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HIV proviral reservoirs are cells that harbour integrated HIV proviral DNA within their nuclear
genomes. These cells form a heterogeneous group, represented by peripheral blood mononuclear
cells (PBMCs), tissue-resident lymphoid and monocytic cells and glial cells of the central nervous
system. The importance of studying the properties of proviral reservoirs is connected with the
inaccessibility of integrated HIV proviral DNA for modern therapies that block virus reproduction.
If treatment is not effective enough or is interrupted, the proviral reservoir can reactivate. Early
initiation of ART improves the prognosis of the course of HIV infection, which is explained by the
reduction of the proviral reservoir pool in the early stages of the disease. HIV subtype provides
differences in the number of latent reservoirs among different subtypes, as determined by structural
and functional differences. Unique phenotypes of HIV-infected patients, such as elite controllers,
have control over viral replication and can be said to have achieved functional cure of HIV infection.
Uncovering the causes of this phenomenon will bring humanity closer to curing HIV infection,
potential approaches to which are CRSPR/cas9, “Shock and kill” and “Block and lock”.
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1. Introduction

At present, HIV remains a major global public health issue. As of the end of 2023, it was
estimated that approximately 39.9 million people were living with HIV (with a range from 36.1
million to 44.6 million). In some regions, the trend of increasing new infections has resumed.
Mortality due to HIV infection and associated opportunistic infections remains significant,
amounting to approximately 630,000 deaths per year globally [1]. The development and
implementation of antiretroviral therapy (ART) have contributed to a reduction in new HIV
infections and deaths [2,3]. However, a complete cure for HIV remains currently unattainable [4].
Proviral reservoirs represent a major obstacle to the complete eradication of HIV from the human
body [5,6]. These are cells in which HIV proviral DNA has integrated into the nuclear genome. For
various reasons, some proviral reservoirs exist in a latent state, with either complete or partial
cessation of viral gene transcription, creating a group of latent reservoirs [7]. In this state, infected
cells can evade immune surveillance by preserving HIV DNA, until viral gene transcription is
reactivated [8,9]. The existence of these latent reservoirs necessitates lifelong ART therapy and
contributes to the development of chronic HIV infection [10].

Currently, the study of proviral reservoirs is one of the most pertinent areas in HIV research,
as the integrity of integrated proviral DNA is critically important for the continued progression of
the infection [11]. Studies have demonstrated the impact of the timing of ART initiation following
diagnosis, the clinical characteristics of the patient, the HIV genetic variant, and a number of other
factors on the characteristics of proviral reservoirs [12-14]. Based on this research, exposure to the
HIV provirus may contribute to the development of new methods for treating HIV infection [15].

2. Establishment of Proviral Reservoirs and Their Role in HIV Pathogenesis

2.1. Definition of HIV Proviral Reservoirs and the Timing of Their Formation
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Currently, there is no precise definition of proviral reservoirs, as there is no consensus on what
should be included in this definition [16]. The most common interpretation in the literature defines
proviral reservoirs as any cells capable of producing replication-competent virus in individuals who
have been receiving ART for several years [17-19]. This definition accurately characterizes proviral
reservoirs as a major challenge for HIV treatment. However, it may narrow the scope for future
studies by excluding cells with HIV DNA that cannot produce replication-competent virus. The
contribution of such defective proviral reservoirs to the potential cure of HIV may be significant and
worth considering [20]. Additionally, this definition implies that proviral reservoirs are largely latent,
as infected cells actively producing viral particles are often eliminated with long-term ART [21],
although active release of virions may occur in distinct anatomical compartments (e.g., brain, lymph
nodes) [22].

Therefore, in order to avoid restrictions for future research, it may be beneficial to define proviral
reservoirs comprehensively as cells containing HIV proviral DNA integrated into the nuclear
genome. Further division of these proviral reservoirs into latent/active and intact/defective categories
can help identify important research targets within the context of proviral reservoirs, without limiting
the overall scope of research. The proposed classification is illustrated in Figure 1.

HIV reservoirs begin to form at the earliest stages of HIV infection (stage I of acute HIV infection,
according to Fiebieg, when HIV RNA can be detected [23]), as HIV DNA can already be detected in
patients [13]. In HIV-infected individuals who do not receive ART during the acute phase, the levels
of total and integrated HIV DNA, as well as 2-LTR circular forms, reach a peak within the first two
weeks after infection. These levels remain relatively stable without treatment [24]. At this stage,
peripheral blood mononuclear cells (PBMCs), and in particular CD4+ T lymphocytes, which
transition into memory T cells after antigen stimulation ceases, are the primary cells that enter viral
reservoirs [25].
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Figure 1. Classification of proviral reservoirs. As the main classification criteria, we propose the ability
to express viral mRNA and the potential to continue the viral life cycle, which determine the reservoir
status in terms of latency. The ability to produce replication-competent virus defines proviral
reservoirs as intact or defective, with defective reservoirs further subdivided based on the molecules
they produce. Completely incompetent defective proviral reservoirs cannot produce any viral mRNA.
Transcriptionally competent defective proviral reservoirs are capable of expressing viral mRNA, but
their ability to translate it is limited. Translationally competent defective proviral reservoirs can
synthesize HIV proteins, although the assembly of viable virions remains impossible.
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2.2. Where Does the Provirus Hide?

Memory T cells have several subsets that may act as HIV proviral reservoirs: central memory T
cells (Tcm), effector memory T cells (Tem), transient or transitional memory T cells (Ttm), stem
memory T cells (Tscm), and naive memory T cells (Tna) [26-28]. Other T cell subsets may also act as
proviral reservoirs. For example, yd T cells have been shown to produce replication-competent virus
[29]. The level of CD4 T cell differentiation is not the only way to classify them, so some studies also
consider the functional polarization of CD4 T cells [30]. Follicular T helper (Tfh) cells have been
shown to be an important part of the proviral reservoir [31]. This information on the identification of
cell populations containing HIV provirus is crucial, as these populations will be the targets for
potential therapeutic methods aimed at eliminating proviral reservoirs. However, at present,
obtaining an accurate distribution of proviral reservoirs among different T cell populations remains
challenging due to their high heterogeneity and the technical difficulties associated with
comprehensive analysis [25,32], necessitating further research on cell populations that may act as
proviral reservoirs.

HIV reservoirs are also present in a number of other cell types, including cells of the
monocyte-macrophage system and glial cells of the central nervous system [33]. These cells, like CD4
T lymphocytes, are among the earliest target cells of HIV, as they also express CD4 receptors and the
CCRS5 and CXCR4 co-receptors that allow the virus to bind to and enter the cell [34]. These reservoirs
are significant as they are more resistant to apoptosis following HIV infection [35] and have the ability
to migrate to various parts of the human body, evading immune surveillance, for example, to the
lymph nodes and the central nervous system [36]. These characteristics suggest that cells of the
monocyte-macrophage system may also form latent HIV reservoirs with distinctive features. Glial
cells of the CNS also serve as a HIV reservoir, since the penetration of ART drugs into the brain is
difficult due to the blood-brain barrier (BBB), which can lead to the ongoing production of HIV
virions [37]. HIV replication in the brain causes neurocognitive disorders of varying degrees in most
HIV-infected patients [38], as, with the advent of ART, the life expectancy of such patients has
increased. However, HIV persists in the nervous system that leads to a cumulative cytotoxic effect
mediated by viral infection and immune activity [39].

Astrocytes [40] and microglia [41] are the primary cellular reservoirs of HIV in the nervous
system. Additionally, perivascular macrophages [42] have been shown to contribute to the HIV neuro
reservoir. Viral proteins, such as Tat [43] and Vpr [44], induce neuronal death and provoke
neuroinflammatory reactions. It is also known that HIV infection alters the levels of
neurometabolites, with increased choline and myo-inositol and decreased N-acetylaspartate, which
reflect an enhanced inflammatory background and neuronal dysfunction [45]. These findings suggest
that neuroinflammation and neuronal dysfunction are integral components in the development of
neurocognitive disorders associated with HIV infection. A link has been established between high
choline and low N-acetylaspartate levels and the development of HIV-associated neurocognitive
disorders (HANDs) [46].

2.3. Proviral Reservoirs and Latency

According to in vitro studies, approximately 65% of infected cells become latent proviral
reservoirs after proviral integration [47]. HIV can directly infect resting cells, which also contributes
to the replenishment of the latent reservoir [48]. Cells that were infected while in an active state and
later entered a dormant state exhibit a higher activation frequency in vitro compared to those infected
while at rest [49]. Infection of dormant cells more frequently results in the establishment of latent
infection, while infection of activated cells typically leads to productive infection [50].

After the establishment of a latent reservoir, viral gene transcription is suppressed through
several mechanisms. These mechanisms include transcriptional interference, epigenetic regulation of
gene expression, and the interaction of transcription factors [7]. In combination with high mutability,
evasion of apoptosis, and resistance to neutralizing antibodies, this suppression leads to the evasion
of the cytotoxic immune response [51,52]. ART suppresses HIV replication and depletes proviral
reservoirs to some extent, but this approach does not result in complete eradication [4]. A study of 30
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HIV-positive participants who had been on ART for a prolonged period (7-12 years) showed that
during the first year, there was a rapid depletion of reservoirs, with a sevenfold decrease in HIV DNA
from a median value of 7319 copies/10"6 CD4 cells to 1054 copies/10"6 CD4 cells. However, further
ART did not result in significant or rapid reservoir depletion [21]. This highlights the issue of the
long-term persistence of the provirus within the human cell genome, as no effective therapeutic
technique currently exists to target latent proviral reservoirs for the complete eradication of HIV.

2.4. Proviral Immortality

Maintaining a stable number of these reservoirs is one of the critical aspects of reservoir
formation during the long-term course of HIV infection. Intact proviral reservoirs are believed to
continue releasing replication-competent virus, even in individuals receiving effective ART, leading
to a constant replenishment of the reservoir and the emergence of low-level viremia [53]. However,
further research is needed to draw definitive conclusions about this phenomenon. Increasing
evidence suggests that mechanisms of cellular proliferation play a significant role in the stability of
these reservoirs [54]. These mechanisms include homeostatic proliferation, which refers to IL-7-
dependent proliferation of CD4 cells when they are depleted [55]; antigen-dependent proliferation,
especially in the intestine, where frequent contact with various antigens occurs [56]; and proliferation
due to HIV integration into genomic regions that provide a survival advantage, such as the MCL2
and BACH2 genes, which are involved in cell growth and development, including that of T
lymphocytes [57].

2.5. Intact and Defective Proviral Reservoirs: Which Are More Important?

The number of intact and defective proviral reservoirs is also significant, as intact reservoirs are
believed to be the main pathogenic substrate for chronic HIV infection and to cause a large number
of adverse events during ART, such as the emergence of drug-resistant mutant HIV and associated
virologic failures [58]. Although this conclusion remains highly controversial, at present, it is
impossible to provide a clear answer as to which part of the proviral reservoirs plays the most
important role in achieving complete eradication of HIV infection. Studies have shown that the time
it takes for viral load to resume after analytical treatment interruption (ATI) is strongly correlated
with the levels of intact HIV DNA during the chronic phase of infection [59]. This underscores the
need for further studies to gain a comprehensive understanding of the role of intact proviral
reservoirs in viral load resumption. Such research is crucial for designing new eradication strategies.

Formation of defective proviruses begins early in HIV infection, and their number can
reach up to 90% of the total reservoir size [60]. These defective proviruses do not undergo
transcription and/or translation and do not contribute directly to HIV pathogenesis. However, some
defective proviruses are transcriptionally and translationally competent and can contribute to chronic
immune activation and, possibly, to the replication-competent portion of the reservoir [61]. It has
been shown that defective proviral reservoirs can produce Gag and Nef proteins, which may
contribute to immune activation even in patients with a suppressed viral load while taking ART [20].
It is also known that proviral reservoirs of this kind can transcribe unique HIV mRNA, in which the
exons differ from the described spliced variants of HIV mRNA. Moreover, such mRNA contains
translation-competent reading frames, which can provoke an immune response [62]. The persistence
of defective proviral reservoirs eventually leads to the depletion of CD8 T cells and the disruption of
their cytotoxic function [63], highlighting the need for their elimination to achieve complete HIV cure.

2.6. From Fundamental Research to Clinical Application

It is known that the number of proviral reservoirs serves as a predictor of HIV remission after
ART cessation and the rate of HIV infection progression in the complete absence of ART [64—67]. One
meta-analysis demonstrated a strong predictive ability of total HIV DNA regarding the progression
of HIV infection to acquired immunodeficiency syndrome (AIDS) and fatal outcomes [68]. This
finding is supported by other studies in which HIV DNA levels served as predictors of early HIV
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progression following suspected infection in naive patients with confirmed HIV infection [66]. In
another study, HIV DNA levels were shown to predict the progression of HIV infection, regardless
of HIV RNA and CD4 cell levels in patients undergoing seroconversion [67]. Additionally, one study
indicated that the total HIV DNA level at the time of analytical treatment interruption (ATI) was a
prognostic factor for predicting the time until viral load recovery [65].

3. Factors Affecting the Characteristics of Proviral Reservoirs.

3.1. ART in the Early Stages of HIV Infection Results in a Significant Reduction in the Number of Proviral
Reservoirs and Alters their Distribution Among Different Subsets of T Cells

Many studies have shown that initiating ART in the first few weeks or months after infection
can reduce the amount of HIV cell-associated DNA [69-73]. The effects of early ART on the amount
of HIV cell-associated DNA in the PBMC population were examined, with patients being assigned
standard ART regimens during the acute phase of HIV infection. The results showed a decrease in
the amount of HIV cell-associated DNA in PBMCs in all patients one year after starting ART, with
median values of 3.04 log copies/1076 PBMC before ART initiation and 2.18 log copies/10"6 PBMC
after one year of therapy [73]. These data are consistent with an earlier study that also investigated
the effect of early ART on proviral reservoirs. This study found that, 48 weeks after starting treatment,
patients in the acute phase of HIV infection showed a decrease in the median level of cell-associated
HIV DNA from 2.8 log copies/10"6 PBMC to 1.6 log copies/10"6 PBMC. Additionally, 9.5% of the
patients had undetectable HIV DNA levels in their PBMCs [70]. Later initiation of ART, starting from
the Fiebig Il stage, resulted in higher frequencies of PBMCs with cell-associated HIV DNA. In patients
at the Fiebig I stage, the median value of HIV cell-associated DNA in PBMCs was 8 copies/10"6
PBMC, whereas in patients at the Fiebig II stage, this value was 96 copies/10"6 PBMC [69]. However,
the decrease in total HIV DNA is primarily due to non-integrated forms of DNA. The role of these
forms in viral reservoirs is still unclear and requires a more cautious interpretation of data from
studies that examine only the level of total HIV DNA [71]. A study that included HIV-infected
patients at different stages of the disease showed that, in patients with chronic HIV infection who
started ART, the main form of HIV DNA that decreased during treatment was non-integrated DNA.
However, in patients who started ART at an early stage of HIV infection (Fiebig II-1II), integrated
forms of HIV DNA also decreased significantly. This confirms the benefit of early ART initiation [72].

It is known that the kinetics of proviral reservoir depletion are most favorable for patients
who start ART within a short period after infection (1-3 months), with a decrease of 0.07 log copies
per year. In HIV-positive individuals who begin ART during the chronic phase of infection, the rate
of reservoir depletion is slower (0.01 log copies per year) [27]. It is believed that short-lived effector
CD4 memory T cells are more susceptible to HIV and are actively infected during the acute phase,
while in the chronic phase, HIV primarily targets long-lived central memory CD4 T cells [74]. These
cells have an increased likelihood of becoming latent reservoirs due to their long lifespan and
prolonged dormancy. Early ART leads to the rapid elimination of proviral reservoirs from effector
CD4 T cells, whereas late ART is less effective, as CD4 memory T cells are located in less accessible
anatomical sites, are inactive, and do not express viral genes.

ART has different effects on the distribution of integrated HIV DNA among subsets of
memory T cells at various stages of HIV infection. When ART is initiated at the Fiebig II-1II stage,
there is a decrease in integrated HIV DNA in Tcm, Ttm, and Tem cells. However, in patients who
begin ART at the Fiebig IV-VI stages, there is no significant reduction in integrated HIV DNA levels.
It has also been shown that the contribution of the Tcm subpopulation to the total number of proviral
reservoirs after ART initiation is lower in patients at Fiebig stages II-III compared to those in the
chronic phase [72]. This suggests that in the chronic phase, most proviral reservoirs are latent and
inaccessible to eradication through ART, emphasizing the greater benefit of early ART initiation [27].

3.2. The ART Effect On The Number Of Intact And Defective Proviral Reservoirs
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The use of next-generation sequencing (NGS) in a study on the distribution of intact and
defective proviral reservoirs in patients with acute and chronic infection showed that ART has little
effect on the ratio of intact to defective genomes at early stages [60]. However, another study found
that the number of intact reservoirs decreased more quickly in patients already taking ART (the
median time after ART initiation was 617 days). The median annual decay rate of intact proviral
reservoirs was 15.7% for the first seven years after the start of the study, with a slower decline to 3.6%
after that. The median decay rate of defective proviral reservoirs was 4% annually for the first seven
years. After that, the decline slowed to 1.5% annually [75]. It can be assumed that these differences
are due to lower pressure of the immune system on the defective proviral reservoirs. This is
associated with ineffective transcription and translation in most defective clones. However, it is also
possible that there is a different distribution of intact and defective proviral reservoirs among cell
populations. Further research is needed to determine the exact cause of these differences.

3.3. Is it Necessary to Take Into Account the HIV Subtype when Analyzing Proviral Reservoirs?

In the genetic group M, which is the most prevalent worldwide, there are more than 10
subtypes and numerous recombinant forms of HIV. Some of these variants significantly impact the
epidemiological situation in various regions [76]. Studying the differences between genetic variants
of the virus in relation to the characteristics of proviral reservoirs is crucial for developing and
implementing new, effective HIV treatment strategies aimed at controlling the global spread of the
virus.

Several studies have established a link between the HIV gene and the progression of HIV
infection. One early study conducted in Senegal examined the rate of AIDS progression among
female sex workers infected with subtypes A, C, D, and G. The results revealed that patients infected
with subtype A developed AIDS approximately eight times more slowly than those infected with
other subtypes [77]. Further studies comparing subtypes C, A, and D confirmed similar findings:
patients infected with subtype C experienced a more rapid decline in CD4 cells, an increase in viral
load, and faster progression to AIDS. Similarly, patients infected with subtype D exhibited a quicker
rise in viral load and progression to AIDS compared to those infected with subtype A [78]. Another
study reinforced these differences between subtypes D, A, and C, showing that subtype D was
associated with a faster disease progression and a lower CD4 cell count [79]. Since the number of
proviral reservoirs is believed to predict the clinical progression of HIV infection [64], it is essential
to consider the quantity of these reservoirs in relation to subtype-specific differences in HIV
development.

One of the most informative studies compared cohorts of HIV-positive patients from Uganda
and the United States. In Ugandan patients, subtype D was the most prevalent, while subtype A and
the A/D recombinant form were less common. Subtype B, on the other hand, was predominantly
found in US patients. This study demonstrated that patients with subtype B had a larger reservoir of
infectious units (median value: 1.08 infectious units per million cells IUPM)) in a latent state
compared to Ugandan patients (median value: 0.36 IUPM) [14]. Another study focused on the
number of proviral reservoirs in patients who began ART in the early stages of infection. The findings
were consistent, revealing a higher number of proviral reservoirs in patients with subtype B
compared to those with other subtypes. This difference was evident both before ART initiation
(median value: 3.4 1log10 copies/10"6 PBMC versus 2.8 log10 copies/10"6 PBMC) and after 48 weeks
of ART (median value: 2.5 log10 copies/1076 PBMC). Patients with subtype B also appeared to have
more active viral protein Nef, which helps the virus evade immune surveillance by downregulating
the expression of CD4 and MHC-I in infected cells. This may be linked to the larger number of
proviral reservoirs observed in these patients. However, no direct correlation between CD4
expression and the number of proviral reservoirs was noted in this study [80]. A separate study,
involving over 1,000 HIV-positive patients, revealed differences in total HIV DNA levels among
patients infected with different subtypes. Patients with subtype B had higher levels of total HIV DNA
compared to those with other subtypes, particularly in comparison to subtype C [81]. These findings
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suggest that the total number of reservoirs, and the number of latent HIV reservoirs, are influenced
by the genetic variant of the virus responsible for the infection.

To confirm the above conclusions, it is important to take into account molecular differences
among HIV genetic variants, since there is evidence that different genetic variants may establish
latency in different ways and with different kinetic rates. Among the molecular mechanisms related
to latent HIV proviral reservoirs, the LTR structure is usually associated with the promoter area,
which have binding sites for cell transcription factors and, accordingly, are responsible for
reactivating the latent reservoir [82]. Additionally, the functioning of viral proteins such as Nef [83],
Vif [84], and Vpu [85] also contribute to the establishment of latency within proviral reservoirs.

3.4. The Unique Phenotypes of HIV-Infected Patients Have Features in the Characteristics of Proviral
Reservoirs

Researchers are also interested in the unique phenotypes of HIV-infected patients who show the
best indicators of HIV infection progression on clinical and laboratory tests due to a number of
features. These phenotypes include elite controllers (EC), post-treatment controllers (PTCs), and the
Low Viral Reservoir Treated (LoViReT) phenotype.

Elite controllers are a group of HIV-positive patients who have been monitored for viral
replication without ART for at least 12 months. During this time, they may confirm HIV infection
through serological tests, but viral RNA cannot be detected in their blood plasma using PCR [86]. A
study compared the virological and immunological characteristics of elite controllers with those of
patients at the chronic stage of HIV infection. Elite controllers had significantly lower levels of total
and intact HIV DNA in their CD4 T cells compared to patients with chronic infection. Additionally,
ECs retained actively infected cells that produce viral antigens, as they had high levels of activation
markers on specific CD8 T cells. This suggests a potentially strong cytotoxic response in elite
controllers [87]. In another study, elite controllers were found to have lower levels of total and intact
HIV DNA in PBMCs compared to HIV-infected patients on ART at the chronic stage. The median
values were 30.4 copies/10"6 PBMCs for elite controllers versus 602.52 copies/10"6 PBMCs for the
chronically infected group. At the same time, the ratio of intact to total HIV DNA in ECs was similar
to or even higher than that of chronically progressing patients, indicating that elite controllers do not
have a large number of defective reservoirs [88]. This suggests that elite controllers may represent a
model for a functional cure of HIV infection. They have a replication-competent provirus but are able
to maintain complete remission due to fewer proviral reservoirs and a more effective HIV-specific
cytotoxic immune response. Similar results have been observed in PTCs, although their mechanism
of functional cure is more attributed to the early initiation of ART, which leads to a smaller number
of proviral reservoirs, rather than the strong cytotoxic response typical of ECs [89].

Patients with the LoViReT phenotype are a cohort of HIV-infected individuals taking ART and
having a relatively small reservoir size. A study conducted on this cohort found these patients had
lower levels of starting proviral DNA in their CD4 cells, and that this DNA was less transcriptionally
active. This phenotype differs in the distribution of proviral reservoirs. Thus, in LoViReT, most of the
reservoir is located in short-lived Ttm and Tem cells. This is thought to be one of the reasons for the
small reservoir size in this group of patients. Interestingly, the time at which ART was started does
not correlate with reservoir size in patients with LoViReT. This finding suggests that there may be
other factors involved in determining the size of the reservoirs in HIV-infected individuals [90]. A
graphical representation of the above phenotypes and their characteristics are shown in Figure 2.
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HIV-specific CD8+ cytotoxic T cell response plays a major role in effectively controlling the size of the proviral
reservoir. (B) Post-treatment controllers maintain a small proviral reservoir size through the early initiation of
ART. This early treatment facilitates the clearance of active proviral reservoirs and prevents the colonization of
large numbers of target cells. (C) The LoViReT phenotype is associated with a smaller proviral reservoir due to
the alternative distribution of reservoirs towards short-lived Ttm and Tem populations. These subpopulations
have a shorter lifespan and higher activation frequency, leading to immune clearance of the reservoirs. It is also
believed that the HIV proviral DNA in this phenotype is less transcriptionally active, preventing the production
of HIV virions and the active replenishment of the proviral reservoirs.

3.5. Modern Methods of Analyzing Proviral Reservoirs

Real-time PCR has been widely used to assess the amount of HIV DNA in laboratory samples.
However, this method tends to overestimate the number of replication-competent viruses due to
methodological limitations in quantifying total cell-associated HIV DNA [60]. To address these
limitations, several alternative techniques have been developed, including droplet digital PCR
(ddPCR) and digital PCR (dPCR). These methods focus on detecting intact viral genomes [91] and
enable the quantification of viral genes, as well as the assessment of the proportion of genomes that
include all key HIV genes (such as gag, pol, env, Nef, etc.). The interpretation of results from these
techniques can vary depending on the platform and the specific primer/probe sets used, which differ
across studies [92]. One advantage of these methods is that they provide a more accurate estimate of
the absolute amount of HIV DNA in a sample compared to real-time PCR. However, some
researchers have raised concerns about the potential for false positives, particularly in samples
lacking the matrix or in individuals not infected with HIV [93,94].

Sequencing of proviral genomes is an important method for analyzing proviral reservoirs.
Currently, there are many methods available that allow us to obtain genomes or sequences of almost
full length, which allows us to better understand the characteristics of proviral reservoirs in different
cell populations [11,28,60]. One promising method of sequencing-based analysis is mapping HIV
infection sites [95]. The HIV provirus can integrate into genes responsible for cell growth and
development [57], making it necessary to study the features of integration and its connection with
the establishment of latency in proviral reservoirs.
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Quantitative analysis of viral growth, also known as Quantitative Viral Outgrowth Assay
(QOVA), is the most well-known and widely used method for quantitatively assessing replication-
competent reservoirs. However, this analysis may underestimate the true number of replication-
competent reservoirs, as some of them are in a deep latent state and are not activated even by repeated
stimulation [96]. The aforementioned methods are shown in Figure 3.
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Figure 3. Current methods of analysis of proviral reservoirs. (A) Digital PCR, in its version for
detecting defective and intact proviral reservoirs (Intact Proviral DNA Assay, IPDA), allows for an
accurate estimation of the number of defective and intact reservoirs in a sample. This method involves
the selection of primers and probes for key genes essential for the HIV life cycle (Gag, Pol, Env, Nef,
etc.). The presence of a signal in one channel indicates the presence of defective proviral reservoirs
for a particular target, while the presence of two signals from different channels indicates intact
proviral reservoirs. The absence of signals indicates either defective reservoirs for both targets or the
absence of HIV DNA in the nanowell. (B) Quantitative analysis of viral replication, presented in its
various forms, allows us to estimate the number of replication-competent reservoirs. The main idea
of the method is to incubate PBMC from an HIV-infected person with mitogens and feeder cells to
activate them. After that, coculture with lymphoblasts or MOLT-4/CCR5 cell lines allows the virus to
spread within this culture. At a certain point (7, 14, or 21 days later), the number of proviral reservoirs
is counted using RT-qPCR or p24 ELISA techniques. (C) Genome-wide sequencing provides data that
can be used to study various properties of proviral reservoirs. One promising area of research is the
mapping of HIV integration sites. ISLA [97] and nTLAM-PCR [98] protocols have been developed to
amplify and sequence HIV integration sites. Further data processing allows localization of HIV
integration sites.

4. Therapeutic Options for Treating HIV Infection Aimed at Controlling Proviral Reservoirs.
4.1. ART Cannot Eliminate Proviral Reservoirs on Its Own

The presence of latent proviral reservoirs in the HIV-infected body, which can be
reactivated, is one of the most important challenges in achieving a complete cure for HIV infection.
Therefore, it is essential to develop new strategies to treat HIV infection and eliminate proviral
reservoirs. Currently, widely used ART is a successful method of converting HIV infection into a
chronic, controlled condition, but it requires lifelong drug intake. Today, ART allows people to live
with the disease, but it is not a complete cure. ART reduces the number of reservoirs, but does not
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eliminate them entirely. Even the intensification or initial use of more potent ART regimens, such as
MegaART (which includes Raltegravir and Maraviroc), does not show better results in reducing the
amount of proviral reservoirs compared to standard ART, encouraging the search for alternative
treatments [99].

New HIV treatments are currently under active development. These treatments can be divided
into several categories: genetic editing of the genome using CRISPR/Cas to eliminate the provirus
from proviral reservoirs [100]; activation of latent proviral reservoirs and stimulation of the immune
system to destroy all cells containing the provirus (Shock and Kill) [101]; and induction of a more
dormant state of proviral reservoirs, preventing further activation (Block and Lock) [102].

4.2. CRISPR/Cas9

Genetic editing using the CRISPR/Cas9 system has shown great promise for curing HIV
infection since its inception. This system consists of two components: the Cas restriction endonuclease
and the CRISPR RNA guide targeting complementary DNA/RNA sequences [103]. The Cas protein,
with its endonuclease activity, can introduce mutations into integrated HIV DNA or completely
remove it from the nuclear genome. Relatively conserved genes, such as Gag [104,105], Pol [105,106],
Rev [106] and Vpr [107] have been identified as potential targets in the HIV genome. Several studies
have shown encouraging results in inhibiting viral transcription and translation [107-109]. However,
in most cases, it is often preferable to apply a combined approach using multiple CRISPR RNA
targets, as single genome modifications may induce the non-homologous end joining (NHE]) repair
mechanism, which can lead to mutations in the viral genome. This, in turn, can lead to resistance to
the CRISPR/Cas system, as it can no longer recognize the sites for restriction, which further leads to
the resumption of productive infection [111,112].

4.3. Shock and Kill

The Shock and Kill approach leads to the reactivation of HIV gene transcription through latent
reservoir inhibitors (LARs), initiating viral protein translation and subsequent cell lysis via various
immune mechanisms [113]. The main LARs include histone deacetylase inhibitors [114,115], histone
methyltransferase inhibitors [116], bromodomain inhibitors [117], protein kinase C agonists [118],
and Toll-like receptor (TLR) agonists [119]. Although these drugs have shown promising results in
reversing HIV latency, infected cells activated through this process may survive despite the
cytopathic effects of HIV and the action of cytotoxic CD8 T cells [120]. Bcl-2 antagonists [121],
PI3K/Akt inhibitors [122], Smac mimetics [123] and RIG-I inducers [124] are proposed as potential
drugs that could increase the efficiency of proviral reservoir lysis by working synergistically with the
immune system.

4.4. Block and Lock.

Block and Lock refers to an approach in which HIV remains in the body but becomes completely
unable to replicate, aiming for a functional cure of HIV infection [125]. This strategy is proposed to
be implemented through a combination of drugs, including Didehydro-Cortistatin A, which inhibits
the Tat protein [126]; LEDGINS, a group of drugs that block the interaction between HIV integrase
and the cellular chromatin tethering factor LEDGF/p75 [127]; Curaxin CBL0100, an inhibitor of the
chromatin-facilitating transcription complex (FACT) [128]; heat shock protein 90 inhibitors (HSP90)
[129]; Jak-STAT inhibitors; kinase inhibitors [130], and other drug classes.

All of these strategies (see Figure 4) are still in the experimental stage and have recently
begun to be tested in clinical trials in vivo [131]. However, each of them requires an extremely precise
and comprehensive understanding of the proviral reservoirs to maximize Therapy
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Figure 4. Approaches to targeting proviral reservoirs for eradication. (A) In the absence of immune
system intervention, the HIV life cycle proceeds normally. (B) The Block and Lock approach involves
the use of molecules, known as latency agents (LAs), that induce a deep latent state. Didehydro-
Cortistatin A is one of the most studied and promising LAs, which prevents the interaction between
the viral Tat protein and the TAR site in the proviral genome, thereby halting the transcription of
other proviral genes. (C) The use of CRISPR/Cas9 to excise the entire provirus or its individual
components from the nuclear genome. (D) The Shock and Lock strategy involves initially reactivating
the proviral gene transcription with latency reversal agents (LRAs). Histone deacetylase inhibitors
(HDACi) and histone methyltransferase inhibitors (HMTi) can reactivate the HIV provirus by
interfering with epigenetic modifications, enabling the immune system to detect and target proviral
reservoirs with cytotoxic T lymphocytes (CTLs). When combined with cytolytic agents that enhance
cell lysis, this approach facilitates effective eradication of proviral reservoirs.

5. Conclusions

HIV proviral reservoirs remain the primary obstacle in the quest for a cure for HIV infection. For
nearly 40 years, scientists and healthcare professionals worldwide have been working toward finding
a cure, but no proven method for eliminating the disease has yet been discovered. Potential
therapeutic approaches, such as CRISPR/Cas9, Block and Lock, and Shock and Kill, are still being
explored and refined. However, none have demonstrated definitive success in clinical trials,
underscoring the need for continued research into the properties of HIV proviral reservoirs.

ART has shown significant impact on the size of proviral reservoirs, with the timing of its
initiation being a critical factor. Even at early stages of HIV (Fiebieg stages I and II), there is a 12-fold
difference in cell-associated DNA. However, cell-associated DNA encompasses several forms of HIV
DNA, not all of which lead to productive infection. Intact proviral reservoirs are likely a key
component of the overall reservoir and should be prioritized for both analysis and treatment.
Research findings in this area remain inconclusive, necessitating further confirmation. Currently,
IPDA, NGS, and QOVA are considered the best methods for studying intact proviral reservoirs. Their
varied applications enable researchers to explore different aspects of HIV molecular biology,
including mapping integration sites, determining the proportion of defective and intact reservoirs,
and assessing the inducibility of these reservoirs.

The genetic variant of HIV plays an important role in proviral reservoirs, with several studies
showing that patients with subtype B have a larger number of reservoirs, both general and latent.
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These differences are linked to the structure of the long terminal repeat (LTR) region and the function
of HIV proteins, which make them potential targets for intervention.

Elite and post-treatment controllers, who maintain an undetectable viral load without ART and
do not progress in HIV infection, are valuable subjects for research and the identification of unique
traits. Strong CD8 cytotoxic responses in elite controllers have already been shown to be a critical
factor in achieving remission. Similarly, early ART initiation in post-treatment controllers highlights
the benefits of this approach. Together, these findings open up promising new avenues for
developing HIV treatment strategies, with the goal of achieving a stable and functional cure—a
highly desirable outcome for HIV-positive individuals.
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