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Abstract

Objectives: Elite controllers (EC) are a rare group of individuals living with HIV-1 who naturally control HIV-1 replication
to levels below the limit of detection without antiretroviral therapy (ART) and rarely progress to AIDS. The mechanisms
contributing to this control remain incompletely elucidated. In the present study, we have assessed whether cellular host
factors could modulate HIV-1 replication post-entry in a controller-discordant couple living with HIV-1.

Methods: CD4 T cells from a controller-discordant couple, one partner being an EC and the other an HIV-1 progressor
(PR), and healthy controls (HC) were isolated, activated and infected with VSV-G pseudotyped yellow fluorescent
protein-encoding single-round HIV-1 virus (HIV-YFP). Viral reverse transcripts, 2-LTR circles and integrated proviral HIV-1
DNA were monitored by quantitative PCR (qPCR) and integration sites were analysed. We further measured LEDGF/p75
and p21 mRNA expression levels by qPCR.

Results: Infection of activated CD4 T cells with HIV-YFP was reduced in EC compared with the PR partner, and HC. Evaluation
of viral DNA forms suggested a block after entry and during the early steps of HIV-1 reverse transcription in EC. The
integration site distribution pattern in EC, PR and HC was similar. The p21 expression in CD4 T cells of EC was elevated
compared with the PR or HC, in line with previous work.

Conclusions: Our study suggests a reduced permissiveness to HIV-1 infection of CD4 T cells from EC due to a block of
HIV-1 replication after entry and before integration that might contribute to the EC phenotype in our patient.
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Introduction

Elite controllers (EC) represent a group of individuals living with
HIV-1 who naturally suppress viral replication to levels below 50–75
copies/mL for at least 12 months [1] without the use of
antiretroviral therapy (ART), and only rarely progress to AIDS. How
these individuals control HIV-1 infection has been a major focus
of research as it could provide valuable clues to guide research
on vaccines and viral eradication. Multiple non-exclusive reasons
have been put forward to explain the control of viraemia in this
subgroup of individuals. First, the infecting virus could be crippled
[2,3], or secondly, the adaptive immune response could result in
control of the infection [4–6]. Genetic determinants such as HLA
B*57/58:01 and to a lesser extent B*27:05, B*14/Cw*08:02,
B*52 and A*25 can explain less than 25% of the HIV-1 load
variability [7]. Furthermore, humoral immunity probably has little
effect on viral control [8] as broadly neutralising antibodies can
be identified in a large subset of non-controllers and are less
frequent in EC compared with non-controllers [9]. Thirdly, cellular,
mainly restriction, factors might hamper replication.

Activated CD4 T cells from EC are susceptible to infection with
HIV-1 isolates in vitro [10]. Interestingly, previous studies have
demonstrated a reduction in the number of integrated proviruses
in EC as well as a proportional increase of unintegrated viral
intermediates, such as episomal 2-LTR circles, believed to result
from unsuccessful integration [11,12]. The latter data suggests
a block at the integration step in a subset of EC [7,11–13].
Integration is an essential step in the HIV life cycle, which is
catalysed by the viral integrase. Through the integration process

proviral DNA is stably inserted into the genome of the host cell.
Overexpression of the human protein cyclin-dependent kinase
inhibitor p21 in CD4 T cells from EC has been suggested as a
potential explanation for reduced HIV-1 infection, but results have
been ambiguous [7,11,13]. In addition, other studies have
indicated a reduction in viral transcription or reduced production
of virions from EC CD4 T cells [7].

Taken together, current data suggest a considerable heterogeneity
in mechanisms to explain the EC phenotype. We have hypothesised
that in-depth analysis of individual EC could provide valuable clues
in contrast to studies on EC as a combined group that may average
distinct underlying mechanisms. In this study we have evaluated
the mechanisms of HIV control ex vivo in a rare controller-
discordant couple. This long-term couple consisted of one EC
individual and a progressor (PR) partner with HIV subtype A
infection and presumably similar HIV strains, thereby excluding
strain-specific differences in pathogenicity.

Method
Participants with HIV and healthy controls were recruited at the
University Hospital Leuven, Belgium. The study was approved by
the local Ethical Committee UZ Leuven, Belgium and all individuals
agreed to participation and signed an informed consent form.
Blood samples were taken for ex vivo analysis. Two controller-
discordant couples, defined as partners with virologically confirmed
inter-partner transmission presenting as an EC and PR, respectively,
were included. The data from one couple with consistent results
was elaborated and is presented; data from the second couple
demonstrated variable reproducibility and was omitted. The EC
phenotype was evaluated and confirmed throughout the study.

The CCR5Δ32 genomic deletion was assessed on genomic DNA
using CCRd32fwd (CTGTGTTTGCGTCTCTCCCA) and CCR5d32rev
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(CCTCTTCTTCTCATTTCGACA), expected to generate a 190 bp
amplicon in case of CCR5Δ32 deletion instead of a 222 bp
amplicon in wild-type virus[14].

HLA-typing was performed for HLA B*27 and HLA B*57:01 using
a commercially available assay.

HIV subtype and genotypic drug resistance were determined as
described by Pineda-Peña et al. [15]. For the EC, a viral blip 2
years after the start of the study was analysed demonstrating an
HIV-1 subtype A1 without resistance mutations in HIV-1 reverse
transcriptase, protease or integrase. For the PR HIV-1 subtype A1
was identified. No baseline resistance information could be
obtained, although, resistance to various treatment regimens
developed over the years.

Peripheral blood mononuclear cells (PBMCs) from HIV-1 positive
individuals and healthy controls (HC) were isolated in parallel using
density gradient centrifugation and stored in liquid nitrogen.
Defrosted PBMCs were enriched for CD4 T cells using sorting for
CD4 expression with immunomagnetic beads (MACS, Miltenyi) or
anti-human CD3.8 bispecific monoclonal antibody according to
the manufacturer‘s protocol. The latter reagent was obtained
through the NIH AIDS Reagent Program, Division of AIDS, NIAID,
National Institutes of Health (Anti-Human CD3/8 Bi-specific
Monoclonal from Drs Johnson Wong and Galit Alter). Cells were
activated and expanded using IL-2 (50 U/mL) and anti-CD3/CD28
antibodies in case bead-based sorting occurred prior to further
experiments. CD4 expression was evaluated using flow cytometry
with CD4-PE.

VSV-G pseudotyped yellow fluorescent protein-encoding single-
round HIV-1 virus (HIV-YFP) was generated using pNL4-3 IRES-
YFP and pseudotyped with vesicular stomatitis virus G (VSV-G)
as described previously [16]. For transduction with HIV-YFP, cells
were seeded at 30,000–500,000 per well in a 96–24-well plate,
respectively, and a serial dilution of HIV-YFP was added and
analysed for YFP expression using flow cytometry on day 2 and
7 post-transduction.

Quantitative PCR (qPCR) was performed as previously described
for LEDGF/p75 [17] and p21 [7]. Late reverse transcripts (late
RT), 2-LTR circles at different time points after transduction of
activated CD4 T cells with VSV-G-pseudotyped HIV-YFP were
monitored by quantitative qPCR. Cell lysates, harvested 48 h after
transduction, were used for detection of integrated proviral HIV-1
DNA using Alu-Gag PCR, as previously described [18].

LDL-receptor expression was evaluated using LDL-PE (mouse
anti-human LDLR Clone 7 IgG-C7, Becton Dickinson) using flow
cytometry.

For integration site analysis, cells were cultured 7 days post-
transduction with HIV-YFP to minimise residual non-integrated
DNA. Amplification and sequencing of proviral integration sites
were performed using 454 pyrosequencing. Briefly, gDNA was
digested using MseI and linkers were ligated. Proviral-host
junctions were amplified by nested PCR using barcoded primers,
which enabled pooling of PCR products. Following gel-purification,
products were sequenced on the 454 GS-FLX. Authentic
integration sites were aligned to the human genome (hg18) using
BLAT requiring >98% sequence identity. Statistical methods are
detailed in Berry et al [19]. Integration site counts were compared
with matched random controls (MRCs) by Fisher‘s exact test or
by multiple regression models for integration intensity and a c-logit
test for significance [19]. Analysis was carried out using R
(www.r-project.org). Detailed analysis and bioinformatics were
performed using Integration Site Pipeline and Database (INSIPID).

Results

The EC and PR were long-term partners, white and aged 67 years.
They were diagnosed with HIV infection 18 years ago. They both
had HIV-1 subtype A infection and were presumed to be infected
with the same virus although viral sequences at the time of
infection were unavailable. The EC had an undetectable HIV-1 viral
load since diagnosis and a current CD4 T cell count of 710
cells/mm3. The EC was HLA B*27, B*57:01 and CCR5Δ32
negative. The PR partner had an undetectable HIV-1 viral load
while on ART (ritonavir-boosted darunavir, zidovudine, lamivudine,
tenofovir disoproxil and raltegravir). The PR‘s CD4+ T cell count
nadir was 113 cells/mm3 and current count was 540 cells/mm3,
and was HLA B*27 and CCR5Δ32 negative, and HLA B*57:01
positive.

Ex vivo transduction of isolated and activated CD4 T cells with a
VSV-G pseudotyped HIV-YFP resulted in a reduced transduction
(about two-fold lower) in CD4 T cells from the EC compared to
the PR partner (Figure 1a), and healthy controls (data not shown),
suggesting an intrinsic block of HIV transduction in the EC at a
post-entry step. Of note, LDL-receptor expression, a potential cause
of reduced VSV-G-mediated entry [20], was similar in activated
CD4 T cells from EC and PR (data not shown). Expression of PSIP1
mRNA encoding the LEDGF/p75 protein, a known cofactor for
HIV integrase [21], was similar in EC, PR and HC (Figure 1b), but
p21 expression was slightly elevated in the EC compared to the
PR and HC, consistent with previous results [7] (Figure 1c).

To further dissect the replication block, we have determined viral
intermediates at different time points post HIV-YFP transduction
(Figure 1d). Already, at 12 hours post-transduction, late RT
products in the EC cells were lower compared with PR and HC
cells. This indicated an early replication block occurring around
the RT step. As expected, the number of integrated copies was
lower, although this was not due to an additional block at the
integration step, since the reduction was similar in terms of late
RT products, and the 2-LTR circles were not elevated compared
to PR or HC cells or a raltegravir (RAL)-treated HC in whom a
clear increase was observed (Figure 1d).

HIV integration is not a random process and preferentially occurs
in active transcription units [22]. The site of integration, therefore,
can significantly influence transcription and hence viral replication
[16,23–26]. Since a reduction in integrated HIV-1 copies might
still be accompanied with an altered integration site selection, we
have analysed the integration site distribution in EC, PR and HC
samples. As the number of proviral DNA copies in CD4 T cells from
EC or ART-treated individuals is estimated to be low, at around
10–1000 per million cells [12,27], ex vivo superinfection and
analysis of these cells with laboratory viruses/HIV-derived vectors
is deemed feasible. Therefore, we determined the integration site
distribution pattern (Figure 1e). The genomic heat map
demonstrated no clear difference between the integration site
distribution pattern in EC, PR and HC (integration preference
relative to random is compared to HC, indicated with ‘–’).
Moreover, compared to the shift of integration outside RefSeq
genes after knockdown or knockout of LEDGF/p75 or by using
LEDGINs [25,28], the subtle differences are probably biologically
irrelevant.

Discussion

EC individuals naturally control HIV replication in the absence of
ART. Evidence suggests a block at the integration step in at least
a subset of ECs [12,26]. The integration block in these individuals
could be due to cellular restrictions affecting the integration step.
Alternatively, the expression or functionality of cellular cofactors
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Figure 1. Analysis of ex vivo infection of a controller-discordant couple. (a) Percentage of YFP-positive CD4 T cells from EC and PR at day 2 and 7 after transduction with a serial
dilution (1/10 and 1/20) of HIV-YFP; a representative experiment for multiple independent experiments (n=4), is shown. (b,c) LEDGF/p75 and p21 mRNA expression
relative to beta-actin expression (mean, standard deviation) in stimulated CD4 T cells demonstrating only a mild increase in p21 in EC. Statistically significant differences
using a one-way ANOVA are indicated with * (**: P=0.03; ***: P=0.0025). (d) Kinetics of viral intermediates (late reverse transcripts or Late RT, 2-LTR circles, integrated
copies expressed relative to RNaseP) in CD4 T cells from EC, PR, or HC without efavirenz (EFV at 50xIC50) or raltegravir (RAL at 50xIC50) after transduction with HIV-YFP
using qPCR demonstrating an early reduction in late RT products in EC compared with PR or HC. (e) For integration site analysis, cells were split and maintained for 7 days
before determining the number of integrated copies and integration site analysis. Heat maps were developed to summarise relationships of proviral integration sites with
genomic features using the receiver operating characteristic (ROC) area method [19). The analysed genomic features are mentioned on the left of the corresponding row of
the heat map. Tile colour indicates whether a chosen feature is favoured (red, enrichment compared with random) or disfavoured (blue, depletion compared with random)
for integration for the respective data sets relative to their MRCs, as detailed in the coloured ROC area scale at the bottom of the panel. The different data sets used are
indicated above the columns. The *denote significant differences of HIV integration compared to the LEDGF/p75 knockdown cell line for the respective features (*: P<0.05;
***: P<0.001, using Wald statistics referred to a chi-squared distribution), dashes overlay control tiles. The naming of the genomic features is described in Brady et al. [30].
TSS: transcription start site; EC: elite controller; HC: healthy controller; PR: progressor; YFP: yellow florescence protein.
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involved in integration might be reduced in a subset of EC,
resulting in less integrated HIV-1 provirus. In our EC case a
reduction in integrated copies was observed, yet without an
increase in 2-LTR circles. Together with a reduction in late RT
products, this EC phenotype can be attributed to an early block
in the replication cycle, pointing towards a heterogeneity within
the EC population.

In line with previous work [7], we have also observed an
upregulation of p21 mRNA in CD4 T cells from EC. This has been
suggested to contribute to a reduced susceptibility to HIV-1,
possibly through inhibiting viral reverse transcription and resulting
in reduced 2-LTR cycles and integration [7]. P21 has the ability
to inhibit the enzymatic activity of CDK9, a host protein essential
for correct elongation of HIV-1 mRNA [29].

Most studies have aimed at explaining viral, immunological or cell
biological differences between a group of EC and PR individuals.
Multiple determinants underlie EC and considerable variations
between experiments with primary cells could be observed. To
overcome viral factors, we performed an in-depth study of the
mechanisms of HIV-1 control in one EC who was presumed to have
the same virus as the PR partner. This EC is characterised by an
ex vivo block early after entry. Our work has certain limitations
including the absence of evaluation of HIV-entry as well as
virus–host adaptive immune responses. However, our findings
warrant further validation in other controller-discordant couples
and might inform the mechanisms of natural HIV-1 replication
control.
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