CD8+ T cells under HIV antiretroviral

therapy. Front Immunol. 2019;10 FEB. doi:10.3389/fimmu.2019.00291.

125. Xu Y, Trumble IM, Warren JA, Clutton G, Abad-Fernandez M, Kirchnerr J, et al. HIV-
specific T cell responses are highly stable on antiretroviral therapy. Mol Ther - Methods Clin Dev.

2019;15:9-17. d0i:10.1016/j.omtm.2019.07.008.

126. Sung JA, Lam S, Garrido C, Archin N, Rooney CM, Bollard CM, et al. Expanded cytotoxic
T-cell lymphocytes target the latent HIV reservoir. J Infect Dis. 2015;212:258-63.

166



doi:10.1093/infdis/jiv022.

127. Shan L, Deng K, Shroff NS, Durand CM, Rabi SA, Yang H-C, et al. Stimulation of HIV-1-
specific cytolytic T lymphocytes facilitates elimination of latent viral reservoir after virus

reactivation. Immunity. 2012;36:491-501. doi:10.1016/j.immuni.2012.01.014.

128. Warren JA, Zhou S, Xu Y, Moeser MJ, MacMillan DR, Council O, et al. The HIV-1 latent

reservoir is largely sensitive to circulating T cells. Elife. 2020;9:1-28. doi:10.7554/eL ife.57246.

129. Lee GQ, Reddy K, Einkauf KB, Gounder K, Chevalier JM, Dong KL, et al. HIV-1 DNA

sequence diversity and evolution during acute subtype C infection. Nat Commun. 2019;10.

130. Chomont N, El-Far M, Ancuta P, Trautmann L, Procopio FA, Yassine-Diab B, et al. HIV
reservoir size and persistence are driven by T cell survival and homeostatic proliferation. Nat Med.

2009;15:893-900. doi:10.1038/nm.1972.

131. Soriano-Sarabia N, Bateson RE, Dahl NP, Crooks AM, Kuruc JD, Margolis DM, et al.
Quantitation of replication-competent HIV-1 in populations of resting CD4+ T cells. J Virol.

2014,88:14070-7. doi:10.1128/JV1.01900-14.

132. Hiener B, Horsburgh BA, Eden J-S, Barton K, Schlub TE, Lee E, et al. Identification of
genetically intact HIV-1 proviruses in specific CD4 + T cells from effectively treated participants.

Cell Rep. 2017;21:813-22. doi:10.1016/j.celrep.2017.09.081.

133. Buzon MJ, Sun H, Li C, Shaw A, Seiss K, Ouyang Z, et al. HIV-1 persistence in CD4+ T

cells with stem cell-like properties. Nat Med. 2014;20:139-42.

134. Jaafoura S, de Goér de Herve MG, Hernandez-Vargas E a., Hendel-Chavez H, Abdoh M,

Mateo MC, et al. Progressive contraction of the latent HIV reservoir around a core of less-
167



differentiated CD4" memory T Cells. Nat Commun. 2014;5:5407. doi:10.1038/ncomms6407.

135. De Scheerder MA, Vrancken B, Dellicour S, Schlub T, Lee E, Shao W, et al. HIV rebound is
predominantly fueled by genetically identical viral expansions from diverse reservoirs. Cell Host

Microbe. 2019:;26.

136. Rothenberger MK, Keele BF, Wietgrefe SW, Fletcher C V., Beilman GJ, Chipman JG, et al.
Large number of rebounding/founder HIV variants emerge from multifocal infection in lymphatic

tissues after treatment interruption. Proc Natl Acad Sci. 2015;112:E1126-34.

d0i:10.1073/pnas.1414926112.

137. Chaillon A, Gianella S, Dellicour S, Rawlings SA, Schlub TE, De Oliveira MF, et al. HIV
persists throughout deep tissues with repopulation from multiple anatomical sources. J Clin Invest.

2020;130:1699-712. d0i:10.1172/JC1134815.

138. Rosenbloom DIS, Hill AL, Laskey SB, Siliciano RF. Re-evaluating evolution in the HIV

reservoir. Nature. 2017;551:E6-9. doi:10.1038/nature24634.

139. Lorenzi JCC, Cohen YZ, Cohn LB, Kreider EF, Barton JP, Learn GH, et al. Paired
quantitative and qualitative assessment of the replication-competent HIV-1 reservoir and

comparison with integrated proviral DNA. Proc Natl Acad Sci. 2016;113:E7908-16.

d0i:10.1073/pnas.1617789113.

140. Hosmane NN, Kwon KJ, Bruner KM, Capoferri AA, Beg S, Rosenbloom DIS, et al.
Proliferation of latently infected CD4 + T cells carrying replication-competent HIV-1: Potential

role in latent reservoir dynamics. J Exp Med. 2017;214:959-72. doi:10.1084/jem.20170193.

168



141. Simonetti FR, Sobolewski MD, Fyne E, Shao W, Spindler J, Hattori J, et al. Clonally
expanded CD4 + T cells can produce infectious HIV-1 in vivo. Proc Natl Acad Sci.

2016;113:1883-8. doi:10.1073/pnas.1522675113.

142. Bui JK, Sobolewski MD, Keele BF, Spindler J, Musick A, Wiegand A, et al. Proviruses with
identical sequences comprise a large fraction of the replication-competent HIV reservoir. PLoS

Pathog. 2017;13:€1006283. doi:10.1371/journal.ppat.1006283.

143. Wagner TA, McKernan JL, Tobin NH, Tapia KA, Mullins JI, Frenkel LM. An increasing
proportion of monotypic HIV-1 DNA sequences during antiretroviral treatment suggests

proliferation of HIV-infected cells. J Virol. 2013;87:1770-8. d0i:10.1128/JV1.01985-12.

144. Cohn LB, da Silva IT, Valieris R, Huang AS, Lorenzi JCC, Cohen YZ, et al. Clonal CD4+ T
cells in the HIV-1 latent reservoir display a distinct gene profile upon reactivation. Nat Med.

2018;24:604-9. d0i:10.1038/s41591-018-0017-7.

145. Kearney MF, Wiegand A, Shao W, Coffin JM, Mellors JW, Lederman M, et al. Origin of
rebound plasma HIV includes cells with identical proviruses that are transcriptionally active before

stopping of antiretroviral therapy. J Virol. 2016;90:1369-76. doi:10.1128/JV1.02139-15.

146. Boritz EA, Darko S, Swaszek L, Wolf G, Wells D, Wu X, et al. Multiple origins of virus

persistence during natural control of HIV infection. Cell. 2016;:1-12.

doi:10.1016/j.cell.2016.06.039.

147. Cohn LB, Silva IT, Oliveira TY, Rosales RA, Parrish EH, Learn GH, et al. HIV-1 integration

landscape during latent and active infection. Cell. 2015;160:420-32.

doi:10.1016/j.cell.2015.01.020.
169



148. Lee GQ, Kuo H-H, Yu XG, Lichterfeld M, Orlova-Fink N, Einkauf K, et al. Clonal expansion
of genome-intact HIV-1 in functionally polarized Thl CD4+ T cells. J Clin Invest.

2017;127:2689-96.

149. Anderson EM, Maldarelli F. The role of integration and clonal expansion in HIV infection:

live long and prosper. Retrovirology. 2018;15:71. doi:10.1186/s12977-018-0448-8.

150. Mbonye U, Karn J. The molecular basis for Human Immunodeficiency Virus latency. Annu

Rev Virol. 2017;4:261-85. doi:10.1146/annurev-virology-101416-041646.

151. Dahabieh MS, Ooms M, Simon V, Sadowski I. A doubly fluorescent HIV-1 reporter shows
that the majority of integrated HIV-1 is latent shortly after infection. J Virol. 2013;87:4716-27.

doi:10.1128/JV1.03478-12.

152. Chakraborty S, Kabi M, Ranga U. A stronger transcription regulatory circuit of HIV-1C
drives the rapid establishment of latency with implications for the direct involvement of Tat. J

Virol. 2020;94. doi:10.1128/JV1.00503-20.

153. Duverger A, Wolschendorf F, Zhang M, Wagner F, Hatcher B, Jones J, et al. An AP-1 binding
site in the enhancer/core element of the HIVV-1 promoter controls the ability of HIV-1 to establish

latent infection. J Virol. 2013;87:2264—77. doi:10.1128/JV1.01594-12.

154. van der Sluis RM, Derking R, Breidel S, Speijer D, Berkhout B, Jeeninga RE. Interplay
between viral Tat protein and c-Jun transcription factor in controlling LTR promoter activity in
different human immunodeficiency virus type | subtypes. Journal of General Virology.

2014;95:968-79. doi:10.1099/vir.0.059642-0.

155. Razooky BS, Pai A, Aull K, Rouzine IM, Weinberger LS. A hardwired HIV latency program.

170



Cell. 2015;160:990-1001. doi:10.1016/j.cell.2015.02.009.

156. Lassen KG, Ramyar KX, Bailey JR, Zhou Y, Siliciano RF. Nuclear retention of multiply

spliced HIV-1 RNA in resting CD4+ T cells. PLoS Pathog. 2006;2:e68.

doi:10.1371/journal.ppat.0020068.

157. Kurosu T, Mukai T, Komoto S, lbrahim MS, Li Y, Kobayashi T, et al. Human
Immunodeficiency Virus type 1 subtype C exhibits higher transactivation activity of Tat than

subtypes B and E. Microbiol Immunol. 2002;46:787-99.

d0i:10.1111/j.1348-0421.2002.tb02766.X.

158. Spector C, Mele AR, Wigdahl B, Nonnemacher MR. Genetic variation and function of the
HIV-1 Tat protein. Med Microbiol Immunol. 2019;208:131-69. doi:10.1007/s00430-019-00583-

Z.

159. Singh S, Kumar A, Brijwal M, Choudhary A, Singh K, Singh R, et al. Intra-clade C signature
polymorphisms in HIV-1 LTR region: The Indian and African lookout. Virus Res.

2021;297:198370. doi:10.1016/j.virusres.2021.198370.

160. Rossenkhan R, MacLeod 1J, Sebunya TK, Castro-Nallar E, McLane MF, Musonda R, et al.
tat exon 1 exhibits functional diversity during HIV-1 subtype C primary infection. J Virol.

2013;87:5732-45. doi:10.1128/JV1.03297-12.

161. de Almeida SM, Rotta I, Vidal LRR, dos Santos JS, Nath A, Johnson K, et al. HIV-1C and
HIV-1B Tat protein polymorphism in Southern Brazil. J Neurovirol. 2021;27:126-36.

d0i:10.1007/s13365-020-00935-z.

171



162. Triboulet R, Mari B, Lin Y-L, Chable-Bessia C, Bennasser Y, Lebrigand K, et al. Suppression
of microRNA-silencing pathway by HIV-1 during virus replication. Science. 2007;315:1579-82.

doi:10.1126/science.1136319.

163. de Vries W, Berkhout B. RNAI suppressors encoded by pathogenic human viruses. Int J

Biochem Cell Biol. 2008;40:2007-12. doi:10.1016/j.biocel.2008.04.015.

164. Bennasser Y, Le S-Y, Benkirane M, Jeang K-T. Evidence that HIVV-1 encodes an siRNA and

a suppressor of RNA silencing. Immunity. 2005;22:607—19. doi:10.1016/j.immuni.2005.03.010.

165. Qian S, Zhong X, Yu L, Ding B, de Haan P, Boris-Lawrie K. HIV-1 Tat RNA silencing
suppressor activity is conserved across kingdoms and counteracts translational repression of HIV-

1. Proc Natl Acad Sci. 2009;106:605-10. doi:10.1073/pnas.0806822106.

166. Ronsard L, Yousif AS, Ramesh J, Sumi N, Gorman M, Ramachandran VG, et al. In-vitro
subtype-specific modulation of HIV-1 trans-activator of transcription (tat) on RNAI silencing

suppressor activity and cell death. Viruses. 2019;11. doi:10.3390/v11110976.

167. Buffalo CZ, Iwamoto Y, Hurley JH, Ren X. How HIV Nef proteins hijack membrane traffic

to promote infection. J Virol. 2019;93. doi:10.1128/JV1.01322-19.

168. Schwartz O, Maréchal V, Gall S Le, Lemonnier F, Heard J-M. Endocytosis of major
histocompatibility complex class | molecules is induced by the HIV-1 Nef protein. Nat Med.

1996;2:338-42. doi:10.1038/nm0396-338.

169. Collins KL, Chen BK, Kalams SA, Walker BD, Baltimore D. HIV-1 Nef protein protects
infected primary cells against killing by cytotoxic T lymphocytes. Nature. 1998;391:397-401.
doi:10.1038/34929.

172



170. Mann JK, Byakwaga H, Kuang XT, Le AQ, Brumme CJ, Mwimanzi P, et al. Ability of HIV-
1 Nef to downregulate CD4 and HLA class | differs among viral subtypes. Retrovirology.

2013;10:100. doi:10.1186/1742-4690-10-100.

171. Gupta RK, Abdul-Jawad S, McCoy LE, Mok HP, Peppa D, Salgado M, et al. HIV-1 remission
following CCR5A32/A32 haematopoietic stem-cell transplantation. Nature. 2019;568:244-8.

doi:10.1038/s41586-019-1027-4.

172. Hitter G, Nowak D, Mossner M, Ganepola S, MuRig A, Allers K, et al. Long-term control of
HIV by CCR5 delta32/delta32 stem-cell transplantation. N Engl J Med. 2009;360:692-8.

doi:10.1056/NEJM0a0802905.

173. Kim Y, Anderson JL, Lewin SR. Getting the “kill” into “shock and kill”: Strategies to

eliminate latent HIV. Cell Host Microbe. 2018;23:14-26. doi:10.1016/j.chom.2017.12.004.

174. Pinkevych M, Cromer D, Tolstrup M, Grimm AJ, Cooper DA, Lewin SR, et al. HIV
reactivation from latency after treatment interruption occurs on average every 5-8 days—

Implications for hiv remission. PLOS Pathog. 2015;11:€1005000.

doi:10.1371/journal.ppat.1005000.

175. Davenport MP, Khoury DS, Cromer D, Lewin SR, Kelleher AD, Kent SJ. Functional cure of
HIV: the scale of the challenge. Nat Rev Immunol. 2019;19:45-54. d0i:10.1038/s41577-018-

0085-4.

176. Spina CA, Anderson J, Archin NM, Bosque A, Chan J, Famiglietti M, et al. An in-depth
comparison of latent HIV-1 reactivation in multiple cell model systems and resting CD4+ T cells
from aviremic Patients. PLoS Pathog. 2013;9:1003834. doi:10.1371/journal.ppat.1003834.

173



177. Sggaard OS, Graversen ME, Leth S, Olesen R, Brinkmann CR, Nissen SK, et al. The
depsipeptide romidepsin reverses HIV-1 latency in vivo. PLoS Pathog. 2015;11:e1005142.

doi:10.1371/journal.ppat.1005142,

178. Rasmussen TA, Tolstrup M, Brinkmann CR, Olesen R, Erikstrup C, Solomon A, et al.
Panobinostat, a histone deacetylase inhibitor, for latent-virus reactivation in HIV-infected patients
on suppressive antiretroviral therapy: a phase 1/2, single group, clinical trial. Lancet HIV.

2014;1:e13-21. doi:10.1016/S2352-3018(14)70014-1.

179. Archin NM, Kirchherr JL, Sung JAM, Clutton G, Sholtis K, Xu Y, et al. Interval dosing with
the HDAC inhibitor vorinostat effectively reverses HIV latency. J Clin Invest. 2017;127:3126-35.

doi:10.1172/JC192684.

180. Margolis DM, Archin NM, Cohen MS, Eron JJ, Ferrari G, Garcia JV, et al. Curing HIV:

Seeking to target and clear persistent infection. Cell. 2020;181:189-206.

d0i:10.1016/j.cell.2020.03.005.

181. Gutiérrez C, Serrano-Villar S, Madrid-Elena N, Pérez-Elias MJ, Martin ME, Barbas C, et al.
Bryostatin-1 for latent virus reactivation in HIV-infected patients on antiretroviral therapy. AIDS.

2016;30:1385-92. doi:10.1097/QAD.0000000000001064.

182. Schiavoni G, Mattei F, Gabriele L. Type | interferons as stimulators of DC-mediated cross-

priming: Impact on anti-tumor response. Front Immunol. 2013. doi:10.3389/fimmu.2013.00483.

183. Menne S, Tumas DB, Liu KH, Thampi L, AlDeghaither D, Baldwin BH, et al. Sustained
efficacy and seroconversion with the Toll-like receptor 7 agonist GS-9620 in the Woodchuck
model of chronic hepatitis B. J Hepatol. 2015;62:1237-45. doi:10.1016/j.jhep.2014.12.026.

174



184. Lanford RE, Guerra B, Chavez D, Giavedoni L, Hodara VL, Brasky KM, et al. GS-9620, an
oral agonist of toll-like receptor-7, induces prolonged suppression of Hepatitis B Virus in

chronically infected chimpanzees. Gastroenterology. 2013;144:1508-1517.e10.

doi:10.1053/j.gastro.2013.02.003.

185. Tsai A, Irrinki A, Kaur J, Cihlar T, Kukolj G, Sloan DD, et al. Toll-like receptor 7 agonist
GS-9620 induces HIV expression and HIV-specific immunity in cells from HIV-infected

individuals on suppressive antiretroviral therapy. J Virol. 2017;91. doi:10.1128/JV1.02166-16.

186. Riddler SA, Para M, Benson CA, Mills A, Ramgopal M, DelJesus E, et al. Vesatolimod, a
toll-like receptor 7 Agonist, induces immune activation in virally suppressed adults living with

Human Immunodeficiency Virus—1. Clin Infect Dis. 2020. doi:10.1093/cid/ciaal534.

187. Kim YK, Mbonye U, Hokello J, Karn J. T-cell receptor signaling enhances transcriptional
elongation from latent HIV proviruses by activating P-TEFb through an ERK-dependent pathway.

J Mol Biol. 2011;410:896-916. doi:10.1016/j.jmb.2011.03.054.

188. Mohammadi P, di lulio J, Mufioz M, Martinez R, Bartha I, Cavassini M, et al. Dynamics of
HIV latency and reactivation in a primary CD4+ T cell model. PLoS Pathog. 2014;10:e1004156.

doi:10.1371/journal.ppat.1004156.

189. Williams SA, Greene WC. Regulation of HIV-1 latency by T-cell activation. Cytokine.

2007;39:63-74. doi:10.1016/j.cyto0.2007.05.017.

190. Shete A, Thakar M, Singh DP, Gangakhedkar R, Gaikwad A, Pawar J, et al. HIV antigen-
specific reactivation of HIV infection from cellular reservoirs: Implications in the settings of
therapeutic vaccinations. AIDS Res Hum Retroviruses. 2012;28:835-43.

175



doi:10.1089/aid.2010.0363.

191. Douek DC, Brenchley JM, Betts MR, Ambrozak DR, Hill BJ, Okamoto Y, et al. HIV

preferentially infects HIV-specific CD4+ T cells. Nature. 2002;417:95-8. d0i:10.1038/417095a.

192. Mann JFS, Pankrac J, Klein K, McKay PF, King DFL, Gibson R, et al. A targeted reactivation
of latent HIV-1 using an activator vector in patient samples from acute infection. EBioMedicine.

2020;59:102853. doi:10.1016/j.ebiom.2020.102853.

193. Pankrac J, Klein K, McKay PF, King DFL, Bain K, Knapp J, et al. A heterogeneous human
immunodeficiency virus-like particle (VLP) formulation produced by a novel vector system.

Vaccines. 2018;3:2. doi:10.1038/s41541-017-0040-6.

194. Suzuki K, Ahlenstiel C, Marks K, Kelleher AD. Promoter Targeting RNAs: Unexpected
contributors to the control of HIV-1 transcription. Mol Ther-Nucleic Acids. 2015;4:e222.

doi:10.1038/mtna.2014.67.

195. Suzuki K, Hattori S, Marks K, Ahlenstiel C, Maeda Y, Ishida T, et al. Promoter targeting
shRNA suppresses HIV-1 infection in vivo through transcriptional gene silencing. Mol Ther-

Nucleic Acids. 2013;2:e137. doi:10.1038/mtna.2013.64.

196. Méndez C, Ledger S, Petoumenos K, Ahlenstiel C, Kelleher AD. RNA-induced epigenetic

silencing inhibits HIV-1 reactivation from latency. Retrovirology. 2018;15:67.

doi:10.1186/s12977-018-0451-0.

197. Mousseau G, Clementz MA, Bakeman WN, Nagarsheth N, Cameron M, Shi J, et al. An
analog of the natural steroidal alkaloid cortistatin a potently suppresses Tat-dependent HIV

transcription. Cell Host Microbe. 2012;12:97-108. doi:10.1016/j.chom.2012.05.016.
176



198. Mousseau G, Kessing CF, Fromentin R, Trautmann L, Chomont N, Valente ST. The Tat
inhibitor didehydro-cortistatin A prevents HIV-1 reactivation from latency. MBio. 2015;6.

d0i:10.1128/mBi0.00465-15.

199. Lalonde MS, Lobritz MA, Ratcliff A, Chamanian M, Athanassiou Z, Tyagi M, et al. Inhibition
of both HIV-1 reverse transcription and gene expression by a cyclic peptide that binds the Tat-
Transactivating Response Element (TAR) RNA. PLoS Pathog. 2011;7:¢1002038.

doi:10.1371/journal.ppat.1002038.

200. Shortridge MD, Wille PT, Jones AN, Davidson A, Bogdanovic J, Arts E, et al. An ultra-high
affinity ligand of HIV-1 TAR reveals the RNA structure recognized by P-TEFb. Nucleic Acids

Res. 2019;47:1523-31. d0i:10.1093/nar/gky1197.

201. Tolley EE, Zangeneh SZ, Chau G, Eron J, Grinsztejn B, Humphries H, et al. Acceptability of
long-acting injectable cabotegravir (CAB LA) in HIV-uninfected individuals: HPTN 077. AIDS

Behav. 2020;24:2520-31. doi:10.1007/s10461-020-02808-2.

202. UNAIDS. Country factsheets: South Africa. 2019. 2019.

https://www.unaids.org/en/regionscountries/countries/southafrica. Accessed 25 May 2021.

203. van Loggerenberg F, Mlisana K, Williamson C, Auld SC, Morris L, Gray CM, et al.
Establishing a cohort at high risk of HIV infection in South Africa: challenges and experiences of

the CAPRISA 002 acute infection study. PL0oS One. 2008;3:€1954.

doi:10.1371/journal.pone.0001954.

204. Karim QA, Kharsany ABM, Frohlich JA, Werner L, Mashego M, Mlotshwa M, et al.

Stabilizing HIV prevalence masks high HIV incidence rates amongst rural and urban women in
177



KwaZulu-Natal, South Africa. Int J Epidemiol. 2011;40:922-30. doi:10.1093/ije/dyq176.

205. Reuter MA, Pombo C, Betts MR. Cytokine production and dysregulation in HIV
pathogenesis: Lessons for development of therapeutics and vaccines. Cytokine Growth Factor Rev.

2012;23:181-91. doi:10.1016/j.cytogfr.2012.05.005.

206. Ping L-H, Joseph SB, Anderson JA, Abrahams M-R, Salazar-Gonzalez JF, Kincer LP, et al.
Comparison of viral Env proteins from acute and chronic infections with subtype C human
immunodeficiency virus type 1 identifies differences in glycosylation and CCR5 utilization and

suggests a new strategy for immunogen design. J Virol. 2013;87:7218-33.

doi:10.1128/JV1.03577-12.

207. Lumngwena EN, Metenou S, Masson L, Cicala C, Arthos J, Woodman Z. HIV-1 subtype C
transmitted founders modulate dendritic cell inflammatory responses. Retrovirology. 2020;17:17.

d0i:10.1186/s12977-020-00526-0.

208. Brenchley JM, Hill BJ, Ambrozak DR, Price DA, Guenaga FJ, Casazza JP, et al. T-cell
subsets that harbor human immunodeficiency virus (HIV) in vivo: implications for HIV

pathogenesis. J Virol. 2004;78:1160-8. doi:10.1128/JV1.78.3.1160.

209. Tasca KI, Calvi SA, Souza L do R de. Immunovirological parameters and cytokines in HIV

infection. Rev Soc Bras Med Trop. 2012;45:663-9.

210. Kroeze S, Wit FW, Rossouw TM, Steel HC, Kityo CM, Siwale M, et al. Plasma biomarkers
of Human Immunodeficiency Virus—related systemic inflammation and immune activation in sub-
Saharan Africa before and during suppressive antiretroviral therapy. J Infect Dis. 2019;220:1029—
33. d0i:10.1093/infdis/jiz252.

178



211. Utay NS, Hunt PW. Role of immune activation in progression to AIDS. Curr Opin HIV AIDS.

2016;11:131-7.

212. Riou C, Tanko RF, Soares AP, Masson L, Werner L, Garrett NJ, et al. Restoration of CD4 +
responses to copathogens in HIV-infected individuals on antiretroviral therapy is dependent on t

cell memory phenotype. J Immunol. 2015;195:2273-81. doi:10.4049/jimmunol.1500803.

213. Tanko RF, Soares AP, Masson L, Garrett NJ, Samsunder N, Abdool Karim Q, et al. Residual
T cell activation and skewed CD8+ T cell memory differentiation despite antiretroviral therapy-

induced HIV suppression. Clin Immunol. 2018;195 June:127-38. doi:10.1016/j.clim.2018.06.001.

214. Masson L, Passmore J-AS, Liebenberg LJ, Werner L, Baxter C, Arnold KB, et al. Genital
inflammation and the risk of HIV acquisition in women. Clin Infect Dis. 2015;61:260-9.

doi:10.1093/cid/civ298.

215. Wada NI, Jacobson LP, Margolick JB, Breen EC, Macatangay B, Penugonda S, et al. The
effect of HAART-induced HIV suppression on circulating markers of inflammation and immune

activation. AIDS. 2015;29:463—71.

216. van den Dries L, Claassen MAA, Groothuismink ZMA, van Gorp E, Boonstra A. Immune
activation in prolonged cART-suppressed HIV patients is comparable to that of healthy controls.

Virology. 2017;509 February:133-9. doi:10.1016/j.virol.2017.06.014.

217. Tanko RF, Soares AP, Miller TL, Garrett NJ, Samsunder N, Abdool Karim Q, et al. Effect
of antiretroviral therapy on the memory and activation profiles of B cells in HIV-infected African

women. J Immunol. 2017;198:1220-8.

218. Malherbe G, Steel HC, Cassol S, De Oliveira T, Seebregts CJ, Anderson R, et al. Circulating

179



biomarkers of immune activation distinguish viral suppression from nonsuppression in HAART-

treated patients with advanced HIV-1 subtype C infection. Mediators Inflamm. 2014;2014.

219. Cassol E, Malfeld S, Mahasha P, Van Der Merwe S, Cassol S, Seebregts C, et al. Persistent
microbial translocation and immune activation in HIV-1-infected south africans receiving

combination antiretroviral therapy. J Infect Dis. 2010;202:723-33.

220. Siedner MJ, Zanni M, Tracy RP, Kwon DS, Tsai AC, Kakuhire B, et al. Increased systemic
inflammation and gut permeability among women with treated HIV infection in rural Uganda. J

Infect Dis. 2018;218:922—6.

221. Shive CL, Jiang W, Anthony DD, Lederman MM. Soluble CD14 is a nonspecific marker of

monocyte activation. AIDS. 2015;29:1263-5. doi:10.1097/QAD.0000000000000735.

222. Titanji B, Gavegnano C, Hsue P, Schinazi R, Marconi VC. Targeting inflammation to reduce
atherosclerotic cardiovascular risk in people with HIV infection. J Am Heart Assoc. 2020;9:1-18.

doi:10.1161/JAHA.119.014873.

223. Novelli S, Delobel P, Bouchaud O, Avettand-Fenoel V, Fialaire P, Cabié A, et al. Enhanced
immunovirological response in women compared to men after antiretroviral therapy initiation
during acute and early HIV-1 infection: results from a longitudinal study in the French ANRS

Primo cohort. J Int AIDS Soc. 2020;23. doi:10.1002/jia2.25485.

224. Scully EP, Gandhi M, Johnston R, Hoh R, Lockhart A, Dobrowolski C, et al. Sex-based
differences in Human Immunodeficiency Virus type 1 reservoir activity and residual immune

activation. J Infect Dis. 2019;219:1084-94. doi:10.1093/infdis/jiy617.

225. Papasavvas E, Azzoni L, Ross BN, Fair M, Yuan Z, Gyampoh K, et al. Intact Human

180



Immunodeficiency Virus (HIV) reservoir estimated by the Intact Proviral DNA Assay correlates
with levels of total and integrated DNA in the blood during suppressive antiretroviral therapy. Clin

Infect Dis. 2021;72:495-8. doi:10.1093/cid/ciaa809.

226. Trumble IM, Allmon AG, Archin NM, Rigdon J, Francis O, Baldoni PL, et al. SLDAssay: A
software package and web tool for analyzing limiting dilution assays. J Immunol Methods.

2017,450:10-6. d0i:10.1016/}.jim.2017.07.004.

227. Perdomo-Celis F, Taborda NA, Rugeles MT. CD8+ T-cell response to HIV infection in the

era of antiretroviral therapy. Front Immunol. 2019; 1896. doi:10.3389/fimmu.2019.01896.

228. Perdomo-Celis F, Velilla PA, Taborda NA, Rugeles MT. An altered cytotoxic program of
CD8+ T-cells in HIV-infected patients despite HAART-induced viral suppression. PLoS One.

2019;14:e0210540. doi:10.1371/journal.pone.0210540.

229. Gandhi RT, McMahon DK, Bosch RJ, Lalama CM, Cyktor JC, Macatangay BJ, et al. Levels
of HIV-1 persistence on antiretroviral therapy are not associated with markers of inflammation or

activation. PLoS Pathog. 2017;13:1-21.

230. Ruggiero A, Cozzi-Lepri A, Beloukas A, Richman D, Khoo S, Phillips A, et al. Factors
associated with persistence of plasma HIV-1 RNA during long-term continuously suppressive

firstline antiretroviral therapy. Open Forum Infect Dis. 2018;5:1-9.

231. Casado C, Galvez C, Pernas M, Tarancon-Diez L, Rodriguez C, Sanchez-Merino V, et al.
Permanent control of HIV-1 pathogenesis in exceptional elite controllers: a model of spontaneous

cure. Sci Rep. 2020;10:1-11.

232. Lei J, Yin X, Shang H, Jiang Y. IP-10 is highly involved in HIV infection. Cytokine.

181



2019;115:97-103. doi:10.1016/j.cyt0.2018.11.018.

233. Horuk R. Chemokine receptors. Cytokine Growth Factor Rev. 2001;12:313-35.

doi:10.1016/S1359-6101(01)00014-4.

234. Mhandire K, Mlambo T, Zijenah LS, Duri K, Mateveke K, Tshabalala M, et al. Plasma IP-10
concentrations correlate positively with viraemia and inversely with CD4 counts in untreated HIV

infection. Open AIDS J. 2017;11:24-31. doi:10.2174/1874613601711010024.

235. Ploquin MJ, Madec Y, Casrouge A, Huot N, Passaes C, Lécuroux C, et al. Elevated basal pre-
infection CXCL10 in plasma and in the small intestine after infection are associated with more

rapid HIV/SIV disease onset. PLOS Pathog. 2016;12:€1005774.

doi:10.1371/journal.ppat.1005774.

236. Sun H, Kim D, Li X, Kiselinova M, Ouyang Z, Vandekerckhove L, et al. Th1/17 polarization
of CD4 T cells supports HIV-1 persistence during antiretroviral therapy. J Virol. 2015;89:11284—

93. doi:10.1128/JV1.01595-15.

237. Cameron PU, Saleh S, Sallmann G, Solomon A, Wightman F, Evans VA, et al. Establishment
of HIV-1 latency in resting CD4+ T cells depends on chemokine-induced changes in the actin

cytoskeleton. Proc Natl Acad Sci. 2010;107:16934-9.

238. Chavez L, Calvanese V, Verdin E. HIV latency is established directly and early in both resting

and activated primary CD4 T cells. PLoS Pathog. 2015;11:e1004955.

doi:10.1371/journal.ppat.1004955.

239. Lien E, Aukrust P, Sundan A, Miiller F, Frgland SS, Espevik T. Elevated levels of serum-

182



soluble CD14 in Human Immunodeficiency Virus type 1 (HIV-1) infection: Correlation to disease

progression and clinical events. Blood. 1998;92:2084-92. doi:10.1182/blood.VV92.6.2084.

240. Kelesidis T, Kendall MA, Yang OO, Hodis HN, Currier JS. Biomarkers of microbial
translocation and macrophage activation: Association with progression of subclinical

atherosclerosis in HIV-1 infection. J Infect Dis. 2012;206:1558-67. doi:10.1093/infdis/jis545.

241. Sandler NG, Wand H, Roque A, Law M, Nason MC, Nixon DE, et al. Plasma levels of soluble
CD14 independently predict mortality in HIV infection. J Infect Dis. 2011;203:780-90.

doi:10.1093/infdis/jiq118.

242. Wu G, Zuck P, Goh SL, Milush JM, Vohra P, Wong JK, et al. Gag p24 is a marker of HIV
expression in tissues and correlates with immune response. J Infect Dis. 2021;26:1-15.

doi:10.1093/infdis/jiab121.

243. Falcinelli SD, Shook-Sa BE, Dewey MG, Sridhar S, Read J, Kirchherr J, et al. Impact of
biological sex on immune activation and frequency of the latent HIV reservoir during suppressive

antiretroviral therapy. J Infect Dis. 2020;222:1843-52. doi:10.1093/infdis/jiaa298.

244. Avettand-Fenoél V, Hocqueloux L, Ghosn J, Cheret A, Frange P, Melard A, et al. Total HIV-
1 DNA, a marker of viral reservoir dynamics with clinical implications. Clin Microbiol Rev.

2016;29:859-80. doi:10.1128/CMR.00015-16.

245. Eriksson S, Graf EH, Dahl V, Strain MC, Yukl SA, Lysenko ES, et al. Comparative analysis
of measures of viral reservoirs in HIV-1 eradication studies. PLoS Pathog. 2013;9:e1003174.

doi:10.1371/journal.ppat.1003174.

246. Yukl SA, Shergill AK, Ho T, Killian M, Girling V, Epling L, et al. The distribution of HIV

183



DNA and RNA in cell subsets differs in gut and blood of HIV-positive patients on ART:

Implications for viral persistence. J Infect Dis. 2013;208:1212-20.

247. Hurst J, Hoffmann M, Pace M, Williams JP, Thornhill J, Hamlyn E, et al. Immunological
biomarkers predict HIV-1 viral rebound after treatment interruption. Nat Commun. 2015;6:1-9.

doi:10.1038/ncomms9495.

248. Malatinkova E, Spiegelaere W De, Bonczkowski P, Kiselinova M, Vervisch K, Trypsteen W,
et al. Impact of a decade of successful antiretroviral therapy initiated at HIV-1 seroconversion on

blood and rectal reservoirs. Elife. 2015;4. doi:10.7554/eLife.09115.

249. Goujard C, Bonarek M, Meyer L, Bonnet F, Chaix M-L, Deveau C, et al. CD4 cell count and
HIV DNA level are independent predictors of disease progression after primary HIV type 1

infection in untreated patients. Clin Infect Dis. 2006;42:709-15. doi:10.1086/500213.

250. Rouzioux C, Hubert JB, Burgard M, Deveau C, Goujard C, Bary M, et al. Early levels of
HIV-1 DNA in peripheral blood mononuclear cells are predictive of disease progression
independently of HIV-1 RNA levels and CD4+ T cell counts. J InfectDis. 2005;192:46-55.
file://d/Hosted Apps/Refman/Working Directory Literature/J Infect Dis 2005 192 46-55 Epub 2005

May 31.pdf.

251. Assoumou L, Weiss L, Piketty C, Burgard M, Melard A, Girard P-M, et al. A low HIV-DNA
level in peripheral blood mononuclear cells at antiretroviral treatment interruption predicts a higher

probability of maintaining viral control. AIDS. 2015;29:2003-7.

doi:10.1097/QAD.0000000000000734.

252. Li JZ, Etemad B, Ahmed H, Aga E, Bosch RJ, Mellors JW, et al. The size of the expressed

184



HIV reservoir predicts timing of viral rebound after treatment interruption. AIDS. 2015;30:1.

doi:10.1097/QAD.0000000000000953.

253. Burgard M, Boufassa F, Viard J-P, Garrigue I, Ruffault A, Izopet J, et al. Factors influencing
peripheral blood mononuclear cell-associated HIV-1 DNA level after long-term suppressive

antiretroviral therapy in 236 patients. AIDS. 2009;23:2165-71.

doi:10.1097/QAD.0b013e32833032d4.

254. Watanabe D, Ibe S, Uehira T, Minami R, Sasakawa A, Yajima K, et al. Cellular HIV-1 DNA
levels in patients receiving antiretroviral therapy strongly correlate with therapy initiation timing

but not with therapy duration. BMC Infect Dis. 2011;11:146. doi:10.1186/1471-2334-11-146.

255. Séez-Cirion A, Bacchus C, Hocqueloux L, Avettand-Fenoel V, Girault I, Lecuroux C, et al.
Post-treatment HIV-1 controllers with a long-term virological remission after the interruption of
early initiated antiretroviral therapy, ANRS VISCONTI Study. PLoS Pathog. 2013;9:e1003211.

doi:10.1371/journal.ppat.1003211.

256. Golob JL, Stern J, Holte S, Kitahata MM, Crane HM, Coombs RW, et al. HIV DNA levels
and decay in a cohort of 111 long-term virally suppressed patients. AIDS. 2018;32:2113-8.

doi:10.1097/QAD.0000000000001948.

257. Piketty C, Weiss L, Assoumou L, Burgard M, Mélard A, Ragnaud J-M, et al. A high HIV
DNA level in PBMCs at antiretroviral treatment interruption predicts a shorter time to treatment

resumption, independently of the CD4 nadir. J Med Virol. 2010;82:1819-28.

d0i:10.1002/jmv.21907.

258. Avettand-Fenoel V, Bouteloup V, Melard A, Fagard C, Chaix M-L, Leclercq P, et al. Higher
185



HIV-1 DNA associated with lower gains in CD4 cell count among patients with advanced
therapeutic failure receiving optimized treatment (ANRS 123--ETOILE). J Antimicrob

Chemother. 2010;65:2212-4. doi:10.1093/jac/dkq282.

259. Chéret A, Nembot G, Mélard A, Lascoux C, Slama L, Miailhes P, et al. Intensive five-drug
antiretroviral therapy regimen versus standard triple-drug therapy during primary HIV-1 infection
(OPTIPRIM-ANRS 147): arandomised, open-label, phase 3 trial. Lancet Infect Dis. 2015;15:387—

96. doi:10.1016/S1473-3099(15)70021-6.

260. Lambotte O, Boufassa F, Madec Y, Nguyen A, Goujard C, Meyer L, et al. HIV controllers:
A homogeneous group of HIV-1-infected patients with spontaneous control of viral replication.

Clin Infect Dis. 2005;41:1053-6. doi:10.1086/433188.

261. Galvez C, Urrea V, Dalmau J, Jimenez M, Clotet B, Monceaux V, et al. Extremely low viral
reservoir in treated chronically HIV-1-infected individuals. EBioMedicine. 2020;57:102830.

d0i:10.1016/j.ebiom.2020.102830.

262. Rutsaert S, Bosman K, Trypsteen W, Nijhuis M, Vandekerckhove L. Digital PCR as a tool to

measure HIV persistence. Retrovirology. 2018;15:1-8. doi:10.1186/s12977-018-0399-0.

263. Peluso MJ, Bacchetti P, Ritter KD, Beg S, Lai J, Martin JN, et al. Differential decay of intact
and defective proviral DNA in HIV-1-infected individuals on suppressive antiretroviral therapy.

JCI Insight. 2020;5:1-13. doi:10.1172/jci.insight.132997.

264. Véronique A-F, Marie-Laure C, Stéphane B, Marianne B, Corinne F, Kadidia T, et al. LTR
real-time PCR for HIV-1 DNA quantitation in blood cells for early diagnosis in infants born to

seropositive mothers treated in HAART area (ANRS CO 01). J Med Virol. 2009;81:217-23.

186



d0i:10.1002/jmv.21390.

265. Rb-Silva R, Nobrega C, Azevedo C, Athayde E, Canto-Gomes J, Ferreira I, et al. Thymic
function as a predictor of immune recovery in chronically HIV-infected patients initiating

antiretroviral therapy. Front Immunol. 2019. doi:10.3389/fimmu.2019.00025.

266. De Rossi A, Walker AS, Klein N, De Forni D, King D, Gibb DM. Increased thymic output
after initiation of antiretroviral therapy in Human Immunodeficiency Virus type 1-infected
children in the Paediatric European Network for Treatment of AIDS (PENTA) 5 Trial. J Infect

Dis. 2002;186:312-20. doi:10.1086/341657.

267. De Rossi A, Walker AS, De Forni D, Klein N, Gibb DM, Paediatric European Network for
Treatment of AIDS. Relationship between changes in thymic emigrants and cell-associated HIV-
1 DNA in HIV-1-infected children initiating antiretroviral therapy. Antivir Ther. 2005;10:63-71.

https://europepmc.org/article/med/15751764. Accessed 23 Jun 2021.

268. Gaebler C, Falcinelli SD, Stoffel E, Read J, Murtagh R, Oliveira TY, et al. Sequence
evaluation and comparative analysis of novel assays for intact proviral HIV-1 DNA. J Virol.

2021;95. doi:10.1128/JV1.01986-20.

269. Falcinelli SD, Kilpatrick KW, Read J, Murtagh R, Allard B, Ghofrani S, et al. Longitudinal
dynamics of intact HIV Proviral DNA and outgrowth virus frequencies in a cohort of individuals

receiving antiretroviral therapy. J Infect Dis. 2021;224:92-100. doi:10.1093/infdis/jiaa718.

270. Mlotshwa M, Riou C, Chopera D, de Assis Rosa D, Ntale R, Treunicht F, et al. Fluidity of
HIV-1-specific T-cell responses during acute and early subtype C HIV-1 infection and associations

with early disease progression. J Virol. 2010;84:12018-29. doi:10.1128/JV1.01472-10.

187



271. Naranbhai V, Abdool Karim SS, Altfeld M, Samsunder N, Durgiah R, Sibeko S, et al. Innate
immune activation enhances hiv acquisition in women, diminishing the effectiveness of tenofovir

microbicide gel. J Infect Dis. 2012;206:993-1001. doi:10.1093/infdis/jis465.

272. Chopera DR, Woodman Z, Mlisana K, Mlotshwa M, Martin DP, Seoighe C, et al.
Transmission of HIV-1 CTL Escape Variants Provides HLA-Mismatched Recipients with a

Survival Advantage. PLoS Pathog. 2008;4:e1000033. doi:10.1371/journal.ppat.1000033.

188





