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Abstract

Although antiretroviral therapy (ART) can reduce viremia to below the limit
of detection and allow persons living with HIV-1 (PLWH) to lead relatively
normal lives, viremia rebounds when treatment is interrupted. Rebound re-
flects viral persistence in a stable latent reservoir in resting CD4" T cells.
This reservoir is now recognized as the major barrier to cure and is the focus
of intense international research efforts. Strategies to cure HIV-1 infection
include interventions to eliminate this reservoir, to prevent viral rebound
from the reservoir, or to enhance immune responses such that viral repli-
cation is effectively controlled. Here we consider recent developments in
understanding the composition of the reservoir and how it can be measured
in clinical studies. We also discuss exciting new insights into the in vivo dy-
namics of the reservoir and the reasons for its remarkable stability. Finally
we discuss recent discoveries on the complex processes that govern viral
rebound.
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INTRODUCTION

In the midst of the global SARS-CoV-2 pandemic, it is easy to forget that 38 million people are
currently living with HIV-1 infection and that without lifelong antiretroviral therapy (ART) most
of them will die from AIDS. Tremendous advances in ART have given rise to simple regimens
with few side effects (reviewed in 1). These regimens reduce plasma HIV-1 RNA levels to be-
low the limit of detection of current clinical assays (20 copies of HIV-1 RNA/mL of plasma),
halt and reverse disease progression, and give people living with HIV-1 (PLWH) near-normal
life expectancy. However, ART is not curative, and viremia generally rebounds within weeks of
treatment interruption (2-5). A vast amount of data suggests that HIV-1 persistence is due to a
stable latent reservoir for the virus in resting CD4" T cells (6-10) rather than failure of ART to
adequately arrest viral replication. As a result of the error-prone nature of HIV-1 reverse tran-
scriptase (RT), viral evolution inevitably accompanies ongoing viral replication cycles (11, 12),
and the consensus of many studies is that HIV-1 evolution is halted by modern ART (13-22).
Further evidence that de novo infection of susceptible cells is blocked by ART comes from the
recent finding that most cells in the latent reservoir are actually generated by proliferation of pre-
viously infected cells, and not by new infection events (23-25). Additionally, pharmacodynamic
studies demonstrating unexpected cooperativity in dose-response curves for antiretroviral drugs
and unique synergies between drug classes have provided a fundamental explanation for the re-
markable efficacy of ART (26-28). A dramatic illustration of the efficacy of ART comes from
recent clinical trials showing that ART regimens can be simplified from three drugs to two drugs
without loss of viral suppression (1). Thus, the major problem in the treatment of HIV-1 infec-
tion is not inadequate suppression of viral replication by ART but rather the persistence of a stable
latent form of the virus that is unaffected by ART.

The latent reservoir was initially identified in resting CD4+ T cells, which are not normally
permissive for active HIV-1 replication. Most resting CD4" T cells lack expression of the HIV-1
coreceptor CCRS, which is critical for entry of the R5 tropic viruses that constitute the latent
reservoir in most PLWH (29, 30). Following entry, the viral genomic RINA must be reverse tran-
scribed into DNA, but in resting CD4* T cells, levels of the requisite deoxynucleoside triphos-
phates (ANTPs) are very low as a result of the host INTPase SAMHD1 (31-33). Even if reverse
transcription can be completed and integration of the viral genome into host cell DNA occurs, vi-
ral gene expression in resting CD4" T cells is limited by the absence of active forms of the critical
host factors NFkB and NFAT, which are needed for the initiation of HIV-1 transcription (34-36),
and PTEFDb, which is essential for efficient elongation of HIV-1 transcripts (37-40).

Given the blocks to HIV-1 infection of resting CD4" T cells, a plausible mechanism for the
establishment of the latent reservoir in these cells involves infection of activated CD4* T cells
that are transitioning back to the resting memory state (6, 30). During a narrow time window
(approximately 6-9 days after activation), CCRS upregulation has occurred and there are adequate
levels of dN'TPs for completion of reverse transcription. However, active nuclear forms of NFkB
are declining. This may limit viral gene expression and protect cells from the viral cytopathic
effects and host effector mechanisms that normally limit the life span of productively infected
CD4* T lymphoblasts to only 1 day (41, 42). Further silencing of the provirus can be mediated
by a complex set of epigenetic modifications (43-46). The end result is a stably integrated but
transcriptionally silent provirus in a long-lived memory T cell (6). This is a perfect recipe for
persistence. It allows the virus to persist essentially as information, in the form of ~10,000 base
pairs of DNA integrated somewhere in the 3 billion base pairs of human DNA. In this form,
the virus is unaffected by host immune responses and ART. The normal mechanisms that ensure
lifelong immunologic memory to previously encountered antigens (47, 48) then guarantee viral
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persistence. Subsequent activation of latently infected CD4" T cells can reverse latency, and, if
ART is interrupted, rebound occurs.

Although this model of reservoir establishment explains almost all of the known aspects of
reservoir biology, other mechanisms for the establishment of the latent reservoir have been pro-
posed. These mechanisms generally involve direct infection of resting CD4" T cells and are based
on in vitro experiments, often with X4 tropic viruses (49, 50). Whether latency can result from
direct infection of resting cells with the commonly transmitted R5 viruses is less clear. Impor-
tantly, infection of resting cells may be facilitated by stimulation with particular chemokines or
tissue-derived factors (51).

Although uncertainty remains over the precise mechanism by which the reservoir is established,
itis clear thata latent reservoir is established in all infected individuals. Even when ART is initiated
within days of virus exposure, a sufficient number of latently infected cells are generated to ensure
viral rebound when treatment is stopped (52-55). Thus, eliminating the reservoir has become a
major goal of HIV-1 research. The most widely discussed approach to cure has been termed shock
and kill (56-64). It involves the pharmacologic induction of viral genes with latency reversing
agents (LRAs) (reviewed in 65). This would be done in the setting of ART to prevent new infection
of susceptible cells. Infected cells in which latency was reversed could then be eliminated by natural
or therapeutically enhanced immune mechanisms.

The development of effective shock-and-kill strategies requires an understanding of the molec-
ular mechanism of HIV-1 latency. The low frequency of latently infected cells in vivo (<1/10,000)
and the absence of any way to purify them have hindered efforts to understand mechanisms
of latency, although much has been learned from various transformed and primary cell models
of latency (46, 66-69). Rapidly accumulating information on molecular factors involved in HIV-1
latency has been summarized in several excellent reviews (70, 71), and only general principles are
considered here. A guiding principle is that HIV-1 latency is associated with the resting state in
CD4" T cells. The first evidence for latent HIV-1 infection in vivo came from studies in which la-
tency was reversed by global T cell activation to allow viral outgrowth (6, 7), and this concept is the
basis of the quantitative viral outgrowth assay (QVOA) used to measure the frequency of latently
infected cells (8, 72, 73). Early studies showed that highly purified resting CD4* T cells from
infected individuals had very few if any detectable spliced or unspliced HIV-1 transcripts (74). In
vitro activation of resting CD4+ T cells with a protein kinase C agonist and a calcium ionophore,
a combination that mimics key signaling events in T cell activation, can routinely induce a 100-
fold increase in HIV-1 RNA levels within 24 h (75, 76). Thus, the nonpermissive transcriptional
environment in resting CD4* T cells is a key factor in HIV-1 latency. Initial shock-and-kill ap-
proaches involved agents that induce global T cell activation (2, 77), but the associated toxicities
necessitated a search for LRAs that do not induce global T activation. Interestingly, T cell acti-
vation does not always reverse latency (24, 78-80), and it is likely that multiple barriers to HIV-1
gene expression must be overcome to induce all latent proviruses.

In this review, we focus on the in vivo dynamics of the reservoir, how it can be measured, where
it is found in the body, the mechanisms underlying its stability, and how viral rebound from the
reservoir occurs. Of note, we have chosen to focus on the best-understood HIV-1 reservoir, that
is, the one found in resting CD4" T cells. To date, this is the only cell population that has been
consistently shown to harbor replication-competent HIV-1 on a timescale of years in optimally
treated PLWH. HIV-1 proviruses can be found in activated CD4" T cells, but these cells are likely
short-lived effector cells generated by the activation of latently infected resting cells and thus are
not a distinct reservoir (7). Interesting recent work on other potential reservoirs, particularly in
macrophages (81-83), is not considered here due to length constraints, and we refer readers to
insightful reviews (84, 85).
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MEASUREMENT OF THE LATENT RESERVOIR

The clinical importance of the latent reservoir is that it provides a source for viral rebound upon in-
terruption of ART. Currently, the clinical management of HIV-1 infection does not require reser-
voir measurements (1). However, almost 100 clinical trials of HIV-1 cure strategies targeting the
reservoir are currently underway (https://www.treatmentactiongroup.org/cure/trials/). Eval-
uation of the efficacy of these interventions will require accurate measurement of the latent reser-
voir. A large number of reservoir assays have been described (for reviews see 86-88). The choice
of an optimal reservoir assay requires understanding of the fundamental principles underlying
reservoir measurement.

The first principle is that accurate reservoir measurement can only be carried out when active
viral replication has been suppressed. In PLWH who are viremic, reservoir analysis is complicated
by the presence of labile unintegrated HIV-1 DNA in recently infected cells (89-93) and labile
populations of infected cells that decay rapidly during the first months of ART (94). These labile
populations are quantitatively dominant but do not become part of the stable latent reservoir.
Thus, accurate assessment of the stable latent reservoir can only be performed in PLWH who
have been on suppressive ART for >6-12 months (20).

A second major principle is that the population of proviruses persisting in the setting of ART
is dominated by highly defective proviruses that are unable to cause viral rebound. Evaluation of
cure strategies requires accurate measurement of the subset of proviruses with the potential to
cause rebound; thus, defective proviruses must be excluded from reservoir measurements. Early
evidence for defective HIV-1 proviruses came from studies detecting large internal deletions (95)
or APOBEC3G-mediated hypermutation (96) in HIV-1 proviruses and from comparative studies
(7, 97) showing that proviral frequencies measured by polymerase chain reaction (PCR) were
much higher than frequencies measured with the virus culture methods initially used to define the
reservoir. Among the experimental approaches used in early reservoir studies, the QVOA became
the gold standard assay because it provided a definitive minimal estimate of the frequency of cells
carrying replication-competent proviruses. In this limiting dilution assay, latency is reversed with
T cell activation to allow viral outgrowth and estimation of the frequency of latently infected
cells by Poisson statistics (8, 73, 98-100). This assay was used to establish that the frequency of
cells carrying readily inducible, replication-competent proviruses is low (~1/10°¢ resting CD4*
T cells) and that the decay rate of the latent reservoir is so slow (t;,, = 44 months) that lifetime
persistence of the virus was guaranteed even with optimal ART (101, 102). These findings have
been confirmed in PLWH on modern regimens that include integrase inhibitors (72). Although
it has proven extremely informative, the QVOA requires large blood volumes and 2-3 weeks of
tissue culture in a BSL3 laboratory. Thus, many investigators have used simple DNA PCR assays
for proviral DNA. These assays give infected cell frequencies that are 2-3 logs higher than and
poorly correlated with QVOA results (97).

Studies in which near full-length sequences of individual proviruses were obtained from treated
individuals provided a simple explanation for the discrepancy between PCR and QVOA results
(78, 103, 104). These studies showed that most proviruses (>90%) have obvious fatal defects that
fall into two major categories. Many proviruses have large internal deletions arising through
a template switching event during reverse transcription analogous to that responsible for re-
combination of HIV-1 genomes (105). On average, these deletions eliminate one-half of the
viral genome, rendering deleted proviruses completely noninfectious (78, 103, 104, 106, 107).
A second major category of defects involves G—A hypermutation introduced by the host en-
zymes APOBEC3G and APOBEC3F (96, 108, 109). The preferred plus strand consensus se-
quence for APOBEC3 G-mediated hypermutation is the tryptophan codon TGG, for which G—A
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mutations always generate a stop codon (T'GA, TAG, or TAA). Thus, most hypermutated
proviruses have multiple stop codons in most open-reading frames and are replication defective
(106). Given the profound nature of these defects, it is important to exclude proviruses with dele-
tions and/or hypermutation from reservoir measurements because these proviruses cannot give
rise to viral rebound.

Defective and intact proviruses can be distinguished by near full-length single genome se-
quencing. DNA from infected cells is diluted such that amplification reactions are unlikely to
contain more than one proviral template. A near full-length outer PCR of ~9 kb is then run (full-
length PCR cannot be done because of the 634-base-pair long terminal repeats (LTRs) at each
end of the viral genome). Subsequent nested PCR reactions allow reconstruction of most of the
proviral sequence. Since the original description of this approach (78), several studies using this
approach have confirmed that the proviral landscape in treated PLWH is dominated by defective
sequences (103, 104, 110-112). The frequency of defective viral genomes has also been studied
in rhesus macaques infected with simian immunodeficiency virus (SIV) or simian-human immun-
odeficiency virus (SHIV). Following treatment with ART, the proviral landscapes in these animal
models are also dominated by defective sequences, but not to the same extent as in humans with
HIV-1 infection (107). In the case of humans with HIV-2 infection who are treated with ART,
defective proviruses are also present at frequencies similar to those observed in individuals with
HIV-1 infection (107).

Although defective and intact proviruses can be distinguished by near full-length sequencing
of individual proviruses, this approach is time and labor intensive. In addition, all such methods
depend on a 9-kb outer PCR at limit dilution. This reaction is inherently inefficient and non-
quantitative (J.A. White et al., in preparation). Fortunately, because the deletions are very large
(average size of 5 kb) and the hypermutation is extensive, it is possible to distinguish intact and
defective proviruses using multiplex PCR reactions carried out on individual proviruses in a digital
droplet PCR reaction (Figure 1). The intact proviral DNA assay (IPDA) based on this principle
provides a scalable approach to distinguishing intact from defective proviruses (106, 113,114). The
digital nature of the assay with short, highly efficient amplicons allows separate direct counting
of proviruses with 5 deletions, proviruses with 3’ deletions and/or hypermutation, and proviruses
lacking these defects, approximately 70% of which are intact at the primary sequence level. This
degree of discrimination between intact and overtly defective proviruses is much greater than
that provided by standard, single amplicon PCR (106). Future refinements of the IPDA are likely
to provide even greater discrimination between intact and defective proviruses and coverage of
diverse HIV-1 variants including non-clade B viruses (113, 115, 116).

The development of a scalable assay that allows for better discrimination between intact and
defective proviruses has provided significant new insights into the biology of the latent reservoir.
Several recent longitudinal studies with the IPDA have shown that the decay rate of the popula-
tion of cells with intact proviruses is faster than that of cells with defective proviruses, which show
no decay (106, 114, 117). This finding means that the presence of a provirus has an effect on the
fate of a CD4" T cell that can be measured with a precise assay in longitudinal studies over a suffi-
ciently long time interval. Most defective proviruses are defective in most viral proteins, including
the Tat protein, which is required for efficient elongation of HIV-1 transcripts (106). Therefore,
even following cellular activation, many cells with defective proviruses will not express high levels
of viral RNA or protein and are less likely to experience viral cytopathic effects or clearance by cy-
tolytic host effector mechanisms. For these cells, the provirus is essentially a harmless barcode that
allows tracking of the cells over time, providing an unprecedented view of the normal dynamics
of human CD4* T cells. The remarkable stability of cells with defective proviruses is consistent
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Figure 1

Accurate measurement of the latent reservoir requires excluding proviruses with overt fatal defects. (#) Map of the HIV-1 genome. Blue
and green arrows indicate positions of the packaging signal () and env amplicons used to distinguish intact and defective proviruses
(106, 113). (b)) Major classes of HIV-1 proviruses found in treated PLWH. More than 90% of proviruses have overt defects including
deletions (white) and G— A hypermutation (black lines). The major classes of proviruses include proviruses with small deletions in s (@),
proviruses with large 5" deletions (@), proviruses with large 3’ deletions (@), proviruses with very large internal deletions (@),
hypermutated proviruses (@), proviruses with deletions and hypermutation (@), and intact proviruses lacking overt fatal defects (@).

(o) Digital droplet PCR used to distinguish intact and defective proviruses in the IPDA. DNA from infected cells is suspended into
nanoliter-sized droplets such that no droplet contains more than a single provirus. Multiplex PCR reactions occurring in each droplet
allow simultaneous evaluation of the \r and env regions to distinguish intact and defective proviruses. The probe for the env amplicon is
in a region that is very frequently affected by hypermutation such that hypermutated proviruses fail to give a signal for the env
amplicon. (d) Schematic of IPDA output with fluorescence from each droplet plotted on a two-dimensional plot. The x-axis is
fluorescence from the env amplicon and the y-axis is fluorescence from the { amplicon. Circled numbers indicate the expected
quadrants (Q1-Q4) for the classes of proviruses indicated in panel 4. Intact proviruses can be directly counted as individual droplets in
Q2. The blue and green dots represent single positive events detected with the primer sets indicated with the blue and green arrows.
The red dots are double positive events detected with both primer sets. Abbreviations: IPDA, intact proviral DNA assay; LTR, long
terminal repeat; PCR, polymerase chain reaction; PLWH, persons living with HIV-1.
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with studies demonstrating long-term stability of memory CD4" T cell responses in uninfected
individuals (47, 48).

Although the population of cells with defective proviruses shows no decay over time, slow decay
of cells with intact proviruses can be detected with precise assays such as the IPDA (106, 114, 118).
The half-life of this population of cells, as measured by the IPDA, is similar to the half-life of cells
with readily inducible replication-competent proviruses (t;» = 44 months) (72, 101, 102). The
discovery that there is decay over time in the population of cells with intact proviruses but not in
the population of cells with defective proviruses suggests that following latency reversal in vivo,
some cells with intact proviruses are vulnerable to elimination, presumably by viral cytopathic
effects or host cytolytic mechanisms. This phenomenon may also be evident in subtle shifts in the
proviral landscape favoring cells with integration sites in chromosomal positions less favorable
for transcription (119). Unfortunately, this decay is far too slow to allow eradication of HIV-1
infection with ART alone, and viral rebound generally occurs rapidly after treatment interruption,
even in PLWH who start ART during acute infection (55). A detailed study of proviral populations
in treated PLWH over long time intervals did not show dramatic evidence for selective loss of cells
with intact proviruses (120). In fact, changes in reservoir composition were actually dominated by
proliferation of infected cells (see below).

Interestingly, in elite controllers (ECs), rare PLWH who control viral replication without ART
through strong antiviral immune responses, there appears to be selection against cells with intact
proviruses integrated into active genomic regions and an enrichment of cells with intact proviruses
integrated into chromosomal regions that are relatively nonpermissive for transcription (121).
This pattern was not seen for cells with defective proviruses. The implication is that in ECs, strong
antiviral immune responses gradually eliminate cells with readily inducible intact proviruses. This
is an extremely hopeful and encouraging finding that may reflect an accelerated version of the
same process that leads to the slow decay of cells with intact proviruses in treated PLWH.

LOCATION OF THE VIRAL RESERVOIR

Initial studies demonstrated that latently infected CD4* T cells were present in blood and lymph
node at roughly similar frequencies (7). Since that time, there has been intense interest in whether
latently infected cells are present in particular anatomic locations or CD4" T cell subpopulations.
This topic is the subject of an excellent recent review (122) and is not covered exhaustively here.
Instead, we focus on issues relevant to targeting the reservoir. Because latently infected cells do
not express viral antigens, they cannot be directly targeted by HIV-1-specific cytolytic T lym-
phocytes or through antibody-dependent cell-mediated cytotoxicity. Therefore, there has been
considerable interest in using host cell markers to target subpopulations of CD4* T cells that
are enriched in latently infected cells. An extreme example of this approach involved a report
that CD32a, an Fcy receptor not normally expressed on T lymphocytes, was upregulated on rest-
ing CD4" T cells carrying latent HIV-1 genomes (123). Unfortunately, subsequent studies failed
to confirm this finding and attributed the result to technical issues associated with analysis of
extremely rare subpopulations (124-126). Other studies have attempted to identify phenotypic
markers for latently infected cells by activating CD4* T cells from PLWH to induce viral gene
expression and then sorting for cells that express HIV-1 Env protein (127), Gag protein (128), or
HIV-1 RNA (129), with subsequent phenotypic and transcriptomic analysis. Although a number
of intriguing genes have been identified in these studies, the activation step changes the tran-
scriptional state of the cells, complicating the identification of phenotypic markers specific for
latently infected cells. Roan and colleagues (130) have recently attempted to overcome this prob-
lem by using high-dimensional phenotypic analysis of activated Gag™ cells to infer a phenotype for
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latently infected cells in the preactivation state. The authors suggest that there are sets of markers
that can be used in combination to enrich for latently infected cells, although there was significant
individual variation in the markers identified. An additional problem is that subsets defined by the
overlapping expression of multiple markers will be very hard to selectively target in vivo. Overall,
it appears unlikely there will be any simple and unique phenotype that can be used to eliminate
latently infected cells in all PLWH (130).

Although it may not be possible to target latently infected cells on the basis of a unique surface
phenotype, there has been interest in whether latently infected cells are contained preferentially
in any of the defined subpopulations of CD4" T cells. The CD4" T cell population has been di-
vided into subpopulations on the basis of the history of antigen exposure (naive and memory cell
subsets), the types of cytokines produced following antigen exposure (Th1, Th2, Th17, Tth, or
"Treg), and the activation state (resting or activated). Studies from many laboratories have exam-
ined the distribution of latently infected cells in various subpopulations of CD4" T lymphocytes
(30, 80, 110, 128, 131-140; reviewed in 122). Unfortunately, no consensus has emerged. Latently
infected cells have been detected in all CD4+ T cell subpopulations examined, with substantial
variation between individuals within a single study and between studies. The differences between
studies may reflect differences in methods used to measure the reservoir, differences in markers
used to define subpopulations, and plasticity in subpopulations (80). At a more fundamental level,
there is considerable uncertainty regarding the best way to subdivide CD4" T cells into discrete
subpopulations (reviewed in 141). The most consistent finding is a higher frequency of latently
infected cells among memory cells compared with naive cells. This difference was noted in the ear-
liest studies of the HIV-1 reservoir (7) and is consistent with theories of reservoir establishment
(6, 30).

With respect to anatomical location, it is likely that latently infected cells are present in all
tissue sites where mature CD4" T cells are found. Recent studies comparing the size and compo-
sition of infected cell populations in blood and lymph node have confirmed that the frequencies
of latently infected cells are similar (7, 142, 143) and that the same viral variants are common to
blood and lymph node (142-144), consistent with the well-known patterns of lymphocyte traf-
ficking (145). Less is known about the frequencies of infected CD4" T cells in other locations,
but higher frequencies have been reported in the gut-associated lymphoid tissue (146, 147), and
wide distribution of infected cells has been documented with advanced in situ methods (147, 148).
An elegant recent study compared rebound sequences observed following treatment interruption
with viral sequences in different tissues and CD4* T cell subpopulations prior to treatment inter-
ruption (149). The sources of rebound were shown to be diverse and variable between individuals.
Therefore, it is safe to assume that latently infected cells are widely distributed in tissue sites and
CD4* T cell subpopulations and that eradication strategies focused on specific anatomic sites or
CD4* T cell subpopulations are unlikely to be useful.

PROLIFERATION OF RESERVOIR CELLS

Although the latent reservoir is clearly associated with the resting state of CD4* T cells, it has
recently become clear that most cells in the reservoir have some history of previous prolifera-
tion after infection. To some extent, this is unexpected since T cell activation can reverse latency,
generating productively infected cells that typically have a short half-life (41, 42). Proliferation
of infected cells copies the integrated provirus into each of the progeny cells with minimal er-
ror. In contrast, de novo infection events in untreated PLWH allow extensive viral diversification
over time due to the error rate of RT (21, 150). Thus, in PLWH who start ART during chronic
infection, the independent detection of identical proviruses provides evidence for proliferation.
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The first evidence for infected cell proliferation came from studies of residual viremia (RV), the
trace level of free virus that can be detected in treated PLWH. Although ART reduces viremia to
below the limit of detection of approved clinical assays (typically 20 copies of HIV-1 RNA/mL of
plasma), trace levels of HIV-1 virions can be detected in plasma using ultrasensitive assays (151-
153). This RV is typically on the order of one to three copies of HIV-1 RNA/mL of plasma.
Importantly, RV cannot be reduced by treatment intensification, indicating that it is derived from
cells infected prior to initiation of ART or their progeny (154, 155). Consistent with this conclu-
sion are results of sequencing studies showing that RV is composed of viruses that are archival,
nonevolving, and sensitive to the current ART regimen (13, 14). Thus, RV cannot be attributed
to ongoing cycles of replication not fully suppressed by ART. The most interesting feature of
RV is that despite extensive viral diversification occurring prior to ART, RV is often dominated
by identical sequences captured in multiple independent limiting dilution PCRs over a period of
months to years (14, 156, 157). It was proposed that this feature reflects the in vivo proliferation
of infected cells.

Definitive evidence for the proliferation of infected cells came from studies of HIV-1 integra-
tion sites. In each newly infected cell, the reverse transcribed HIV-1 genome integrates somewhere
in the 3 billion base pairs of human genomic DNA, typically into accessible genomic regions such
as actively transcribed genes (158, 159). The presence of multiple cells with the identical proviral
integration sites can only be explained by infected cell proliferation. Several groups used integra-
tion site analysis to demonstrate that multiple infected cells within a single blood sample have an
identical integration site, indicative of extensive in vivo clonal expansion (160-162). Interestingly,
some of the expanded cellular clones had integrations in specific introns of genes associated with
cell survival or proliferation such as BACH2, MKL2, and STATSB. This was not due to an inte-
gration site preference, but rather to selection events following integration. In such cases, proviral
integration may have caused a promoter-insertion type of mutagenesis that altered expression of
the relevant host gene such that survival and/or proliferation of the infected cells was favored
(163).

One problem with standard methods of integration site analysis is that only the ends of the
proviral genome are captured. Thus, it is likely that most of the expanded clones captured in these
studies carried defective proviruses. However, Simonetti et al. (164) described a very large CD4*
T cell clone carrying replication-competent provirus in a patient with a malignancy, and several
studies used the QVOA to show that in a given blood sample, 50-60% of independent viral isolates
have an identical proviral sequence in the same sample, consistent with massive clone expansion of
cells carrying inducible, replication-competent proviruses (23-25). Analysis with ecological meth-
ods suggests that mostif notall cells in the reservoir have some history of proliferation (165). Some
of these expanded CD4" T clones persist over a timescale of months to years, while others wax and
wane (157). Thus, the latent reservoir is dynamic and constantly changing in composition while
the total size remains relatively constant, decaying with a half-life of 44 months (72, 102). The
process of clonal expansion can start very early after individuals are infected with HIV-1 (166),
but it may take several years for clones to expand to the point where they dominate the reservoir.
For example, in SIV-infected rhesus macaques treated with ART for one year, sets of identical
proviral sequences could be detected but represented only a small fraction of the total number of
proviral sequences (107).

There are at least three mechanisms that could drive the infected cell proliferation. First, as
mentioned above, HIV-1 integration into particular positions in certain host genes could allow
a promoter-insertion mutagenesis that drives aberrant expression of the host gene, resulting in a
cell-autonomous proliferative stimulus (160-163). However, many expanded clones have provi-
ral integration sites in genes not associated with proliferation or not expressed in CD4+ T cells
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(164, 167). In addition, the finding that infected cell clones wax and wane is inconsistent with a
continuous, cell-autonomous proliferative stimulus as the sole driver of infected cell prolifera-
tion (157). A second potential mechanism involves cytokines such as IL-7 and IL-15, which are
important for homeostasis of naive and memory T cell populations (168). These cytokines may
drive proliferation of infected CD4* T cells in a nonspecific manner (131). However, it is un-
clear whether this mechanism can explain the observed patterns in which a very small number of
extremely large clones dominate the reservoir (23-25).

A third mechanism for infected cell proliferation involves direct stimulation by antigen. Hen-
rich and colleagues (169) showed that following cytoreductive chemotherapy for malignancies, a
high fraction of HIV-1 DNA was found in CD4" T cells responsive to cytomegalovirus (CMV)
or Epstein-Barr virus antigens. They suggested that this could reflect clonal expansion of infected
CD4* T cells in response to these viruses, which frequently reactivate during chemotherapy. In
PLWH who did not have malignancies, CD4" T cells responding to CMV have been shown to
include cells with identical proviruses (170). T cell receptor (TCR) sequencing has also been used
to demonstrate the presence of expanded cellular clones among CD4* T cells that can be induced
to express HIV-1 p24 antigens following nonspecific T cell activation (171). A more complete pic-
ture of the role of antigens in driving infected cell proliferation has been provided by Simonetti
etal. (167). They identified large clones of infected cells with identical proviruses among CD4+ T
cells responding to CMV or HIV-1 antigens. Clonality was confirmed by integration site analysis.
Some of these large clones had integration into genes such as BACH2 or STATS B, which had been
previously associated with clonal expansion. However, other large clones had proviruses integrated
in chromosomal regions with no connection to cell proliferation. This study also determined the
T'CR B chain sequence for individual clones. This allowed an analysis of the fraction of cells within
an antigen-responsive CD4" T cell clone that carried a given provirus (167). In some cases, all
cells of the clone carried the provirus, indicating that infection occurred early during the initial
response to the antigen, with subsequent proliferation of infected cells. In other cases, only some
cells of the clone carried the provirus, indicating that cells proliferated in response to the antigen
before one of the cells became infected. Subsequently, both infected and uninfected cells prolifer-
ated. Together, these results suggest that during the course of normal immune responses, CD4*
T cells can become infected and subsequently proliferate, generating very large clones carrying
the same provirus.

Because clonal expansion is a cardinal feature of normal T cell responses to antigens, it is
difficult to block the proliferation of infected cells in a nonspecific way without inducing im-
munosuppression. Nevertheless, modeling studies suggest that interventions causing a mod-
est reduction in the T cell proliferation rates could lead to reservoir elimination (172), and a
clinical trial of the antiproliferative agent mycophenolate mofetil is underway (https://www.
treatmentactiongroup.org/cure/trials/). Targeting proliferation in an antigen-specific way is
unlikely to be useful since the antigen specificity of most reservoir cells is unknown, and even
for dominant antigens such as CMV, responding cells constitute only a minute fraction of the
reservoir (167).

The discovery that the latent reservoir is dominated by large clones of CD4" T cells that
have expanded in response to antigens raises a number of challenging problems and important
questions: Are all cells in the reservoir capable of enormous clonal expansion? Is proliferation
accompanied by latency reversal? Are all members of the clone equally inducible? What fraction
of the cells in a clone are induced at any given time? At the present time, we have only limited
information on these important topics. One particularly important question is whether the stimuli
driving proliferation also induce viral gene expression. If so, then proliferating cells would be
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vulnerable to viral cytopathic effects and host cytolytic effector mechanisms. The issue of proviral
inducibility is discussed in the next section.

PROVIRAL INDUCIBILITY

The presence of a latent reservoir in resting CD4*+ T cells was initially demonstrated through
experiments in which latency was reversed by global T cell activation, thereby allowing viral out-
growth (6-10). However, it is becoming increasingly clear that not all intact proviruses are induced
by maximum T cell activation. Ho et al. (78) used near full-genome proviral sequencing to show
that the frequency of cells with genetically intact proviruses is much greater than the frequency
of latently infected cells that can be induced to produce virus following a single round of T cell
activation in the QVOA. Current estimates suggest that the ratio of intact to induced proviruses is
about 40:1 (113). The intact, noninduced proviruses have functional, nonmethylated LTRs and
are integrated into active chromosomal regions (78). Furthermore, when reconstructed, these
proviruses give rise to virus that replicates normally in vitro (78). At least some of these intact,
noninduced viruses can be induced by additional rounds of T cell activation (24, 78). Others may
have minor defects affecting viral fitness or may not produce a sufficient amount of virus to initi-
ate a spreading infection (173). One study suggested that proviral inducibility might be increased
by differentiation of cells from a central memory state, characterized by recirculation through
secondary lymphoid organs, to an effector memory state, characterized by the potential for rapid
acquisition of effector function and migration to inflamed tissues (174). However, another study
of carefully sorted subpopulations of resting CD4" T cells found that proviral inducibility was
low in all CD4* T cell subsets even with full T cell activation (80). Together, these results suggest
that a single round of T cell activation does not induce all latent proviruses that have the potential
to be induced.

Low inducibility of latent HIV-1 proviruses presents a significant problem for HIV-1 cure
strategies. Given the toxicity associated with global T cell activation (77), shock-and-kill strategies
for curing HIV-1 utilize LRAs that do notinduce global T cell activation (61). Unfortunately, most
of the LRAs used in these strategies are much less efficient at inducing latent HIV-1 than global
T cell activation (75).

Low inducibility may also explain how latently infected cells are able to undergo clonal expan-
sion without succumbing to viral cytopathic effects or host cytolytic effector mechanisms. Bosque
and colleagues (175) used an in vitro model of HIV-1 latency to show that latently infected cells
could proliferate in response to homeostatic cytokine signals without induction of viral gene ex-
pression. However, stimuli mimicking antigen-driven activation (anti-CD3+anti-CD28) did in-
duce viral gene expression in this system. In contrast, ex vivo studies using cells from treated
PLWH have shown that CD4* T cells carrying replication-competent proviruses can proliferate
in response to mitogen stimulation without releasing infectious virus and initiating a spreading
infection (24, 78). It is thus possible that CD4* T cells can be driven to proliferate by encounters
with antigens without induction of viral gene expression. A recent analysis of expanded cellular
clones in an infected individual with a malignancy has shown that most cells comprising a given
clone do not have detectable viral RNA (79). This result suggests that in most cells comprising
the clone, the viral genome remains latent either due to failure to encounter inducing stimuli such
as cognate antigens or failure of proviral induction following encounters with inducing stimuli.
In this study, the relationship between proliferation and viral gene expression was not directly ad-
dressed. Another recent study has described treated PLWH who had RV in the detectable range
that could not be suppressed by treatment intensification (176). This nonsuppressible viremia
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Figure 2

Factors affecting time to viral rebound. Numerous factors affect the time required for viral rebound
following interruption of antiretroviral therapy. Reservoir size (@) is an important major factor. Colors
represent distinct clonal lineages of infected CD4™ T cells specific for particular antigens (Ag) and carrying
replication-competent proviruses. Long delays in rebound require large multilog reductions in reservoir size
(180). The composition of the reservoir is also a factor. The reservoir is often dominated by large clones of
infected CD4% T cells (@) that have proliferated in response to Ag (@) (167). Exposure to Ag or other
activating stimuli is required to induce viral gene expression from latently infected cells. However, proviral
inducibility (@) is low, and not every encounter with Ag results in proviral induction. In some cases, infected
cells proliferate without expressing viral genes (80). Following induction of viral gene expression, the viruses
released from an infected cell can only cause rebound if they are resistant to neutralization by autologous
neutralizing antibodies (aNAbs) (198) and other immune mechanisms including those induced by type I
interferons (IFNs) (@) (199). Some expanded clones carry viruses that are readily neutralized and that cannot
cause rebound.

was due to continuous virus release by some cells belonging to very large expanded CD4" T cell
clones. However, the precise relationship between proliferation and viral gene expression remains
unclear.

What is the mechanism underlying the low inducibility of latent proviruses? If we assume that
activation of T cells through the TCR induces nuclear translocation of key transcription factors
needed for HIV-1 transcription, then the failure of induction may reflect epigenetic changes that
interfere with access of the transcriptional machinery to the provirus (reviewed in 70, 71). Alterna-
tively, it has been suggested that induction is a stochastic process heavily dependent on a positive
teedback loop involving the Tat protein (177). Given that most HIV-1 proviruses are integrated
within actively transcribed host genes in resting CD4* T cells (159), it is possible that transcrip-
tional interference from the host gene prevents the correct initiation of HIV-1 transcription (178,
179) and production of sufficient levels of Tat to start the positive feedback loop. In this case,
there is only a finite probability that each encounter with an activating stimulus would lead to
virus production. Such a model could explain how large CD4" T cell clones carrying replication-
competent proviruses could arise (Figure 2). Only a fraction of cells encountering antigens may
upregulate HIV-1 gene expression following TCR stimulation, while the remaining cells pro-
liferate and increase clone size. Of course, the clone would also be subject to normal cell death
mechanisms that are responsible for the contraction phase of the immune response.
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DETERMINANTS OF VIRAL REBOUND

From a clinical perspective, the most important goal of reservoir studies is to find a way to allow
PLWH to stop ART without viral rebound. It is important to point out that treatment interrup-
tion does not cause latency reversal. Rather, it allows outgrowth of viruses that arise from the daily
activation of a small fraction of reservoir cells that encounter antigens or other activating stim-
uli. The viruses released cannot infect new cells in the setting of ART but can be detected as RV
with sensitive assays. Interruption of ART allows outgrowth of these viruses. Normally, multiple
infected cells are induced every day, and rebound viremia is typically rapid and polyclonal (2, 3, 5,
180). Except for a rare subset of PLWH who are able to control viral replication after treatment
interruption (posttreatment controllers) (reviewed in 181), rebound occurs within weeks of treat-
ment interruption (within 3 weeks in 50% of cases and within 8 weeks in 90% of cases) (reviewed
in 5).

Factors affecting time to rebound have been reviewed (5). The size of the latent reservoir
is clearly a major determinant as evidenced by the fact that interventions resulting in profound
reductions in reservoir size are associated with long delays before rebound. Compelling exam-
ples include infected individuals who received hematopoietic stem cell transplantation (HSCT)
to treat a concurrent malignancy (182). Host cells of hematopoietic origin, including latently in-
fected CD4" T cells, can be largely eliminated by the graft versus host disease that is a feature
of HSCT and by the lymphocyte-depleting effects of the chemotherapy and irradiation used in
preparative regimens. Transplantation with donor cells homozygous for a deletion in CCRS has
resulted in cure in at least two cases (183, 184). However, in two cases described by Henrich and
colleagues (182), donors with wild-type CCRS alleles were used, and new infection of donor cells
was blocked by continuation of ART throughout the transplant period. After host hematopoietic
cells were largely replaced by donor cells and infected cells were no longer detected by QVOA
or PCR assays, ART was interrupted. The two transplant recipients maintained suppression of
viremia for 3 and 8 months before a sudden and dramatic rebound occurred, likely due to the acti-
vation of one of the small number of remaining infected cells. Delayed rebound has also been seen
in cases where treatment within days of exposure limited the size of the reservoir (54, 185). Mathe-
matical modeling suggests that reservoir reductions of ~3 logs may be needed to delay rebound for
1 year (180). Clinical trials of curative interventions can be evaluated with an analytical treatment
interruption (ATT). Some delays in viral rebound have been observed in studies involving infusion
of broadly neutralizing antibodies (186, 187), but these delays likely reflect the neutralizing activ-
ity of the antibodies that persist for weeks after infusion. Importantly, in SIV-infected macaques
on ART, therapeutic vaccination and treatment with a TLR7 agonist produced a slight delay in
viral rebound and better control of viral replication following ATT (62). What is still lacking in
cure studies is a clear demonstration that an intervention has produced a significant decrease in
the size of the reservoir that is evident in a subsequent delay in viral rebound following ATT.

Elegant studies from several laboratories have described biomarkers that could potentially be
used to predict time to viral rebound (4, 188-190) or for early detection of imminent rebound fol-
lowing ATT (191, 192). However, no consensus has emerged, and to date the available data take the
form of correlations rather than precise predictions. With the exception of virologic biomarkers,
clear mechanisms are lacking.

Recent qualitative studies of rebound viruses have led to a new understanding of the timing and
mechanism of viral rebound. Previously, two groups had reported that rebound viruses detected
in the plasma following ATT were often phylogenetically distinct from viruses detected in the
latent reservoir using the QVOA or near full-length sequencing prior to ATT (187, 193-195).
This difference could not be attributed to sampling issues because in several of the individuals
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studied, the reservoir was dominated by large clones that should have contributed to rebound if
rebound was solely a function of infected cell frequency. Alternative explanations included the
suggestion that rebound viruses were generated by recombination between two different viral
variants present in the reservoir (194, 195). Recombination occurs frequently in the setting of
ongoing HIV-1 replication (reviewed in 196), and it is likely that many viruses deposited in the
reservoir are recombinants. These recombinants can be detected among the rebound viruses (194,
195), but it is not clear that the recombination between distinct viral variants occurred after ATT. A
recent study by Liu et al. (197) examined rebound sequences in SIV-infected macaques following
ATT. Recombination was not evident in the rebound sequences but could be detected after several
weeks of ongoing viral replication. Thus, it appears less likely that a recombination eventis directly
involved in the process of viral rebound.

A much simpler explanation for the differences between rebound viruses and predominant viral
clones in the reservoir has been provided with the encouraging discovery that only a subset of the
replication-competent proviruses persisting in the reservoir may be capable of causing rebound on
interruption of ART, with elements of the immune response suppressing outgrowth of many reser-
voir viruses (198, 199). Bertagnolli et al. (198) used the QVOA to show that low concentrations of
autologous neutralizing antibodies could block outgrowth of a significant but variable fraction of
reservoir viruses. In 6 of 15 participants studied, outgrowth of more than 80% of reservoir viruses
was blocked by purified autologous IgG. A phylogenetic relationship between rebound viruses
and viruses that were resistant to neutralization by autologous IgG was evident. The mechanism
was direct neutralization. In some participants, expanded cellular clones harbored replication-
competent viruses that were readily neutralized by autologous IgG and unlikely to cause rebound.
These findings are entirely consistent with previous studies in untreated individuals showing that
the antibody response to HIV-1 is continually evolving in response to rapid viral evolution. Anti-
bodies present at a given time point frequently neutralize viral variants present at earlier times but
not contemporaneous viruses (200, 201). Given that viral variants can be deposited in the reser-
voir whenever there is active viral replication, it is not surprising that some viruses in the reservoir
should be suppressed by autologous antibodies. The reservoir is likely to be very dynamic during
untreated infection, and a recent study suggests that many viruses found in the reservoir may have
entered shortly before initiation of ART (202). These newer variants may be less likely to be neu-
tralized by the more slowly evolving antibody response. Strategies targeting the subpopulation of
reservoir viruses not neutralized by autologous antibodies might produce a durable remission.

Other elements of the immune response may also control outgrowth of some reservoir
viruses. Blankson and colleagues (203) have documented expanded CD4* T cell clones carrying
replication-competent virus in individuals who control viral replication without ART or following
interruption of ART. This control appears to be mediated by CD8* T cells. Hahn and colleagues
(204) have shown that innate immune responses involving type I interferons function as a sieve
and limit initial infection following mucosal transmission to viral variants with interferon resis-
tance. In a more recent study, they demonstrated that rebound viruses also exhibit a high level of
interferon resistance relative to viral variants detected in the latent reservoir prior to ATT (199).
Together, these studies suggest that among the diverse viral variants archived in the latent reser-
voir, only a subset may be capable of evading host innate and adaptive immune responses and
establishing rebound viremia (Figure 2).

CONCLUSIONS

The goal of HIV-1 cure efforts is to allow PLWH to stop ART without experiencing viral re-
bound. Recent studies of the in vivo dynamics of the latent reservoir allow for a new view of the
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process of viral rebound. Rebound is a function of the size and composition of the latent reservoir.
The population of cells carrying intact proviruses decays very slowly over time, but underlying the
apparent stability of the reservoir are complex dynamics in which clones of infected cells expand
in a process driven at least in part by antigen exposure. The clones can also undergo contraction.
Stimulation of latently infected CD4" T cells through the TCR invariably leads to proliferation
but does not always induce viral gene expression. Nevertheless, a fraction of reservoir cells are
induced every day, giving rise to RV, and if treatment is interrupted, to viral rebound. Thus, in ad-
dition to reservoir size and composition, rebound depends on the presence of activating stimuli.
Finally, only a subset of the viruses released from the reservoir are resistant to neutralizing anti-
bodies and type I interferons. These are the viruses that actually cause rebound. It is to be hoped
that a better understanding of this process will allow the development of effective cure strategies
targeting these viruses.
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