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Abstract: The cure for chronic human immunodeficiency virus (HIV) infections has been a goal
pursued since the antiretroviral therapy that improved the clinical conditions of patients became
available. However, the exclusive use of these drugs is not enough to achieve a cure, since the viral
load rebounds when the treatment is discontinued, leading to disease progression. There are several
theories and hypotheses about the biological foundations that prevent a cure. The main obstacle
appears to be the existence of a latent viral reservoir that cannot be eliminated pharmacologically.
This concept is the basis of the new strategies that seek a cure, known as kick and kill. However, there
are other lines of study that recognize mechanisms of persistent viral replication in patients under
effective treatment, and that would modify the current lines of research on the cure of HIV. Given the
importance of these concepts, in this work, we propose to review the most recent evidence on these
hypotheses, covering both the evidence that is positioned in favor and against, trying to expose what
are some of the challenges that remain to be resolved in this field of research.
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1. Introduction

Since the discovery of the human immunodeficiency virus (HIV) and after the first
antiretroviral treatments (ART), the search for a definitive cure for the infection has been
a priority. However, there are characteristics of the biology of the virus itself that make
this strategy particularly complex. Although it was initially thought that ART could be
sufficient to cure the infection, it was soon stated that when ART is discontinued, even
in patients with an undetectable viral load for prolonged periods of time, there is a clear
resurgence of the infection. There are several theories supported by solid studies that
attempt to explain this fact. The main obstacle appears to be the establishment of a state of
viral latency in certain cells, which can also explain why the circulating virus is detected,
although at a very low copy number, despite successful ART. The final result has been that,
despite the efforts and resources invested in research, the sterilizing cure of the disease
has only occurred in very specific cases [1-5]. No attempt to eliminate the latent virus has
shown any significant success.

However, it could be that viral latency is not the only mechanism that explains the
absence of an effective cure. In this paper, we review the available evidence on theories of
viral persistence, mainly viral latency and persistent replication, trying to analyze how they
affect the main lines of research on HIV eradication. For that purpose, we have performed
a narrative review and update on experimental studies, systematic reviews, clinical trials
and theoretical reviews/seminars on the aspects related to HIV viral latency, perspectives
on cure strategies and persistent viral replication.
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2. Viral Latency and the Latent Cell Reservoir
2.1. What Does Latent Viral Reservoir Mean?

Latently infected cells are defined as those that carry integrated genetic material
(provirus) but do not produce infective virions, and are a part of the latent viral reservoir in
patients who maintain a suppressed plasma viral load [6,7].

The virus that persists, replicating in patients on ART, comes from cells that were
infected before the initiation of ART [8]. In addition, cells containing the virus can proliferate
even under the pressure of the antiretroviral treatment itself, regardless of the chosen
regimen [9]. However, the latent virus itself is not actively transcribed, so the immune
system does not recognize cells carrying such material [10].

As early as the end of the 20th century, it was hypothesized that infected CD4 T cells,
even under ART, would be sufficient to establish a viral reservoir that would allow active
replication if treatment were abandoned [11]. This reservoir is stable and it is not influenced
by the duration of ART [12,13]. Therefore, the persistence of the viral genome, which is
transcriptionally silent but competent to reactivate viral replication, is considered the main
factor limiting the ability of ART to achieve a cure of the infection [14-16].

The latent viral reservoir has some characteristics that are worth highlighting. Firstly,
the virus that has integrated genetic material and therefore remains in a state of latency
does not generate an antigenic capacity that can activate an immune response [8,12,17].
The main cells that maintain the reservoir are memory CD4+ lymphocytes, and to a lesser
extent, naive CD4+ lymphocytes [15]. Cells of the myeloid series also appear to play a role
in the establishment of the reservoir, mainly due to cellular interactions with memory CD4+
T cells [18-21].

The study of the size of the viral reservoir has been performed via two methods:
quantitative viral outgrowth assay (QVOA) or PCR of proviral DNA. The correlation
between the results obtained in both methods is not good, which adds difficulties when
designing new studies [8,22]. However, QVOA has estimated that the number of cells
carrying the viral reservoir is low [23,24]. Cohn et al. [23], in 2017, reported how CD4+ T
cells containing latent reservoir express genes that prevent them from cell death.

Therefore, although CD4+ T cells that act as a latent viral reservoir do not actively
transcribe genetic material, if these lymphocytes enter a clonal replication cycle, they
give rise to new virus copies [17,23]. CD4+ T cells may undergo clonal expansion as a
consequence of interactions with antigens, homeostatic proliferation or due to alterations
in the expression of different genes modulated by proviral genetic material [25-27]. This
minimal but persistent viral load prevents the cure of the disease only under ART [28,29]
and it is also responsible for viral regrowth after treatment cessation [6].

Among the cells that act as a reservoir for the virus, up to 95% of them could carry
defective proviruses containing genetic information that prevents them from replicating [6].
However, an estimated 7-12% of cells may contain viruses with intact infectious capacity [8,13],
which could led to virological failures [25,30]. In addition, recent work by the Lichterfeld’s
group supports the existence of natural selection of latent provirus in patients over time [31].
Anyway, cells containing defective viruses are able to transcribe genetic material and produce
viral proteins that stimulate CD8+ T cells [32-34], so defective proviruses would have a
relevant role in the search for curative strategies targeting the latent reservoir [35].

The time from infection to ART initiation is important in establishing the size of the
viral reservoir. It has been investigated whether very early initiation of ART, less than 2 days
after a primary infection, could prevent the establishment of the latent viral reservoir. While
initial research in simians seemed promising [36], the available information now indicates
that although patients with very early initiation of ART have a smaller viral reservoir, it
does not completely prevent its establishment, and therefore early initiation of ART alone
is not sufficient to achieve the cure of the disease [6,37—42]. The reservoir is established at
very early stages of the disease, even in the first week after primary infection [6,8,36,39].
Lymphocytes of intestinal lymphoid tissue and lymph nodes are infected at very early
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stages of infection, before seroconversion and the circulation of infected cells at the plasma
level [43].

Establishing the latent viral reservoir in memory CD4+ T lymphocytes provides a
clear biological advantage to the virus. The virus is only detected at the plasma level
during active replication and less than 2% of CD4+ cells circulate in plasma [6]. After an
immune response mediated by CD4+ T lymphocytes, a minimal part of these remains latent
in lymph nodes as memory CD4+ T lymphocytes. These cells, whose half-life exceeds
40 years, maintain a low level of replication and clonal re-expansion, which makes the
elimination of any viral genetic material virtually impossible. Stem memory cells, a subtype
of memory CD4+ T cells, seem to have a greater tendency to contain proviral DNA [44] and
exhibit a great capacity for clonal expansion and to perpetuate the latent reservoir [6,45].
Follicular T-helper cells could also act as a reservoir [15] due to the absence of an interaction
with CD8+ T lymphocytes, which are theorized to have a fundamental role in the immune
response to HIV [46-48].

Thus, after a primary HIV infection, a small number of CD4+ memory T cells are
infected by the virus (unlike the rest of the CD4 cells, which are rapidly destroyed after
infection) and establish a reservoir. These cells remain in a quiescent state until certain
antigenic stimuli lead to clonal proliferation cycles, which may in part explain the detection
of detectable viral loads despite properly administered antiretroviral treatments. Cells
carrying the latent viral reservoir go undetected by the immune system. The long half-life
of these cells has made HIV infection incurable to date. It should be also noted that other
tissues can also act as a reservoir, compromising future strategies for eliminating the virus.

2.2. Where Is the Viral Reservoir Located?

The distribution of latently infected cells has been a matter of intense research, but
is not well understood at the moment. In 2019, Vibholm et al. [49] found that proviral
genetic material was similar in latent cells isolated from plasma and in lymph nodes,
but was different from that isolated when patients stopped ART. Those facts supports
that the latent reservoir is stable and constitutes the basis on which the virus replicates
when pharmacological pressure ends. Other cells of the immune system such as follicular
dendritic cells, or even fibrocytes or epithelial cells could also act as a reservoir [50]. The
role of monocytic series cells as cells that contain provirus interacting with CD4+ cells, has
been previously discussed [20,21,51-53] (Figure 1).

Reservoiratcellularlevel| | Histological reservoirs l I Anatomical reservoirs |

Figure 1. Simplified anatomical distribution of the viral reservoir: different cell lines contain viral
genetic material integrated into the genome. CD4+ T cells are the most prominent, with the memory
cell lineage being of particular relevance. However, other cell assemblies also act as a viral reservoir,
such as dendritic cells/macrophages, epithelial cells or adipose tissue cells. In terms of anatomical
distribution, the reservoir in lymph nodes stands out, especially at the level of GALT (Ilymphoid
tissue associated with the intestine), together with other locations, such as the spleen or microglia at
the level of the central nervous system [14]. Created in biorender.com (accessed on 17 October 2022).
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Different tissues can act as a reservoir, although not all have been well studied or
characterized [24]. Yukl et al. [54] showed that the viral reservoir in intestinal tissue, which
is usually overexposed to infectious agents, had different characteristics from those in other
organs, largely due to the greater proportion of effector memory T cells. In addition, other
immune system cells present in intestinal tissue also contained genetic material. These
characteristics make intestinal tissue an ideal site for the establishment of the viral reservoir.

2.3. Implications of Clonal Replication in Viral Reservoirs

Halvas et al. [55] tested several of the concepts described above. Eight patients with
a persistently detectable viral load, despite correctly ART administered for more than
6 months, were selected. All patients had a viral load in the low-level viraemia range,
which has been classically associated with an increased risk of virologic failure [56-58].
Comparative analysis of viral genetic material in different samples showed that most
of the copies detected came from the same viral clone. No resistance development was
detected in the study. These data reinforced the hypothesis that the clonal expansion of
previously infected cells is a cause of detectable plasma viral load, simulating virological
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Figure 2. Clonal replication in the latent viral reservoir in lymph nodes. Following an antigenic
stimulus, or simply following a homeostatic replication cycle, cells containing integrated genetic
material would enter into viral replication cycles, which contributes to maintaining the latent viral
reservoir and would be the cause of persistent viremia despite ART. Created in biorender.com
(accessed on 17 October 2022).

The authors also pointed out that if the permanent viral reservoir is a cause of vi-
rologic failure, despite adequate ART, it would be interesting to find a drug that acts by
blocking virion production. However, since these antivirals are not currently available,
it is appropriate to pursue better treatments to seek a cure for the disease, provided that
the clonal replication of infected cells may be a clear barrier in the search for a cure for
the disease.

2.4. Towards a Cure for HIV Infection Based on the Elimination of the Latent Reservoir

One of the main strategies in the search for a cure for HIV is the “shock and kill”
method. It is based on achieving the reversal of virus latency in infected cells, so that
these viruses are “reactivated” and the cells containing them are no longer hidden from
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the immune system [24]. In a second step immune response, inducing agents would be
administered to pursue a cure.

In the first phase of the shock and kill strategy, latency-reversing agents (LRAs) are
administered in order to reverse the latent state of the virus [59,60]. Then, the elimination
of infected CD4+ cells is promoted, either by innate immune responses or by the adminis-
tration of specific drugs. However, LRAs still do not have a decisive influence on reducing
the size of the viral reservoir [61].

The first trials based on this strategy date back to the beginning of the current century.
Interleukin-2 (IL-2) and anti-CD3 antibodies were investigated as LRA, but a lack of efficacy
as well as adverse effects stopped the use of these agents [61,62]. Subsequently, other
drugs such as disulfiram or valproic acid were investigated [59,63]. However, the most
promising drugs come from the field of oncohematology: vorinostat (treatment of cutaneous
lymphomas), panobinostat (treatment of multiple myeloma), ipilimumab (treatment of
melanoma) and romidepsin (treatment of T-cell lymphomas) have all been investigated in
recent years as promising LRAs [64,65]. Additionally, drug combinations such as disulfiram
and romidepsin have been studied [66].

However, these drugs fail to eliminate the latent reservoir for several reasons. Ras-
mussen et al. [61] pointed to immunological factors, such as an inadequate immune re-
sponse by cytotoxic CD8+ T cells or the fact that memory CD4+ T cells do not necessarily
die when the virus is reactivated. However, two other very relevant factors should be
emphasized. When an LRA is administered, there is an increase in plasma viral load, but
we are unable to quantify the percentage of the reservoir that has been mobilized and,
therefore, the real effect of the drugs on the reservoir. Furthermore, a large majority of the
viral reservoir is found in tissues such as the intestinal tract or lymph nodes. Given that the
pharmacokinetics in these compartments vary with respect to the plasma compartment, it
cannot be assured that the latent reservoir in these tissues will be reached by LRAs.

Therefore, the strategy of reversal of viral latency seems to be effective in that it
manages to stimulate the exit of latency in the virus from the lymphocyte reservoir [67,68]
but the reservoir at other anatomical levels seems to remain intact [69]. Estes et al. studied
lymphoid tissues in both human and primate models [70]. Under ART pressure, most of the
reservoir consisted of intestinal lymphoid tissue (GALT) cells, and these cells were largely
responsible for viral load regrowth upon the cessation of ART. The strategy of latency
reversal by means of LRA must take into account the existence of other compartments that
were not well reached by the drugs mentioned above [71-73].

Telwatte et al. [74] analyzed how anti CD3/CD28 drugs can be more effective in the
reversion of the intestinal reservoir. The previously mentioned LRAs appear not to be as
effective in acting on this anatomical reservoir, while the combination of ingenol mebutate
with romidepsin appears to be more effective than other regimens. Moreover, given
the increasingly well-established relationship between HIV infection and the persistent
proinflammatory state, the search for drugs that cover the largest possible proportion of the
viral reservoir have become a priority [75]. There is research into new molecular signaling
pathways to improve the latency reversal process [76-78], although the complex signaling
process regulating CD4+ T cell expression is not yet fully understood [79].

However, even if a latency-reversing drug could overcome all the above obstacles, the
most suitable kill strategies would still have to be established [80]. Skepticism about the
shock and kill strategy is promoted by data such as those from the RIVER clinical trial, in
which there were no significant differences in terms of total HIV DNA between the ART
group and the ART + LRA + immune response stimulator drug group [81]. It is true that
the interpretation of the results of the trial may be influenced by the fact that the variation
in total HIV DNA does not correctly reflect the percentage of the reservoir attacked or the
potency of the immune response generated.

Even so, immune stimulatory drugs fail to coordinate a cytotoxic cellular response
that effectively eliminates the affected cells [82]. In addition to a lack of recognition of
the signals expressed by the infected cell [83-85], it appears that certain ARLs such as
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romidepsin may even interfere with the intensity of the immune response [86]. Even so,
hopes are still pinned on the search for new signaling pathways on which to act: since the
discovery of the PDL-1 signaling pathway [87], progress has been made in discovering
cellular receptors such as TIM-3, whose blockade can enhance the immune response to
the virus [88]. In addition, active efforts are being directed towards the search for a drug
that combines the necessary properties to unify the action of both shock and kill (“All in
one”) [82].

The block and lock strategy is one of the most novel ones and consists of a totally op-
posite approach to shock and kill. Block and lock is based on preventing the reactivation of
the latent reservoir by inhibiting viral RNA expression even under stimulatory signals [89].
Latency-inducing drugs are used [90] with the intention of maintaining the virus in a
permanent state of latency, even after the definitive abandonment of ART [91,92]. Agents
useful for this strategy, named latency-promoting agents, could affect both pre-integration
and post-integration stages. LEDGINS are inhibitors of the lens epithelium-derived growth
factor (LEDGF/p75) that can redirect HIV DNA integration to regions that are resistant
to reactivation, thus silencing the reservoir even after ART discontinuation [93]. At post-
integration stages, drugs can be used to permanently suppress HIV-1 transcription and
prevent viral reactivation even after successful proviral DNA integration. This aim can be
achieved by inhibiting viral and host transcription factors to suppress viral gene expres-
sion. Some examples include didehydro-cortistatin A (dCA) which inhibits Tat-mediated
transactivation [94], CDK9 inhibitors which block viral transcription by disrupting P-TEFb
formation [95], or curaxin which inhibits NF-kB [96].

Based on these same concepts, the idea of using gene-editing technology, such as the
CRISPR-CAS system, was born [97]. This technique would seek to modify the genetic
transcription systems by means of “molecular scissors”, maintaining the entire reservoir in
a permanent state of latency.

In any case, the current outlook does not envisage a definitive cure for HIV, at least in
the short term. All the approaches described are based on the fact that the main cause of
the lack of effective strategies for a cure is the failure to reach the entire viral reservoir. It
is worth recalling the complexity of estimating its size using current molecular detection
techniques [98]. However, there could be indications that the virus persists in infected
patients not only because of latency, but also because there are anatomical sanctuaries
in which there is sustained viral replication, and which are not reached by adequate
concentrations of antiretroviral drugs. In this scenario, any strategy based exclusively on
the reversal of viral latency could risk failure, since it would ignore the existence of other
compartments that perpetuate viral persistence. Therefore, the next topic to be discussed
will be to delve into the various studies that have analyzed the possibility of sustained viral
replication in various anatomical locations, and the consequences that this could entail.

3. Persistent Viral Replication
3.1. Is There Persistent Viral Replication in Patients with a Suppressed Plasma Viral Load?

The previous sections have reviewed the evidence on viral latency, which explains,
in part, the impossibility of curing HIV infection by antiretroviral treatment alone, so the
possibility of other therapeutic routes has been explored. However, at the beginning of the
21st century, several experiments were carried out with children infected at birth, in whom
plasma viral load was still detected despite appropriate treatment. Since the isolated viruses
did not contain sequences confirming a resistance to antiretrovirals, it was interpreted that
this situation was caused by the existence of an established reservoir [99-101]. However,
in recent years, other complementary and not exclusive explanations to this model have
been proposed.

One such explanation would be that the virus may be actively replicating continu-
ously in another anatomical compartment such as lymphoid tissue. This idea is mainly
supported by the work carried out by Lorenzo-Redondo et al. in 2016 [102]. They analyzed
the viral sequences isolated in patients after 3 and 6 months from the initiation of ART,
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and pointed out that the sequences were different when comparing isolates from lymph
nodes with those from the plasma compartment. Therefore, the authors proposed that
the virus is distributed in two separate compartments, with very little exchange of viral
particles between them. A first compartment corresponds to the plasma space, where
drug concentrations are high and viral replication would be controlled. On the other hand,
a compartment composed of anatomical sanctuaries, such as the lymphoid tissue [103],
would have little drug penetration, which would allow a low but persistent level of viral
replication (Figure 3). Two subpopulations of the virus would coexist in the lymph node:
a majority of the population of infected cells would be in a quiescent state, which would
replicate irregularly but sufficiently to maintain persistently positive viral loads (cells that
maintain the virus in a state of latency, as already discussed in previous sections), and
another subpopulation of cells in which the virus replicates persistently, despite treatment.

Lymph nodes

)

\ (W (\ | Good ART levels

£ B B (oo
|+ S

% )
{4 @-»

Controlled viral replication.

R . v
Persistent viral
replication

Undetectable viral load

Persistent viral
replication

Figure 3. Persistent viral replication in lymph nodes. Adequate levels of ART in the vascular
compartment block viral replication, thus maintaining undetectable plasma viral loads. However,
at the same time, ART does not reach adequate levels in lymph nodes, so there are complete cycles
of viral replication and new cell infections at this level. Created in biorender.com (accessed on 17
October 2022).

3.2. Evidence in Favor of Persistent Viral Replication and Its Causes

Persistent viral replication would imply that the virus could have very low level of
replication localized in lymph nodes, despite ART. Subsequently, this virus could also be
the determinant of the residual viremia detected in plasma [104]. Rose et al. attempted to
demonstrate why that viremia could be explained by persistent replication in the lymph
nodes [105,106]. There is also evidence from autopsies of chronically infected patients with
an undetectable plasma viral load that the virus persists in different tissues [107], especially
at the level of the central nervous system [3,108] and lymphoid and adipose tissues [109].

Thus, the theory of persistent viral replication in anatomical sanctuaries has raised
several important debates. First, Licht and Alter [110] offered important reflections: If the
drugs did not penetrate the lymph nodes, could this fact be responsible for persistent viral
replication and could it induce the development of ART resistance? Lorenzo-Redondo [102]
supported that persistent replication in lymphoid tissue was responsible, at least in part,
for the residual viral load [104]. However, despite the subtherapeutic levels that drugs
reach in lymph nodes, no resistant mutants are selected [111]. Lorenzo-Redondo explained
this fact by means of mathematical models, in which, when effective drug concentrations
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are low, the benefit of drug resistance does not overcome the fitness cost of mutations and
drug-sensitive strains dominate.

There are other studies that support those hypothesis: Fletcher [112] investigated
the deficient pharmacokinetic properties of antiretroviral drugs when reaching certain
anatomical locations and Estes [70] detected intracellular virions in animal models, despite
ART, using in situ hybridization techniques.

Supported by Litch and Alter’s definition of lymph nodes as immunological and
pharmacological sanctuaries, pharmacokinetic studies that analyze the tissue penetration of
antiretroviral drugs have emerged [112-114]. A significant proportion of drug penetration
studies in lymph nodes have been performed in animal models, and human models have
shown heterogeneous data [115], although derived data supports the limited penetration
of ART in these compartments.

Using mathematical models, Jagarapu et al. [116] determined which factors condition
the lower levels of antiretroviral drugs at the lymph node level. They mainly emphasized
that the larger diameter of the lymph node, which translates into inflammation, is the
main factor limiting the distribution of drugs in this compartment. They determined
that in lymph nodes with diameters less than 0.1 mm (which translates to an absence of
inflammation) there is no persistent viral replication despite low drug levels, although
the chances of replication increase as the node size increases. Protease inhibitors [117,118]
are the therapeutic group that diffuses the worst in this tissue, and regimens based on
these drugs are the ones that could be most associated with the establishment of drug
sanctuaries [116]. Tenofovir disoproxil difumarate, emtricitabine, atazanavir, darunavir
and efavirenz also have poor activity in lymphoid tissue [112,118], as well as integrase
inhibitors [118-121]. However, there is recent evidence supporting the better diffusion of
tenofovir alafenamide at the lymph node level, which would be an theoretical advantage
when using these drugs [122] (Table 1).

Table 1. Summary of factors contributing to low or adequate penetration of antiretroviral drugs into
lymph nodes [116-122]. I Not currently available.

Low Levels Appropriate Levels

Thickness of the diameter of the ganglion
wall greater than 0.1 mm.
Use of integrase inhibitors. Use of tenofovir alafenamide
Use of protease inhibitors. Targeted delivery and nanoparticle technologies 1

Absence of inflammation at the lymph node level.

Therefore, if penetration into the lymph nodes could be improved, therapeutic levels
could be achieved that could control viral replication at this level. This opens the door to
research on new lines of administration, such as targeted delivery strategies, in which the
drug is coformulated with molecules with a high affinity for certain tissues (as in the case
of chylomicrons and lymphatics) [123-126].

3.3. Controversies on Persistent Viral Replication

Shortly after the publication of the work analyzed by Lorenzo-Redondo [102], several
groups of authors began to defend the inexistence of persistent viral replication. Rosen-
bloom et al. [127] argued that the data collected by Lorenzo-Redondo were obtained from
patients after 3 and 6 months of ART, at which time there is still a significant proportion of
labile viral subpopulations, given that the permanent viral reservoir is not fully established
until 12 months. Therefore, they argue that the viral sequences isolated and interpreted as a
consequence of persistent viral replication were nothing more than a phenomenon typical
of the early stages of the natural evolution of the virus after the initiation of ART. They also
reflect that, in the case of persistent viral replication, it would be important to know what
clinical repercussions it would have, adding that a degree of subcritical replication would
not have an impact on HIV cure strategies [128].
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In the same way, Kearney et al. [129] proposed alternative hypotheses to explain the
results observed by Lorenzo-Redondo. They used as an argument, among others, that the
genomic variability of the sequences of the viruses isolated a few months after the onset of
ART could also correspond to proviruses mutated under cycles of clonal expansion.

For this, they rely on the theory of the fossil record phenomenon, which assumes that,
in the first months after ART initiation, experimentally detectable viral genomic sequences
may reflect that their origin comes from viral replication, but this is only an “artifact”,
which will disappear when the fossil record is completely “washed out” after 12 months of
ART [130]. Therefore, they again criticize the fact that results were obtained earlier than
12 months after the start of ART, assuming that the results of Lorenzo-Redondo’s work
would have been different if the samples had been taken much later. They add to these
assertions with new mathematical simulations, similar to those provided in the previously
discussed publications [127,129].

In several subsequent papers, this group of authors reaffirm that persistent viremias
are the exclusive consequence of the clonal replications of latently infected cells [55,131-134].
They highlight several key aspects: firstly, viruses isolated as a consequence of the clonal
replication of cells with integrated viral genetic material do not express drug resistance;
furthermore, these clones are established very early despite the rapid onset of ART [135]
and are responsible for the latent viral reservoir that prevents the cure of the disease [136].

Controversies also reach studies on cellular models in which the point of integration
of the proviral genome is evaluated. In this sense, there is evidence in favor of persistent
viral replication, while Symons et al. found that there were different sites of genomic
integration in cellular models of latent infection, suggesting active replication [137]. How-
ever, in mathematical models [26,130], stability in the genomic integration sites has been
evidenced, which supports the hypothesis of clonal expansion as the only mechanism of
viral persistence.

3.4. Potential Consequences of Persistent Viral Replication in Patients with Suppressed Plasma
Viral Load

The existence of persistent viral replication despite ART would imply a new source
of viremia that cannot be controlled with the ART regimens currently used [138]. In this
regard, intensification regimens have been tested, based on the theory that a higher drug
load could help to better control replication and decrease residual viremia. However, the
results have been heterogeneous [138,139], with evidence both in favor of pharmacological
intensification helping to decrease immunoactivation levels [140-142], and recent studies
opposing this idea [143,144].

Of particular importance is the state of persistent inflammation, which has recently
been related to various adverse effects in the long term, such as cardiovascular diseases or
neoplasms [145,146]. In this sense, there are multiple lines of research currently seeking to
analyze strategies to reduce the state of immunoactivation [147], for example, by controlling
the microbiota [148], but undoubtedly, the existence of persistent viral replication could be
a key factor in modulating the level of inflammation.

Finally, assuming the existence of persistent viral replication would open the door
to reconsidering the role of bitherapy as ART, since according to the positions of some
different authors, it could determine a negative role in the control of markers of persistent
inflammation in the long term [149]. However, other groups argue that there would be no
significant differences in terms of inflammation parameters when comparing triple with
dual therapies [150].

In any case, the debate about the existence or not of persistent viral replication, despite
the maintenance of suppressed plasma viral loads, is a debate that has not been closed
at present, and whose future implications may be relevant to finding a definitive cure for
HIV infection.
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4. Conclusions: Where Do We Stand on a HIV Cure?

Current strategies are not sufficient to achieve a cure for HIV infection. The persistence
of a latent viral reservoir in patients with suppressed plasma viral loads in certain cellular
and anatomical locations means that, with repeated cycles of clonal re-expansion, low-
level viraemia is maintained, which justifies a resurgence of the viral load as soon as the
antiretroviral treatment is abandoned. Current virus elimination strategies using kick and
kill techniques appear to be promising, but have limitations when it comes to knowing and
reaching the entire viral reservoir, which is essential for eventual complete virus elimination.
In this context, study groups have emerged advocating the existence of persistent viral
replication cycles despite antiretroviral treatment. Although these assertions have aroused
great controversy in recent years, the implications for understanding the biology and
behavior of the viral reservoir would be fundamental when focusing on new strategies
in the search for a cure for the infection. In this work we have focused on reviewing the
current evidence on these aspects, trying to emphasize the current fields in which new
studies are needed, and trying to clarify what may be alternative future lines of research.

Author Contributions: A.d.G.-G. and 5.M. have contributed to the writing of the manuscript. All
authors have read and agreed to the published version of the manuscript.
Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

Hiitter, G.; Nowak, D.; Mossner, M.; Ganepola, S.; Miiflig, A.; Allers, K.; Schneider, T.; Hofmann, ].; Kiicherer, C.; Blau, O.; et al.
Long-Term Control of HIV by CCR5 Delta32/Delta32 Stem-Cell Transplantation. N. Engl. J. Med. 2009, 360, 692—697. [CrossRef]
[PubMed]

Henrich, T.J.; Hanhauser, E.; Marty, EM.; Sirignano, M.N.; Keating, S.; Lee, T.H.; Robles, Y.P.; Davis, B.T.; Li, ].Z.; Heisey, A.; et al.
Antiretroviral-free HIV-1 remission and viral rebound after allogeneic stem cell transplantation: Report of 2 cases. Ann. Intern.
Med. 2014, 161, 319-327. [CrossRef]

Pitman, M.C,; Lau, J.S.Y.; McMahon, ]J.H.; Lewin, S.R. Barriers and strategies to achieve a cure for HIV. Lancet HIV 2018, 5,
e317-e328. [CrossRef]

Luzuriaga, K.; Gay, H.; Ziemniak, C.; Sanborn, K.B.; Somasundaran, M.; Rainwater-Lovett, K.; Mellors, ].W.; Rosenbloom, D.;
Persaud, D. Viremic Relapse after HIV-1 Remission in a Perinatally Infected Child. N. Engl. ]. Med. 2015, 372, 786-788. [CrossRef]
Dahabieh, M.S.; Battivelli, E.; Verdin, E. Understanding HIV Latency: The Road to an HIV Cure. Annu. Rev. Med. 2015, 66,
407-421. [CrossRef]

Dufour, C.; Gantner, P.; Fromentin, R.; Chomont, N. The multifaceted nature of HIV latency. J. Clin. Investig. 2020, 130, 3381-3390.
[CrossRef] [PubMed]

Castro, S.; Colomer-Lluch, M.; Serra-Moreno, R. Barriers for HIV Cure: The Latent Reservoir. AIDS Res. Hum. Retrovir. 2018, 34,
739-759. [CrossRef]

Bruner, K.M.; Murray, A ].; Pollack, R.A.; Soliman, M.G.; Laskey, S.B.; Capoferri, A.A.; Lai, J.; Strain, M.C.; Lada, S.M.; Hoh, R.;
et al. Defective proviruses rapidly accumulate during acute HIV-1 infection. Nat. Med. 2016, 22, 1043-1049. [CrossRef]
Kiselinova, M.; Geretti, A.M.; Malatinkova, E.; Vervisch, K.; Beloukas, A.; Messiaen, P.; Bonczkowski, P.; Trypsteen, W.; Callens,
S.; Verhofstede, C.; et al. HIV-1 RNA and HIV-1 DNA persistence during suppressive ART with PI-based or nevirapine-based
regimens. J. Antimicrob. Chemother. 2015, 70, 3311-3316. [CrossRef]

Wiegand, A.; Spindler, J.; Hong, EF.; Shao, W.; Cyktor, ].C.; Cillo, A.R.; Halvas, E.K.; Coffin, ] M.; Mellors, ].W.; Kearney, M.F.
Single-cell analysis of HIV-1 transcriptional activity reveals expression of proviruses in expanded clones during ART. Proc. Natl.
Acad. Sci. USA 2017, 114, E3659-E3668. [CrossRef] [PubMed]

Finzi, D.; Hermankova, M.; Pierson, T.; Carruth, L.M.; Buck, C.; Chaisson, R.E.; Quinn, T.C.; Chadwick, K.; Margolick, J.;
Brookmeyer, R.; et al. Identification of a Reservoir for HIV-1 in Patients on Highly Active Antiretroviral Therapy. Science 1997,
278,1295-1300. [CrossRef] [PubMed]

Siliciano, J.D.; Kajdas, J.; Finzi, D.; Quinn, T.C.; Chadwick, K.; Margolick, ].B.; Kovacs, C.; Gange, S.; Siliciano, R.F. Long-term
follow-up studies confirm the stability of the latent reservoir for HIV-1 in resting CD4+ T cells. Nat. Med. 2003, 9, 727-728.
[CrossRef] [PubMed]

Ho, Y.-C.; Shan, L.; Hosmane, N.N.; Wang, ].; Laskey, S.B.; Rosenbloom, D.I.; Lai, J.; Blankson, ]J.N.; Siliciano, ].D.; Siliciano, R.F.
Replication-Competent Noninduced Proviruses in the Latent Reservoir Increase Barrier to HIV-1 Cure. Cell 2013, 155, 540-551.
[CrossRef] [PubMed]


http://doi.org/10.1056/NEJMoa0802905
http://www.ncbi.nlm.nih.gov/pubmed/19213682
http://doi.org/10.7326/M14-1027
http://doi.org/10.1016/S2352-3018(18)30039-0
http://doi.org/10.1056/NEJMc1413931
http://doi.org/10.1146/annurev-med-092112-152941
http://doi.org/10.1172/JCI136227
http://www.ncbi.nlm.nih.gov/pubmed/32609095
http://doi.org/10.1089/aid.2018.0118
http://doi.org/10.1038/nm.4156
http://doi.org/10.1093/jac/dkv250
http://doi.org/10.1073/pnas.1617961114
http://www.ncbi.nlm.nih.gov/pubmed/28416661
http://doi.org/10.1126/science.278.5341.1295
http://www.ncbi.nlm.nih.gov/pubmed/9360927
http://doi.org/10.1038/nm880
http://www.ncbi.nlm.nih.gov/pubmed/12754504
http://doi.org/10.1016/j.cell.2013.09.020
http://www.ncbi.nlm.nih.gov/pubmed/24243014

Pathogens 2023, 12, 322 11 of 16

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Deeks, S.G.; Archin, N.; Cannon, P; Collins, S.; Jones, R.B.; de Jong, M.A.\W.P,; Lambotte, O.; Lamplough, R.; Ndung'U, T,
Sugarman, J.; et al. Research priorities for an HIV cure: International AIDS Society Global Scientific Strategy 2021. Nat. Med. 2021,
27,2085-2098. [CrossRef] [PubMed]

Deeks, S.G.; Lewin, S.R.; Ross, A.L.; Ananworanich, J.; Benkirane, M.; Cannon, P.; Chomont, N.; Douek, D.; Lifson, J.D.; Lo, Y.R.;
et al. International AIDS Society global scientific strategy: Towards an HIV cure 2016. Nat. Med. 2016, 22, 839-850. [CrossRef]
Ndung'u, T.; McCune, ].M.; Deeks, S.G. Why and where an HIV cure is needed and how it might be achieved. Nature 2019, 576,
397-405. [CrossRef]

Ruelas, D.S.; Greene, W.C. An Integrated Overview of HIV-1 Latency. Cell 2013, 155, 519-529. [CrossRef]

Campbell, ] H.; Hearps, A.C.; Martin, G.E.; Williams, K.C.; Crowe, S.M. The importance of monocytes and macrophages in HIV
pathogenesis, treatment, and cure. AIDS 2014, 28, 2175-2187. [CrossRef]

Evans, V.A.; Kumar, N.; Filali, A.; Procopio, F.A.; Yegorov, O.; Goulet, ] .-P,; Saleh, S.; Haddad, E.K.; Pereira, C.D.E; Ellenberg, P.C.;
et al. Myeloid Dendritic Cells Induce HIV-1 Latency in Non-proliferating CD4" T Cells. PLoS Pathog. 2013, 9, €1003799. [CrossRef]
Kumar, N.A.; van der Sluis, R.M.; Mota, T.; Pascoe, R.; Evans, V.A; Lewin, S.R.; Cameron, P.U. Myeloid Dendritic Cells Induce
HIV Latency in Proliferating CD4" T Cells. J. Immunol. 2018, 201, 1468-1477. [CrossRef]

Cattin, A.; Salinas, TR.W.; Gosselin, A.; Planas, D.; Shacklett, B.; Cohen, E.A.; Ghali, M.P;; Routy, ].-P.; Ancuta, P. HIV-1 is rarely
detected in blood and colon myeloid cells during viral-suppressive antiretroviral therapy. AIDS 2019, 33, 1293-1306. [CrossRef]
[PubMed]

Eriksson, S.; Graf, E.H.; Dahl, V,; Strain, M.C.; Yukl, S.A.; Lysenko, E.S.; Bosch, R.J.; Lai, ].; Chioma, S.; Emad, F.; et al. Comparative
Analysis of Measures of Viral Reservoirs in HIV-1 Eradication Studies. PLoS Pathog. 2013, 9, e1003174. [CrossRef]

Cohn, L.B,; Silva, I; Valieris, R.; Huang, A.; Lorenzi, ].C.C.; Cohen, Y,; Pai, ].A.; Butler, A.L.; Caskey, M.; Jankovic, M.; et al. Clonal
CD4* T cells in the HIV-1 latent reservoir display a distinct gene profile upon reactivation. Nat. Med. 2018, 24, 604—609. [CrossRef]
Henrich, T.J.; Deeks, S.; Pillai, S.K. Measuring the Size of the Latent Human Immunodeficiency Virus Reservoir: The Present and
Future of Evaluating Eradication Strategies. J. Infect. Dis. 2017, 215, S134-5141. [CrossRef]

Kim, M.; Siliciano, R.F. Reservoir expansion by T-cell proliferationmay be another barrier to curing HIV infection. Proc. Natl.
Acad. Sci. USA 2016, 113, 1692-1694. [CrossRef] [PubMed]

Maldarelli, F.; Wu, X.; Su, L.; Simonetti, ER.; Shao, W.; Hill, S.; Spindler, ].; Ferris, A.L.; Mellors, ].W.; Kearney, M.F,; et al. Specific
HIV integration sites are linked to clonal expansion and persistence of infected cells. Science 2014, 345, 179-183. [CrossRef]
[PubMed]

Wagner, T.A.; McLaughlin, S.; Garg, K.; Cheung, C.Y.K,; Larsen, B.B.; Styrchak, S.; Huang, H.C.; Edlefsen, P.T.; Mullins, J.I;
Frenkel, L.M. Proliferation of cells with HIV integrated into cancer genes contributes to persistent infection. Science 2014, 345,
570-573. [CrossRef] [PubMed]

Bailey, J.R.; Sedaghat, A.R.; Kieffer, T.; Brennan, T.; Lee, PK.; Wind-Rotolo, M.; Haggerty, C.M.; Kamireddi, A.R,; Liu, Y.; Lee, J.;
et al. Residual Human Immunodeficiency Virus Type 1 Viremia in Some Patients on Antiretroviral Therapy Is Dominated by a
Small Number of Invariant Clones Rarely Found in Circulating CD4* T Cells. J. Virol. 2006, 80, 6441-6457. [CrossRef] [PubMed]
Dinoso, ].B.; Kim, S.Y.; Wiegand, A.M.; Palmer, S.E.; Gange, S.J.; Cranmer, L.; O’Shea, A.; Callender, M.; Spivak, A.; Brennan, T.;
et al. Treatment intensification does not reduce residual HIV-1 viremia in patients on highly active antiretroviral therapy. Proc.
Natl. Acad. Sci. USA 2009, 106, 9403-9408. [CrossRef]

Simonetti, ER.; Sobolewski, M.D.; Fyne, E.; Shao, W.; Spindler, J.; Hattori, J.; Anderson, E.M.; Watters, S.A.; Hill, S.; Wu, X,; et al.
Clonally expanded CD4" T cells can produce infectious HIV-1 in vivo. Proc. Natl. Acad. Sci. USA 2016, 113, 1883-1888. [CrossRef]
Einkauf, K.B.; Osborn, M.R.; Gao, C.; Sun, W.; Sun, X,; Lian, X.; Parsons, E.M.; Gladkov, G.T.; Seiger, K.W.; Blackmer, J.E.; et al.
Parallel analysis of transcription, integration, and sequence of single HIV-1 proviruses. Cell 2022, 185, 266-282.e15. [CrossRef]
[PubMed]

Imamichi, H.; Dewar, R.L.; Adelsberger, ] W.; Rehm, C.A.; O'Doherty, U.; Paxinos, E.E.; Fauci, A.S.; Lane, H.C. Defective HIV-1
proviruses produce novel protein-coding RNA species in HIV-infected patients on combination antiretroviral therapy. Proc. Natl.
Acad. Sci. USA 2016, 113, 8783-8788. [CrossRef]

Imamichi, H.; Smith, M.; Adelsberger, ].W.; Izumi, T.; Scrimieri, F.; Sherman, B.T.; Rehm, C.A.; Imamichi, T.; Pau, A.; Catalfamo,
M.; et al. Defective HIV-1 proviruses produce viral proteins. Proc. Natl. Acad. Sci. USA 2020, 117, 3704-3710. [CrossRef]

Pollack, R.A.; Jones, R.B.; Pertea, M.; Bruner, K.M.; Martin, A.R.; Thomas, A.; Capoferri, A.A.; Beg, S.A.; Huang, S.-H.; Karandish,
S.; et al. Defective HIV-1 Proviruses Are Expressed and Can Be Recognized by Cytotoxic T Lymphocytes, which Shape the
Proviral Landscape. Cell Host Microbe 2017, 21, 494-506.e4. [CrossRef] [PubMed]

Bruner, K.M.; Wang, Z.; Simonetti, ER.; Bender, A.M.; Kwon, K.J.; Sengupta, S.; Fray, E.J.; Beg, S.A.; Antar, A.A.R.; Jenike, KM.;
et al. A quantitative approach for measuring the reservoir of latent HIV-1 proviruses. Nature 2019, 566, 120-125. [CrossRef]
[PubMed]

Okoye, A.A.; Hansen, S.G.; Vaidya, M.; Fukazawa, Y.; Park, HM.; Duell, D.M.; Lum, R.; Hughes, C.M.; Ventura, A.B.; Ainslie, E.;
et al. Early antiretroviral therapy limits SIV reservoir establishment to delay or prevent post-treatment viral rebound. Nat. Med.
2018, 24, 1430-1440. [CrossRef]

Whitney, ].B.; Hill, A.L.; Sanisetty, S.; Penaloza-MacMaster, P.; Liu, J.; Shetty, M.; Parenteau, L.; Cabral, C.; Shields, J.; Blackmore,
S.; et al. Rapid seeding of the viral reservoir prior to SIV viraemia in rhesus monkeys. Nature 2014, 512, 74-77. [CrossRef]

Deng, K,; Siliciano, R.F. HIV: Early treatment may not be early enough. Nature 2014, 512, 35-36. [CrossRef]


http://doi.org/10.1038/s41591-021-01590-5
http://www.ncbi.nlm.nih.gov/pubmed/34848888
http://doi.org/10.1038/nm.4108
http://doi.org/10.1038/s41586-019-1841-8
http://doi.org/10.1016/j.cell.2013.09.044
http://doi.org/10.1097/QAD.0000000000000408
http://doi.org/10.1371/journal.ppat.1003799
http://doi.org/10.4049/jimmunol.1701233
http://doi.org/10.1097/QAD.0000000000002195
http://www.ncbi.nlm.nih.gov/pubmed/30870200
http://doi.org/10.1371/journal.ppat.1003174
http://doi.org/10.1038/s41591-018-0017-7
http://doi.org/10.1093/infdis/jiw648
http://doi.org/10.1073/pnas.1600097113
http://www.ncbi.nlm.nih.gov/pubmed/26862166
http://doi.org/10.1126/science.1254194
http://www.ncbi.nlm.nih.gov/pubmed/24968937
http://doi.org/10.1126/science.1256304
http://www.ncbi.nlm.nih.gov/pubmed/25011556
http://doi.org/10.1128/JVI.00591-06
http://www.ncbi.nlm.nih.gov/pubmed/16775332
http://doi.org/10.1073/pnas.0903107106
http://doi.org/10.1073/pnas.1522675113
http://doi.org/10.1016/j.cell.2021.12.011
http://www.ncbi.nlm.nih.gov/pubmed/35026153
http://doi.org/10.1073/pnas.1609057113
http://doi.org/10.1073/pnas.1917876117
http://doi.org/10.1016/j.chom.2017.03.008
http://www.ncbi.nlm.nih.gov/pubmed/28407485
http://doi.org/10.1038/s41586-019-0898-8
http://www.ncbi.nlm.nih.gov/pubmed/30700913
http://doi.org/10.1038/s41591-018-0130-7
http://doi.org/10.1038/nature13594
http://doi.org/10.1038/nature13647

Pathogens 2023, 12, 322 12 of 16

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Henrich, T.J.; Hatano, H.; Bacon, O.; Hogan, L.E.; Rutishauser, R.; Hill, A.; Kearney, M.; Anderson, E.M.; Buchbinder, S.P.; Cohen,
S.E.; et al. HIV-1 persistence following extremely early initiation of antiretroviral therapy (ART) during acute HIV-1 infection: An
observational study. PLoS Med. 2017, 14, e1002417. [CrossRef]

Ananworanich, J.; Chomont, N.; Eller, L.A.; Kroon, E.; Tovanabutra, S.; Bose, M.; Nau, M.; Fletcher, J.L.; Tipsuk, S.; Vandergeeten,
C.; et al. HIV DNA Set Point is Rapidly Established in Acute HIV Infection and Dramatically Reduced by Early ART. Ebiomedicine
2016, 11, 68-72. [CrossRef]

Little, S.J. Treatment of Acute HIV Infection and the Potential Role of Acutely HIV-Infected Persons in Cure Studies. Top. Antivir.
Med. 2016, 23, 156-160.

Margolis, D.M.; Archin, N.M. Proviral Latency, Persistent Human Immunodeficiency Virus Infection, and the Development of
Latency Reversing Agents. J. Infect. Dis. 2017, 215, S111-5118. [CrossRef]

Leyre, L.; Kroon, E.; Vandergeeten, C.; Sacdalan, C.; Colby, D.J.; Buranapraditkun, S.; Schuetz, A.; Chomchey, N.; de Souza, M.;
Bakeman, W.; et al. Abundant HIV-infected cells in blood and tissues are rapidly cleared upon ART initiation during acute HIV
infection. Sci. Transl. Med. 2020, 12, eaav3491. [CrossRef] [PubMed]

Buzon, M ]; Sun, H,; Li, C.; Shaw, A ; Seiss, K.; Ouyang, Z.; Martin-Gayo, E.; Leng, J.; Henrich, T.J.; Li, ].Z.; et al. HIV-1 persistence
in CD4* T cells with stem cell-like properties. Nat. Med. 2014, 20, 139-142. [CrossRef] [PubMed]

Kulpa, D.A; Talla, A.; Brehm, J.H.; Ribeiro, S.P; Yuan, S.; Bebin-Blackwell, A.G.; Miller, M.; Barnard, R.; Deeks, S.G.; Hazuda, D.;
et al. Differentiation into an Effector Memory Phenotype Potentiates HIV-1 Latency Reversal in CD4" T Cells. J. Virol. 2019, 93,
€00969-19. [CrossRef]

Okoye, A.A.; Duell, D.D.; Fukazawa, Y.; Varco-Merth, B.; Marenco, A.; Behrens, H.; Chaunzwa, M.; Selseth, A.N.; Gilbride, RM.;
Shao, J.; et al. CD8+ T cells fail to limit SIV reactivation following ART withdrawal until after viral amplification. J. Clin. Investig.
2021, 131, €141677. [CrossRef]

Claireaux, M.; Galperin, M.; Benati, D.; Nouél, A.; Mukhopadhyay, M.; Klingler, J.; de Truchis, P.; Zucman, D.; Hendou, S.;
Boufassa, F; et al. A High Frequency of HIV-Specific Circulating Follicular Helper T Cells Is Associated with Preserved Memory
B Cell Responses in HIV Controllers. Mbio 2018, 9, e00317-18. [CrossRef]

Fukazawa, Y.; Lum, R.; Okoye, A.A,; Park, H.; Matsuda, K.; Bae, ].Y.; Hagen, S.I.; Shoemaker, R.; Deleage, C.; Lucero, C.; et al. B
cell follicle sanctuary permits persistent productive simian immunodeficiency virus infection in elite controllers. Nat. Med. 2015,
21, 132-139. [CrossRef]

Vibholm, L.K.; Lorenzi, ].C.; Pai, J.A.; Cohen, Y.Z.; Oliveira, T.Y.; Barton, J.P.; Garcia Noceda, M.; Lu, C.L.; Ablanedo-Terrazas,
Y.; Del Rio Estrada, P.M.; et al. Characterization of Intact Proviruses in Blood and Lymph Node from HIV-Infected Individuals
Undergoing Analytical. ]. Virol. 2019, 98, €01920-18. [CrossRef] [PubMed]

Kandathil, A.J.; Sugawara, S.; Balagopal, A. Are T cells the only HIV-1 reservoir? Retrovirology 2016, 13, 86. [CrossRef] [PubMed]
Mitchell, B.I.; Laws, E.I; Ndhlovu, L.C. Impact of Myeloid Reservoirs in HIV Cure Trials. Curr. HIV/AIDS Rep. 2019, 16, 129-140.
[CrossRef]

Wong, M.E.; Jaworowski, A.; Hearps, A.C. The HIV reservoir in monocytes and macrophages. Front. Immunol. 2019, 10, 1435.
[CrossRef]

K Datta, P.; Kaminski, R.; Hu, W.; Pirrone, V.; TSullivan, N.; RNonnemacher, M.; Dampier, W.; Wigdahl, B.; Khalili, K. HIV-1
Latency and Eradication: Past, Present and Future. Curr. HIV Res. 2016, 14, 431-441. [CrossRef] [PubMed]

Yukl, S.A.; Shergill, A K.; Ho, T,; Killian, M.; Girling, V.; Epling, L.; Li, P; Wong, L K.; Crouch, P; Deeks, S.G.; et al. The Distribution
of HIV DNA and RNA in Cell Subsets Differs in Gut and Blood of HIV-Positive Patients on ART: Implications for Viral Persistence.
J. Infect. Dis. 2013, 208, 1212-1220. [CrossRef] [PubMed]

Halvas, E.K.; Joseph, KW.; Brandt, L.D.; Guo, S.; Sobolewski, M.D.; Jacobs, J.L.; Tumiotto, C.; Bui, ].K.; Cyktor, ].C.; Keele, B.E;
et al. HIV-1 viremia not suppressible by antiretroviral therapy can originate from large T cell clones producing infectious virus. J.
Clin. Investig. 2020, 130, 5847-5857. [CrossRef]

Laprise, C.; De Pokomandy, A.; Baril, J.-G.; Dufresne, S.; Trottier, H. Virologic Failure Following Persistent Low-level Viremia in a
Cohort of HIV-Positive Patients: Results From 12 Years of Observation. Clin. Infect. Dis. 2013, 57, 1489-1496. [CrossRef]

Pernas, B.; Grandal, M.; Pertega, S.; Cafiizares, A.; Castro-Iglesias, A.;Mena, A.; Rodriguez-Osorio, I.; Tabernilla, A.; Pedreira,
J.D.; Poveda, E. Any impact of blips and low-level viraemia episodes among HIV-infected patients with sustained virological
suppression on ART? ]. Antimicrob. Chemother. 2016, 71, 1051-1055. [CrossRef]

Navarro, J.; Caballero, E.; Curran, A.; Burgos, ]J.; Ocafia, I.; Falco, V.; Torrella, A.; Pérez, M.; Ribera, E.; Crespo, M. Impact of
Low-Level Viraemia on Virological Failure in HIV-1-Infected Patients with Stable Antiretroviral Treatment. Antivir. Ther. 2015, 21,
345-352. [CrossRef]

Elliott, ].H.; McMahon, ].H.; Chang, C.C.; Lee, S.A.; Hartogensis, W.; Bumpus, N.; Savic, R.; Roney, J.; Hoh, R.; Solomon, A.; et al.
Short-term administration of disulfiram for reversal of latent HIV infection: A phase 2 dose-escalation study. Lancet HIV 2015, 2,
e520-e529. [CrossRef]

Bullen, C.K,; Laird, G.M.; Durand, C.M,; Siliciano, J.D.; Siliciano, R.F. New ex vivo approaches distinguish effective and ineffective
single agents for reversing HIV-1 latency in vivo. Nat. Med. 2014, 20, 425-429. [CrossRef]

Rasmussen, T.A.; Tolstrup, M.; Segaard, O.S. Reversal of Latency as Part of a Cure for HIV-1. Trends Microbiol. 2016, 24, 90-97.
[CrossRef]


http://doi.org/10.1371/journal.pmed.1002417
http://doi.org/10.1016/j.ebiom.2016.07.024
http://doi.org/10.1093/infdis/jiw618
http://doi.org/10.1126/scitranslmed.aav3491
http://www.ncbi.nlm.nih.gov/pubmed/32132218
http://doi.org/10.1038/nm.3445
http://www.ncbi.nlm.nih.gov/pubmed/24412925
http://doi.org/10.1128/JVI.00969-19
http://doi.org/10.1172/JCI141677
http://doi.org/10.1128/mBio.00317-18
http://doi.org/10.1038/nm.3781
http://doi.org/10.1128/JVI.01920-18
http://www.ncbi.nlm.nih.gov/pubmed/30700598
http://doi.org/10.1186/s12977-016-0323-4
http://www.ncbi.nlm.nih.gov/pubmed/27998285
http://doi.org/10.1007/s11904-019-00438-5
http://doi.org/10.3389/fimmu.2019.01435
http://doi.org/10.2174/1570162X14666160324125536
http://www.ncbi.nlm.nih.gov/pubmed/27009094
http://doi.org/10.1093/infdis/jit308
http://www.ncbi.nlm.nih.gov/pubmed/23852128
http://doi.org/10.1172/JCI138099
http://doi.org/10.1093/cid/cit529
http://doi.org/10.1093/jac/dkv433
http://doi.org/10.3851/IMP3023
http://doi.org/10.1016/S2352-3018(15)00226-X
http://doi.org/10.1038/nm.3489
http://doi.org/10.1016/j.tim.2015.11.003

Pathogens 2023, 12, 322 13 of 16

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.
84.

Stellbrink, H.-J.; van Lunzen, ]J.; Westby, M.; O’Sullivan, E.; Schneider, C.; Adam, A.; Weitner, L.; Kuhlmann, B.; Hoffmann, C,;
Fenske, S.; et al. Effects of interleukin-2 plus highly active antiretroviral therapy on HIV-1 replication and proviral DNA (COSMIC
trial). AIDS 2002, 16, 1479-1487. [CrossRef] [PubMed]

Knights, H.D.J. A Critical Review of the Evidence Concerning the HIV Latency Reversing Effect of Disulfiram, the Possible
Explanations for Its Inability to Reduce the Size of the Latent Reservoir In Vivo, and the Caveats Associated with Its Use in
Practice. AIDS Res. Treat. 2017, 2017, 8239428. [CrossRef] [PubMed]

Zerbato, ].M.; Purves, H.V.; Lewin, S.R.; Rasmussen, T.A. Between a shock and a hard place: Challenges and developments in
HIV latency reversal. Curr. Opin. Virol. 2019, 38, 1-9. [CrossRef] [PubMed]

Rasmussen, T.A.; Lewin, S.R. Shocking HIV out of hiding: Where are we with clinical trials of latency reversing agents? Curr.
Opin. HIV AIDS 2016, 11, 394-401. [CrossRef]

Kula, A.; Delacourt, N.; Bouchat, S.; Darcis, G.; Avettand-Fenoel, V.; Verdikt, R.; Corazza, F.; Necsoi, C.; Vanhulle, C.; Bendoumou,
M.; et al. Heterogeneous HIV-1 Reactivation Patterns of Disulfiram and Combined Disulfiram+Romidepsin Treatments. Am. J.
Ther. 2019, 80, 605-613. [CrossRef]

Bosque, A.; Planelles, V. Induction of HIV-1 latency and reactivation in primary memory CD4" T cells. Blood 2009, 113, 58-65.
[CrossRef]

Cameron, P.U,; Saleh, S.; Sallmann, G.; Solomon, A.; Wightman, F.; Evans, V.A.; Boucher, G.; Haddad, E.K.; Sekaly, R.-P;
Harman, A.N; et al. Establishment of HIV-1 latency in resting CD4" T cells depends on chemokine-induced changes in the actin
cytoskeleton. Proc. Natl. Acad. Sci. USA 2010, 107, 16934-16939. [CrossRef]

Rothenberger, M.K ; Keele, B.E,; Wietgrefe, S.W.; Fletcher, C.V,; Beilman, G.J.; Chipman, J.G.; Khoruts, A ; Estes, ].D.; Anderson, J.;
Callisto, S.P; et al. Large number of rebounding/founder HIV variants emerge from multifocal infection in lymphatic tissues
after treatment interruption. Proc. Natl. Acad. Sci. USA 2015, 112, E1126-E1134. [CrossRef]

Estes, ].D.; Kityo, C.; Ssali, E.; Swainson, L.; Makamdop, K.N.; Del Prete, G.Q.; Deeks, S.G.; Luciw, P.A.; Chipman, J.G.; Beilman,
G.J.; et al. Defining total-body AIDS-virus burden with implications for curative strategies. Nat. Med. 2017, 23, 1271-1276.
[CrossRef]

Khan, S.; Telwatte, S.; Trapecar, M.; Yukl, S.; Sanjabi, S.; Roan, N.R.; Chen, T.-H.; Deswal, M.; Pao, M.; Somsouk, M.; et al.
Differentiating Immune Cell Targets in Gut-Associated Lymphoid Tissue for HIV Cure. AIDS Res. Hum. Retrovir. 2017, 33,
S-40-S-58. [CrossRef] [PubMed]

Exposito, ].G.; Luque-Ballesteros, L.; Navarro, J.; Curran, A.; Burgos, J.; Ribera, E.; Torrella, A.; Planas, B.; Badia, R.; Martin-
Castillo, M.; et al. Latency reversal agents affect differently the latent reservoir present in distinct CD4* T subpopulations. PLoS
Pathog. 2019, 15, €1007991. [CrossRef]

Moron-Lopez, S.; Xie, G.; Kim, P; Siegel, D.A.; Lee, S.; Wong, ].K,; Price, ].C.; Elnachef, N.; Greenblatt, RM.; Tien, P.C.; et al.
Tissue-specific differences in HIV DNA levels and mechanisms that govern HIV transcription in blood, gut, genital tract and liver
in ART-treated women. J. Int. AIDS Soc. 2021, 24, €25738. [CrossRef]

Telwatte, S.; Kim, P.; Chen, T.-H.; Milush, ].M.; Somsouk, M.; Deeks, S.G.; Hunt, PW.; Wong, ] K.; Yukl, S.A. Mechanistic
differences underlying HIV latency in the gut and blood contribute to differential responses to latency-reversing agents. AIDS
2020, 34, 2013-2024. [CrossRef]

Khanal, S.; Schank, M.; El Gazzar, M.; Moorman, J.; Yao, Z. HIV-1 Latency and Viral Reservoirs: Existing Reversal Approaches
and Potential Technologies, Targets, and Pathways Involved in HIV Latency Studies. Cells 2021, 10, 475. [CrossRef]

Nixon, C.C.; Mavigner, M.; Sampey, G.C.; Brooks, A.D.; Spagnuolo, R.A; Irlbeck, D.M.; Mattingly, C.; Ho, P.T.; Schoof, N;
Cammon, C.G,; et al. Systemic HIV and SIV latency reversal via non-canonical NF-«B signalling in vivo. Nature 2020, 578,
160-165. [CrossRef]

Wang, Z.; Yin, X.; Ma, M.; Ge, H.; Lang, B.; Sun, H.; He, S.; Fu, Y; Sun, Y.; Yu, X,; et al. IP-10 Promotes Latent HIV Infection in
Resting Memory CD4" T Cells via LIMK-Cofilin Pathway. Front. Immunol. 2021, 12, 656663. [CrossRef]

De Armas, L.R.; Gavegnano, C.; Pallikkuth, S.; Rinaldi, S.; Pan, L.; Battivelli, E.; Verdin, E.; Younis, R.T.; Pahwa, R.; Williams, S.L.;
et al. The Effect of JAK1/2 Inhibitors on HIV Reservoir Using Primary Lymphoid Cell Model of HIV Latency. Front. Immunol.
2021, 12, 720697. [CrossRef] [PubMed]

Carlin, E.; Greer, B.; Lowman, K.; Duverger, A.; Wagner, E; Moylan, D.; Dalecki, A.; Samuel, S.; Perez, M.; Sabbaj, S.; et al.
Extensive proteomic and transcriptomic changes quench the TCR/CD3 activation signal of latently HIV-1 infected T cells. PLoS
Pathog. 2021, 17, €1008748. [CrossRef]

Thorlund, K.; Horwitz, M.S.; Fife, B.T.; Lester, R.; Cameron, D.W. Landscape review of current HIV “kick and kill” cure
research—Some kicking, not enough killing. BMC Infect. Dis. 2017, 17, 595. [CrossRef]

Fidler, S.; Stohr, W.; Pace, M.; Dorrell, L.; Lever, A.; Pett, S.; Loes, S.K.-D.; Fox, J.; Clarke, A.; Nelson, M.; et al. Antiretroviral
therapy alone versus antiretroviral therapy with a kick and kill approach, on measures of the HIV reservoir in participants with
recent HIV infection (the RIVER trial): A phase 2, randomised trial. Lancet 2020, 395, 888-898. [CrossRef] [PubMed]

Kristoff, J.; Rinaldo, C.R.; Mailliard, R.B. Role of Dendritic Cells in Exposing Latent HIV-1 for the Kill. Viruses 2019, 12, 37.
[CrossRef] [PubMed]

Hernandez-Vargas, E.A. Modeling Kick-Kill Strategies toward HIV Cure. Front. Immunol. 2017, 8, 995. [CrossRef] [PubMed]
Forthal, D.N,; Finzi, A. Antibody-dependent cellular cytotoxicity in HIV infection. AIDS 2018, 32, 2439-2451. [CrossRef]


http://doi.org/10.1097/00002030-200207260-00004
http://www.ncbi.nlm.nih.gov/pubmed/12131185
http://doi.org/10.1155/2017/8239428
http://www.ncbi.nlm.nih.gov/pubmed/28465838
http://doi.org/10.1016/j.coviro.2019.03.004
http://www.ncbi.nlm.nih.gov/pubmed/31048093
http://doi.org/10.1097/COH.0000000000000279
http://doi.org/10.1097/QAI.0000000000001958
http://doi.org/10.1182/blood-2008-07-168393
http://doi.org/10.1073/pnas.1002894107
http://doi.org/10.1073/pnas.1414926112
http://doi.org/10.1038/nm.4411
http://doi.org/10.1089/aid.2017.0153
http://www.ncbi.nlm.nih.gov/pubmed/28882067
http://doi.org/10.1371/journal.ppat.1007991
http://doi.org/10.1002/jia2.25738
http://doi.org/10.1097/QAD.0000000000002684
http://doi.org/10.3390/cells10020475
http://doi.org/10.1038/s41586-020-1951-3
http://doi.org/10.3389/fimmu.2021.656663
http://doi.org/10.3389/fimmu.2021.720697
http://www.ncbi.nlm.nih.gov/pubmed/34531866
http://doi.org/10.1371/journal.ppat.1008748
http://doi.org/10.1186/s12879-017-2683-3
http://doi.org/10.1016/S0140-6736(19)32990-3
http://www.ncbi.nlm.nih.gov/pubmed/32085823
http://doi.org/10.3390/v12010037
http://www.ncbi.nlm.nih.gov/pubmed/31905690
http://doi.org/10.3389/fimmu.2017.00995
http://www.ncbi.nlm.nih.gov/pubmed/28894444
http://doi.org/10.1097/QAD.0000000000002011

Pathogens 2023, 12, 322 14 of 16

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Thomas, A.S.; Moreau, Y.; Jiang, W.; Isaac, ].E.; Ewing, A.; White, L.E; Kourtis, A.P,; Sagar, M. Pre-existing infant antibody-
dependent cellular cytotoxicity associates with reduced HIV-1 acquisition and lower morbidity. Cell Rep. Med. 2021, 2, 100412.
[CrossRef] [PubMed]

Abner, E; Jordan, A. HIV “shock and kill” therapy: In need of revision. Antivir. Res. 2019, 166, 19-34. [CrossRef]

Keir, M.E,; Liang, S.C.; Guleria, I.; Latchman, Y.E.; Qipo, A.; Albacker, L.A.; Koulmanda, M.; Freeman, G.J.; Sayegh, M.H.; Sharpe,
A.H. Tissue expression of PD-L1 mediates peripheral T cell tolerance. J. Exp. Med. 2006, 203, 883-895. [CrossRef]

Sanz, M.; Madrid-Elena, N.; Serrano-Villar, S.; Vallejo, A.; Gutiérrez, C.; Moreno, S. Effect of the Use of Galectin-9 and Blockade of
the TIM-3 Receptor in the Latent Cellular Reservoir of HIV-1. . Virol. 2021, 95, €02214-20. [CrossRef]

Sadowski, I.; Hashemi, E.B. Strategies to eradicate HIV from infected patients: Elimination of latent provirus reservoirs. Cell. Mol.
Life Sci. 2019, 76, 3583-3600. [CrossRef]

Ahlenstiel, C.L.; Symonds, G.; Kent, S.J.; Kelleher, A.D. Block and Lock HIV Cure Strategies to Control the Latent Reservoir. Front.
Cell. Infect. Microbiol. 2020, 10, 424. [CrossRef]

Vansant, G.; Bruggemans, A.; Janssens, ].; Debyser, Z. Block-and-lock strategies to cure HIV infection. Viruses 2020, 12, 84.
[CrossRef] [PubMed]

Debyser, Z.; VanSant, G.; Bruggemans, A.; Janssens, J.; Christ, F. Insight in HIV Integration Site Selection Provides a Block-and-
Lock Strategy for a Functional Cure of HIV Infection. Viruses 2018, 11, 12. [CrossRef] [PubMed]

Vranckx, L.S.; Demeulemeester, J.; Saleh, S.; Boll, A.; Vansant, G.; Schrijvers, R.; Weydert, C.; Battivelli, E.; Verdin, E.; Cereseto,
A.; et al. LEDGIN-mediated Inhibition of Integrase-LEDGF/p75 Interaction Reduces Reactivation of Residual Latent HIV.
Ebiomedicine 2016, 8, 248-264. [CrossRef]

Mediouni, S.; Chinthalapudi, K.; Ekka, M.K.; Usui, L; Jablonski, J.A.; Clementz, M.A.; Mousseau, G.; Nowak, J.; Macherla, VR,;
Beverage, ].N.; et al. Didehydro-Cortistatin A Inhibits HIV-1 by Specifically Binding to the Unstructured Basic Region of Tat.
Mbio 2019, 10, e02662-18. [CrossRef]

Rice, A.P. Cyclin-dependent kinases as therapeutic targets for HIV-1 infection. Expert Opin. Ther. Targets 2016, 20, 1453-1461.
[CrossRef]

Gasparian, A.V,; Burkhart, C.A.; Purmal, A.A.; Brodsky, L.; Pal, M.; Saranadasa, M.; Bosykh, D.A.; Commane, M.; Guryanova,
O.A; Pal, S;; et al. Curaxins: Anticancer compounds that simultaneously suppress NF-«kB and activate p53 by targeting FACT. Sci.
Transl. Med. 2011, 3, 95ra74. [CrossRef]

Moranguinho, I.; Valente, S.T. Block-and-Lock: New Horizons for a Cure for HIV-1. Viruses 2020, 12, 1443. [CrossRef]

Siliciano, J.D.; Siliciano, R.F. Low Inducibility of Latent Human Immunodeficiency Virus Type 1 Proviruses as a Major Barrier to
Cure. J. Infect. Dis. 2021, 223, S13-521. [CrossRef]

Hermankova, M.; Ray, S.C.; Ruff, C.; Powell-Davis, M.; Ingersoll, R.; Richard, T.D.; Quinn, T.C,; Siliciano, J.D.; Siliciano, R.F;
Persaud, D. HIV-1 drug resistance profiles in children and adults with viral load of <50 copies/mL receiving combination therapy.
J. Am. Med. Assoc. 2001, 286, 196-207.

Persaud, D.; Pierson, T.; Ruff, C.; Finzi, D.; Chadwick, K.R.; Margolick, ].B.; Ruff, A.; Hutton, N.; Ray, S.; Siliciano, R.F. A stable
latent reservoir for HIV-1 in resting CD4* T lymphocytes in infected children. J. Clin. Investig. 2000, 105, 995-1003. [CrossRef]
Persaud, D.; Siberry, G.K.; Ahonkhai, A.; Kajdas, J.; Monie, D.; Hutton, N.; Watson, D.C.; Quinn, T.C.; Ray, S.C; Siliciano, R.E.
Continued Production of Drug-Sensitive Human Immunodeficiency Virus Type 1 in Children on Combination Antiretroviral
Therapy Who Have Undetectable Viral Loads. J. Virol. 2004, 78, 968-979. [CrossRef] [PubMed]

Lorenzo-Redondo, R.; Fryer, HR.; Bedford, T.; Kim, E.Y.; Archer, J.; Kosakovsky Pond, S.L.K.; Chung, Y.S.; Penugonda, S;
Chipman, J.G.; Fletcher, C.V,; et al. Persistent HIV-1 replication maintains the tissue reservoir during therapy. Nature 2016, 530,
51-56. [CrossRef] [PubMed]

Von Andrian, U.H.; Mempel, T.R. Homing and cellular traffic in lymph nodes. Nat. Rev. Immunol. 2003, 3, 867-878. [CrossRef]
Boritz, E.A.; Darko, S.; Swaszek, L.; Wolf, G.; Wells, D.; Wu, X.; Henry, A.R; Laboune, F.; Hu, J.; Ambrozak, D.; et al. Multiple
Origins of Virus Persistence during Natural Control of HIV Infection. Cell 2016, 166, 1004-1015. [CrossRef]

Rose, R.; Lamers, S.L.; Nolan, D.J.; Maidji, E.; Faria, N.R.; Pybus, O.G.; Dollar, ].J.; Maruniak, S.A.; McAvoy, A.C.; Salemi, M.; et al.
HIV Maintains an Evolving and Dispersed Population in Multiple Tissues during Suppressive Combined Antiretroviral Therapy
in Individuals with Cancer. . Virol. 2016, 90, 8984-8993. [CrossRef] [PubMed]

Rose, R.; Nolan, D.J.; Maidji, E.; Stoddart, C.A.; Singer, E.J.; Lamers, S.L.; McGrath, M.S. Eradication of HIV from Tissue Reservoirs:
Challenges for the Cure. AIDS Res. Hum. Retrovir. 2018, 34, 3-8. [CrossRef]

Lamers, S.L.; Rose, R.; Maidji, E.; Agsalda-Garcia, M.; Nolan, D.J.; Fogel, G.B.; Salemi, M.; Garcia, D.L.; Bracci, P.; Yong, W.; et al.
HIV DNA Is Frequently Present within Pathologic Tissues Evaluated at Autopsy from Combined Antiretroviral Therapy-Treated
Patients with Undetectable Viral Loads. J. Virol. 2016, 90, 8968-8983. [CrossRef] [PubMed]

Oliveira, M.F,; Chaillon, A.; Nakazawa, M.; Vargas, M.; Letendre, S.L.; Strain, M.C.; Ellis, R.]J.; Morris, S.; Little, S.J.; Smith,
D.M,; et al. Early Antiretroviral Therapy Is Associated with Lower HIV DNA Molecular Diversity and Lower Inflammation in
Cerebrospinal Fluid but Does Not Prevent the Establishment of Compartmentalized HIV DNA Populations. PLoS Pathog. 2017,
13, €1006112. [CrossRef] [PubMed]

Bourgeois, C.; Gorwood, J.; Barrail-Tran, A.; Lagathu, C.; Capeau, J.; Desjardins, D.; Le Grand, R.; Damouche, A.; Béréziat, V.;
Lambotte, O. Specific Biological Features of Adipose Tissue, and Their Impact on HIV Persistence. Front. Microbiol. 2019, 10, 2837.
[CrossRef]


http://doi.org/10.1016/j.xcrm.2021.100412
http://www.ncbi.nlm.nih.gov/pubmed/34755132
http://doi.org/10.1016/j.antiviral.2019.03.008
http://doi.org/10.1084/jem.20051776
http://doi.org/10.1128/JVI.02214-20
http://doi.org/10.1007/s00018-019-03156-8
http://doi.org/10.3389/fcimb.2020.00424
http://doi.org/10.3390/v12010084
http://www.ncbi.nlm.nih.gov/pubmed/31936859
http://doi.org/10.3390/v11010012
http://www.ncbi.nlm.nih.gov/pubmed/30587760
http://doi.org/10.1016/j.ebiom.2016.04.039
http://doi.org/10.1128/mBio.02662-18
http://doi.org/10.1080/14728222.2016.1254619
http://doi.org/10.1126/scitranslmed.3002530
http://doi.org/10.3390/v12121443
http://doi.org/10.1093/infdis/jiaa649
http://doi.org/10.1172/JCI9006
http://doi.org/10.1128/JVI.78.2.968-979.2004
http://www.ncbi.nlm.nih.gov/pubmed/14694128
http://doi.org/10.1038/nature16933
http://www.ncbi.nlm.nih.gov/pubmed/26814962
http://doi.org/10.1038/nri1222
http://doi.org/10.1016/j.cell.2016.06.039
http://doi.org/10.1128/JVI.00684-16
http://www.ncbi.nlm.nih.gov/pubmed/27466425
http://doi.org/10.1089/aid.2017.0072
http://doi.org/10.1128/JVI.00674-16
http://www.ncbi.nlm.nih.gov/pubmed/27466426
http://doi.org/10.1371/journal.ppat.1006112
http://www.ncbi.nlm.nih.gov/pubmed/28046096
http://doi.org/10.3389/fmicb.2019.02837

Pathogens 2023, 12, 322 15 of 16

110.
111.

112.

113.

114.

115.

116.

117.

118.
119.

120.

121.

122.

123.

124.

125.

126.

127.

128.
129.

130.

131.

132.

133.

Licht, A.; Alter, G. A Drug-Free Zone—Lymph Nodes as a Safe Haven for HIV. Cell Host Microbe 2016, 19, 275-276. [CrossRef]
Martinez-Picado, J.; Deeks, S. Persistent HIV-1 replication during antiretroviral therapy. Curr. Opin. HIV AIDS 2016, 11, 417-423.
[CrossRef] [PubMed]

Fletcher, C.V,; Staskus, K.; Wietgrefe, S.W.; Rothenberger, M.; Reilly, C.; Chipman, ].G.; Beilman, G.J.; Khoruts, A.; Thorkelson, A;
Schmidt, T.E.; et al. Persistent HIV-1 replication is associated with lower antiretroviral drug concentrations in lymphatic tissues.
Proc. Natl. Acad. Sci. USA 2014, 111, 2307-2312. [CrossRef] [PubMed]

Gelé, T.; Gouget, H.; Furlan, V.; Becker, P-H.; Taburet, A.-M.; Lambotte, O.; Barrail-Tran, A. Characteristics of Dolutegravir and
Bictegravir Plasma Protein Binding: A First Approach for the Study of Pharmacologic Sanctuaries. Antimicrob. Agents Chemother.
2020, 64, e00895-20. [CrossRef] [PubMed]

Burgunder, E.; Fallon, ].K.; White, N.; Schauer, A.P; Sykes, C.; Remling-Mulder, L.; Kovarova, M.; Adamson, L.; Luciw, P.; Garcia,
J.V,; et al. Antiretroviral Drug Concentrations in Lymph Nodes: A Cross-Species Comparison of the Effect of Drug Transporter
Expression, Viral Infection, and Sex in Humanized Mice, Nonhuman Primates, and Humans. Experiment 2019, 370, 360-368.
[CrossRef]

Scholz, EM.B.; Kashuba, A.D.M. The Lymph Node Reservoir: Physiology, HIV Infection, and Antiretroviral Therapy. Clin.
Pharmacol. Ther. 2021, 109, 918-927. [CrossRef]

Jagarapu, A.; Piovoso, M.].; Zurakowski, R. An Integrated Spatial Dynamics—Pharmacokinetic Model Explaining Poor Penetra-
tion of Anti-retroviral Drugs in Lymph Nodes. Front. Bioeng. Biotechnol. 2020, 8, 667. [CrossRef]

Solas, C.; Lafeuillade, A.; Halfon, P.; Chadapaud, S.; Hittinger, G.; Lacarelle, B. Discrepancies between Protease Inhibitor
Concentrations and Viral Load in Reservoirs and Sanctuary Sites in Human Immunodeficiency Virus-Infected Patients. Antimicrob.
Agents Chemother. 2003, 47, 238-243. [CrossRef]

Devanathan, A.S.; Cottrell, M.L. Pharmacology of HIV Cure: Site of Action. Clin. Pharmacol. Ther. 2021, 109, 841-855. [CrossRef]
Lee, S.A.; Telwatte, S.; Hatano, H.; Kashuba, A.D.; Cottrell, M.L.; Hoh, R.; Liegler, T.].; Stephenson, S.; Somsouk, M.; Hunt,
PW.,; et al. Antiretroviral Therapy Concentrations Differ in Gut vs. Lymph Node Tissues and Are Associated with HIV Viral
Transcription by a Novel RT-ddPCR Assay. J. Acquir. Immune Defic. Syndr. 2020, 83, 530-537. [CrossRef]

Dyavar, S.R.; Gautam, N.; Podany, A.T.; Winchester, L.C.; Weinhold, J.A.; Mykris, TM.; Campbell, K.M.; Alnouti, Y.; Fletcher,
C.V. Assessing the lymphoid tissue bioavailability of antiretrovirals in human primary lymphoid endothelial cells and in mice. J.
Antimicrob. Chemother. 2019, 74, 2974-2978. [CrossRef]

Rothenberger, M.; Nganou-Makamdop, K.; Kityo, C.; Ssali, F.; Chipman, ].G.; Beilman, G.J.; Hoskuldsson, T.; Anderson, J.;
Jasurda, J.; Schmidt, T.E.; et al. Impact of Integrase Inhibition Compared With Nonnucleoside Inhibition on HIV Reservoirs in
Lymphoid Tissues. Am. J. Ther. 2019, 81, 355-360. [CrossRef] [PubMed]

Fletcher, C.V,; Podany, A.T.; Thorkelson, A.; Winchester, L.C.; Mykris, T.; Anderson, J.; Jorstad, S.; Baker, ].V.; Schacker, T.W. The
Lymphoid Tissue Pharmacokinetics of Tenofovir Disoproxil Fumarate and Tenofovir Alafenamide in HIV-Infected Persons. Clin.
Pharmacol. Ther. 2020, 108, 971-975. [CrossRef] [PubMed]

Busman-Sahay, K.; Starke, C.E.; Nekorchuk, M.D.; Estes, ].D. Eliminating HIV reservoirs for a cure: The issue is in the tissue. Curr.
Opin. HIV AIDS 2021, 16, 200-208. [CrossRef] [PubMed]

Qin, C.; Chu, Y,; Feng, W.; Fromont, C.; He, S.; Ali, J.; Lee, ].B.; Zgair, A.; Berton, M.; Bettonte, S.; et al. Targeted delivery of
lopinavir to HIV reservoirs in the mesenteric lymphatic system by lipophilic ester prodrug approach. J. Control. Release 2020, 329,
1077-1089. [CrossRef]

Herskovitz, J.; Gendelman, H.E. HIV and the Macrophage: From Cell Reservoirs to Drug Delivery to Viral Eradication. J.
Neuroimmune Pharmacol. 2018, 14, 52-67. [CrossRef]

Shao, J.; Kraft, ].C.; Li, B.; Yu, J.; Freeling, J.; Koehn, J.; Ho, R.J. Nanodrug formulations to enhance HIV drug exposure in lymphoid
tissues and cells: Clinical significance and potential impact on treatment and eradication of HIV /AIDS. Nanomedicine 2016, 11,
545-564. [CrossRef]

Rosenbloom, D.LS.; Hill, A.L.; Laskey, S.B.; Siliciano, R.F. Re-evaluating evolution in the HIV reservoir. Nature 2017, 551, E6-E9.
[CrossRef]

Conway, ].M.; Perelson, A.S. Residual Viremia in Treated HIV+ Individuals. PLoS Comput. Biol. 2016, 12, e1004677. [CrossRef]
Kearney, M.F,; Wiegand, A.; Shao, W.; McManus, W.; Bale, M.; Luke, B.; Maldarelli, F.; Mellors, ].W.; Coffin, ]. M. Ongoing HIV
Replication During ART Reconsidered. Open Forum Infect. Dis. 2017, 4, ofx173. [CrossRef]

Reeves, D.B.; Duke, E.R.; Wagner, T.A.; Palmer, S.E.; Spivak, A.M.; Schiffer, ].T. A majority of HIV persistence during antiretroviral
therapy is due to infected cell proliferation. Nat. Commun. 2018, 9, 4811. [CrossRef]

Coffin, ].M.; Hughes, S.H. Clonal Expansion of Infected CD4" T Cells in People Living with HIV. Viruses 2021, 13, 2078. [CrossRef]
[PubMed]

Katusiime, M.G.; Halvas, E.K.; Wright, I.; Joseph, K.; Bale, M.].; Kirby-McCullough, B.; Engelbrecht, S.; Shao, W.; Hu, W.-S,;
Cotton, M.E,; et al. Intact HIV Proviruses Persist in Children 7-9 Years after Initiation of ART in the First Year of Life. SSRN
Electron. J. 2020, 7, e01519-19. [CrossRef]

McManus, W.; Bale, M.].; Spindler, J.; Wiegand, A.; Musick, A.; Patro, S.C.; Sobolewski, M.D.; Musick, VK.; Anderson, EM.;
Cyktor, J.C.; et al. HIV-1 in lymph nodes is maintained by cellular proliferation during antiretroviral therapy. J. Clin. Investig.
2019, 129, 4629-4642. [CrossRef] [PubMed]


http://doi.org/10.1016/j.chom.2016.02.018
http://doi.org/10.1097/COH.0000000000000287
http://www.ncbi.nlm.nih.gov/pubmed/27078619
http://doi.org/10.1073/pnas.1318249111
http://www.ncbi.nlm.nih.gov/pubmed/24469825
http://doi.org/10.1128/AAC.00895-20
http://www.ncbi.nlm.nih.gov/pubmed/32868324
http://doi.org/10.1124/jpet.119.259150
http://doi.org/10.1002/cpt.2186
http://doi.org/10.3389/fbioe.2020.00667
http://doi.org/10.1128/AAC.47.1.238-243.2003
http://doi.org/10.1002/cpt.2187
http://doi.org/10.1097/QAI.0000000000002287
http://doi.org/10.1093/jac/dkz273
http://doi.org/10.1097/QAI.0000000000002026
http://www.ncbi.nlm.nih.gov/pubmed/31192893
http://doi.org/10.1002/cpt.1883
http://www.ncbi.nlm.nih.gov/pubmed/32385902
http://doi.org/10.1097/COH.0000000000000688
http://www.ncbi.nlm.nih.gov/pubmed/34039843
http://doi.org/10.1016/j.jconrel.2020.10.036
http://doi.org/10.1007/s11481-018-9785-6
http://doi.org/10.2217/nnm.16.1
http://doi.org/10.1038/nature24634
http://doi.org/10.1371/journal.pcbi.1004677
http://doi.org/10.1093/ofid/ofx173
http://doi.org/10.1038/s41467-018-06843-5
http://doi.org/10.3390/v13102078
http://www.ncbi.nlm.nih.gov/pubmed/34696507
http://doi.org/10.2139/ssrn.3427306
http://doi.org/10.1172/JCI126714
http://www.ncbi.nlm.nih.gov/pubmed/31361603

Pathogens 2023, 12, 322 16 of 16

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

Van Zyl, G.U.; Katusiime, M.G.; Wiegand, A.; McManus, W.R; Bale, M.].; Halvas, E.K,; Luke, B.; Boltz, V.E; Spindler, J.; Laughton,
B.; et al. No evidence of HIV replication in children on antiretroviral therapy. J. Clin. Investig. 2017, 127, 3827-3834. [CrossRef]
Coffin, ].M.; Wells, D.W.; Zerbato, ] M.; Kuruc, ].D.; Guo, S.; Luke, B.T,; Eron, ].].; Bale, M.; Spindler, J.; Simonetti, ER.; et al. Clones
of infected cells arise early in HIV-infected individuals. J. Clin. Investig. 2019, 4, €128432. [CrossRef]

Anderson, E.M.; Simonetti, ER.; Gorelick, R.J.; Hill, S.; Gouzoulis, M.A.; Bell, J.; Rehm, C.; Pérez, L.; Boritz, E.; Wu, X,;
et al. Dynamic Shifts in the HIV Proviral Landscape During Long Term Combination Antiretroviral Therapy: Implications for
Persistence and Control of HIV Infections. Viruses 2020, 12, 136. [CrossRef]

Symons, J.; Chopra, A.; Malatinkova, E.; De Spiegelaere, W.; Leary, S.; Cooper, D.; Abana, C.O.; Rhodes, A.; Rezaei, S.D.;
Vandekerckhove, L.; et al. HIV integration sites in latently infected cell lines: Evidence of ongoing replication. Retrovirology 2017,
14, 2. [CrossRef] [PubMed]

Darcis, G.; Berkhout, B.; Pasternak, A.O. Differences in HIV Markers between Infected Individuals Treated with Different ART
Regimens: Implications for the Persistence of Viral Reservoirs. Viruses 2020, 12, 489. [CrossRef]

Moreno, S.; Perno, C.F,; Mallon, PW.; Behrens, G.; Corbeau, P; Routy, ].P; Darcis, G. Two-drug vs. three-drug combinations for
HIV-1: Do we have enough data to make the switch? HIV Med. 2019, 20, 2-12. [CrossRef]

Martinez-Picado, J.; Zurakowski, R.; Buzén, M.].; Stevenson, M. Episomal HIV-1 DNA and its relationship to other markers of
HIV-1 persistence. Retrovirology 2018, 15, 15. [CrossRef]

Griitzner, E.M.; Hoffmann, T.; Wolf, E.; Gersbacher, E.; Neizert, A.; Stirner, R.; Pauli, R.; Ulmer, A.; Brust, J.; Bogner, ].R.; et al.
Treatment Intensification in HIV-Infected Patients Is Associated With Reduced Frequencies of Regulatory T Cells. Front. Immunol.
2018, 9, 811. [CrossRef]

Yukl, S.A.; Shergill, A K,; McQuaid, K.; Gianella, S.; Lampiris, H.; Hare, C.B.; Pandori, M.; Sinclair, E.; Glinthard, H.; Fischer, M.;
et al. Effect of raltegravir-containing intensification on HIV burden and T-cell activation in multiple gut sites of HIV-positive
adults on suppressive antiretroviral therapy. AIDS 2010, 24, 2451-2460. [CrossRef]

Gandhi, R.T.; Coombs, RW.; Chan, E.S.; Bosch, R.J.; Zheng, L.; Margolis, D.M.; Read, S.; Kallungal, B.; Chang, M.; Goecker, E.A;
et al. No Effect of Raltegravir Intensification on Viral Replication Markers in the Blood of HIV-1-Infected Patients Receiving
Antiretroviral Therapy. Am. J. Ther. 2012, 59, 229-235. [CrossRef]

Gandhi, R.T.; McMahon, D.K.; Bosch, R.J.; Lalama, C.M.; Cyktor, ].C.; Macatangay, B.J.; Rinaldo, C.R.; Riddler, S.A.; Hogg, E.;
Godfrey, C.; et al. Levels of HIV-1 persistence on antiretroviral therapy are not associated with markers of inflammation or
activation. PLoS Pathog. 2017, 13, €1006285. [CrossRef] [PubMed]

Younas, M.; Psomas, C.; Reynes, C.; Cezar, R.; Kundura, L.; Portalés, P.; Merle, C.; Atoui, N.; Fernandez, C.; Le Moing, V.; et al.
Residual Viremia Is Linked to a Specific Immune Activation Profile in HIV-1-Infected Adults Under Efficient Antiretroviral
Therapy. Front. Immunol. 2021, 12, 663843. [CrossRef]

Zicari, S.; Sessa, L.; Cotugno, N.; Ruggiero, A.; Morrocchi, E.; Concato, C.; Rocca, S.; Zangari, P.; Manno, E.C.; Palma, P. Immune
Activation, Inflammation, and Non-AIDS Co-Morbidities in HIV-Infected Patients under Long-Term ART. Viruses 2019, 11, 200.
[CrossRef] [PubMed]

Hoenigl, M.; Kessler, H.H.; Gianella, S. Editorial: HIV-Associated Immune Activation and Persistent Inflammation. Front.
Immunol. 2019, 10, 2858. [CrossRef] [PubMed]

Ouyang, J.; Isnard, S.; Lin, J.; Fombuena, B.; Marette, A.; Routy, B.; Chen, Y.; Routy, J.-P. Metformin effect on gut microbiota:
Insights for HIV-related inflammation. AIDS Res. Ther. 2020, 17, 10. [CrossRef] [PubMed]

van Welzen, B.J.; Oomen, P.G.A.; Hoepelman, A.LM. Dual Antiretroviral Therapy—All Quiet Beneath the Surface? Front. Immunol.
2021, 12, 637910. [CrossRef]

Gutierrez, M.D.M.; Mateo, M.G.; Vidal, F; Domingo, P. Does choice of antiretroviral drugs matter for inflammation? Expert Rev.
Clin. Pharmacol. 2019, 12, 389-396. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1172/JCI94582
http://doi.org/10.1172/jci.insight.128432
http://doi.org/10.3390/v12020136
http://doi.org/10.1186/s12977-016-0325-2
http://www.ncbi.nlm.nih.gov/pubmed/28086908
http://doi.org/10.3390/v12050489
http://doi.org/10.1111/hiv.12716
http://doi.org/10.1186/s12977-018-0398-1
http://doi.org/10.3389/fimmu.2018.00811
http://doi.org/10.1097/QAD.0b013e32833ef7bb
http://doi.org/10.1097/QAI.0b013e31823fd1f2
http://doi.org/10.1371/journal.ppat.1006285
http://www.ncbi.nlm.nih.gov/pubmed/28426825
http://doi.org/10.3389/fimmu.2021.663843
http://doi.org/10.3390/v11030200
http://www.ncbi.nlm.nih.gov/pubmed/30818749
http://doi.org/10.3389/fimmu.2019.02858
http://www.ncbi.nlm.nih.gov/pubmed/31921128
http://doi.org/10.1186/s12981-020-00267-2
http://www.ncbi.nlm.nih.gov/pubmed/32156291
http://doi.org/10.3389/fimmu.2021.637910
http://doi.org/10.1080/17512433.2019.1605902

	Introduction 
	Viral Latency and the Latent Cell Reservoir 
	What Does Latent Viral Reservoir Mean? 
	Where Is the Viral Reservoir Located? 
	Implications of Clonal Replication in Viral Reservoirs 
	Towards a Cure for HIV Infection Based on the Elimination of the Latent Reservoir 

	Persistent Viral Replication 
	Is There Persistent Viral Replication in Patients with a Suppressed Plasma Viral Load? 
	Evidence in Favor of Persistent Viral Replication and Its Causes 
	Controversies on Persistent Viral Replication 
	Potential Consequences of Persistent Viral Replication in Patients with Suppressed Plasma Viral Load 

	Conclusions: Where Do We Stand on a HIV Cure? 
	References

