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Since the early days of the HIV epidemic, unusual individuals
were reported who were able to suppress plasma viremia to very
low or undetectable levels and maintain their CD4* T cell counts
for a prolonged period of time without antiretroviral therapy
(ART) (1, 2). Over the years, these individuals have been known
by a number of names, including HIV controllers, spontaneous
controllers, elite controllers (ECs), elite suppressors, long-term
nonprogressors, long-term asymptomatic, and long-term sur-
vivors, depending on the clinical and laboratory definition. Not
long after combination ART became widely available, an intrigu-
ing letter was published regarding an individual in whom ART
was initiated during early HIV infection with multiple viral loads
greater than 80,000 HIV-1 RNA copies/mL (known as the first
“Berlin patient”). The patient elected to stop treatment and, sur-
prisingly, was able to sustain HIV suppression (3), in contrast to the
rapid rebound reported in most individuals after ART discontinu-
ation (4). While it is unclear how this individual would have fared
without ART (5), this case represented the first report regarding
a group of individuals now known as HIV posttreatment control-
lers (PTCs), individuals who are able to maintain HIV suppression
despite stopping ART. There is some variability between studies in
the minimum length of time that individuals must remain off ART,
with some requiring 24 or more weeks of viral suppression (6) and
others requiring 24 or more months (7). Since noncontrollers will
experience rapid viral rebound within a median of 3-4 weeks after
treatment interruption (4), these definitions are all expected to
adequately capture this rare group of PTCs. While HIV ECs are
rare, PTCs have been even more difficult to identify and study,
largely because it is recommended that patients stay on ART life-
long and these individuals have largely been identified only as part
of analytic treatment interruption (ATI) trials. While there may be
some overlap between ECs and PTCs, there is increasing evidence
that a substantial fraction of PTCs might have been unable to
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achieve posttreatment control without the initial ART. Together,
ECs and PTCs have already provided important insights about the
mechanisms behind HIV remission. In this Review, we highlight
five key lessons that have been learned so far and how they inform
our search for an HIV cure.

ART-free control of replication-competent virus
is possible
The existence of HIV ECs has given hope to the field and provided
clear evidence that HIV can be controlled without the use of med-
ications and that ART-free HIV remission is possible. In order to
recognize controllers as legitimate models of a functional cure for
HIV-1, these patients have to be controlling fully pathogenic virus.
While there are studies suggesting that patients infected with
attenuated HIV variants are more likely to become HIV controllers
or long-term nonprogressors (8), there are also several lines of evi-
dence to suggest that some controllers are infected with replica-
tion-competent virus (9). Multiple laboratories have cultured virus
from a subset of these patients (10-14), and full genome sequence
analysis of virus isolated from some controllers has not revealed
any large deletions or signature mutations (10). There have also
been several transmission pair studies in which transmission of
virus between patients with progressive disease and HIV con-
trollers has been documented (15-19). In cases in which replica-
tion-competent virus was isolated from both partners, compara-
ble viral fitness was seen in three out of four of these pairs (15-17).
There has also been documentation of evolution of plasma virus in
cohorts of ECs (20-22). In some cases, this evolution has been in
response to selective pressure by CD8* T cells (20, 21). In another
study, replication-competent viral isolates from ECs were shown
to replicate vigorously and cause substantial CD4" T cell depletion
in humanized mice (14). Finally, reports of transient (23) or per-
manent loss of virologic control in ECs (24-27) indicate that the
virus they were infected with was in fact replication competent.
There is evidence that PTCs also harbor HIV with preserved
viral fitness. This evidence includes data reported from two of the
more comprehensive studies to date on HIV PTCs: the French
VISCONTI study of 14 early-treated individuals (7) and the Con-
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trol of HIV after Antiretroviral Medication Pause (CHAMP) study
of 67 PTCs from a consortium of North American studies (6). First,
in both of these studies and others (28), PTCs were found to have
high levels of pre-ART viremia that were similar to levels found
in posttreatment noncontrollers (NCs). In the VISCONTI study,
levels of pre-ART viral load were markedly higher in the PTCs
compared with the viral loads of HIV ECs during acute infection.
Second, a substantial subset of CHAMP PTCs were found to have
early viral load rebound before regaining control, including 33% of
individuals who had early viral rebound peaks above 10,000 HIV-1
RNA copies/mL. Third, robust HIV production could be induced
from ex vivo stimulated cells of PTCs from the VISCONTI study
(7) and other studies (6, 29-32). Fourth, the analysis of transmis-
sion pairs has also shown that the same HIV viral strain infecting
a PTC has robust replication kinetics (33) and can lead to end-
stage HIV in a partner (30). Fifth, posttreatment control can be
maintained despite an onslaught of viral pressure, including evi-
dence of HIV evolution, dual infection, and even superinfection
(34). Finally, eventual loss of viral control has been documented
in a subset of PTCs, confirming the pathogenicity of the infecting
viruses (6, 35). Together, these results demonstrate that an attenu-
ated strain of HIV is not the primary mechanism behind HIV elite
and posttreatment control and affirm that these patients represent
important models of sustained HIV remission.

HIV controllers have unusual reservoir
characteristics

Newer assays enable investigators to better characterize the res-
ervoir and distinguish between intact provirus and those with
large deletions and/or hypermutations (36-38). Using the intact
proviral DNA assay (38), Kwaa et al. reported that the frequency
of intact HIV DNA was about 20-fold lower than the frequency
seen in people living with HIV (PLWH) on ART (39). Jiang and
colleagues performed full proviral genome sequencing on large
numbers of ECs and chronic progressors (CPs) and also found
much lower levels of intact DNA in elites. Interestingly, one EC
had a single intact proviral clone detected from 1.02 billion CD4*
T cells, and another EC had no proviral clones detected from 1.5
billion CD4* T cells (40). This study is the best characterization
of a subset of ECs called exceptional elite controllers (EECs) who
appear to have smaller reservoirs than the majority of ECs (41-
44). Further studies will be needed to determine whether these
patients have in fact achieved a sterilizing cure. Several studies
have looked at integration sites in HIV controllers and provided
evidence of clonal expansion in these participants (31, 40, 45).
Studies looking at total and intact proviral DNA found that the
frequency of clonally expanded clones in ECs exceeds the fre-
quency seen in PLWH on ART (31, 40) and that the percentage
of intact proviral clones that were integrated into non-genic or
pseudogenic regions was higher in ECs than in PLWH on ART
(40). There was also more enrichment of integration sites in sat-
ellite DNA and genes in the zinc finger family in ECs compared
with CPs (40). These integration sites would be more likely to
result in transcriptional repression, and in fact there was evi-
dence of a lower ratio of viral transcripts to viral DNA. It should
be emphasized that these characteristics are more likely a conse-
quence rather than a cause of elite control.
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PTCs also have unusual features related to both the size of
the reservoir and distribution within T cell subsets. In a study of
ten PTCs identified from AIDS Clinical Trials Group (ACTG) ATI
trials, PTCs had a restricted reservoir size, featuring an approxi-
mately 7-fold smaller total and intact proviral reservoir compared
with NCs, although the proportion of intact proviruses was not
significantly different between PTCs and NCs (29). As with ART-
suppressed individuals, clonally expanded populations of HIV-
infected cells appear in PTCs, and likely at a frequency similar to
that in NCs (29). The VISCONT!I study also reported that PTCs
had low levels of HIV DNA that continued to decline off ART (7).
Interestingly, the VISCONTI study and others (32) described dif-
ferences in the reservoir distribution between T cell subsets, with
PTCs having smaller reservoirs in the longer-lived naive and cen-
tral memory populations. Similarly to the EECs, PTCs have also
been reported with extremely low levels of HIV reservoirs, which
included sampling from tissue compartments (46). However, it is
important to note that detectable HIV DNA and cell-associated
RNA do not preclude the possibility of posttreatment control (7,
28-30). Finally, nonhuman primate (NHP) studies have also
reported limited SIV reservoir size in animals able to maintain
viral control after treatment interruption (47). The evidence that
HIV reservoirs in HIV controllers are severely restricted in size and
demonstrate features of deep latency in ECs is intriguing. These
findings highlight the potency of antiviral responses in HIV con-
trollers, but also that transcriptional silencing of HIV proviruses
may play a role in long-term viral control. Additional studies in
PTCs of HIV reservoir maintenance and transcriptional regulation
are needed, including studies of proviral integration sites.

Early ART orimmune response is important

for control

The few studies of ECs during primary infection suggest that these
individuals do not have the high levels of viremia seen in patients
with progressive disease (48). Furthermore, these ECs appear to
achieve virologic control very early in the course of infection (49,
50). It is almost unheard of for a person who is viremic more than
ayear after primary infection to subsequently control viral replica-
tion without ART.

Since the description of the original acutely treated “Berlin
patient,” the majority of reports have profiled pediatric or adult
patients who initiated ART during early infection (3, 7, 30, 32, 33,
51-55). This phenomenon does not appear to be restricted to early-
treated individuals, as there are cases of PTCs who initiated ART
during chronic infection (56, 57), including an individual who had
previously progressed to AIDS (46). The largest study to date com-
paring the frequency of posttreatment control in those initiating
ART during early versus chronic infection was the CHAMP study,
which confirmed that early treatment was associated with a greater
frequency of posttreatment control with 13% of early-treated ver-
sus 4% of chronic-treated participants meeting the study’s defi-
nition of posttreatment control (6). Several areas of uncertainty
remain, including the timing of early ART initiation, as the major-
ity of PTCs were treated during Fiebig stages III to V of infection
while studies of individuals who initiated ART during the earliest
Fiebig stages had rapid rebound after ATI (58). These reports are
also bolstered by NHP studies of early antibody treatment that
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induced posttreatment control (59, 60). Early suppression of viral
replication likely benefits individuals in multiple ways. First, early
ART initiation substantially restricts the size of the HIV reservoir
(61) with greater than 100-fold difference in the frequency of
cells harboring HIV DNA 3 years after infection (62). In addition,
early ART initiation is likely to have long-term benefits for pre-
serving functional cellular immune responses to HIV (63, 64).
These results provide additional support for early initiation of
ART for all PLWH and suggest that early-treated individuals have
a lower barrier to HIV remission and may be ideal candidates for
HIV curative studies.

Sex and genetics matter ... kind of

Recent studies highlight important sex differences in HIV patho-
genesis (reviewed in ref. 65) and indicate that females are more
likely than males to achieve controller status in both adult (66, 67)
and pediatric (68) cohorts. Interestingly, the female partner has
been the controller in all four transmission pairs we have studied
(15-17). HLA-B*57 and HLA-B*27 were overrepresented in ECs in
both cohort studies (69, 70) and genome-wide association studies
(71, 72). However, these alleles alone incompletely explain elite
control, as they are also present in many CPs. In order to define
additional factors that may modulate elite control, Martin et al.
performed whole human genome sequencing on large numbers
of HLA-B*57 ECs and HLA-B*57 CPs and identified a single vari-
ant, present in the NK cell receptor KIR3DLI, as the only notable
difference between the two cohorts of patients (73). However, this
variant does not fully explain why the majority of patients with
protective HLA alleles do not become ECs.

It has been challenging to translate the favorable host genet-
ics of ECs into broadly applicable therapies. So it was particularly
interesting that the VISCONTI, ACTG, and many other studies
did not report an increased frequency of protective HLA alleles in
PTCs (7,29, 30, 33,53, 74). This lack of protective gene candidates
raises the possibility that posttreatment control mechanisms may
differ between ECs and PTCs and that the lessons learned from
PTCs may translate better into treatment strategies. The role that
sex and genetics play in posttreatment control has also been high-
lighted in two studies of African participants. The first study ana-
lyzed participants of the PROMISE trial, which enrolled virologi-
cally suppressed postpartum women, the majority of whom were
from Africa. Interestingly, 25% of women in the PROMISE study
were virologically suppressed 12 weeks after ATI compared with
only 6% of ACTG participants, who were predominantly male
and from the United States (75). A second study found a greater
probability of posttreatment control in female participants in the
SPARTAC study who were African versus those who were non-
African (76). However, neither study was able to fully differentiate
between the potential effects of sex, race, and host or viral genet-
ics. Additional studies are needed to determine whether EC and
PTC prevalence differs between men and women, and between
individuals infected with different HIV subtypes (77).

Immune mediators may differ between ECs

and PTCs

The mechanisms responsible for HIV replication control in ECs
are still not fully understood, and it has been challenging to dis-
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tinguish between cause and consequence of control. In fact, most
studies are not performed during primary infection while control
is being achieved. As described above, the most objective data
suggest that class I HLA alleles are associated with protection.
Since class I HLA proteins present peptides to CD8" T cells, it
stands to reason that CD8" T cells play a key role in control. Indi-
rect evidence for the role of CD8" T cells comes from the monkey
model of elite control, in which protective MHC class I alleles have
also been described (78). Depletion of CD8* T cells in EC monkeys
results in transient loss of control, suggesting that these cells are
playing a role in suppressing viral replication (79, 80). In humans,
there is strong evidence that CD8" T cells from ECs are much bet-
ter at controlling viral replication in vitro than CD8" T cells from
PLWH on ART (31, 81-85). This enhanced control has been asso-
ciated with distinct CD8" T cell metabolic (86-89) and transcrip-
tional (90-92) profiles. Not all ECs have protective HLA alleles,
but one study suggested that many of these ECs have HIV-specific
CD8* T cells that kill as effectively as HIV-specific CD8" T cells
in ECs with protective HLA alleles (85). This cytotoxic capacity
may be due to the fact that CD8* T cells from controllers with and
without protective HLA alleles target highly constrained epitopes
that do not tolerate mutations (93, 94). While peripheral CD8" T
cells can control viral replication by killing infected CD4* T cells,
recent studies suggest that CD8" T cells from lymph nodes do not
have robust cytolytic function (95) and are phenotypically similar
to tissue-resident memory CD8* T cells (96). Interestingly, ECs
have higher levels of HIV-specific tissue-resident memory CD8*
T cells than CPs in secondary lymphoid organs, suggesting that
these cells control viral replication in the occupied tissue (96, 97).
ECs with weak CD8" T cell responses have been noted (98), but a
study suggests that these subjects still possess strong HIV-specific
central memory responses (99).

There is evidence that HIV-specific T cells can play a role in
determining viral set point after treatment interruption (100).
Early ART can preserve polyfunctional T cell responses in PTCs
(101), and some harbor CD8" T cells with the ex vivo capacity to
suppress HIV replication (31). In addition, depletion of CD8" T
cells in NHP models of antibody-mediated posttreatment control
have led to viral rebound (60). However, the immune mediators of
HIV posttreatment control remain unclear, as most of the available
data in PTCs have demonstrated relatively modest HIV-specific T
cell responses (7, 28, 30, 32, 33, 46, 52, 55). In the patient known as
the “Mississippi child,” HIV-specific T cell and antibody responses
were largely undetectable during the 21.9 months of remission and
returned only at the time of viremic rebound (35). The immune
mediators of posttreatment control remain an enduring mystery,
and a priority area of research.

The viral control demonstrated in ECs is not without cost, as
ECsshowincreased T cell activation and inflammation (102-104).
The impact of sustained immune activation and inflammation in
noncontrollers has been associated with poor clinical outcomes
(105-108) and extends to ECs, who may have an increased risk of
cardiovascular disease (109) and hospitalization (110), although
the risk remains undetermined in some studies (111-113). Intrigu-
ingly, PTCs can maintain viral control despite generally exhibit-
ing blunted levels of immune activation compared with ECs (7,
28,32, 33,55, 99), but additional studies are needed to assess the

:


https://www.jci.org
https://doi.org/10.1172/JCI149414

:

REVIEW

CPs

ECs

Viral load

The Journal of Clinical Investigation

PTCs rience with ECs suggests that combining
ART, initiated during primary infection,
with a therapeutic vaccination strategy
that induces potent CD8* T cell responses
targeting conserved epitopes may be a via-

ble strategy. While protective HLA alleles

Time

~13%—-15% (early-treated)
<4% (chronic-treated)

Prevalence® >80% <1%

% with protective HLA alleles 10%—-20% 40%—-80%

HIV-specific CD8* T cell response + +++

Reservoir size +++ +

Clonally expanded latent cells ++ +++

Figure 1. Virologic and immunologic profiles of CPs, ECs, and PTCs. ART is normally started in
chronic progressors (CPs) during the chronic phase of infection, and a rebound in viremia is seen
when therapy is discontinued. In contrast, elite controllers (ECs) are ART-naive subjects who control
viral replication naturally. Posttreatment controllers (PTCs) are more often patients in whom ART is
initiated during primary infection. These patients maintain control of viral replication when ART is
discontinued. *Estimates depend on definition of EC and PTC. +, ++, and +++ indicate relative

magnitude of each parameter.

long-term clinical implications of HIV posttreatment control and
whether patients can achieve HIV remission without increased
risk of systemic inflammation and clinical events.

Concluding remarks

The study of medical outliers with unusual disease phenotypes
or responses to treatment has led to important medical advanc-
es. In the oncology field, research on exceptional responders to
cancer therapeutics has led to a deeper understanding of the
molecular basis of treatment response and helped revolutionize
the personalized medicine approach to the selection of treat-
ment regimens (114, 115). Similarly, ECs and PTCs represent out-
liers in HIV natural infection and treatment outcomes (Figure 1).
These individuals can maintain HIV suppression of pathogenic,
replication-competent virus and serve as models of a functional
cure for HIV. Studies of these patients have already led to
important insight into the natural control of HIV, and the expe-

are overrepresented in ECs, it is reassur-
ing that these alleles are not necessary to
achieve long-term remission. An enhanced
10%-00% immune response may lead to HIV remis-
sion not only by the clearance of activated
HIV-infected cells, but also potentially by
selecting for HIV-infected cells that are in
a deeper state of HIV latency. Studies of
PTCs have highlighted the importance of
initiating ART during primary infection,
as we may be able to induce posttreatment
control in more than 10% of patients (27,
28). The low levels of immune activation
and systemic inflammation detected in
PTCs represent a hopeful sign that we may
be able to induce HIV remission without
the clinical risks observed in some HIV
ECs. However, PTCs remain understud-
ied as a group, and a concerted international effort is needed to

+
++

++

identify these individuals and uncover the mechanisms behind
their ability to achieve sustained HIV remission.
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