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Abstract

The review article conducts an in-depth analysis of information gleaned from a comprehensive literature search
across Scopus, Web of Science, and MedLine databases. The focal point of this search revolves around the iden-
tification and exploration of the mechanisms orchestrated by host cell factors in the replication cycle of the human
immunodeficiency virus (HIV-1, Retroviridae: Orthoretrovirinae: Lentivirus: Human immunodeficiency virus-1). The
article delves into two primary categories of proteins, namely HIV dependence factors (such as CypA, LEDGF,
TSG101) and restriction factors (including SERINCS5, TRIM5a, APOBEC3G), providing illustrative examples. The
current understanding of the functioning mechanisms of these proteins is elucidated, and an evaluation is present-
ed on the potential development of drugs for treating HIV infection. These drugs aim to either inhibit or stimulate the
activity of host factors, offering insights into promising avenues for future research and therapeutic advancements.
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KnetouyHble 6enku — noteHUnarnbHble MULLEHU
aHTUPETPOBUPYCHOMN Tepanum

Bobkosa M.P.

PIrBHY «Hay4yHo-uccnepgoBaTenbCKUii MUHCTUTYT BakUMH U cbiBOpoToK UM. W./. MeyHnkoBa», 105064, r. Mocksa, Poccus

Pestome

O630opHas cTaTbsi COAEPXUT aHanM3 nHdopMaLummn, NoNy4eHHOW B peaynbrarte noucka nuteparypbl no 6asam ganx-
Hbix Scopus, Web of Science, MedLine. Tema noucka — ngeHTUUKaLNUA N U3y4eHUE MEXaHWU3MOB OENCTBUS
(haKTOPOB XO3ANCKOWN KNETKW, Y4aCTBYIOLIMX B LMKIE pennukauMm Bupyca ummyHogedpuumta yenoseka (BAY,
Retroviridae: Orthoretrovirinae: Lentivirus: Human immunodeficiency virus-1). MNpvuBegeHsbl Npumepbl ABYX OC-
HOBHbIX rpynn 6enkoB — dakTopos 3aBucumocTn BUY (CypA, LEDGF, TSG101 n gp.) u dbakTopoB pecTpuKkLmmn
(SERINCS5, TRIM5a, APOBEC3G n gp.); onncaHo COBpEMEHHOE COCTOsIHWE MPEACTABMEHNA O MEeXaHu3Max Ux
YHKUMOHMpPOBaHUs. [laHa oueHKa nepcrnekTnB pa3paboTku NekapcTBEHHbIX cpeacTs ans neveHns BUY-nHdek-
LW, HanpaBreHHbIX Ha MHIMBMPOBaHNE NGO CTUMYNSALMIO aKTUBHOCTU XO3ANCKNX (DAKTOPOB.

KnroueBble cnoBa: B/Y,; xossitickue 6enku; ¢hakmopbi 3agucuMocmu; ¢ghakmopb! pecmpukyuu; 0630p

Onsa untupoBaHua: bobkosa M.P. KneTouHble 6enku — noTeHumnanbHble MULLEHN aHTUPETPOBUPYCHON Tepanuu.
Bonpocsi supyconozuu. 2023; 68(6): 488-504. DOI: https://doi.org/10.36233/0507-4088-207 EDN: https://elibrary.
ru/klgwak

®duHaHCcuMpoBaHue. ViccnegoBaHWe BbLINOMHEHO C NpUBAEYeHWeM cpedcTB rpaHTa Poccumnckoro HayyHoro coHaa
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KoHdbnukT nHTepecoB. ABTOp AeknapupyeT OTCYTCTBME SIBHbIX M NOTEHLUMANbHbIX KOH(NNKTOB MHTEPECOB, CBA3AHHbIX
C nybnukaumen HacTosiLLen cTaTbu.
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Advances in antiretroviral therapy (ART), based on
the use of drugs that directly target the enzymes of the
virus, have radically changed the HIV epidemic from
imminently fatal to controlled, restoring the life expec-
tancy and quality of life for infected people. Despite this
remarkable progress, ART still has problems that have
yet to be solved to this day, nearly 30 years after the in-
troduction of effective direct-acting tritherapy (triple an-
tiretroviral therapy) regimens. The main problems are
as follows: 1) the impossibility of completely curing the
HIV infection due to the phenomenon of latency under-
lying the pathogenesis of this disease; 2) as a result of the
previous point, the necessity for lifelong treatment; 3) the
requirement of high adherence, difficult to fulfill for ma-
ny patients; 4) progression of immune system hyperacti-
vation and its consequences, despite the high virological
efficacy of the treatment; 5) the presence of side effects
even from modern drugs; 6) the formation of drug-resis-
tant variants of the virus.

The latter phenomenon is related to the peculiarity of
the HIV life cycle, which includes the reverse transcrip-
tion stage (Fig. 1). A significant number of errors made
by the HIV enzyme reverse transcriptase (RT) affect all
regions of the genome, including the positions that deter-
mine the binding of drug molecules as ART targets. As a
result, mutations occur that develop drug resistance and
reduce the efficacy of ART.
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The list of ART targets is limited and includes three
HIV enzymes: RT, integrase (IN) and protease (PR), as
well as viral proteins involved in the infection of the cell
at the stages of attachment (binding) and fusion (Fig. 1).
The phenomenon of drug resistance occurs with respect
to all of them, although with different frequency. Over
the course of life, about 40% of patients develop ART-re-
sistant HIV strains, which requires changing treatment
regimens, usually to more expensive ones. Furthermore,
resistant HIV variants can be transmitted by contact and
cause infection, thus rendering the first-line ART regimen
to be evidently ineffective. Innovative drugs directed
against the same targets, although less often, also cause
the formation of resistant viruses and generally do not
cancel the phenomenon.

All of this prompts the search for fundamentally new ap-
proaches to the treatment of HIV infection, among which,
in recent years, the possibility of developing drugs that
would target the interaction of HIV with cellular proteins
and structures important for viral reproduction has been in-
creasingly discussed [1-7]. The intention of this approach
is to create therapeutic alternatives for the treatment of
viral infections that do not cause drug resistance because
they target host proteins (host-targeted antivirals (HTA))
that are genetically more stable than viral proteins.

Undoubtedly, host cell replicative and biosynthetic
mechanisms play a critical role in the life cycle of all vi-

Fig. 1. HIV life cycle. Figures 1-10 were created in the BioRender program (BioRender.com).
Puc. 1. XKXnznennsiit nuxn BUY. Pucynkn 1-10 co3mans! B mporpamme BioRender (BioRender.com).
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ruses, which are intrinsically intracellular parasites. This
brief review will discuss the current state of research in
this area as it relates to HIV, including the pro-viral and
antiviral cellular factors that function at different stages
of the viral infectious cycle and certain approaches to
drug development targeting these factors.

A lot of publications on this topic started to be released
in 2008 with the sensational work of Harvard scientists
[8], who conducted a full-genome screening of the human
genome using a library of more than 21,000 small inter-
fering RNAs (siRNAs) in search of host factors involved
in HIV reproduction. Sequential silencing of genes fol-
lowed by assessment of p24 antigen production in a mod-
el system based on HeLa-derived cells yielded a stag-
gering result. 274 human cell proteins were shown to be
involved in HIV replication in one way or another, with
only 37 (13%) of them known prior to the results of this
experiment. This participation was realized at all stages
of the HIV life cycle — from virus attachment to the cell
to budding of new virions, and was manifested by posi-
tive regulation of HIV production; such factors have been
given the somewhat inadequate name of HIV-dependency
factors (HDFs).

Strictly speaking, the amount of detected HDFs was
striking, but not the fact of their existence, as it is obvious
that a virus possessing such minimal capabilities must
resort to the assistance of mediator proteins for the real-
ization of all replication stages. Subsequent studies have
shown that it is not just a question of adapting the pro-
cesses of virus replication in the cell to the cellular ma-
chinery, but also of active interference of HIV in a wide
range of cellular processes, which include endomembrane
remodeling, polymerization and organization of the cy-
toskeleton, modulation of gene and host protein expres-
sion, apoptosis and cell division, evasion of the immune
response and much more [2, 6, 7, 9]. Not all HDFs have
been studied in detail, but some of them can already be
considered as potential targets for therapy.

The topic garnered more interest as the data on the
existence of another group of proteins, although not so
numerous but very promising from the point of view of
developing therapeutic agents, accumulated. The proteins
in question are the so-called restriction factors (RFs) - hu-
man proteins capable of blocking the replication of HIV
in cells. The mechanisms by which they do this are ex-
tremely intricate and diverse, and are currently the sub-
ject of the most active research.

Some examples of proteins belonging to both groups of
HIV enablers and detractors will be listed below in an or-
der that roughly corresponds to the order of events of vi-
rus replication in the cell. To put it briefly, the HIV repli-
cation cycle involves the following stages: 1) attachment
of viral particles followed by 2) fusion of cellular and
viral membranes with the help of cell receptors; 3) de-
capsidation (uncoating) of viral particles; 4) reverse tran-
scription with the help of HIV reverse transcriptase and
formation of complementary DNA (cDNA); 5) forma-
tion of preintegration complex (PIC) and integration
of cDNA into cell chromatin with the help of HIV in-
tegrase; 6) transcription with the help of cellular RNA
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polymerase; 7) RNA processing (splicing) and its export
into the cytoplasm; 8) protein synthesis and assembly of
new viral particles; 9) encapsidation with the formation
of the internal structure of the particle; 10) budding of
particles from the cell with the simultaneous attachment
of envelope proteins; 11) maturation with the help of HIV
protease (Fig. 1).

The virion infecting a susceptible cell always contains,
in addition to structural proteins, a small number of en-
zymes, RT, IN and PR, as well as certain cellular proteins
captured by the virion at the time of budding from the cell
and required in the early stages of virus replication.

Attachment. The first cellular proteins encountered
by HIV are the cellular receptors (CD4 and CCRSY5) re-
quired for virus attachment. The presence of the former
on the cell membrane is absolutely essential for infection;
the absence of the second co-receptor (CCRS) in cases
of a homozygous defect — deletion of CCR5D32 — pro-
tects against infection in the vast majority of cases, but
leaves a rare possibility of infection by viruses tropic to
the alternative co-receptor CXCR4. This phenomenon
has been described in detail many times in the literature
(Fig. 2) [10-12].

A drug aimed at inhibiting the CCRS co-receptor al-
ready exists and is used under the name “Maraviroc”
(MVC); new CCR5 and CXCR4 inhibitors are in clin-
ical trials; CD4 inhibitors are also in development and,
together with co-receptor inhibitors, form a class of HIV
receptor antagonists.

In addition to the well-known surface receptors CD4
and CCRS5, several additional factors have been identified
whose function is critical for HIV infection of cells.

HIV is known to capable of infecting cells not only by
virus-cell interaction, but also by direct cell-to-cell con-
tact that does not require receptors. This mode of infec-
tion (cell-to-cell) is many times more efficient than the
classical variant and is supported by ALCAM (activated
leukocyte cell adhesion molecule) glycoproteins from the
immunoglobulin superfamily, which have strong adhe-
sive properties. ALCAMs mediate intercellular adhesion
and promote efficient virus dissemination through direct
cell-to-cell transmission (Fig. 2) [13, 14].

Another molecule with adhesive properties is DC-
SIGN (dendritic cell-specific intercellular adhesion mole-
cule-3-grabbing non-integrin). It is not present on the sur-
face of the main targets of HIV — CD4+ T-cells, but it is
abundant on macrophages and especially dendritic cells,
which are the first to encounter the virus in the periphery
during infection. DC-SIGN is a C-type lectin that rec-
ognizes glycoproteins on the surface of microorganisms
and, in HIV infection, acts as a nonspecific co-receptor
that interacts with gp120. Subsequent internalization of
the DC-SIGN-gp120 complex leads to the formation of
intracellular storages of virus, and after the complex is
recirculated to the cell surface, infection of CD4+ T cells
in lymphoid organs after the arrival of dendritic cells in
them is significantly facilitated [15].

The sulfated group within its N-terminal tyrosine is
very important for the function of the CCRS5 co-receptor.
Two cellular proteins — SLC35B2 (solute carrier fami-
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ly 35 member B2) and TPST2 (tyrosylprotein sulfotrans-
ferase 2) — are involved in the sulfation of this amino acid
(Fig. 2). The activated sulfate donor is PAPS (3’-phos-
phoadenosine 5’-phosphosulfate transporter), which is
synthesized in the cytosol and is transported by SLC35B2
to the lumen of the Golgi apparatus, where the resident
protein TPST2 catalyzes the sulfation of the CCRS tyro-
sine. As a result [14], the absence of TPST2 and/or SL-
C35B2 completely prevents HIV infection of cells.

The restriction factor SERINCS5 (serine incorpora-
tor 5), which is found in viral particles, opposes all the
above-described cellular proteins contributing to HIV
infection. There is very little understanding about its nat-
ural function; it is known that this protein has a 10-link
transmembrane domain and is thus related to the CCRS5
co-receptor [16]. The mechanism of its participation in
HIV replication is also quite unclear; there are assump-
tions that it is capable of binding the gp120 protein and
thereby preventing the process of membrane fusion, with
gp120 lingering on the membrane surface and becoming
the target of HIV antibodies (Fig. 2) [4, 17, 18].

The antagonist of SERINCS is the viral protein Nef,
which is able to remove it from the membrane composi-
tion and sequester it into the endosome with subsequent
degradation [19].

Decapsidation. Until recently, it was believed that up-
on entry of a retrovirus into the cytosol of a host cell,
immediate capsid shedding occurs, followed by RNA
release and subsequent reverse transcription. Nowadays,
this point of view is opposed by another one, which just-
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ly draws attention to the fact that cDNA formed during
reverse transcription may become a target of molecular
sensors [20, 21] sensitive to the presence of DNA in the
cytosol and cause an immune reaction unnecessary for
the virus. This can be avoided by protecting the result-
ing cDNA with a protein envelope, which is why many
researchers now believe that decapsidation and reverse
transcription are coupled in time, with transcription be-
ginning inside the nucleocapsid and capsid shedding
occurring as the cDNA moves toward the nucleus and
ending just before PIC (see below) is imported into
the nucleus [3, 22] or even already inside the nucleus
(Fig. 3) [23].

The central link of all interactions at this stage is the
viral capsid protein (CA) p24, which constitutes the inner
envelope of the virion. Representatives of both groupings
of cellular proteins compete for the right to make contact
with it, and the best known out of them are RF TRIM5a.
(tripartite motif-containing protein 5) and cyclophilin
from the group of HDFs. The functioning mechanism
of both of them is still insufficiently studied, and only a
number of reasonable assumptions about the events in-
volving them are presented below.

TRIMSa directly binds CA molecules of the nucleo-
capsid of viruses that have just entered the cytoplasm af-
ter the fusion of the viral and cell membranes is complet-
ed. Dimerization of CA disrupts the capsid structure and
causes its accelerated fragmentation, thereby cancelling
reverse transcription (Fig. 3) [3, 24]. TRIMS5a protein is
present in all primates, but its function described above

Fig. 2. Stages of HIV entry into the cell.
Puc. 2. Dransr npornnkHoBeHHss BUY B kieTky.
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is species-specific: TRIMSa from Old World monkeys,
such as the rhesus macaque, restricts a wide range of ret-
roviruses, including HIV, while human TRIMS5a is unable
to effectively inhibit HIV [3], although there is evidence
of polymorphic variants of TRIM5a associated with the
delayed progression of HIV infection [25].

Perhaps the reason for the insufficient effect of TRIMSa
is the presence of efficiently working cyclophilin (CypA)
in human cells. This protein from the chaperone group
is present in the cell in significant amounts and different
forms, taking part in the processes of protein molecule
folding. It can be found at different stages of HIV replica-
tion and is always present in the composition of viral par-
ticles, apparently in order to start its activity immediately
after infection of the cell. It is assumed that the increase
of HIV infectivity in the presence of CypA is explained
by its ability to interact with CA, thus increasing capsid
stability, which, in turn, allows keeping cDNA intact until
it crosses the nuclear membrane [5, 22, 23]. A simple ex-
planation of this fact is that CypA competes with TRIMS5a
for binding to CA; a slightly more complex, but also quite
probable, explanation is the direct TRIM5a-CypA inter-
action, which creates a steric hindrance to its contact with
CA (Fig. 3) [26]. The intention of future ART drug devel-
opment includes the creation of non-immunosuppressive
CypA inhibitors as well as increasing the efficiency of
TRIMS5a-CypA binding [6, 26].

Cell cytoskeleton. The size of viral and subviral compo-
nents of virions entering the cell does not allow them to
diffuse freely in the densely populated cytoplasm, so the
early stages of the HIV life cycle critically depend on the
processes of cytoplasmic transport.

One of the cell proteins involved in the organization of
this process is the contractile protein actin. Its microfil-
aments perform their function at the cell periphery and
are possibly related to the process of endocytosis of viral
particles (see above) [6].

The role of microtubules has been repeatedly discussed
in relation to at least two aspects of the HIV life cycle,
membrane fusion and intracellular trafficking of incom-
ing capsids. The cellular proteins associated with traf-
ficking are MAP1A and MAP1S (microtubule-associated
proteins) and dynein, which make up the bulk of micro-
tubules. The only known mechanism of their functioning
is that they capable of binding ubiquitous CA as part of
all viral components and directing them in the desired
course, i.e. towards the cell nucleus [6, 23].

Since cytoplasmic trafficking elements constitute a
significant part of host cell proteins and are essential for
all intracellular processes, it is rather difficult to imagine
them as therapeutic targets (e.g., by depolymerization).
Given that microfilaments and microtubules are physical-
ly and functionally intertwined, the interaction between
HIV and the cytoskeleton appears to be even more com-
plex and requires further investigation.

Reverse transcription. Two RFs, APOBEC3G and
SAMHDI, have gained the most prominence in this cru-
cial stage of HIV replication.

APOBEC3G (apolipoprotein B mRNA editing enzyme,
catalytic subunit 3G) functions as a deaminase during cD-
NA synthesis, converting deoxycytidine (dC) to deoxyu-
ridine (dU) as part of the minus-chain. In the next stage,
the resulting plus-chain DNA contains many G-A hyper-
mutations, leading to the formation of premature stop co-

Fig. 3. Dependency (CypA) and restriction (TRIMS5a) factors at the HIV decapsidation stage.
Puc. 3. ®akrops! 3aBucumoctr (CypA) u pecrpuknuu (TRIMSa) Ha sTane nexkancuganun BIY.
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dons and the production of aberrant viral transcripts that
are eventually degraded (Fig. 4).

The APOBEC3G protein has its own antagonist among
HIV proteins, Vif, also found within virions. By binding
to APOBEC3G, Vif mediates its proteosomal degradation
using the ubiquitination mechanism [4, 19, 27].

The cellular protein SAMHDI1 (sterile alpha motif
domain-, HD domain-containing protein 1), acting as a
phosphohydrolase, converts nucleotide triphosphates
(dNTPs) into deoxynucleotides, thereby depleting the re-
source for cDNA synthesis (Fig. 4). Furthermore, the re-
sulting decrease in DNA levels in the cytosol protects the
cell from activation of molecular sensors and subsequent
unwanted interferon secretion and chronic inflammation
[3, 6, 23]. HIV-1 does not have a SAMHD1 antagonist
protein, but HIV-2 has the Vpx protein, which is involved
in SAMHDI1 degradation [3, 27].

Formation of the pre-integration complex. After the
synthesis of cDNA molecules is completed, they must
be incorporated into the chromosomal DNA of the cell.
Unlike other retroviruses, which usually infect cells in
the mitotic stage, when the nuclear membrane is absent
and DNA is easily accessible, HIV has the ability to in-
fect non-dividing cells, i.e. cells in the interphase peri-
od. Since the duration of this phase is much longer than
mitosis, this capability gives the virus a tremendous ad-
vantage, providing it with a huge number of targets and
the highest level of replication. In non-dividing cells, the
nucleus is surrounded by a dense envelope, the nuclear
membrane, so passive diffusion does not solve the issue
and requires active cDNA transport. The pre-integration
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stage and the actual integration are the central and most
complex organized events of HIV replication.

Pre-integration begins with the formation of a minimal
structure, the intasome, consisting of cDNA and the IN
enzyme; initially, IN has a dimeric structure, and at the
stage of integration as part of a functional PIC, it takes
the form of a tetramer [28]. IN molecules bring together
the ends of the cDNA, after which an open ring is formed,
with long terminal repeats (LTRs) at each end. After at-
tachment of several core viral and cellular proteins, a PIC
is formed (Fig. 5).

Within the PIC, the first stage of HIV integra-
tion, 3’-processing of the cDNA, occurs in the cytoplasm,
with IN activity playing central role. During 3’-process-
ing, two nucleotides are removed at each of the 3’-ends of
viral DNA in PIC to form free hydroxyl (OH)-groups, and
the cDNA enters the nucleus in a processed form. At this
stage, a problem arises that requires assistance from the
cell. The problem in question is that PIC is surrounded
by a noticeable number of linear cDNA molecules, which
can easily self-integrate with the help of IN and thus re-
duce the efficiency of the subsequent true integration. This
phenomenon is prevented with the help of cellular BAF
(barrier-to-auto integration factor), a DNA-binding pro-
tein capable of condensing DNA [29]. Protection against
such suicidal events is also provided by several DNAases
associated with the endoplasmic reticulum [30].

Translocation of the pre-integration complex. After
the 3’-processing is complete, the PIC begins to move
towards the cell nucleus. PIC translocation is ensured
by interaction of karyophilic viral proteins containing

Fig. 4. The restriction factors APOBEC3G and SAMHDI1 at the HIV reverse transcription stage.
Puc. 4. ®axrops! pectpuxunn APOBEC3G n SAMHDI Ha srare o6patHo#t Tpanckpunuun BUY.
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special sequences of amino acids which are nuclear
localization signals (NLS) with cellular proteins func-
tioning at all stages of nuclear transport. Viral proteins
with NLS include MA, IN, and the non-structural HIV
protein Vpr [31].

The nuclear membrane has pores (also known as the
nuclear pore complex, NPC), mainly consisting of highly
conserved nucleoporins (NUPs) [32]. They provide trans-
port of large hydrophilic molecules with a mass of more
than 40 kDa, while all other molecules penetrate into the
nucleus by passive diffusion. Depending on their func-
tion, NUPs can be located either in the cytosol or in the
nucleoplasm.

About 30 proteins of this group form an NPC with
a ring structure: a cytoplasmic ring with 50 filaments
(Nup358 is an example), a nuclear ring (nuclear basket
of 8 filaments) including Nup153, and a tunnel between
them (Nupl70, Nupl55, etc.) [32]. The internal pore
size is much smaller (about 8 nm) than the PIC diameter
(~28 nm) [33], so PIC has to literally squeeze through the
channels in the membrane, while energy costs are provid-
ed by adenosine triphosphate (ATP).

For the process of translocation, PIC can directly con-
tact NPC components or use soluble transporter proteins
from the group of karyopherins [22]. The natural function
of these proteins is to transport mRNA splicing factors

into the cell nucleus; in an HIV-infected cell, the best
known HIV helpers are the karyopherins TNPO3 (trans-
portin-3) and CPSF6 (cleavage and polyadenylation spec-
ificity factor 6). Only CPSF6 appears to interact directly
with CA, which does not have its own NLS, and the task
of TNPO3 is to perform cleavage and polyadenylation of
CPSFo6. Alternatively, Nup358, which also has an affinity
for CA, may act as an alternative to these proteins [34].
Finally, the same CypA is actively involved in the inte-
gration process, anchoring the PIC on the cytoplasmic
side of the nuclear membrane and guiding it to the nuclear
pore; the viral protein Vpr is also thought [22, 31] to be
somehow involved (Fig. 5).

Passage through the pore is facilitated by several
NUPs, each of which interacts with one or more PIC
components. On the nuclear side of the membrane, PIC
is encountered by the NUP153 protein, which localizes
at the end of the NPC tunnel and directly binds IN, CA,
and Vpr of HIV-1.

It is important to note that the process of PIC translo-
cation involves a large number of participants both on the
virus side (not all of them are listed here, even among the
well-studied ones) and on the cell side, with the functions
of each of them overlapping, and at each stage there is a
choice in favor of one or another component depending
on the state of the virus replication process.

Fig. 5. Involvement of nucleoporins in the translocation of the HIV pre-integration complex.

Puc. 5. Yuactue HyKJI€ONIOPUHOB B TPAHCIOKALMYU IPEUHTErPAlMOHHOrO KoMIuiekca BUY.
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All of the above factors ultimately contributing to
HIV-1 replication can be categorized as HDFs. To date,
only one intracellular RF that inhibits PIC translocation
has been described, which is the MX2 protein (from
Myxovirus resistance, aka GTPase MxB). Interferon-in-
ducible MX2 has an affinity for CA and is concentrated
on the cytoplasmic side of the nuclear membrane [35].
Little is known about its mechanisms of action; MX2 in-
hibits different strains of HIV-1 as well as other primate
lentiviruses, but is minimally active against non-primate
lentiviruses. Some strains of HIV-1 exhibit natural re-
sistance to MX2 without any obvious effects on viral
fitness [36].

True HIV integration. Once inside the nucleus, HIV-1
PICs begin a slow diffusion movement and predominant-
ly concentrate at the periphery of the nucleus [37], not too
far from the nuclear pores. The sequence of chromosomal
DNA at the provirus integration site is not essential, but it
would be incorrect to call the localization of this process
completely random. The accessibility of DNA, i.e., the
surrounding chromatin structure, seems to take priority
in the choice of the integration site. In non-dividing cells,
much of the cell’s DNA is in a condensed state (heteroch-
romatin) and bound to histones, so HIV-1 preferentially
binds to decondensed chromatin (euchromatin), and the
hot spots for integration are transcriptionally active re-
gions of DNA freed from histones [38]. Apparently, this
not only facilitates the process of incorporation, but also
gives the virus an evolutionary advantage, providing it
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with a high level of transcription in tandem with the target
genome [6].

Interestingly, the cellular genes that are most frequently
targeted for HIV-1 provirus insertion, the so-called recur-
rent integration genes, are also concentrated at the periph-
ery of the nucleus and in contact with nuclear pores. Such
organization of this process makes it possible to minimize
the time required for cDNA integration itself.

This process is largely regulated by capsid and CA-in-
teracting proteins [22, 39], once again indicating that
cDNA translocation into the nucleus and integration
are well coordinated. The selection of the integration
locus can be organized hierarchically: topological local-
ization is determined by the NPC component NUP153,
whereas the cellular proteins CPSF6, LEDGF/p75 (lens
epithelium-derived growth factor) and INI1 (Integrase
interactor protein 1) [37, 40], as well as, of course, IN
HIV-1 itself, play a dominant role in selecting the site of
transcriptionally active chromatin and subsequent incor-
poration (Fig. 6).

It is believed that CPSF6, which in association with
CA at the translocation stage ensured PIC penetration in-
to the nucleus, plays a crucial role in PIC localization in
the nucleus by directing it to euchromatin [40]. As for
INI1, certain speculations [41] suggest that this factor
may stabilize PIC in the host cell, maintaining IN in a
stable conformation that prevents nonspecific interactions
and self-integration. The BAF protein, which is responsi-
ble for the prevention of self-integration within PIC [29],

Fig. 6. Integration of HIV proviral DNA.
Puc. 6. Marerpanus nposupycsoi JJTHK BY.
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continues to fulfill this function at the integration stage as
well [28, 31, 39].

The most studied protein LEDGF/p75 serves as a link
(or bridge) between the pre-integration complex and host
DNA. The sequence of binding of LEDGF/p75 to host
DNA and PIC remains unclear; however, regardless of
the sequence of events, it is thought that the presence of
LEDGF/p75 causes IN dimers to converge with each oth-
er to form a tetramer. This allosteric effect leads to the
activation of IN, which then proceeds to fulfill its main
function, the strand transfer reaction [29, 42]. It consists
of using the previously formed hydroxyl groups of IN to
cleave chromosomal DNA at the selected site and simul-
taneously connect its 5’-phosphate groups to the ends of
viral cDNA. The intermediate result is a DNA region that
has breaks and free 5’-ends of viral DNA; this temporary
defect is repaired by host cell functions to form an inte-
grated provirus [29, 42].

LEDGEF/p75 began to garner interest more than a de-
cade ago [43] and was used in the development of a group
of drugs that target the interface between the active cen-
ter of IN and the LEDGF binding domain (LEDGINS).
The action of these inhibitors is based on an allosteric
effect and manifests itself in two phenomena: early, i.e.,
an obvious decrease in IN activity and provirus integra-
tion, and late, which leads to morphological changes in
the produced viral particles and disturbances in the virus
core structure due to an increase in IN multimerization
[43—46], with the ribonucleoprotein being outside the

core. Such disrupted particles account for up to 70% and
are unable to ensure the normal course of virus propa-
gation events during the subsequent round of infection
[46]. In preclinical trials, the negative effect of certain
LEDGINs with respect to viral reservoir formation has
also been confirmed [47], and this brings up the possi-
bility of using these drugs for the functional cure of HIV
infection [47, 48] already in the near future.

Transcription. HIV does not have its own capabilities for
transcription of proviral DNA, and for transcription of its
genome, the virus attracts all the necessary components of
the cellular apparatus, primarily RNA polymerase. In order
to recruit them in favor of working for the virus, the most
important of the HIV regulatory factors, the Tat protein, is
used. Its activity determines the level of HIV transcription,
and the absence of Tat leads proviral DNA into a state of la-
tency. The events that occur during this process have been
repeatedly described in other literature [49-52], therefore it
is unnecessary to further discuss them here.

In short, the signal for the initiation of RNA transcri-
bing is the contact between the activator proteins SP1
(specificity protein 1) and NF-kB (nuclear factor [kappa]
B), each of which is located in the corresponding region
of the LTR promoter. Following that, the RNA poly-
merase (RNA-PII), having recognized the TATA-box,
starts RNA synthesis, but in the absence of Tat, the syn-
thesis is brought to an abrupt halt, and the result of this
transcription stage is a short RNA fragment forming a
TAR loop (Fig. 7).

Fig. 7. Activity of host factors at the HIV transcription stage.
Puc. 7. AKTUBHOCTB X035HCKHX (paKTOPOB Ha 3Tare TpaHckpumuun BIY.
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With the presence of Tat, the situation changes dras-
tically, as it triggers the formation of the P-TEFb (posi-
tive transcription elongation factor b) complex, including
CDKO9 (cyclin-dependent kinase 9) and CycT (Cyclin T).
The interaction of TAR/Tat/P-TEFb with apathetic RNA-
PII causes a number of its modifications (mainly phos-
phorylation) and makes it transition to its active state, af-
ter which the polymerase proceeds to undergo productive
elongation with the formation of full-length HIV mRNA.

All of the above (as well as unspecified) cellular tran-
scription factors contribute to HIV mRNA formation and
therefore, are HDFs by definition. The fate of the result-
ing mRNAs, however, is not always favorable, as RFs
capable of leading to RNA degradation have been found
at the transcription stage.

One of those RFs is RNase-L, a mediator of antiviral
activity induced by interferon-1. This enzyme has a wide
range of activities related to the regulation of ribosomal
and viral RNAs and, in particular, is capable of exhibiting
ribonuclease properties [53]. The efficient degradation of
HIV mRNA with the participation of RNase-L may pre-
vent HIV from entering the productive reproduction cycle
and contribute to the maintenance of its latent state.

Another factor that causes degradation of HIV mRNA
is ZAP (zinc finger antiviral protein). This protein has a
broad antiviral activity and restricts not only retroviruses
but also a multitude of other RNA and DNA viruses. The
mechanism of its functioning remained unclear for a long
time, and it only recently became apparent that the target
of ZAP is CpG dinucleotides in viral RNA, the recog-
nition of which is followed by the recruitment of com-
ponents of the exosomal complex for RNA degradation
(Fig. 7) [53].

Another restriction mechanism utilizes the Kruppel-as-
sociated box (KRAB)-interacting protein 1 (KAP1),
which weakens the interaction of RNA-PII with the
P-TEFb complex and thus retains it within the promoter,
reducing the efficiency of elongation [54].

Nuclear export. Upon completion of transcription, on-
ly one type of RNA molecules is formed, with their size
corresponding to those of the provirus. As it turned out,
the fate of newly synthesized full-size RNA molecules
is not predetermined, and the same molecules can act as
matrix or genomic RNA, being incorporated into future
viral particles during assembly [2, 51]. The existence of
such unspliced HIV-1 transcripts contradicts the internal
organization of the cell, so a special strategy involving
the Rev viral protein and cellular factors was developed
to remove them.

Upon completion of transcription, the full-length HIV-
1 mRNA transcript first undergoes splicing to form HIV-1
Rev, Tat and Nef mRNA proteins [51], after which Rev
mRNA is transported to the cytoplasm for translation of
Rev. Rev protein, which has NLS, returns to the nucleus
with the help of importins. In the late stages of HIV-1
reproduction, when a sufficient concentration of Rev is
reached, it begins to fulfill its main function of removing
unspliced mRNAs from the nucleus.

Rev contains a nucleus export signal (NES), by means
of which it binds a protein from the group of karyopherins
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CRM1 (chromosome maintenance region 1), also known
as exportin-1, and releases full-length transcripts into the
cytoplasm, where they become the matrix for translation
of structural proteins Gag and Pol, and also become part of
newly formed virions. Other splicing products are required
for the formation of auxiliary proteins Vif and Vpr, as well
as envelope proteins Env [23]. The same ribonucleic acid
complexes (spliceosomes) used by the cell to perform this
task for its own proteins are used for splicing HIV RNA,
and there is evidence that the Rev protein involves cellular
RNA helicases in this event [55], which act as molecular
shuttles for short HIV transcripts (Fig. 8).

Nuclear export of mRNA, like PIC import, requires
passage through nuclear pores (NPCs) and is mediated
by soluble shuttle receptors that travel between the nucle-
us and cytoplasm. In addition to CRM1 described above,
the TAP-p15 protein [32] functions in the export stage, as
well as about a dozen less studied cellular factors that also
attach to mRNA to form mRNP (messenger ribonucleop-
rotein). Further events unfold as follows: mRNP interacts
with NUPs, initiating export. After successful docking,
mRNP moves along the internal channel of NPC, making
contact with NUPs, and releases mRNA with the partic-
ipation of cytoplasmic filaments of NPC NUP214 [32].

Virion translation and assembly. At this stage of repli-
cation, much like in the previous one, HIV is completely
dependent on the cellular biosynthesis apparatus; how-
ever, using a variety of strategies, it effectively alters the
ratio of viral and cellular protein production in its favor.
Among the capabilities that HIV uses to increase and
regulate the synthesis of its own proteins are the use of
translation enhancers — an additional ribosome entry site
IRES (internal ribosome entry site) and PCE (post-tran-
scriptional control element) that enhances binding to the
polysome, a leaky scanning mechanism to read two pro-
teins with a common reading frame, ribosome scanning
and so on. The most famous of HIV “inventions” is the
phenomenon of stop codon “ignoring” and frameshift at
the level of translation, which allows to regulate the ratio
of production of structural proteins and enzymes encoded
by the same po/ gene.

These mechanisms, being of great interest, are not di-
rectly related to the topic of this review and are covered
in detail in a number of articles [2, 19, 23, 51, 56], and
here examples will be given of less known cases of HIV
interaction with host factors at the stage of translation and
subsequent assembly.

Once the splicing process is complete and all RNAs
have been exported to the cytoplasm, the translation ini-
tiation stage occurs, which determines the rate of HIV
replication in general. Initiation elements are present in
each of the HIV transcripts, allowing them to be trans-
lated independently of each other and in itself enhancing
the level of virus production. The Gag, Pol, Tat, and Rev
proteins are synthesized separately from the highly modi-
fied Env glycoproteins, encountering them at the budding
stage (Fig. 9).

The efficiency of initiation is determined by the fre-
quency of mRNA making contact with the polyribosome
(polysome) and the strength of binding to it. These pro-
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Fig. 8. Splicing and nuclear export of HIV mRNAs.
Puc. 8. Crunaiicunr u sanepssiif sxcriopr MPHK BIIY.

Fig. 9. Host cell factors at the HIV translation stage.
Puc. 9. ®akrops! xo3siickoli KIeTKH Ha 3Tane TpaHcasuun BIY.
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Fig. 10. Assembly and budding of HIV viral particles.
Puc. 10. Coopka n nmoukoBaHue BUPYCHBIX yacTtur BUY.

cesses are influenced by several proteins at once. Certain
proteins are able to enhance them, for example, splicing
regulator 9GS, protein Sam68 (Src-associated in mito-
sis 68), RNA helicase A (RHA), and others, on the con-
trary, play the role of restriction factors, inhibiting or
canceling initiation events. These include the IFITM (in-
terferon-induced transmembrane protein) protein, which
can eliminate mRNA interaction with the polysome [23];
its viral antagonist is the Nef protein. Another example
is hnRNP E1 (heterogeneous nuclear ribonucleoprotein
E1), which has the ability to dissociate the large and small
subunits of the ribosome [2].

As the final stage of reproduction, the assembly and
budding of virions, approaches, the rivalry between the
two groups of proteins becomes increasingly pronounced.
After reaching a sufficient concentration of biosynthesis
products which are viral proteins, the process of virion
assembly begins, and the main role in the organization of
the internal structure of particles, RNA incorporation and
promotion to the cell membrane belongs to viral proteins
of the Gag group [56]. At the initial stage of assembly,
viral particles are immature, and only after cleavage of
the Gag-Pol precursor are all internal proteins formed, in
particular CA, which forms the capsid part of the conical
shaped virion.

As it was found out [57], at subsequent stages HIV ac-
tively uses for budding a complex of cellular proteins of
the ESCRT (endosomal sorting complexes required for
transport) apparatus involved in membrane remodel-
ing processes. The protein CA, known for its vigorous
activity, interacting with the ESCRT component — pro-
tein TSG101 (tumor susceptibility gene 101), promotes

the movement of forming viral particles into endosomes
with the subsequent formation of multivesicular bodies
(MVB) (Fig. 10). In this form, future virions can persist
in the cytoplasm until the time of budding.

The Env protein is synthesized as a precursor of gp160
in the endoplasmic reticulum (EPR) and undergoes mat-
uration/glycosylation to form gp120 and gp41 with the
participation of the Golgi apparatus. Its movement from
the EPR to the site of final formation is assisted by the
cellular Rab11-FIP1C protein (FIP1C) (Rab coupling
protein) [56]. The preferred sites for the subsequent an-
choring of Env in the membrane are lipid rafts enriched
with cholesterol and saturated fatty acids.

The culmination occurs at the stage of budding,
when the effect of several restriction factors is mani-
fested at once. Two of them, GBP5 (guanylate binding
protein 5) and MARCHS8 (E3 ubiquitin ligase mem-
brane-associated RING-CH 8), prevent the cleavage
of gp160 and thereby reduce the efficiency of Env pro-
teins incorporation into new virions; the result is the
formation of noninfectious viral particles. Furthermore,
MARCHS has the ability to retain Env in the cytoplasm
by a mechanism that hasn’t been fully investigated. The
PSGL-1 (P-selectin glycoprotein ligand 1) protein re-
stricts actin dynamics near the cell membrane and traps
Env within it [56].

The most studied of the restriction factors at the assem-
bly stage is tetherin (tetherin, BST-2, bone marrow stro-
mal antigen 2). This protein has an unusual structure that
includes a T-terminal transmembrane end and a C-termi-
nal glycosylated end, which allows it to be retained in
the membrane while simultaneously capturing newly
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formed virions. BST-2 binds lipid rafts and actin mole-
cules together, thereby directly restricting the mobility of
virions at the time when they are ready to detach from
the membrane [3, 16, 19, 56] (Figure 10). Teterin signifi-
cantly reduces virus-cell infection and to a lesser extent
cell-to-cell infection [16]; this is the basis for the view
that virus-cell infection predominantly occurs during vi-
rus transmission, while the cell-to-cell pathway predomi-
nates at the viral dissemination stage in the body.

The role of BST-2 antagonist is assumed by the Vpu
viral protein, which binds the N-terminal region of the
cytoplasmic domain of BST-2, removes it from the mem-
brane and stimulates its degradation via the proteasomal
or lysosomal pathway; alternatively, BST-2 is simply dis-
placed from the virion assembly site [58]. It is interesting
to note that HIV-2 lacks the Vpu protein and its function
is taken over by the Nef protein [59].

This previous example is suggestive of the co-evolu-
tion of HIV and its natural hosts over tens of thousands
of years. Restriction factors are cellular proteins, each of
which has a function related to cell life support. The ful-
fillment of this function often overlaps with the replicative
cycle of the virus and causes powerful inhibitory activi-
ty. This circumstance set the virus the task of adaptation,
with which it ingeniously coped, in the course of evolu-
tion acquiring additional proteins, moreover, possessing
the ability to overlap and support duties. Understanding
the structure and function of these accessory proteins and
the mechanisms of their interaction with ligands in the
host cell may be important for the development of new
therapies for HIV infection.

Another aspect concerning future developments in-
volves a detailed study of the natural functions of the cel-
lular factors themselves, both HDFs and RFs. The former
should presumably be targeted for inhibition, while the
latter should be stimulated to limit HIV replication.

The development of drugs with inhibitory properties is
a traditional task of pharmacology, but inhibition of cel-
lular proteins with diverse functions potentially always
carries the risk of disruption of cell metabolism and sub-
sequent toxicity, so it is obvious that of the many HDFs,
a significant proportion will be “rejected” in trials, and
this will take a long time. The same is true for RFs, with
stimulant development having fewer examples and will
require considerable creativity.

In this regard, the position of the authors proposing to
test the antiviral activity of drugs used to treat other dis-
eases, both infectious and non-infectious, is interesting.
Examples of this kind exist in the history of antiretroviral
drug development. For example, the legendary azidothy-
midine was invented as a drug with a broad antibacterial
and antiparasitic effect [60]. There are reports that drugs
to correct lipid metabolism (statins) are effective in pre-
venting viral load increase in HIV-infected patients [61],
although the mechanism of this effect remains unclear.
The obvious advantage of non-modern drugs is that their
introduction does not require many years of preliminary
clinical trials.

Finally, a promising idea is that the target of antiretro-
viral therapy would not be the viral and cellular proteins
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themselves, but the possibility of their contact, the so-
called virus-host interactome [7], and therefore it would
ensure the interruption of key host-virus interactions. The
allosteric inhibitors of LEDGINSs described above, which
play the role of a spacer between the viral protein IN and
the cellular factor LEDGF, could possibly be an example
of such an approach.

Thus, the involvement of various cellular entities in
the pathogenesis of HIV infection is becoming increas-
ingly clear. This review attempts to summarize some of
the intracellular and molecular interactions of viral and
cellular proteins known to date. The identification and
study of the multitude of cellular proteins exploited by
the virus at all stages of the life cycle presents great op-
portunities for ART. Cellular targets are particularly of
interest because they are virtually immune to mutational
changes, and thus the problem of drug resistance is sig-
nificantly less relevant for them than for viral targets.
Nevertheless, many questions must be answered before
the available knowledge becomes the basis for the de-
velopment of new drugs. It should be clarified to what
extent the phenomena and processes observed so far
mainly in vitro correspond to the reality in vivo; which
of the activities of cellular proteins can be inhibited
without noticeable damage to the metabolism of the cell
itself; the function of which factors could be disabled
without appreciable physiological consequences. The
results of these studies shall be observed with interest in
the coming years.
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