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Abstract

This review article analyzes information obtained from a literature search on defective HIV genomes (HIV-1, Human
Immunodeficiency Virus, Lentivirus, Orthoretrovirinae, Retroviridae). It discusses the origins of defective HIV
genomes, their potential for transcription and translation, and the role of defective RNA and proteins in stimulating
both innate and adaptive immunity. The article also explores their contribution to HIV pathogenesis, immune
system hyperactivation despite successful antiretroviral therapy (ART), and the evolutionary processes in HIV
proviral populations under ART. Additionally, it addresses challenges in reservoir elimination and HIV eradication
that arise from the existence of defective HIV viruses.
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HedekTHble npoBupycbl BUY: Bo3MoXHOe yyacTue
B natoreHe3se BUY-nHdcekuun

Bobkosa M.PX
OrBHY «HUWN BakumH n cbiBopoTok M. U.U. MeuHukoBa», 105064, r. Mockea, Poccusi

Pe3tome

O630pHas cTaTbsl COAEPXMT aHanu3 MHgOopMaLun, NONy4YeHHOW B pesynbraTte noucka nutepatypbl Mo Teme
«aedekTHble reHombl BUY (BWY, Human immunodeficiency virus-1, Lentivirus, Orthoretrovirinae, Retroviridae)».
PaccmatpusatoTcs BOnpochkl NPONCXOXAEHNS AedeKTHbIX reHOMOB BNY, BO3MOXHOCTb UX TPaHCKPUNLUUK 1 TpaHC-
naumm, yyactne gedpektHolx PHK 1 6enkoB B CTUMYNAUMM €CTECTBEHHOIO Y afanTUBHOMO MMMYHUTETA, BKNaj B
natoreHe3 BY-nHdpekuun u runepaktmeaumio MMMYHHON CUCTEMbI B YCINOBUAX YCMELLHON aHTUPETPOBUPYCHOMN
Tepanuu (APT), aBontoLMOHHbIE NpoLecckl B nonynsaumm nposupycoB BUY nog gevicteuem APT, BO3MOXHbIE Npo-
6nembl pa3paboTok anuMMHaLMKM pe3epByapoB M apagukaumm BUY, cBsidaHHble ¢ cyllecTBOBaHMEM Oe(EKTHbIX
BW4.

KntoueBble cnoBa: BUY; nposupyc; 0echekmHbili 2eHOM; mpaHCKpUnuusi, mpaHcasayusi; pesepayap, aunepakmu-
eayusi; aHmupemposupycHasi mepanusi

Onsa umtnpoBaHus: bobkosa M.P. JedekTHble nposupyckl BUY: Bo3amoxxHoe yyacTue B natoreHede BUY-nHdek-
umn. Bonipocer supyconoauu. 2024; 69(5): 399-414. DOI: https://doi.org/10.36233/0507-4088-261 EDN: https://
elibrary.ru/pselci
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KoHdbnukt nHtepecoB. ABTOpbI AEKNapupyrT OTCYTCTBUE ABHbIX N NOTEHLMaNbHbIX KOHIMKTOB MHTEPECOB,

CBSI3aHHbIX C NyOnukaumemn HacTosiLLen cTaTbu.

Introduction

Widespread implementation and improvement of
antiretroviral therapy (ART) has significantly reduced
morbidity and mortality of people living with HIV
(PLHIV). The effect of ART is aimed at simultaneous
restriction of several stages of viral replication and
prevention of infection of new target cells, but complete
cure of HIV infection remains unattainable due to the
existence of reservoirs — both cellular (latently infected
cells containing HIV proviral DNA) and anatomical
(organs and tissues where viral replication continues)
[1,2].

For this reason, withdrawal of treatment even after
a prolonged absence of viral load (VL) inevitably
leads to rapid recovery of virus production. Lifelong
treatment increases the life expectancy of PLHIV, almost
approaching the average life expectancy for uninfected
people, but can be complicated by the toxicity of ART
drugs, drug interactions, treatment adherence problems,
stigmatization, and significant economic costs.

The success of ART in clinical settings is usually
assessed by the reduction of VL to an undetectable level
(usually less than 20-50 copies of RNA/mL of blood)
and an increase in absolute and relative CD4* T-cell
counts. Despite improved immune system function with
successful ART, PLHIV have a higher risk of new diseases
and death from serious non-AIDS-related complications
compared to uninfected individuals of the same age.
Among the high-risk conditions are non-AIDS-related
cancers, chronic cardiovascular disease, liver disease
and kidney disease. As currently established [3-5], this
increased risk is due to the well-known phenomenon of
increased markers of chronic inflammation and immune
activation (hyperactivation) [2, 6-9]. Activation markers
are independent of the effectiveness of VL suppression
and continue to increase throughout life even in the most
successful patients with long-term undetectable VL; the
volume of reservoirs is also virtually independent of the
success of ART [10, 11].

To date, the cause of HIV-associated chronic immune
system activation in PLHIV remains incompletely
understood. Several processes are thought to play a role
in this phenomenon; these include microbial translocation
[12], chronic coinfection with other pathogens such as
cytomegalovirus [13], host genetics [14], lifestyle factors
(e.g., smoking and drug use) [15] and the phenomenon of
so-called low level viremia of HIV, the source of which is
likely to be periodic reservoir activation [16—18].

Meanwhile, a significant number of studies in recent
years have been devoted to the so-called «defective»
(hereinafter without quotation marks) virus genomes
(these include influenza virus, bunyaviruses, flaviviruses,
alphaviruses, coronaviruses, picornaviruses) [19, 20],
including HIV proviruses (defective provirus). The very
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fact of their existence was described a long time ago —
in 1997, a significant presence of HIV proviral genomes
with deletions of different sizes was found in peripheral
blood mononuclear cells of PLHIV [21]. As it became
evident later, defective proviruses are not just common,
but constitute 90% [11] to 99.8% [10] of the entire
proviral population.

A common feature of defective proviruses is their
inability to produce infectious viral particles, and for
a number of years the consensus view was that they
were a «dead-end product» of HIV replication, forming
a «graveyard» of viruses [22]. Recent data provide
evidence to completely revise this view and argue that
HIV proviruses in patients on ART who have achieved
complete suppression of HIV replication (hereafter
referred to as ART patients) are not defective in the general
sense, but rather represent incomplete forms of proviruses
capable of producing cell-associated RNA transcripts and
expressing novel HIV-related proteins. This information
provides a basis for analyzing the possible involvement
of defective viruses in the pathophysiology of HIV
infection in the setting of successful ART, including
the phenomenon of chronic immune system activation.
Some of what is currently known about defective HIV
proviruses will be summarized in this review.

Origin of defective HIV genomes

The formation of defective HIV genomes is the result
of a combination of errors occurring at different stages
of viral replication, the action of host restriction factors,
and subsequent selection under the control of the immune
system [23]. The most vulnerable to errors is undoubtedly
the stage of reverse transcription. HIV reverse transcriptase
(RT) works with low accuracy at the stage of cDNA
synthesis and makes about 10 erroneous nucleotide
insertions (mutations)/nucleotide/replication cycle, and
the enzyme has no proofreading activity. In addition,
mutations and deletions are generated at the moment of
template switching during reverse transcription, when RT
makes characteristic «jumpsy» [24]. Moreover, the reverse
transcription process involves RT dissociation and re-
initiation of synthesis on the template of genomic RNA,
which leads to the formation of mutant and shortened
HIV cDNA intermediates [23, 25-27] (Fig. 1). Small
deletions (one/few nucleotides) are also capable of
causing noticeable damage to proviral DNA, manifested
by stop codon formation or frameshift [22, 25].

In addition to large and small deletions, defective
proviruses can have «shortages» of 5°- and 3’-end genome
fragments and inversions of genome regions, which are
formed mainly at the RT stage, as well as hypermutations
and defects in donor-acceptor splice sites [10, 27-29].

The cellular restriction factor SAMHD1 [30-34], which
reduces the intracellular concentration of nucleotides in
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resting CD4" T cells and myeloid cells, thus limiting the
efficiency and completion of reverse transcription, may
contribute to the formation of deletions. Another host
cell restriction factor, APOBEC3G, also acts during the
reverse transcription step, acting as a cytidine deaminase
(C—U) within the newly synthesized minus-strand of the
cDNA. The result is a hypermutation of HIV caused by
the replacement of guanine by adenine (G—A) within the
plus-strand of DNA and associated with the formation of
stop codons [32, 35, 36] (Fig. 2).

Finally, errors in the provirus sequence can also appear
at the stage of its integration into the chromosomal DNA
of the cell. This complex process, described by many
authors [30, 37, 38], will not be described in detail here;
we will only recall that the last stage of integration, strand
transfer, requires «completion» of provirus end fragments
with the participation of host DNA repair enzymes. The
mechanism of damaged DNA repair is known to be
error-prone [39], which serves as the source of defective
proviruses.

Defective genomes can be transcribed

Under conditions of successful ART, most cells carry-
ing proviral DNA are in a latent state and do not produce
viral particles; however, up to 7% of proviruses have been
shown to remain transcriptionally active [40]. Transcrip-
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tion in latently infected cells occurs in the same way as
in cells with active HIV replication and involves several
steps described in detail in the literature [2, 41].

Briefly, the HIV long terminal repeat (LTR) acts as an
enhancer and promoter that recruits host cell transcription
activators, repressors, chromatin remodeling factors, and
the RNA polymerase-RNAP II complex, each of which
affects activation or repression of transcription. The HIV
regulatory protein Tat binds the TAR (trans-activation re-
sponse) loop, an element at the 5’-end of the HIV prima-
ry transcript, and recruits PTEFb (positive transcription
elongation factor b), a cofactor that increases the proces-
sivity of RNAPII. Its activity results in full-length HIV
RNA transcripts. Some of them subsequently become
genomic RNA and are incorporated into new viral parti-
cles; unspliced messenger RNA (mRNA) is also required
for the synthesis of Gag and Pol proteins, while another
part of RNA undergoes splicing to form Env, Vif, Vpr and
Vpu (partially (single) spliced mRNA) and Tat, Rev and
Nef (multiple spliced mRNA variant) proteins (Fig. 3).

A significant proportion of proviral sequences found
in PLHIV receiving ART are defective and contain mu-
tations that may affect the LTR structure, major donor
splicing sequences, and the y-packing element (a hairpin
RNA sequence required for genome dimerization during
packaging [42]). Transcripts of both intact and defective
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Fig. 2. Contribution of Host Cell Restriction Factors to the Formation of Mutations in the HIV Genome During Reverse Transcription.
a—APOBEC3G - a cytidine deaminase; b — SAMHDI1 — a phosphohydrolase.
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proviruses have been found to be detected in comparable
amounts in the blood of patients with fully suppressed VL
[11, 28, 43], with the transcriptional outcome of the latter
depending on the nature and extent of the defect.

The absence of the promoter 5’-terminal fragment
leads to the formation of non-canonical RNA transcripts
containing env and nef sequences (Fig. 3); in this matrix
case, alternative sites for transcription initiation are ap-
parently used, for example, such sites are present in the
env gene [28]. If the defect affects donor splicing sites,
the problem is solved by using alternative splicing mech-
anisms [44]; intragenic cis-acting elements that interact
with the transcriptional apparatus of the cell actively in-
terfere with this process.

Another way to generate transcripts on the template of
defective proviruses is the synthesis of antisense RNA on
the complementary DNA strand starting from the 3’-LTR.
The existence of such transcripts has been confirmed [45],
but it is still unclear whether antisense transcription is
regulated by the same signaling cascades as transcription
from the 5°-LTR.

Often the tat/rev region of the genome is deleted in de-
fective viruses; in these cases, the level of transcription
without Tat protein is significantly reduced, and RNA ex-
port from the cell nucleus is impeded in the absence of
Rev protein [10].

Finally, the presence of deletions and stop codons leads
to premature arrest of mRNA synthesis, and such short
transcripts are also found in ART patients [28].

Thus, even in the case of ART success, unspliced and
partially spliced RNAs derived from intact proviruses, as
well as a variety of non-canonical RNAs originating from
defective proviruses, are detected at a significant level in
patient cells.
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Defective genomes can produce proteins

The presence of a significant amount of unusual RNAs
in latently infected cells has naturally raised the question
of whether they are capable of serving as a template for
protein synthesis. The answer to this question has already
been obtained, and it is now well known that a significant
fraction of non-canonical RNAs provides translation
of proteins as abnormal as their nucleotide templates
[17, 28, 44].

Most often, provirus defects — deletions, inversions, and
point mutations - are associated with disrupted ORFs, and
the obvious way out of this situation is to use alternative
ORFs; such, usually shortened (cryptic), proteins can
indeed be found in successful ART patients [22, 28, 46].
Alternative RNA splicing similarly results in aberrant
proteins [44].

Cases of alternative translational start codons (e.g.,
instead of the traditional AUG codon, protein synthesis
initiation can occur with the participation of the CUG
codon), translation of antisense RNAs, as well as the
mechanism of leaky ribosomal scanning, when the
ribosome, having encountered an «unfavorable nucleotide
context» around the start codon, continues to move along
the RNA molecule in search of an optimal binding site,
have also been described [23].

The question of whether abnormal proteins can form
virus-like particles is still open. No less interesting is
the question of their immunogenicity, and in this respect
some certainty has already been achieved. It has been
shown, for example, that defective ribosomal products
(DRiPs) are rapidly degraded via the proteasomal pathway
and “loaded” onto MHC-I molecules that exhibit them
on the cell surface [28]. The same fate befalls proteins —
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products of antisense RNAs, and they cause the formation
of circulating antibodies [47]. Finally, non-canonical HIV
peptides activate CD8" T cells from PLHIV receiving ART,
which also indicates their immunostimulatory activity [48].

All these observations suggest that defective HIV
proviruses, which are unable to produce viable progeny
and are therefore not fully «alive» (one researcher
called them «zombie viruses» [22]), retain the ability to
generate macromolecules important for the pathogenesis
of infection. The question of how cryptic transcripts and
proteins — products of defective proviruses — become
immunomodulators and influence the host immune
responses is being actively studied.

Non-canonical RNAs and natural immunity

Several types of viral nucleic acids participate in the
HIV reproduction cycle: viral RNA, cDNA, and RNA
transcripts of proviral DNA in the cytosol, and proviral
DNA and RNA transcripts in the cell nucleus. All these
molecules can act as intracellular pathogen-associated
molecular patterns (PAMPs) and interact with pathogen
recognition receptors (PRRs) [23].

PRRs that recognize DNA molecules primarily include
the cytosolic DNA sensor cGAS (cyclic guanosine ad-
enosine synthase) [49]. Normally, DNA should not be
present in the cytoplasm, and detection of foreign DNA
of viral or bacterial origin is a crucial element of immu-
nity in many organisms. In mammalian cells, the cGAS-
STING (cyclic GMP-AMP synthase — stimulator of inter-
feron genes) system is available for this task.

After DNA binding, cGAS acts as an allosteric trigger
of the reaction between GMP and AMP to form cyclic

c¢GAMP, which, in turn, binds molecules of stimulator of
interferon genes (STING) that stimulates phosphoryla-
tion of IRF3 (interferon regulatory factor 3). The chain
of events is completed by the movement of IRF3 into the
cell nucleus and transcription of interferon o and 8 genes
(Fig. 4) [49].

The IF116 (gamma-interferon-inducible protein 16) pro-
tein is another DNA sensor that also recruits STING after
binding to DNA. Subsequent events lead to the induction
of interferons and pro-inflammatory cytokines. In addi-
tion, CD4"* T-cell pyroptosis, an accelerated programmed
cell death accompanied by active cellular release of inter-
leukin (IL) 1B and IL-18, is observed [50].

HIV RNA, in turn, attracts the attention of cytosolic
RNA sensors; one example is the tandem of MAVS (mito-
chondrial antiviral-signaling protein) and RIG-1 (retinoic
acid-inducible gene I) proteins [51].

MAVS protein is located on the outer membrane of
mitochondria, peroxisomes and endoplasmic reticu-
lum. During viral infection, the cytosolic protein RIG-1
(sometimes replaced by the Toll-like receptor TLR-3) de-
tects the presence of virus and binds to MAVS. After the
attachment of several cellular proteins [51], a MAV S-sig-
naling complex is formed, which results in the phosphor-
ylation and movement of the already mentioned IRF3
factor into the nucleus, followed by the traditional acti-
vation of transcription of interferon and proinflammatory
cytokine genes (Fig. 4) [23].

Thus, the infected cell always contains HIV-associ-
ated DNA and RNA molecules that act as PAMPs and
initiate the inflammatory response of the natural mecha-
nisms of the immune system. The data directly indicat-
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ing the participation of non-canonical DNA and RNA —
products of defective HIV genomes — in these processes
are not yet available in the literature. However, since the
described process of RNA/DNA recognition is nonspe-
cific, there is no reason to believe that these molecules
can behave fundamentally differently from intact RNA,
and at present most experts are convinced that it is de-
fective RNA and DNA that are the main triggers of the
signaling cascades of the inflammatory response of the
natural immune system in patients in the absence of HIV
infection.

Protein products of defective HIV genomes
and immune system hyperactivation

Non-canonical RNAs formed during transcription
of defective HIV proviruses also have various defects;
therefore, as mentioned above, if such RNAs are destined
to become a template for translation, the resulting (aber-
rant, cryptic) proteins differ from normal virus proteins in
size, structure, and antigenic properties [28, 44]. Never-
theless, the defects do not necessarily affect all genes of
the virus, and if the reading frames and integrity of indi-
vidual genes are preserved after the completion of RNA
maturation processes (splicing and modification), such
RNAs may well become a template for translation of full-
fledged HIV proteins. Thus, [46] demonstrated the pro-
longed presence of Nef and Gag proteins in ART patients
after reaching undetectable VL. The authors of the study
[52] observed similar results and made valid conclusions

\ N

I > IFN, IL-6, TNF

NZoNYZ N7 N7,

that Nef protein production in the absence of active viral
replication is at least partially explained by the presence
of a pool of cells carrying translation-competent defec-
tive proviruses.

Aberrant proteins along with intact HIV proteins
retained the ability to induce CD4 and CD8 T-cell
response [22, 28]. In [4], the intensity of bands on Western
blot was used as a surrogate marker of the amount of
viral proteins in the blood plasma of ART patients, while
estimating the amount of intact proviruses in parallel. As
it turned out, antibodies to HIV proteins persisted in such
patients for 10-20 years after reaching undetectable VL,
i.e. cessation of virus replication. By this time, there were
almost no intact genomes left, and the pool of proviruses
was represented mainly by defective genomes, which
served as a template for the synthesis of viral protein
antigens.

Thus, the set of proteins in the cell carrying the defective
provirus includes intact and cryptic HIV proteins, and
are capable of inducing an immune response, humoral
and cellular (Fig. 5). Regardless of the direction of this
response, immune cells in ART-successful patients are
involved in a continuous process of antigenic stimulation,
which, according to many experts, is the cause of chronic
activation of the immune system [4, 17, 22, 28]. The same
phenomenon underlies the so-called «exhaustion» of HIV-
specific CD8" cytotoxic lymphocytes [53, 54].

The search for direct evidence of an association
between the persistence of incomplete (i.e., defective)

Fig. 4. HIV RNA and DNA Molecules as Stimulators of Innate Immunity.
DNA sensors: IF116 and the cGAS-STING complex; RNA sensors: MAVS and RIG-1; IRF3 — interferon regulatory factor.
Puc. 4. Monexynst PHK u JIHK BUY — cTUMYnATOPHI €CTECTBEHHOTO UMMYHHUTETA.
JHK-cencopsr: IF116 u kommiekec cGAS-STING; PHK-cencopsr: MAVS u RIG-1; IRF3 — dakrop perynsimu narepdepoHa.
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cell associated HIV RNA, the humoral response to HIV
(antibody concentrations), and inflammatory markers
(cytokine IL-6, D-dimer) led to the discovery of a
direct correlation between them [4]. Similarly, in [43],
the content of short (i.e., non-canonical) cell associated
RNA was strongly associated with the degree of chronic
immune activation as determined by co-expression of
HLA-DR and CD38 on CD8" T cells. These and other
observations provided evidence for a link between
defective HIV expression and immune activation; the
authors note that this phenomenon, in turn, may lead to a
lack of CD4" cell counts despite high ART efficacy (i.e.,
in the absence of viral replication); clinicians refer to
such findings as discordant.

Taken together, the results of studies of defective HIV
RNAs and proteins bring us ever closer to the conclusion
that persistent defective proviruses, especially those that
are transcriptionally active, are not «genetic garbage»
irrelevant to HIV pathogenesis and treatment, but rather,
during successful ART, provide a continuous (and
unfortunately redundant) interaction between «residual
expression» of HIV genes and the immune system
[10, 55].

Defective HIV genomes and methods of reservoir
assessment

The persistence of latent viral genomes in PLHIV
receiving ART is a major obstacle to HIV cure [1, 2]. Viral
reservoirs are primarily cells containing HIV genomes
that have the ability to produce infectious virions.
Developments aimed at eradication or functional cure of
HIV infection must necessarily be based on one or another
method of quantifying the reservoir volume, allowing to
measure the effect of the tested drug. It is important to
emphasize here that a true reservoir can be considered
only those cells in which latent virus can be induced
(activated) with subsequent formation of new virions.

Accurate quantification of HIV cellular reservoirs is
challenging and is based on two main approaches, either
culture-based or molecular methods. The first group of
methods (expensive and labor-intensive) does measure
the number of inducible (“live” or replication competent)
proviruses only, but the conditions of induction in cell
culture differ significantly from natural conditions, and
a significant proportion of proviruses cannot be induced.
For this reason, the results of such methods appear to
be many times underestimated in relation to the real
volume of the reservoir. The second group, based on
PCR variants, is simple and cost-effective, but these
methods similarly overestimate the volume of reservoirs
because they are unable to distinguish between intact and
defective HIV genomes [29, 56]. Thus, a single simple
approach that would allow simultaneous assessment of
genetic integrity and reservoir inducibility is still lacking.
Attempts to combine the merits of each approach into a
single method are constantly being made, and many of
them demonstrate impressive results [2], but they still
do not allow comparison of data obtained in different
laboratories around the world. Nevertheless, it is possible
to make comparative evaluations in the dynamics of

OB30PbI

patient follow-up or between groups of patients studied in
the same experiment. This is how the data concerning the
study of the composition of the population of persistent
HIV genomes (proviral landscape) were obtained.

Clonal expansion and activation of latent HIV
proviruses

The origin of the so-called “residual viremia”, i.e. the
presence of single copies of HIV RNA in the plasma of
patients with VL not detected by conventional methods,
has been debated in the literature for a long time [18, 57—
59] and will not be discussed in detail in this review.
Briefly, the generally accepted view is that the appearance
of new viral particles in such patients is not mainly due
to ongoing viral replication, which is inhibited by ART
drugs, but is the result of virus production from latently
infected cells that occasionally proliferate during clonal
expansion (Fig. 6).

Clonal expansion is the process of rapid cell division
resulting in the multiplication of genetically identical
clones of cells from a single parent cell. Evidence of such
a development in latently HIV-infected cells was obtained
in studies analyzing the integration sites of proviral DNA
in viruses isolated from ART patients with the absence
of VL.

The main hypothesis of these studies was based on the
fact that the incorporation of provirus into chromosomal
DNA is a random process, therefore, in case of
repeated cycles of infection, different sites of provirus
localization in host DNA will be detected. If the source
of the virus is the same resting cells containing the same
type of DNA with the same integration point, genetic
analysis will reveal complete uniformity of proviruses
and their localization, since independent integration of
HIV DNA with identical localization in different cells is
obviously impossible (Fig. 7). It is the latter variant that
was found in the mentioned above studies [60, 61]. It
is important to note that for the majority of latent cells,
division during expansion is not a reason for provirus
activation, and at the end of mitosis they retain their
«inactive» state.

Understanding the reasons for provirus activation in
resting T cells is more complicated, and there appear to
be several possible reasons. The most discussed topic
is the influence of the integration site of the proviral
genome into chromosomal DNA on the probability of its
transcription. A growing body of evidence suggests that
integration of HIV provirus near transcriptionally active
sites on the chromosome (provirus genomic context)
may influence its expression (Fig. 8) [17, 55, 62]. A
provirus embedded near an actively transcribed host
gene has a better chance of its own expression because
it presumably finds itself in a favorable environment of
epigenetic factors promoting transcription. One of such
factors turned out to be H3K36me3, a modified histone
H3 known for its participation in human gene expression
[63]. Other causes of HIV provirus activation include
the impact of physical and chemical factors, infectious
diseases, vaccination and the level of hyperactivation of
the immune system as a whole [18, 64].
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These considerations apply primarily to intact
proviruses, and there are almost no special studies
evaluating the transcription efficiency of defective HIV
genomes. The answer to this question requires technically
challenging experiments because it requires a combined
assessment of provirus integrity and transcriptional
activity in the same cell. In a recent unique study, a single
cell fluorescence in situ hybridization (FISH) method was
used to identify HIV-infected cells that express viral RNA
during ART [65]. As shown, almost all HIV proviruses
sequenced from cells containing cell-associated HIV RNA
were defective. Even assuming that the transcriptional
efficiency of such proviruses is reduced relative to intact
genomes, the significant prevalence of defective HIV
variants should not be overlooked; even low levels of
transcription and translation of these persistent proviruses
may be sufficient to induce and maintain inflammatory
and immune responses in ART patients [23, 28].

Evolution of the population of latent HIV proviruses

Thus, both types of proviruses — intact and defective —
are involved in the maintenance of chronic activation of
the immune system in ART patients, but, as it turned out,
the proviral landscape undergoes changes in the dynamics
of treatment.

First, analysis of intact proviral sequences in PLHIV
before and after ART initiation indicates that the vast
majority of the latent intact HIV reservoir in ART patients
consists of viruses circulating at the time of treatment
initiation. Once undetectable VL is reached, evolutionary
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mechanisms, primarily CD8" cytotoxic cells, have nothing
to work with and no appreciable evolutionary events
in the viral population occur during ART [66]. These
results again support the view that HIV replication is not
a mechanism for maintaining the HIV reservoir during
successful therapy, and once ART is initiated, periodic
activation of reservoirs containing homogeneous proviral
genomes becomes the main source of VL (Fig. 9).

Second, the ratio of intact and defective viruses in the
dynamics of ART appeared to be variable, and many
studies have shown that the proportion of intact proviruses
gradually decreases during treatment [10, 28, 55]. While
before the start of ART it was up to 36%, 3 years after
reaching undetectable VL the proportion decreased
to 6% [22].

Third, important data on the localization of HIV
proviral genomes were obtained. The results of a
comparative study of the localization of intact and
defective proviruses in elite controllers maintaining
undetectable VL in the absence of ART look quite
peculiar: as it turned out, the former are predominantly
found in heterochromatin regions characterized by a
low level of transcription, and the latter — in actively
transcribed euchromatin regions [67]. This allowed the
authors to hypothesize that the immune system forms
a virus reservoir over time, favoring those proviruses
that are located in «silent» regions of the host genome.
Provirus reactivation experiments confirmed this
assumption: relatively small groups of latently infected
cells were easily induced with the formation of new

MHTaKTHbIA NPOBUPYC
intact provirus

=

CD4+ T-kneTka
CD4+ T-cell

Fig. 5. Formation of the Cellular Immune Response to Intact and Defective HIV Proteins.
Puc. 5. ®opmupoBanne KI€TOYHOTO HIMMYHHOT'O OTBETa Ha MHTAaKTHEIE U AedeKkTHbIe Oenkn BIY.
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virions, while the second, larger group of infected cells
contained an intact provirus that was more resistant
to reactivation [55]. The authors believe that intact
proviruses integrated into heterochromatin regions
and showing signs of «deep latency» appear to have
advantages for selection and persist for a long time,
probably due to very low or no proviral transcription
and subsequent protection from antiviral immune
recognition.

All of the above clearly indicates that the population
of reservoir cells containing HIV proviruses undergoes
significant evolution over time under the influence of the
immune system, with the start of ART being a critical
moment (Fig. 9). The overall picture is approximately
as follows: HIV reservoir formation occurs within 7-10
days after infection, and the proviral landscape is quite
diverse and includes defective proviruses. The main
factor of the immune system influencing the process of
proviral population evolution is the cytotoxic response
of T-lymphocytes (CD8") eliminating cells expressing
foreign viral proteins [10].

The rapid evolutionary changes observed in the HIV
population prior to ART are followed by stabilization and
reduced provirus variability shortly after ART initiation.
During treatment, the immune system continuously
removes replicatively competent proviruses and selects
intact proviruses that are in a state of «deep latency», i.e.
as part of heterochromatin. Some authors [10, 19] call

3apaxeHune K/IeToK

cell infection —_—

dopmuposaHue
nposupyca
provirus formatio

) —_—

OB30PbI

this process «natural cure» against the background
of ART, which, however, never ends with virus
eradication. In chronic HIV infection, cells carrying
defective proviruses may not be recognized by the host
as foreign due to inadequate presentation by the major
histocompatibility complex [46]. This may explain the
predominant clonal expansion and persistence of cells
carrying defective proviruses, which over time take a
dominant position [55].

In patients on long-term successful ART, more
than 90% of proviruses are represented by defective
genomes. These genomes strongly contribute to immune
system hyperactivation and cytotoxic cell depletion,
but are not a source of virus re-emergence when ART is
discontinued. On the contrary, most intact proviruses are
theoretically capable of producing replication-competent
viruses, but in reality the proportion of such proviruses is
small, and most of them cannot be brought out of latency
by induction [68].

Defective proviruses and HIV eradication

The main practical goal of ART today is the indefinitely
long-term maintenance of undetectable VL. For most
PLHIV, this goal is achievable, but as treatment experience
and new knowledge are gained, it is becoming clear that
the absence of VL is not always a sufficient condition
for restoring health, and the risks of comorbid diseases
are increased even in the most successful ART patients.
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Fig. 6. Origin of HIV Viral Particles.

a — ongoing HIV replication with repeated infection cycles; b — clonal expansion followed by periodic activation of the provirus.
Puc. 6. [Ipoucxoxnenue BupycHoix yactui BUY.

a — IpoAO0JDKAIOIIAsAC pEIUINKaLAg BUY ¢ TIOBTOPHBIMH LTUKJIAMHU 3apaKCHUA, 6 — KJIOHAJIbHAST SKCITAHCHSI C nocneﬂy}omeﬁ nepnozmqecmﬁ aK'TPIBaLIHeﬁ TpoBupyca.
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Complete eradication of HIV infection or its functional
cure has become the new goal of researchers, and the
literature of recent years has provided an avalanche of
information on this topic.

Current strategies for curing HIV infection focus
on either elimination of the HIV proviral reservoir,
permanent inactivation of latent proviruses, or gene
therapy approaches [1, 2]. Examples of the first group of
proposed approaches include a variety of «kick-and-kill»
technologies involving activation of the latent provirus
pool followed by intensive ART and concomitant
administration of a therapeutic vaccine. All activated
proviruses are expected to produce viral particles
that will be destroyed by CTL cells, and new rounds
of infection will be prevented by ART inhibitors. An
alternative «block-and-lock» approach from the second
group of methods is based on the use of inactivating
agents or specially designed transcriptional repressors
that reliably and persistently inhibit the transcription of
HIV proviruses, while the HIV genomes remaining in the
chromosomal DNA will have to «peacefully coexist» with
their gene environment, as endogenous retroviruses do.
Finally, a large group of gene therapy methods is based on
all existing technologies, such as CRISPR-Cas9 or zinc
finger nucleases; the main problem here is the difficulty
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of delivering gene therapy tools to all infected cells of the
adult organism.

The existence of defective proviruses may complicate
the development and implementation of all of these
methods, as it can be assumed that they will all have
minimal impact on the presence of defective HIV
genomes. Information on how transcription of defective
proviral sequences is regulated is extremely limited, and it
is unknown whether the latency reversing agents used by
kick-and-kill to activate proviruses or the transcriptional
repressors required for the block-and-lock strategy
will affect the activity of intragenic cis-transcriptional
elements and the expression of cryptic peptides [11, 55].
Furthermore, there is a high probability that defective
proteins will not be recognized by a therapeutic vaccine
[28] designed to target normal virus proteins.

Gene editing techniques depending on which
sequences are targeted by engineered nucleases carry
the risk of creating additional defective proviruses [28].
Furthermore, it has been reported that CRISPR-Cas9
can produce non-homologous DNA end joining and
thereby promote the formation of transcriptionally active
episomal elements [69].

The difficulties of creating universal methods for
assessing the volume of HIV reservoirs have been

CD8+ T-kneTtku

(CTL)
— l—
@ =
|
6/c 2/d
cenexkumns ucroujeHne CTL
reTepoxpomMaTuHOBbIX CTL exhausion
y4acTkoB npeobnagarHme
AEeQPEKTHbIX reHOMOB
heterochromatin defective genomes
regions selection predominance

Fig. 9. Key Events in the Evolution of the HIV Proviral Population.

a — the period from infection to the start of ART; b—d — clonal expansion as the main source of HIV; ¢ — selection of proviruses integrated
into heterochromatic regions of the host genome; d — selection of defective proviruses. Stages C and D occur in parallel.

Puc. 9. OcHOBHBIE COOBITHS 3BOIOLIH TOMYJISAIMK TpoBUpycoB BIY.

a — TIeprox OT 3apaxkeHus 10 Hadana APT; 6—e — kjoHabHAst SKCITaHCHS KaK OCHOBHOM MCTOYHUK BHPYCHOH Harpy3Ku; @ — 0TOOp IPOBHUPYCOB,
BCTPOEHHBIX B T€TEPOXPOMATHHOBBIE YYACTKH TEHOMA XO35MHA; 2 — 0TO0p Ae(EKTHBIX MPOBUPYCOB. DTAMbI 6 U 2 IPOUCXOAAT NapaslIebHo.
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mentioned above, and here we will only emphasize
that in the absence of such methods it will be extremely
difficult to assess the results of any of the approaches.
This means that, while studying the ways to influence
the latent HIV reservoir, it is necessary to develop
studies aimed at a detailed understanding of the ways
of formation, regulation and functional consequences
of the activity of defective proviruses.

Conclusion

Observational and experimental work over the past
decade has provided new insights into the events that
occur in the HIV population after the establishment of
undetectable VL levels as a result of ART. It has become
clear that cessation of viral replication is not the «end of
the story», and the pathogenesis of infection continues
even in the face of prolonged HIV VL suppression. The
main role in the «pathophysiology of successful ART» is
played by reservoir cells containing HIV proviral DNA,
and among them, paradoxically, are cells containing de-
fective proviruses.

The traditional attitude to defective HIV genomes as
an insignificant by-product of virus replication is being
replaced by the belief that these proviruses can be biolog-
ically active, and the resulting RNA transcripts and pro-
teins can serve as triggers of natural and adaptive immune
response, followed by chronic activation of the immune
system with long-term clinical consequences. It is the
persistence of such proviruses that explains the long-term
persistence of seropositivity and hyperactivation in ART
patients.

Furthermore, defective proviruses may become a seri-
ous obstacle to the development of HIV eradication tools,
which means that without special efforts aimed at elim-
inating cells carrying defective proviruses, none of the
currently available strategies can be implemented.

The impact of defective genomes on the clinical out-
come of infection and the evolution of the HIV popula-
tion can be considered proven. Moreover, there has been
rapid progress in understanding the molecular mecha-
nisms that regulate the formation of defective HIV ge-
nomes and explain their controversial role in viral per-
sistence. Finding a cure for HIV infection remains a
challenge, but if successful, it will prove to be a critical
step toward achieving an «AIDS-free generation». Re-
search on defective proviruses should be key to further
progress this field of study.
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