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Abstract. HIV infection still remains a major challenge for healthcare systems of the world. There are several aspects
on counteracting the HIV/AIDS epidemic. The first aspect covers preventive measures including educational cam-
paigns on HIV/AIDS and promotion of a healthy lifestyle, protected sex, and pre-exposure prophylaxis of vulnerable
groups. The second aspect is timely HIV testing and the use of antiretroviral therapy when test results come back posi-
tive. The third aspect is the scientific research associated with discovering new pharmaceutical agents and develop-
ing HIV-1 vaccines. Selecting an adequate tool for quick and accurate in vitro efficacy assessment is the key aspect for
efficacy assessment of vaccines and chemotherapy drugs. The classical method of virology, which makes it possible
to evaluate the neutralizing activity of the sera of animals immunized with experimental vaccines and the efficacy of
chemotherapy agents is the method of neutralization using viral isolates and infectious molecular clones, i.e. infec-
tious viral particles obtained via cell transfection with a plasmid vector including the full-length HIV-1 genome cod-
ing structural, regulatory, and accessory proteins of the virus required for the cultivation of replication-competent
viral particles in cell culture. However, neutralization assessment using viral isolates and infectious molecular clones
is demanding in terms of time, effort, and biosafety measures. An alternative eliminating these disadvantages and
allowing for rapid screening is the use of pseudoviruses, which are recombinant viral particles, for the analysis of
neutralizing activity. Pseudotyped viruses have defective genomes restricting their replication to a single cycle, which
renders them harmless compared to infectious viruses. The present review focuses on describing viral model systems
for in vitro efficacy assessment of vaccines and drugs against HIV-1, which include primary HIV-1 isolates, laboratory-
adapted strains, infectious molecular clones, and env-pseudoviruses. A brief comparison of the listed models is pre-
sented. The HIV-1 env-pseudoviruses approach is described in more detail.
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MopenbHbIe CICTEMBI BUpyca MMMYHOOeduiuTa yeiaoBeka (B1Y-1),
JICIIOJIb3YeMble [IJIS1 OLleHKU 3(p(PEeKTUMBHOCTY KaHANIATHBIX BaAKIIVIH
U JIeKapPCTBEHHBIX ITpernapaTtoB IpoTus BUY-1 in vitro

H.B. PyAOMeTOBa@, A.H. lllep6akos, A.TT. PyaomeToB, A.A. Vabnues, A V. Kapnenko
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AHHoTayusa. BUY-nHbekumna no-npexHemy octaetca ofHol M3 rnobanbHbIX Npobinem 3apaBoOXpaHeHrs BO BCEM
mupe. bopbba ¢ nHdeKLMen BefeTca NO HECKObKAM HanpasneHuAM. Bo-nepsbix, 3T0 npodunakTnyeckme mepo-
NpUATAA, KOTOPble BK/OYAKOT NPoCBeLLeHne HaceneHna no npobneme BUY/CMNAa, nponaraHay 3goposoro obpasa
XKM3HW, 3alUMLLEHHbIe MOJIOBble KOHTaKTbl, JOKOHTAKTHYIO MPOPUNAKTUKY YA3BMMbIX FPYNn HaceneHus. Bo-BTopbix,
NPOXOXKAEHVE CBOEBPEMEHHOIO TeCTUPOBaHNA Ha BUY n npumeHeHrne aHTPETPOBMPYCHON Tepanumn B Cilyyae ero
06Hapy»KeHuA. B-TpeTbux, 3TO HayuHble NCCIeOBaHNA, CBA3AHHbIE KaK C MOUCKOM HOBbIX N1eKapCTBEHHbIX areHToB,
TakK 1 ¢ pa3paboTKon BaKuMHbI NpoTuB BMY-1. KntoueBoi MOMeHT npu onpepeneHun 3dGeKTMBHOCTM BaKUUH 1
XMMUOTEpaNeBTUYECKUX MPEenapaToB — BbIGOP UHCTPYMEHTa, NMO3BONAIOLWEro H6bICTPO U TOYHO OLEHUTb KX dddek-
TUBHOCTb in vitro. Knaccmyecknm MeTofom BMPYCONOTUW, MO3BONAIOLWMM OLEHUTb HENTPaNN3YIOLLYI0 aKTVBHOCTb
CbIBOPOTOK »KMBOTHbIX, UMMYHV3MPOBAHHbIX SKCMePUMEHTaNbHbIMU BaKLHaMu, 1 3PEKTUBHOCTb XMMUOTepanes-
TUYECKNX areHToB, ABAETCA METOA HeTpanuM3aLunm C UCNOb30BaHNEM BUPYCHbIX U30JIATOB, @ TakKe NHPEKLMOH-
HbIX MONEKYNIAPHbIX KNOHOB, KOTOPbIE NPeACTaBAAOT CO60M MHGEKLMOHHbIE BUPYCHbIE YacTHLibl, MONYyYEHHbIE NyTEM
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MopenbHble cuctembl
BUpYca uMmmyHogeduumta yenoseka (BUY-1)

TpaHCcPeKUMM KNeToK NnasMuiHbIM BEKTOPOM, COiepKallMm NOHOPa3MepHbI reHom BUY-1, koampytowmin cTpyk-
TYPHble, pPeryfiATopHble 1 BCMOMoraTesbHble 6efku BUpYyca, HeobxoarMble Ana 06pa3oBaHUA PennKaLyiOHHO-KOM-
NEeTEHTHbIX BUPYCHbIX YacTuL, B KyNbType KNneToK. [1pn 3Tom MeTod HelTpanv3aumy C UCNOoNb30BaHNEM BUPYCHbIX
N30MIATOB U MHPEKLMOHHbBIX MOSIEKYNAPHbBIX KTOHOB OT/IMYAETCA TPYAOEMKOCTbIO, MPOAOCIKUTENBHOCTbIO N TpebyeT
MOBbILEHHbIX Mep 61o6e30MacHOCTY. ANbTEPHATUBHBIM pPeLleHreM, YCTPaHALUM YKa3aHHble HeAOCTaTKM 1 MO3BO-
NALLWMM NPOBOANTb ObICTPbLIN CKPUHWUHT, ABAAETCA MCMONb30BaHWeE AA aHanu3a HelTpanusyloLwen akTMBHOCTU
NceBAOBUPYCOB, KOTOPble MPEACTaBAAIT COOOM PeKOMOVHaHTHbIE BUPYCHbIE YacTuLbl. B oTnnume oT nHPeKumoH-
HbIX BUPYCOB, paboTa ¢ nceBAoBMUpycamy 6e3onacHa, MOCKOSbKY reHOM MCeBAOBUPYCOB HapyLUEH AN1A TOro, YTobbl
X MHOEKUMA orpaHnYMBanach N1lb OOHUM LUKIOM. [JaHHbI/ 0630p MOCBSALEH ONUCAHMIO MOAENbHBIX BUPYCHbBIX
CUCTeM, UCMOSb3yeMbIX AN OLEeHKM 3POEKTVBHOCTI BaKUMH 1 NeKapCTBEHHbIX NpenapaTos npoTus BUY-1 in vitro:
nepBUYHbIX 30naToB BY-1 1 nabopaTopHO-aAanTMpPOBaHHbIX LUTAMMOB, MHPEKLIMOHHBIX MONEKYNAPHbIX KIIOHOB 1
env-nceBfoBMpycoB. KpaTko npefcTaBieHa X CpaBHUTENIbHaA XapakTepucTrka. bonee nogpo6bHo onvcaHa TeXHONO-
rva env-ncesgosupycos BNY-1.

KnioueBble cnosa: BUY-1; nepBuyHble N301ATbl; MHPEKLMOHHbIE MONEKYNAPHbIE KIIOHbI; env-nceBAOBMPYChI; aHaIn3
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HenTpanu3aumm Bupyca.

Introduction

The HIV/AIDS pandemic still remains a major problem for
healthcare systems of the world with about two million newly
infected individuals every year!. At present, antiretroviral
therapy is the most common way to manage HIV infection, as
itreduces viral loads and prolongs and improves the quality of
life of HIV-infected patients. However, the currently available
antiretroviral drugs also have major shortcomings, such as
high costs, marked side effects, developing drug resistance,
anecessity for regimen changes, and the life-long duration of
the therapy (Arts, Hazuda, 2012). Above all that, we are yet
to find the cure for HIV infection (Phanuphak, Gulick, 2020).
As aresult, the development of effective preventive vaccines
against HIV/AIDS remains a top priority (Stephenson et al.,
2020).

As of today, the RV144 clinical trials performed in Thailand
from 2003 to 2009 are considered the most successful. The
studied vaccine showed an efficacy of 60 % in 12 months after
vaccination and 31.2 % — after a 3.5-year follow-up (Kim et
al., 2015). Several years later the RV 144 vaccine components
were modified to express the antigens of the HIV strains
circulating in South Africa. In January 2020, early results
of clinical trials showed that the modified vaccine failed to
prevent HIV-1 infection in volunteers (Gray et al., 2021).
Nowadays, there are still numerous unresolved issues in
HIV-1 vaccine development, yet it is clear that it is necessary
to use new approaches to its design (Hsu, O’Connell, 2017),
hence the intense research for the induction of the protective
T and B cell immune response to HIV-1, including broadly
neutralizing antibodies (bnAbs) (Shcherbakov et al., 2015;
Rudometov et al., 2019b; Jones et al., 2020; Liu et al., 2020;
Ng’uni et al., 2020).

Selecting an adequate tool for in vitro efficacy assessment
is an integral part of scientific research aimed at developing
vaccines and chemotherapy drugs against viral pathogens,
including HIV-1. The neutralizing activity of the sera from the
animals immunized with experimental vaccines and the effica-
cy of chemotherapy agents are conventionally assessed using
viral isolates (Jackson et al., 1988). However, this process is
demanding in terms of time, effort, and biosafety measures.

T Fact Sheet on HIV/AIDS. World Health Organization, 2020. URL: https://www.
who.int/ru/news-room/fact-sheets/detail/hiv-aids (Accessed June 2, 2021).

An alternative method is to use infectious molecular clones,
i.e. infectious viral particles obtained via cell transfection
with plasmid vector including the full-length HIV-1 genome
coding structural, regulatory, and accessory proteins of the
virus required for the cultivation of replication-competent
viral particles in cell culture (Peden et al., 1991).

In recent years, many researchers give preference to the
pseudotyped virus approach, a safer method suitable for
BSL-2 lab settings (Li Q. et al., 2018; Montefiori et al., 2018).
Compared to viral isolates and infectious molecular clones,
pseudotyped viruses are harmless, because virus replication
is restricted to a single cycle due to mutations in coding re-
gions of the genome, which is why pseudotyped viruses are
often called single-cycle viruses (Cheresiz et al., 2010; Li Q.
etal., 2018).

HIV-1 model systems for in vitro efficacy assessment of
chemotherapy drugs, bnAbs, and candidate vaccines against
HIV-1 will be considered in the present review.

HIV-1 isolates and laboratory-adapted strains
Historically, HIV-1 primary isolates were the first system for
analyzing vaccine efficacy and neutralizing the activity of anti-
bodies (Jackson et al., 1988). Viral isolates are obtained via co-
cultivation of the peripheral blood mononuclear cells (PBMC)
of'an HIV-positive patient and the PHA-stimulated PBMC of
a healthy donor. Here, the viruses isolated from blood appear
as a genetically heterogeneous population due to the quasispe-
cies nature of HIV-1. To eliminate possible selective pressure
on viral isolates and ensure optimal preservation of a viral
phenotype, the virus is cultivated using primary cell culture,
rather than cell lines (Voronin et al., 2007; Van’t Wout et al.,
2008). The presence of neutralizing antibodies in sera from
vaccinated subjects or the efficacy of an antiviral agent is typi-
cally identified in a PBMC culture with an added infectious
dose of the virus and serial dilutions of immune serum or tested
compound. HIV-1 replication suppression is assessed using
ELISA by measuring p24 content (structural component of
HIV-1 capsid) in the culture medium (Zyryanova et al., 2020a).
However, the use of HIV-1 primary isolates for virus neu-
tralization analysis has several shortcomings, including the use
of primary PBMCs for pathogen replication, high biosafety
requirements, low repeatability of the results, and therefore
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standardization issues (Mascola et al., 1996, 2005). Thus,
some HIV-1 strains (IIIB/LAV, MN, SF2) were adapted for
replication in immortalized cell lines (H9, CEM) for the sake
of simplicity and to ensure repeatability of the experiments
in the first years of vaccine development. These were later
referred to as laboratory-adapted strains or, more accurately,
T cell line adapted strains. Vaccination of volunteers with re-
combinant trimers based on laboratory-adapted HIV-1 strains
induced the antibodies neutralizing these specific laboratory
strains. The additional experiments involving HIV-1 primary
isolates showed the absence of neutralizing activity against
primary isolates, despite intense induction of neutralizing
antibodies against the laboratory-adapted strains (Mascola et
al., 1996; Montefiori et al., 2018). Apparently, the neutrali-
zation analysis performed using laboratory-adapted strains
could produce misguiding results, and the researchers came
back to primary isolates as a more adequate tool for analyzing
the virus-neutralizing activity of the antibodies induced as a
result of vaccination. Since the method is labor-intensive and
does not allow for mass analysis, it began to be used for the
concluding stages of research.

HIV-1 infectious molecular clones

Taking into account the cultivation difficulties and signifi-
cant heterogeneity of HIV-1 primary isolates and laboratory-
adapted strains, as well as the variability of donor PBMCs (Po-
lonis et al., 2008), HIV-1 infectious molecular clones (IMCs)
were chosen for consistent replication of viral particles.
IMCs are obtained via cell transfection with a plasmid vector
including a full-length HIV-1 genome to ensure the genera-
tion of replication-competent viral particles in a eukaryotic
cell culture (Fig. 1). Compared to HIV-1 primary isolates,
this approach makes it possible to obtain genetically homo-
geneous viral particles, since an HIV-1 genome is present
in the plasmid vector in the form of DNA (Edmonds et al.,
2010; Zyryanova et al., 2020b). To ensure standardization of
neutralization analysis using IMCs, modified continuous cell
lines with a cell-surface CD4 receptor and CCRS5 and CXCR4
co-receptors were genetically engineered (Princen et al., 2004;
Gonzalez et al., 2009). Since IMCs are essentially infectious
viral particles, the relevant biosafety requirements are to be
fulfilled, similarly to primary isolates and laboratory-adapted
strains, and the analysis itself is rather time-consuming.

At the same time, the use of IMCs makes it possible to
characterize and study biological properties of genetically
different HIV-1 isolates (Ochsenbauer et al., 2012; Baalwa et
al., 2013; Wang et al., 2013; Chenine et al., 2018; Zyryanova
et al., 2020b), investigate the development mechanisms of
drug-resistant HIV-1 strains and the effect of mutations on
the biological properties of the virus (Johnston et al., 2005;
Pugach et al., 2007; Varghese et al., 2013), and discover new
antiretroviral agents (Su et al., 2019; Wagstaff et al., 2019;
Mavian et al., 2020).

HIV-1 env-pseudoviruses

The use of classical virological methods to work with HIV-1
faces a number of difficulties noted above. Env-pseudovirus
technology has proved to be a potent tool for quick and ad-
equate assessment of humoral immune response to vaccine
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constructs and screening of potential chemotherapeutic agents,
specifically entry inhibitors (Montefiori et al., 2018).

HIV-1 env-pseudoviruses are recombinant viral particles
obtained via eukaryotic cell transfection with the two plasmids
referred to as core and envelope. The core plasmid includes
genes of structural (Gag and Pol), regulatory (Tat and Rev),
and accessory (Vpu, Vpr, Vif, and Nef) HIV-1 proteins neces-
sary for viral particle assembly, as well as sequences required
for viral RNA packaging (V). The envelope plasmid carries an
envelope glycoprotein gene (Env) of certain HIV-1 subtype.
As aresult of transfection, viral particles with a defective ge-
nome incapable of assembling infectious daughter virions are
obtained (Li M. et al., 2005; Li Q. et al., 2018). Electron mi-
croscopy studies show that the HEK293 cell line transfection
with two plasmids produces viral particles morphologically
identical to the HIV-1 virions (Zaitsev et al., 2019; Ladinsky
et al., 2020).

The determination of the functional activity of env-pseudo-
viruses and analyses neutralization are carried out on a TZM-bl
cell line, which is a continuous, genetically modified HeLa cell
line with cell-surface CD4 receptors and CCRS and CXCR4
co-receptors. In addition, firefly luciferase and B-galactosidase
E. coli reporter genes are integrated into the TZM-bl cell line
genome under transcriptional control of HIV-1 long terminal
repeat. When a pseudotyped virus enters the target TZM-bl
cell, synthesis of a viral Tat protein triggers luciferase reporter
gene expression detectable by a luminometer. Here, high lu-
minescence intensity indicates that pseudotyped viral particles
have entered target cells, whereas suppressed luminescence
indicates that the HIV-1 env-pseudoviruses have been neu-
tralized (Platt et al., 1998; Wei et al., 2002). A general work
technique of env-pseudovirus system is shown in Fig. 2.

An env-pseudovirus system has a number of distinct ad-
vantages. First, since TZM-bl is a stable continuous cell line,
it may be used as a substitute for human primary T cells,
thereby reducing the need for individual donor cells. Second,
env-pseudoviruses are harmless compared to viral isolates
and IMCs requiring higher biosafety levels, which makes
experimental studies more complicated and expensive. Third,
Env protein forms trimer structures at the surface of pseudo-
typed viral particles, which are identical to those of the natural
virus. However, the main advantage of the pseudotyped virus
technology is that it makes it possible to obtain the equivalents
of the viral particles of various HIV-1 subtypes and strains,
thereby providing broad coverage of HIV-1 genetic diversity
(Seaman et al., 2010; Montefiori et al., 2018). In addition, the
neutralization assessment method using env-pseudoviruses
favors further optimization and standardization (Wei et al.,
2002; Seaman et al., 2010; Sarzotti-Kelsoe et al., 2014).
A brief comparison of HIV-1 primary isolates and laborato-
ry-adapted strains, IMCs, and env-pseudoviruses is presented
in the Table.

It should be noted that the protocols and recommendations
for neutralization assessment using env-pseudoviruses are
available at the website of the Los Alamos National Laboratory
(https://www.hiv.lanl.gov/content/nab-reference-strains/html/
home.htm). In addition, the HIV Reagent Program supported
by the National Institute of Allergy and Infectious Diseases
and curated by the National Collection of Type Cultures
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Fig. 1. HIV-1 IMC technology.

Conditionally, HIV-1T IMCs are obtained in two stages. At the first stage (a), viral particles, also referred to as virus stock, are produced via HEK293 cell line transfec-
tion. At the second stage (b), the virus stock is further replicated for several weeks using PHA-stimulated PBMCs from a healthy donor. The titers of viral particles

are measured at each stage using the ELISA based on p24 antigen content in the culture medium. A replication-competent virus is produced if p24 capsid protein
content becomes at least 1000 times as high as its initial content in the culture medium.
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Fig. 2. HIV-1 env-pseudovirus technology.

Experimental study of env-pseudoviruses is done in several stages: Stage 1 includes viral particle assembly via HEK293 cell line transfection
with two plasmids, referred to as core and envelope; at Stage 2, one measures the functional activity of pseudotyped viral particles, i.e.
their ability to infect target cells and trigger firefly luciferase reporter gene expression; at Stage 3 the neutralization level is analyzed using
immune sera or chemotherapeutic agents to measure their ability to block pseudotyped virus entry to target cells.
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Comparison of HIV-1 model systems used for in vitro efficacy assessment of vaccines and drugs against HIV-1

Parameter Env-pseudoviruses

Biosafety requirements (hazard level) Low
Analysis speed High
Standardization High

makes it possible to obtain all the components (cell lines,
plasmids, monoclonal antibodies) required for implementing
the technology.

Here are several noteworthy applications of env-pseudovi-
ruses panels. Antiviral activity of clinically approved co-recep-
tor antagonist Maraviroc was demonstrated using 160 HIV-1
subtype B env-pseudoviruses and 40 env-pseudoviruses of
other HIV-1 subtypes (Dorr et al., 2005). The activity of Ibali-
zumab, a monoclonal antibody binding to the CD4 receptor,
was demonstrated using 116 env-pseudoviruses of subtypes
A, B, C,and CRFO1 AE (Pace etal., 2013). HIV-1 env-pseu-
doviruses panels were also used to investigate the bnAbs spec-
trum with respect to various genetic variants of HIV-1. For
instance, the neutralization breadth of 98 % for bnAb 10ES8
was demonstrated using a panel of 181 env-pseudoviruses of
subtypes A, B, C, D, G, CRFO1_AE, and CRF02_AG (Huang
etal., 2012); neutralization breadth of 91 % for bnAb VRCO1
was demonstrated using 196 env-pseudoviruses (Wu X. et
al., 2010); neutralization breadth of 49 % for bnAb VRC34.01
was demonstrated using 179 env-pseudoviruses (Kong et al.,
2016). It is the introduction of pseudotyped virus panels, in-
cluding a wide range of genetically diverse HIV-1 variants, that
led to a breakthrough in the production and characterization
of monoclonal broadly neutralizing antibodies.

Env-pseudoviruses panels are extensively used to study
the humoral immune response induced by candidate vac-
cines against HIV-1 at a design stage and during pre-clinical
and clinical trials, since the presence of virus-neutralizing
antibodies in the vaccinated subjects is among the key indica-
tors of HIV vaccine effectiveness (Rudometov et al., 2019a;
Ou et al., 2020). Recent papers by Xu et al., who developed
a vaccination regimen based on fusion peptide (FP) of gp41,
a key structural component of HIV-1, may be cited as an
example. Earlier, they identified the VRC34.01 antibody from
an HIV-positive donor, which was aimed at the conservative
N-terminal region of HIV-1 FP. Since FP is a short linear
peptide, it has low natural immunogenicity, which is why
garden snail hemocyanin widely used in biotechnology was
used as a carrier protein. Immunization of laboratory animals
by an FP bound to garden snail hemocyanin with subsequent
boosting by a BG505 trimer resulted in induction of anti-
bodies with neutralization breadth of 31 % demonstrated using
a panel of 208 env-pseudoviruses of various HIV-1 subtypes
(Xu et al., 2018).

In conclusion of this review, it should be mentioned that
an HIV-1 pseudotyping system is tolerant to incorporation
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Infectious molecular clones  Primary isolates

and laboratory-adapted strains

High High
Low Low
High Low

of surface proteins of various enveloped viruses. Since most
laboratory experiments and studies involving viruses are to
be performed in BSL-3 or BSL-4 lab settings, the use of pseu-
dotyped viruses instead of wild-type ones makes it possible
for various research groups to study viruses of interest and
design antiviral drugs and vaccines against highly dangerous
viruses. For example, HIV-1 pseudotyping system was used
to obtain the viral particles carrying surface glycoproteins of
Ebola virus (Mohan et al., 2015), Marburg virus (Zhang L.
et al., 2019), Lassa fever (Zhang X. et al., 2019), Middle
East respiratory syndrome coronavirus (Zhao et al., 2013),
Rabies virus (Nie et al., 2017), Chikungunya virus (Wu J.
et al., 2017), and Nipah virus (Nie et al., 2019). In addition,
this technology is extensively used in designing pseudotyped
virus platforms for SARS-CoV-2 (Hu et al., 2020; Hyseni et
al., 2020; Johnson et al., 2020).

Conclusion

All technologies considered above have their own advantages
and shortcomings and most certainly complement each other
in integrated studies. Despite the labor-intensity of primary
isolate and IMC technologies in neutralization assessments,
these models still remain valuable tools for investigating the
biological properties of viruses. However, env-pseudovirus
technology has currently become the base method for efficacy
assessment of HIV-1 vaccines and antiviral agents (potential
entry inhibitors). Its main advantages include safety, high re-
peatability of the results, standardization potential, and ability
to work with virus particles exposing surface glycoproteins
of multiple virus subtypes.
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