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Running title : HIV Controllers

Summary

Less than 0.5% of HIV-1 infected patients maintain viral load below the threshold of
detection by conventional assays for many years without antiretroviral therapy. These
patients are known as HIV controllers (HICs) and offer a unique opportunity to explore and
unravel efficient mechanisms of defense against HIV. An intense research effort has led to
identify viral and host factors that contribute to the control of viral replication. Although the
host factors appear to be the primary determinants for HIV control, different genomic,
transcriptomic and immunological profiles have been described in HICs. This supports the
existence of different mechanisms of control. We review here the most significant data in
the field, including our own work, in the light of a crucial question: whether the ability to
achieve and maintain the control of HIV replication is linked to genetic or immunological
features specific to HIC or can be induced by vaccine or therapeutic approaches in the

general population.

Keywords: HIV-1, HIV-controllers, Post-treatment controllers, antiviral responses, viral

reservoirs
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Introduction

The pathogenesis of HIV infection in humans depends on a balance of viral and host factors.
The fitness of the virus and the type of cell that it is able to infect may have an enormous
impact on the rate of progression to disease (1-3). The virus relies on numerous cellular
factors to complete its replication cycle, and it needs to altogether overcome intrinsic cell
factors that are devised to hinder viral replication (4-6). Moreover, the host mobilizes a
panoply of immune responses, both innate and adaptive, to counteract infection. A better
understanding of the intimate interactions between the virus and the host will undoubtedly
provide important clues in the search for an HIV vaccine and cure. Interestingly, in a few
patients, the host factors appear to have prevailed over the virus, as these patients are able
to naturally control viral replication, maintaining extremely low virus levels (7-11). These
patients are known as HIV controllers (HICs) and offer a unique opportunity to explore and

unveil efficient mechanisms of defense against HIV.

Clinical characteristics

Transitory control of infection may occur in up to ~7% of all HIV-infected patients (12).
However, in most of these patients, control of the infection does not last long and is lost
within less than 12 months. In contrast, once control of viremia has been maintained for at
least one year, the probability of these patients maintaining undetectable viral replication
for numerous years is increased. Overall, the frequency of these long-term HIV controllers is
low. Several epidemiological studies have estimated that these patients may represent
around 0.5% of the total population of HIV-infected patients (9, 13, 14). The definition of

HICs varies worldwide depending on the threshold of maximal viral replication that is used or
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the length of control (15). In the French ANRS CO21 cohort, HICs are defined as patients
naive to antiretroviral therapy (except for transient treatments during pregnancy) who have
been infected for at least five years and have maintained their five last viral loads below 400
HIV RNA copies per ml of plasma. The 400 RNA copy threshold was chosen for historical
reasons, as this was the threshold of the first viral load tests largely available in French
clinical centers in the 90s. Other cohorts, such as the international HIV controller
consortium, have defined these patients as HIV-infected individuals who have maintained at
least two consecutive plasma viral loads below 50 copies/ml within the last 12 months

without therapy (10).

Patients who will become HICs typically have a non-symptomatic primary infection and have
higher CD4+ T cell levels and lower plasma viral loads and reservoir levels in the blood
compared to those who will not achieve control of infection (12, 16). This suggests that
efficient mechanisms of control start acting soon after infection in most of these patients (9).
However, the control of infection in some particular cases is a progressive phenomenon that
may require several years to accomplish (9). What differentiates these late controllers from
early controllers remains unknown, but comparative studies may provide interesting insights
into the development and relative contribution of the different mechanisms that may
participate in establishing control of infection in HICs. Little information is available
regarding co-infections by other pathogens in HICs, but at least some of these patients

appear to be able to control or even clear hepatitis C infection (17, 18).
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Although HICs maintain a remarkable control of infection, blips in viral load levels have been
observed for many of these individuals during long-term follow-up (13). Very low levels of
plasma virus can be detected by ultrasensitive RT-PCR assays in HICs, revealing a persistence
of viral replication despite maintaining viremia below the limit of detection by standard RT-
PCR (19-21). Interestingly, these patients may have been able to control infection of the
central nervous system even more effectively, as detection of viral replication is infrequent
in cerebrospinal fluid from these patients, even when using ultrasensitive techniques (22,
23). Many HICs also experience a decline of their CD4+ T cell levels over time (13, 24). It is
likely that the loss of CD4+ T cells in HICs is related to low-level viremia; we and others have
recently reported that declining CD4+ T cell levels were observed in patients who had
experienced blips in their viral loads or had higher low-level viremia (13, 21). In contrast, for
some HICs, a viral blip has never been recorded over very long follow-up periods (13). These
patients maintain stable CD4+ T cell levels, and many have undetectable viral loads even
when using ultrasensitive techniques able to detect 1 RNA copy/ml of plasma (our
unpublished observations). Interestingly, these HICs are close to healthy individuals from a

transcriptomic point of view (25).

The slopes of CD4+ loss in HICs are typically very modest (13). However, AIDS-related events
have been reported for a couple of HICs (24), and CD4+ T cell losses have prompted
therapeutic intervention in a few others (26, 27). Although data on such patients and their
clinical evolution are scarce, the reaction of HICs to antiretroviral treatment appears to be
unequal. Some regain their CD4+ T cell counts, although their gains are smaller than those of

patients with uncontrolled viremia who start therapy (26). Other patients do not increase
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their CD4+ T cell numbers despite exhibiting a reduction in their low-level viremia upon
therapy initiation (27). This would suggest that additional factors underlie the evolution of
CD4+ T cell counts in HICs, and their identification may help to devise additional therapeutic
approaches to implement in these HICs and other HIV-infected patients as a complement to

antiretroviral therapy.

CD4+ T cell loss in HICs has been associated with elevated levels of T cell activation (24).
Although lower compared to viremic patients, most HICs have abnormally high levels of T
cell activation and inflammatory markers and signs of microbial translocation when
compared to the healthy population or, for some markers, HIV-infected patients receiving
antiretroviral therapy (24, 28, 29). Indeed, high levels of immune activation may well be as
important a determinant of CD4+ T cell loss in HICs as they are in uncontrolled infection.
However, high levels of immune activation are a rather common characteristic observed in
HICs and do not entirely explain the more profound loss of CD4+ T cell counts in the rare

cases presented above.

As in other HIV-infected patients, HICs have higher proportions of differentiated T cell
subsets compared to healthy donors (30). Two recent reports suggest that HICs can
regenerate T cells through optimal thymic output, homeostatic proliferation and preserved
lymphopoiesis (30, 31). In contrast, HICs experiencing significant progression have reduced
levels of hematopoietic progenitor cells (31), which likely compromises thymic function in

these patients (30). Thus, there may be some cost for HICs to maintain an optimally tuned
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immune response against HIV (see below), but the benefits overwhelm the disadvantages

for the vast majority of HICs.

Host-virus interactions involved in HIV control

Viral determinants

The low levels of viremia in HICs are similar to those found in HAART-treated patients (19,
21, 32), and a median value of 2 copies/ml in a cohort of HICs has been reported (33). In
contrast, HIV-1 reservoirs are much smaller in HICs than in patients on HAART (7, 34, 35).
This discrepancy raises the question of whether plasma viruses in HICs originate from
reactivations of this decreased latent reservoir or correspond to ongoing viral replication.
Cross-sectional studies of plasma and cell-associated virus sequencing from HLA-B*57-
positive HICs have shown discordance between gag plasma viral sequences and sequences
from archived provirus in resting CD4+ T cells (32). All the amplified plasma viral clones had
mutations in HLA-B*57-restricted epitopes, which is consistent with selective pressure from
the CTL response. In contrast, almost all proviral clones were wild type, suggesting that the
infecting founder viruses did not contain escape mutations. Strong evidence indicating that
persistent viremia in HICs is sustained by continuous cycles of viral replication comes from
longitudinal studies in which gene sequencing was performed in sequential samples. The
analysis of gag and nef sequences from the plasma of HLA-B*57- and/or HLA-B*27-positive
HICs showed a temporal evolution of viral genes (36, 37). Interestingly, genetic evolution
was primarily restricted to the plasma viruses and was rare in cell-associated viral
sequences. Gag and nef proviral clones appeared to be ancestral to the plasma clones and

likely represent archived viruses. This suggests that viral reseeding and expansion of the
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latent reservoir is not allowed by the very low rate of HIV-1 replication in the cellular
compartments of HICs. While mutations found in HLA-B*57/5801- and HLA-B*27-restricted
epitopes persisted over time, suggesting a continuous CTL-driven pressure, the majority of
the evolution observed in the gag and nef genes in the patients included in these studies
was driven by synonymous mutations and not by evolution in CTL-targeted epitopes (36). A
lower rate of viral replication after an initial control of viral replication by immune responses
may explain the lower frequency of nonsynonymous mutations and CTL escape variants in
HICs compared to chronic viremic patients. Single-genome sequencing followed by a
phylogenetic analysis of the pro-rt and env genes from plasma samples also showed that
sequence divergence in these genes increases with time in many HICs (20). In this study,
evolution of plasma viruses was found both in patients who did not have protective HLA
alleles and in patients carrying the HLA-B*57/27 alleles, indicating ongoing virus replication
despite the presence of these protective HLA alleles. However, in accordance with the
results reported for gag sequences (36), significantly fewer mutations within known CTL

epitopes in Pro and RT were found in HICs than in noncontroller patients (20).

Strong cellular response-driven immune selection has been associated with a reduced
replication capacity of mutant viruses (38-40). Accordingly, chimeric HIV-1 viruses containing
the gag-pol, rev, vif, and env genes isolated from the plasma of HICs showed reduced
replicative capacity compared with viruses containing the corresponding genes isolated from
patients with progressive disease (41, 42), (43, 44). In addition, the reduced viral fitness of
gag-protease clones derived from HICs was correlated with mutations in epitopes restricted
by protective HLA alleles (40, 42). A recent study documented a relative impairment of Nef
functions in Nef clones isolated from HICs compared to those from chronic progressors (45).

Noncanonical B57*-associated polymorphisms in CTL epitopes, different from the common
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polymorphisms described in progressors, have been associated with Gag-Pol and Nef
attenuations in HICs (40, 45). These results suggest that pressure by HLA-B57* CTLs selects
for rare variants in HICs leading to lower viral replication capacity. This is well illustrated by a
study that analyzed the common HLA-B57/B*5801 associated T242N mutation in the Gag
TW10 epitope found in B57/B*5801-positive HICs and HIV progressors. Rare variants that
reduced the viral replicative capacity were found exclusively in HICs within and flanking the
TW10 epitope; these variants were recognized by variant-specific CTL responses (40). These
studies support a reduction of viral fitness associated with CTL escape mutations in chronic
infection. The open question is whether infection with a mutated attenuated virus may be at
the origin of the control of viremia in HICs or whether viral attenuation is caused by the
strong immune response that leads to the control of viremia. The evolution in HLA-
B*57/B*27-restricted epitopes found in plasma viruses but not in the cell-associated viruses
of HICs, as mentioned above, is in favor of the second hypothesis. Obvious genetic defects,
such as deletions, insertions and stop codons, have not been found in viruses isolated from
HICs, except in sporadic cases ((46) and references herein). However, one study has
described an impaired replicative capacity of plasma gag-protease clones obtained during
the acute/early phase of infection from patients who subsequently become controllers (47).
In some cases, HICs were recipients of drug-resistant strains or of strains containing B57-
associated escape mutations, suggesting the transmission of attenuated viruses; others
carried HLA-protective alleles that could have forced the selection of escape mutations in
early phases of infection. These data suggest that the characteristics of the infecting viruses
and an early selection of fitness cost mutations by protective HLA alleles are conditions
surrounding viral control in HICs. However, many HICs do not carry protective alleles, and

mechanisms of viral control that are dependent on immune selection cannot be generalized
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to all the patients. Moreover, all the studies performed with chimeric viruses focused on
isolated genes introduced into a reference heterologous backbone strain and did not
address the replicative potential of whole viral isolates. Therefore, if the weakened function
of viral proteins appears to be frequent in HICs, this does not exclude the possibility that
viruses infecting HICs can exhibit replicative fitness. Indeed, replication-competent viruses
were isolated from the plasma of HICs from different cohorts, including the French ANRS

cohort, and showed replication levels similar to those of reference HIV-1 strains (34, 48-50).

Overall, some important points can be inferred from these studies: infection with an
attenuated/defective virus can make achieving control of viral replication easier in some
HICs, but it alone does not explain the HIC phenotype. Indeed, control of infection has been
reported in patients receiving virus from pairs with progressive infection, suggesting that
host factors are the most important determinant for HIV control (51). When present,
protective HLA alleles help to achieve and/or maintain control of viremia but still require the
presence of other factors. Indeed, HICs and progressors carrying the same HLA allele display
different viral polymorphisms and sequence evolution. In addition, different outcomes of
transmitted viruses have been reported in HLA-B*57-positive HICs and progressors; viruses
from progressors showed compensatory mutations and became progressively more fit over

time, whereas viruses from HICs did not (52),(53).

Genetic determinants of the innate and adaptive immune response

A number of studies have attempted to understand the contribution of genetic factors and
of immune responses to viral control. Genome wide association studies (GWAS) have located

the genetic determinants with the strongest association with HIV-1 control in the HLA class |
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region in the major histocompatibility complex (MHC) on chromosome 6 (54, 55). The single
nucleotide polymorphisms (SNPs) with the highest significant association were found in
close proximity to the HLA-B and HLA-C genes, which is consistent with earlier reports
showing an association between specific HLA class | alleles and disease progression (56). The
strongest association was found with a SNP located in the HCP5 gene that is in linkage
disequilibrium with the HLA-B*5701 allele in whites and with HLA-B*5703 in African-
Americans (57, 58). A deeper analysis by inferred sequencing of the HLA class | alleles in
conjunction with GWAS showed that the specific amino acid composition in the HLA B
peptide-binding groove underlies the associations between protection or disease
progression and protective alleles such as B*27, B*57 and B*14 and deleterious alleles such
as B*35, respectively (59). The second association with HIV-1 control was found with a SNP
35 kb upstream from the HLA-C gene (54, 59). This SNP was also associated with higher
expression of HLA C alleles on the surface of cells (60). This effect on HLA C expression has
been subsequently explained by a differential binding of microRNA Hsa-miR-148a to its
target site within the 3’untranslated region of HLA-C, which leads to a specific post-

transcriptional regulation of different HLA-C alleles (61).

It is important to note that the HLA genetic associations together explain 19% of the
variance of host control (59), indicating that other factors are involved in determining the
HIC phenotype. However, it is not totally surprising that GWAS have identified only the
genetic determinants located in the MHC region, considering the low frequency of HICs (~
0.5% of HIV-1-infected individuals) and their heterogeneity. Indeed, only common variants
can be detected by linkage in a population, and standard GWAS do not have the power to

detect rare variants (62).
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The strong genetic associations in the MHC region point to the role of immune responses in
HIV-1 control at least in some HICs. The associations between specific HLA class | alleles, HIV-
1 control and, in particular, the impact of the peptide composition of the class | binding
groove on viral peptide-binding capacity suggest a direct role for the specific cytotoxic T
lymphocyte (CTL) response. However, HLA class | molecules are also ligands for NK cell killer
cell immunoglobulin-like receptors (KIRs). Certain KIRs, namely KIR3DL1 and KIR3DS1, have
been found to be associated with better control of HIV-1 when found in patients that also
have HLA-B alleles with Bw4 epitope specificity (Bw4-80l) (63). In line with this observation,
NK cells from individuals carrying KIR3DL1 receptor-HLA-Bw4 ligand pairs perform multiple
functions in response to stimulation (64). The HLA-B alleles that have been associated with
HIV-1 control (HLA-B*57/27/58) are of the Bw4-80I group, suggesting that the mechanisms
of viral control may not only be due to CTL responses but also to the induction of an efficient
NK cell response through their interaction with NK cell receptors.

However, data regarding the impact of NK cells on HIV-1 control in HICs are scarce. The
combination of the KIR3DL1*h/*y genotype and HLA-B*57 has been associated with
protection from HIV-1 disease progression (65). NK cells from subjects carrying the
*h/*y+B*57 genotypes exhibit the highest polyfunctional potential, but this is dependent on
cocarriage of the NK receptor and its HLA-Bw4*80I ligand (64). One study reported increased
target cell-induced degranulation and cytokine secretion following IFNa stimulation in NK
cells from HICs carrying the inhibitory KIR3DL1*h/*y receptor genotype and the
corresponding HLA-Bw4*80I ligand (66). However, NK cells from HICs show a modest
capacity to suppress viral replication in autologous CD4+ T cells in vitro, much lower than

that mediated by CD8(+) T cells ((67), and our unpublished results).
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Adaptive responses

Cytotoxic CD8+ T lymphocytes

In contrast to the NK response, the HIV-1-specific CD8+ T cell response in HICs has been the
focus of intense investigation. Despite the extremely low level of viral antigen, many HICs,
whom we have termed “strong responders”, present a high frequency of HIV-1-specific CD8+
T cells that is much higher than in HAART patients, despite having comparable viral loads (33,
49, 68). However, the magnitude of this response, measured by IFN gamma ELISPOT assay, is
similar or even lower than in viremic progressors (10, 68), suggesting that viral control
implies qualitative differences not revealed by this assay. Several phenotypic markers are
differentially expressed on HIV-1-specific CD8+ T cells from HICs in comparison with viremic
progressors, including markers of T cell activation/exhaustion, such as PD-1 and CD57 (69,
70). A peculiar trait of HIV-1-specific CD8+ T cells from HICs is the discordant expression of
the activation markers HLA-DR and CD38. Whereas HIV-1-specific CD8+ T cells from viremic
progressors express high levels of the two markers and those from HAART patients express
low levels of both, HIC CD8+ T cells express high levels of HLA-DR and low levels of CD38
(68). This profile was previously described for the entire CD8" T cell population in
asymptomatic HIV-infected patients with stable CD4" T cell counts (71). This differential
expression might be linked to a superior capacity to respond to antigenic stimulation in the
absence of nonspecific activation driven by the inflammatory context present in viremic
patients. Accordingly, HLA-DR expression was correlated with the percentage of proliferating
cells among HIV-specific CD8" T cells (68). A higher ability of HIV-specific CD8 T cells from
HICs to proliferate in response to HIV-infected CD4+ T cells or HIV-1 peptides in comparison
with viremic patients has been consistently found and associated in many studies with the

protective HLA-B*57 allele (8, 68, 72). The level of polyfunctional HIV-specific CD8+ T cells,
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defined by the capacity to exert multiple effector functions, including the secretion of
several cytokines, such as IFN gamma, TNF-a, MIP-1B, CD107a and IL-2, following antigenic
stimulation, is inversely correlated with viral load (73). A polyfunctional response is found in
HICs and is scarce or absent in viremic progressors, most likely as a consequence of
persistent exposure to antigen during viremic infection (73, 74). The functional property that
most clearly differentiates the HIV-specific CD8+ T cells of HICs from those of viremic
progressors and HAART-treated patients is their capacity to directly kill infected cells in vitro.
HIV-specific CD8+ T cells from HICs have been shown to effectively suppress viral replication
in autologous CD4+ T cells by eliminating HIV-infected cells without the need for exogenous
stimulation (68). This suppressive capacity is not observed in either viremic progressors or in
HAART-treated patients and has been associated with an effective loading of perforin and
granzyme B in CD8+ T cells from controllers upon contact with HIV-infected cells (75, 76). Of
note, whereas more efficient loading of lytic granules has been documented in CD8+ T cells
after 6 days exposure to antigen (76), the killing of infected cells is detected a few hours
after adding CD8+ T cells to infected CD4+ T cells (68). This may be related to the ability of
CD8+ T cells from HICs to rapidly upregulate perforin and granzyme B following exposure to
antigen, an ability that has been associated with high levels of expression of the T-box
transcription factor T-bet after the in vitro expansion of HIV-specific CD8+ T cells (77). The
rapid elimination of infected cell targets by ex vivo CD8+ T cells implies the presence of CTLs
with immediate effector functions. Consistent with these results, differentiated effector
CD8+ T cells directed against HIV-1 are found more frequently in HICs compared to HIV-1
progressors (68, 78).

CD8+ T cell suppressive capacity in HICs is highly correlated with the anti-Gag response, not

with Nef- or Env-specific responses (49, 50, 79, 80), which is consistent with earlier studies
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reporting an association between the anti-Gag CD8+ T cell response and viral control (81,
82). A direct contribution to the control of the viral reservoir by the Gag-specific CD8+ T cell
response in HICs is suggested by their association with a low HIV reservoir in the central
memory CD4+ T cells of HICs carrying HLA-B* 57/27 alleles (83).

An increased magnitude and polyfunctionality of CD8+ T cell responses to HIV Gag has also
been found in the rectal mucosae of HICs and was more strongly associated with controller
status than peripheral blood responses (84, 85). It has been suggested that a superior T cell
response in the intestinal mucosae may contribute to limit CD4+ T cell depletion and
preserve mucosal integrity (84). The superior antiviral activity of Gag-specific CTLs may be
related not only to their lytic function but also to the selection of immune escape variants
with lower replication capacity (40-42, 86, 87), as discussed above.

Several studies suggest that Gag-specific CTLs from HICs mediate effective viral control
because of their higher functional avidity, i.e., the ability to react to lower antigen
concentrations and to recognize more epitope variants than those from HIV progressors (88,
89). Accordingly, control of HIV infection has been associated with the selection of HLA-
B*27-restricted KK10 epitope-specific CD8+ T cell clonotypes with high avidity,
polyfunctionality and suppressive capacity (90). A major step in our understanding of the
mechanisms underlying the superior quality of the CD8+ T cell response in HICs came from
two recent studies that compared CD8" T cell responses to Gag-immunodominant viral
epitopes in HICs and chronic progressors bearing HLA-B*27 or B*57 (91, 92). The ability of
CD8" T cells targeted to the same epitopes to inhibit viral replication was higher in HICs than
in HIV progressors and was associated with a different selection of epitope-specific TCR
clonotypes during infection. The TCR clonotypes of HICs displayed a better capacity and

higher avidity to cross-recognize naturally occurring viral variants (92) and upregulate
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perforin and granzyme B more than the TCR clonotypes of progressors (91). Interestingly,
the selection of these clonotypes occurs very rapidly after infection in controller patients
and in the context of low-level viremia (92). These studies provide an explanation for why
only a few individuals bearing the HLA-B* 27 and B*57 alleles control HIV-1 infection and
links the protective effect of these alleles to peculiar TCR rearrangements that lead to the

selection of the most effective clonotypes.

How favorable TCR clonotypes are selected in HICs remains unknown. The peculiar amino
acid composition of the protective HLA B peptide-binding groove (59) may favor an optimal
presentation of the viral peptide. It has also reported that the myeloid dendritic cells of HICs
efficiently generate T cell responses and that this capacity is associated with increased
expression of the leukocyte immunoglobulin-like receptors LILRB1 and LILRB3 (93). However,
additional studies will be needed to clarify these issues.

Polyfunctional and effective HIV-specific CD8+ T cells in strong-responder controllers may
result from the maintenance of an efficient response developed during the primary infection
that is lost in HIV progressors due to immune activation-driven T cell exhaustion. We
addressed this question in a study on a large number of patients during primary infection
who were included in a clinical assay (Optiprim) before the onset of HAART (94). We found
that most patients exhibited high frequencies of polyfunctional HIV-specific CD8+ T cells, but
these cells lacked strong HIV-suppressive capacities ex vivo. This indicates that HIV-
suppressive capacity is not a common characteristic of the CD8+ T cell response during
primary infection and suggests that it is an intrinsic feature found in HICs. This also implies

that this quality of the T cell response is a cause and not a consequence of viral control.
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If the presence of protective alleles and an effective CTL response certainly play a major role
in viral control in many HICs, particular MHC alleles or a strong CD8+ T cell response are not
necessary to achieve controller status. Indeed, as discussed above, HICs are a heterogeneous
population: many HICs lack protective HLA alleles and/or have weak HIV-specific CD8" T-cell
responses (10, 49, 95). A potential role of CD8+ T cells in viral control that is also observed in
HICs who have a low frequency of specific CD8+ T cells has been suggested by recent reports
showing that specific CD8+ T cells with viral suppressive capacity can be expanded upon
stimulation with Gag peptides, consistent with the presence of HIV-specific CD8+ T cells with
a memory phenotype (96, 97). In an in vitro suppressive assay, sorted effector memory and
terminal effector HIV-specific CD8+ T cells exhibited the strongest suppressive capacity in the
first days of CD8+/CD4+ T cell co-cultures. However, central memory CD8 T cells that
expanded after 5 days of incubation with antigen also acquired an effective suppressive
capacity (96). If these studies suggest that the presence of a few specific central memory
CD8+ T cells may be sufficient to maintain the control of eventual reactivations of HIV-1
replication in weak-controller HICs, this conclusion should be moderated by the following
considerations: t