KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMUONOTU N UMMYHOBUOJIOTUI. 2021; 98(6) 627
DOI: https://doi.org/10.36233/0372-9311-153

OPUTMHANBHbBIE UCCNEOOBAHUA

Original article

https://doi.org/10.36233/0372-9311-153 W) Check for updates

Application of next generation sequencing in dual HIV infection

studies

llya A. Lapovok™, Pavel B. Baryshev, Daria V. Saleeva, Alina A. Kirichenko,
Anastasiia V. Shlykova (Murzakova), Dmitry E. Kireev

Central Research Institute of Epidemiology, Moscow, Russia

HayuHas cTatba

Abstract

Introduction. The aim of the study was to use comparative analysis for assessing efficiency of detection and
confirmation of dual HIV infection, using conventional population sequencing (PS) and next generation sequenc-
ing (NGS) for an HIV-1 pol gene fragment, which encompasses protease and partially reverse transcriptase
(positions 2253—-3368).

Materials and methods. The study was performed on intersubtype dual HIV infection model samples containing
viruses of HIV-1 subtype B, sub-subtype A6 and recombinant form CRF63_02A1. Viruses were mixed pairwise in
proportions from 10 to 90% to obtain 3 groups of model samples: CRF63vsB, CRF63vsAG, and A6vsB. The nu-
cleotide sequences obtained by using PS and NGS technologies having 5, 10, 15, and 20% sensitivity thresholds
for minor virus variants (NGS5-NGS20, respectively) were used to estimate the number of degenerate nucleo-
tides or the degenerate base (DB) count and the number of synonymous mutations (SM) or the SM count. The
fragment of the studied region (positions 2725-2981) was used for the analysis of operational taxonomic units.
Results. The application of NGS5 proved highly efficient for detection of dual HIV infection in the model samples.
The statistically significant (p <0.01) increase in DB and SM counts was demonstrated by NGS5 compared to PS.
As a result, NGS5 helped detect dual HIV infection in 25 out of 27 model samples, while with PS it was detected
only in 15 samples. The analysis of operational taxonomic units confirmed dual HIV infection in all the groups of
model samples.

Discussion. The efficiency of detection and confirmation of dual HIV infection depends both on the content of
each virus in the sample and on genetic characteristics of these viruses.

Conclusion. Using NGS genetic testing in routine practice will be instrumental for efficient identification of genetic
characteristics of infectious agents and for thorough analysis of the epidemiological situation.

Keywords: dual HIV infection, model sample, next generation sequencing, nucleotide sequence, protease and
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NpumeHeHne ceKBeHUPOBaHUA CeayIoLLero NoKoNeHns
ANA nccnepoBaHnAa asonHon BUY-nudexkuynn

JNlanosok U.A.*, bapbiwes M.6., Caneesa [.B., Kupnuenko A.A.,
LUnbikoBa (Myp3akosa) A.B., Kupees [1.E.

LleHTpanbHbIN HayYHO-MCCNIeOBaTENbCKUI MHCTUTYT anugemmonorumn PocnotpebHaa3opa, Mocksa, Poccua

AHHOMauyus
BeeaeHume. Lienbio nccneposaHns 6bin cpaBHUTENbHBIV aHaNN3 ahMEKTUBHOCTU BbISBNIEHUS 1 NOATBEPXAEHMNSA
ABowiHon BUY-nHekummn ¢ npumeHeHnem Krnaccu4eckoro nonynsiuuoHHoro cekseHuposanus (IMC) n cekBeHnpo-
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BaHusA cneaytowlero nokoneHnst (NGS) ans pparmeHnTa reHa pol BUY-1, kogunpyrowero npoteasy n yacTtb obpar-
HOW TpaHckpunTasbl (no3vuun 2253-3368).

Matepunanbl n meToabl. ViccnenoBaHbl MoaenbHble 06pasubl MexcyoTunoBon ABoHon BNY-nHdekuun, co-
aepxawme supycbl BUY-1 cybtuna B, cybeybtuna A6 n pekombuHaHTHom dopmbl CRF63_02A1. Bupycel cve-
lwmBanu nonapHo B cooTHoweHun oT 10 go 90% ansa cosgaHua 3 rpynn MogenbHbix obpasuoB: CRF63vsB,
CRF63vsA6 n AbvsB. HykneoTnaHble nocneaoBaTtenbHOCTH, NonyyYeHHble TexHonornamu NC n NGS, ¢ noporamu
YyBCTBUTENBHOCTM K MUMHOPHbLIM BapuaHTam Bupyca 5, 10, 15 n 20% (NGS5-NGS20 cooTBETCTBEHHO) MCNOMbL30-
Banu Ans onpeneneHnst BENUYUH nHaekca BblpoxaeHHocT (DB) n nHaekca cuHoHuMmdHocTu (SM). ®parmeHT
ncenenyemMmoro permoxa (nosvumm 2725-2981) cnyxun ansa aHanusa onepaumoHHbIX TAaKCOHOMUYECKUX eQNHNLL.
PesynbraTthbl. MNprmeHeHne NGS5 okasanocb Hanbonee achdekTMBHLIM Ans BbigBNeHns AsonHon BUY-nHdbek-
uun B MoZenbHbix obpasuax. bbino obHapyxeHo ctatucTnyecku gocrosepHoe (p < 0,01) ysenuyenune DB- u
SM-uHpekcoB ana NGS5 no cpaBHeHuto ¢ MNMC. 310 no3sonuno ¢ nomowbto NGS5 BbisSBUTL ABOVHYHO BNY-MH-
dekunio B 25 moaenbHbIX 06pasuax ns 27, B To Bpems kak [1C no3sonsno BeigBNSATL €€ nuwb B 15 obpasuax.
AHanunsa onepaumoHHbIX TaKCOHOMUYECKMX eaMHUL, MoATBepaAnn ABoviHyo BUY-mHbekumio Bo Bcex rpynnax Mo-
OenbHbIX 06pasLoB.

O6cyxaeHue. SPPeKTUBHOCTb BbISABNEHUSA 1 NOATBEPKAESHNSA OBOMHON BUY-uHekumnn 3aBucuT kak ot gonu
Kakoro BMpyca B obpasLe, Tak U OT reHETUYECKNX 0COBEHHOCTEN JAaHHbIX BUPYCOB.

3akntoueHue. BHegpeHve B pyTUHHYHO NPaKTUKY reHETUYECKOro aHanmaa TexHonornm NGS no3BonuTt He TONbKo
bonee a(pPeKTUBHO BLISABNATL FrEHETUYECKUE OCOBEHHOCTU MHAEKLIMOHHBLIX areHToB, HO U MposBoauTb Bonee
rny6okunii aHanu3 anMaeMmMoriornyeckon cuTyaLun.

KnroueBble cnoBa: dsotiHas BUY-uHgekyus, ModernbHbIl 0bpaseu, cekgeHuposaHue criedyrouieao rnoKoneHus,
HyKkneomuodHasi nocrnedosamesibHOCMb, 0briacms pomeassl U 06pamHol mpaHCcKpuUnmasbl, UHOEKC 8bIPOXOEH-

Hocmu, UHOEKC CUHOHUMUYHOCMU, ornepauyuoHHble maKCoOHOMU4YecKue eduHuUbI

UcmoyHuk d)UHchupoeaHun. ABTOpr 3asaBNs0T 00 OTCYTCTBUU BHELLHEro d)I/IHaHCI/IpOBaHVIH npun npoesegeHNn nc-

cnefoBaHus.

KOH(bﬂUKm UHmMepecos. ABTOpr AEeKNapupyrT OTCYTCTBMUE ABHbIX N NOTEHUUanbHbIX KOHCbJ'IVIKTOB NHTEpecoB, CBA-

3aHHbIX C NyGnyKaLmeit HacTosALLei CTaTbu.

Ans yumupoeanusi: Nanosok N.A., bapbiwes lN.6., Caneesa [.B., Kupnuerko A.A., LUnbikoBa (Myp3akoBa) A.B.,
Kupees [.E. lNpumeHeHne cekBeHNpOBaHWA CriedytoLero nokoneHus Ana uccnegosaHuna asonHon BUY-uHdbekumn.
XKypHan mukpobuornozuu, anudemuonoauu u ummyHobuonozuu. 2021;98(6):627—638.
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Introduction

Dual HIV infection or the proven fact of presence
of 2 and more HIV types (HIV-1 and/or HIV-2) in one
patient [1] occurs at different frequency in different
countries and among different vulnerable groups. There
is direct relationship between the frequency of occur-
rence of this phenomenon, the level of poverty in the
country and the level of marginalization of vulnerable
groups. For example, in the Netherlands, the frequency
of dual HIV infection in the group of men who have
sex with men (MSM) is 1% [2], in Brazil (also among
MSM), it is more than 12% [3], and in Uganda, among
female sex workers, it is more than 16% [4]. In Chi-
na, in the MSM group [5], this variable shows a wide
range; based on different sources, from 13.3 to 28%,
which is, most likely, associated with strong stigmatiza-
tion of this vulnerable group in the country. In Russia,
the frequency of dual HIV infection does not exceed
1.5% [6], which is commonly demonstrated by deve-
loped countries of Western Europe.

Since dual HIV infection is associated with ge-
neration of novel recombinant forms of the virus, pro-
gression of infection and even selection of drug resis-
tance [1], its detection and confirmation are objectives
of high priority.

The presence of dual HIV infection is most reli-
ably confirmed by using single genome sequencing
(SGS), which serves as a gold standard for diagnosis

of this infection [7, 8]. The method offers sequencing
genomes of individual viral particles after the limiting
dilution of the sample [7], amplification of individual
fragments of the viral genome and their subsequent
cloning for accumulating clones containing fragments
of each viral variant present in the sample [2]. Each
clone goes through sequencing; the resulting nucleotide
sequences (NSs) are put through phylogenetic analysis.
Dual HIV infection is confirmed when there are statis-
tically significant (with a bootstrap value of more than
80%) individual clusters on the tree diagram, which are
typical of individual viral variants [2].

Studies are normally focused on short genomic
fragments: V2—V3 loops of the env gene, fragment of
the gag gene encoding p17 and/or p24 [9], fragment of
the HIV-1 reverse transcriptase (RT) gene [8—10]. Be-
sides, several of the above genomic fragments can be
analyzed simultaneously [8].

SGS is too time-consuming and costly to be used
on routine basis. For example, the study performed in
2010 [8] showed that the analysis of one sample in 2
genomic regions by using SGS took approximately
42 hours and its cost was more than $2,600. Compared
to this, the analysis of the pol gene (protease and re-
verse transcriptase region, PR-RT), which employs
conventional sequencing used for routine tests for drug
resistance of HIV-1, takes only 3 hours spent on sample
preparation and costs less than $280.
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Researchers of dual HIV infection have been of-
fered the next generation sequencing (NGS) technolo-
gy that can be used for identification of minor variants
of the virus accounting for less than 1% of the viral
population in the sample [11]. High sensitivity makes it
possible to use NGS technology as alternative to SGS.
This approach is not only more advanced, but also more
rewarding. NGS used for simultaneous analysis of 3 ge-
nomic regions takes only around 9.5 hours and costs
slightly more than $1,000, being more than 4 times fast-
er and more than 2.5 times less expensive than SGS [8].

The obtained NGS-based data on NSs in the sam-
ple, which are also referred to as "reads", go through
subsequent mathematical analysis grouping them into
operational taxonomic units (OTUs) — NSs formed by
reads clustered at a certain level of similarity [9]. The
further phylogenetic analysis of OTUs is performed in
the way similar to the single-genome sequence assay
resulting from SGS.

Despite the relative technological affordabili-
ty of the analysis required for confirmation of dual
HIV infection, the problem of initial identification of
such samples remains unsolved. The presence of dual
HIV infection is most frequently indicated by changes
in the clinical picture: a sharp increase in HIV RNA
blood concentration (viral load), a reduction of CD4
cell counts during long non-progression or slow pro-
gression of HIV infection [7, 12, 13]. However, these
symptoms are observed only during HIV superinfec-
tion, when infection with a new viral variant occurs af-
ter the immune response to the initial infection with the
first virus has been established [14]. Dual HIV infection
may not be reported for patients with HIV coinfection
(infection with 2 and more viral variants at the same
time or within a brief period of time) [15] or in absence
of regular check-ups of patients.

In the meantime, dual HIV infection can be detec-
ted by additional analysis of the test results for drug re-
sistance of HIV-1. The drug resistance analysis, which
is based on conventional Sanger sequencing (also
known as population sequencing (PS)) [7, 14], makes
it possible to obtain NSs of different HIV-1 genomic
regions, including the most frequently studied PR-RT
region encoding protease and reverse transcriptase of
the virus. It has been found that the presence of large
numbers of controversial or degenerate nucleotide po-
sitions (when the signal was indicative of the simulta-
neous presence of several nucleotides in this genomic
position) within the RT region (positions 2550-3554)
is a clear evidence of concurrent presence of different
HIV-1 variants in the sample [2]. The larger the number
of degenerate nucleotides (the DB count) is in the se-
quence, the higher the likelihood of dual HIV infection
in the sample.

Another approach focuses on estimation of the
ratio between the number of synonymous substitu-
tions and the number of all potential sites of synony-

mous substitutions within the PR-RT region, positions
2253-3554 (SM count) [8]. Nonsynonymous muta-
tions (causing changes in amino acid sequences) tend
to be ignored. This method is based on the specific
features of nonsynonymous mutations, which often
result from changes in the virus affected by host body
factors or by administered therapy, while synonymous
mutations reflect natural diversity of virus population
in dual HIV infection. Therefore, for dual HIV infec-
tion, the detected mutations will be primarily of the
synonymous type.

It is understandable that the analysis of degenera-
cy and synonymy is highly efficient for dual HIV infec-
tion caused by different HIV subtypes (inter-subtype),
different groups, for example, M and O (inter-group),
or virus types (intertype infection or concurrent HIV-1
and HIV-2 infection) as compared to intra-subtype in-
fection caused by different genetic variants of the same
subtype [1].

Application of PS for detection of dual HIV infec-
tion may cause problems due to sensitivity of the above
method: The above sequencing test can detect viral
variants accounting for at least 20% of the virus pop-
ulation [16]. The solution is offered by the NGS tech-
nology, which proved to be successful in detection of
drug resistance-associated mutations within the PR-RT
region [17]. At the same time, special attention should
be paid to the NGS sensitivity threshold for minor virus
variants. For example, for the routine analysis of drug
resistance the sensitivity threshold of 5% is most reli-
able and informative [17, 18].

Since the approach to the OUT analysis for a
small RT fragment (positions 2708-3242) turned out to
be successful [8], the application of NGS technology
for sequencing the PR-RT region can help detect dual
HIV infection (by estimation of DB and SM counts)
and confirm it.

The aim of the study was to use comparative ana-
lysis for assessing efficiency of detection of dual HIV
infection, using PS and NGS with different sensitivity
thresholds for minor viral variants for the PR-RT re-
gion, as well as to evaluate the efficiency of the NGS-
based results for confirmation of dual HIV infection
using the OTU analysis.

Materials and methods

The model of inter-subtype dual HIV infection
was created by pairwise mixing of plasma samples
containing 3 variants of HIV-1: subtype B, sub-subtype
A6, and recombinant form CRF63 02A1. The HIV-1
RNA concentration in each sample for correct mixing
was estimated using an AmpliSens HIV-monitor-FRT
kit (Central Research Institute of Epidemiology). A to-
tal of 9 variants of pairwise mixtures of viruses were
prepared, each virus accounting for 10 to 90% in mix-
tures. In addition, tests included control samples con-
taining only HIV-1 of subtype B, sub-subtype A6, and
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CRF63 02A1. The viral load in each model sample
was 5,000 cps/ml.

The conventional PS was performed using an
AmpliSens HIV-Resist-Seq kit (Central Research In-
stitute of Epidemiology) according to manufacturer’s
manual. Sequencing of the purified fragments was per-
formed with an Applied Biosystems 3500 genetic ana-
lyzer (LifeTechnologies) according to manufacturer’s
manual. The sequencing data were processed using
DEONA software (version 1.7.0). As a result, we ob-
tained NSs of the HIV-1 PR-RT fragment (nucleotide
positions 2253-3368 for HXB-2, GenBank accession
number K03455).

When preparing samples for NGS, we used a two-
step nested PCR protocol to obtain 4 overlapping spe-
cific HIV-1 DNA fragments that were 427-586 nucleo-
tides long. During the first step, amplification was com-
bined with reverse transcription using TaqF polymerase
and MMLV reverse transcriptase (Central Research
Institute of Epidemiology). The amplified fragments of
the HIV-1 genome were purified using Sera-Mag Mag-
netic Speed Beads (GE Healthcare Biosciences). Con-
centrations of nucleic acids in the fragments were mea-
sured with a Qubit 2.0 fluorometer (Invitrogen). The
purified and amplified HIV-1 fragment samples were
mixed in equal proportions, and 50 ng of the final mix-
ture were used for sequencing libraries with the [1lumina
platform. Libraries were prepared following the Nextera
protocol (Illumina) modified as follows: amplification
was performed using Q5 High-Fidelity DNA poly-
merase (NEB) containing intercalating EvaGreen dye
(Biotium). Sequencing was performed using MiSeq (11-
lumina) and a MiSeq Reagent Kit V3 (Illumina).

The sequencing results were processed and the ge-
nome (positions 2253-3368) was assembled using Hy-
DRA Web v1.6.1 software'. Consensus NSs were auto-
matically assembled and had the 20, 15, 10, and 5%
sensitivity threshold for minor populations (NGS20,
NGS15, NGS10, and NGS5, respectively).

DB and SM counts were calculated for the re-
ceived NSs in accordance with the established methods
[2, 8].

The DB count was calculated as the total number
of degenerate nucleotide bases in the RT region (nu-
cleotide positions 2550-3368). Two values: 34 and 45
were verified as threshold values for the DB count in-
dicative of dual HIV infection [2].

The SM count was calculated by the formula:
SM = X/372, where SM was synonymous mutation
count, X — the total number of synonymous substitu-
tions in the studied genomic fragment, 372 — the total
number of amino acids encoded by the PR-RT fragment
of pol gene (nucleotide positions 2253-3368). Values
of 0.05 and 0.08 were selected as possible thresholds
for the SM count [8].

! URL: https://hydra.canada.ca/pages/home?lang=en-CA
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The statistical analysis of differences between va-
lues of DB and SM counts, which were obtained using
different techniques and for different model samples,
was based on Student’s t-test. Qualitative variables
(efficiency detection dual HIV infection) were analyzed
using two-sided Fisher’s exact test [19]. Differences
were considered statistically significant at p < 0.01.

OTUs for NGS results were clustered for 1 of 4
fragments encoding part of the reverse transcriptase
(nucleotide positions 2725-2981) in accordance with
the recommendations®’. The Mega 6.0 software was
used for the phylogenetic analysis based on the max-
imum likelihood method and for searching the opti-
mum model of nucleotide substitutions for the obtained
OTUs. We used the following NSs from the interna-
tional GenBank sequence database as reference NSs:
K03455 and AY819715 (subtype B), AY500393 and
EU861977 (sub-subtype A6), AY 829204 and IN230353
(CRF63_02A1). Along with OTUs of model samples,
we analyzed the OUT variants received for control
samples, which were used to create the models of dual
HIV infection.

Results

Analysis of DB and SM counts in models
of dual HIV infection

We have found that the DB and SM counts de-
pend not only on the viral variants present in the mix-
ture, but also on their ratio (Fig. 1, 2). Both counts for
BvsA6 model samples containing sub-subtype A6 as
the minor variant were higher than those in samples
containing minor amounts of the subtype B virus. The
similar effect was observed in CRF63vsB and CRF63v-
sA6 models, where the recombinant virus was present
in minor amounts. It is indicative of dominance of the
sub-subtype A6 virus in BvsA6 models and dominance
of CRF63 in CRF63vsB and CRF63vsA6 models, thus
decreasing the degeneracy level in the obtained NSs.

As expected, NGS-derived DB and SM counts in
NSs of the studied models were generally higher than in
NSs obtained by using the PS method. The average DB
count for all model samples obtained by using PS was
25.59 (95% CI 15.6-35.54), while for NGS20, NGS15,
NGS10, NGSS, it was 27.48 (95% CI 18.27-36.69),
37.44 (95% CI 27.56-47.33), 49.19 (95% CI 38.17-
60.20), and 68.19 (95% CI 55.81-80.56), respective-
ly. Nevertheless, statistically significant differences
(» <0.01) in the DB counts were revealed only by com-
parison of PS or NGS20 with NGS10 and NGS5 as well
as between NGS15 and NGSS5.

The average SM count also increased significantly
when the sensitivity of sequencing increased: For PS,
it was 0.069 (95% CI 0.046-0.092), and for NGS20,
NGS15, NGS10, NGS5 — 0.067 (95% CI 0.048-

2 URL: https://www.drive5.com/usearch/manual/otus.html
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Fig. 1. DB counts obtained by using PS and NGS20-NGS5 technologies for CRF63vsB, CRF63vsA6, and BvsA6 model
samples of dual HIV infection.

Horizontal hatched lines indicate the specified threshold values for the count.
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Fig. 2. SM counts obtained by using PS and NGS20-NGS5 technologies for CRF63vsB, CRF63vsAB, and BvsA6 model
samples of dual HIV infection.

Horizontal hatched lines indicate the specified threshold values for the count.
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0.086), 0.088 (95% CI 0.066-0.109), 0.115 (95% CI
0.092-0.138), and 0.146 (95% CI1 0.126-0.166), respec-
tively. Similarly to the DB count, statistically signifi-
cant differences were those between PS or NGS20 and
NGS10-NGS5. However, even the NGS15 and NGS10
results demonstrated significant differences, thus giving
evidence of high efficiency of the NGS technology used
for the analysis of the SM count.

In the meantime, this significant increase in the
degeneracy level in NGS5 compared to PS was demon-
strated by virus mixtures rather than by control sam-
ples containing only A6, B, or CRF06_02A1. The ave-
rage DB count estimated for the control samples by
using the PS method was 2.50 (95% CI 1.68-3.32);
for NGS20, NGS15, NGS10, and NGS5, it was 1.17
(95% CI 0.44-1.89), 2.00 (95% CI 1.03-2.97), 3.83
(95% CI 2.97-4.75), and 11.33 (95% CI 7.92-14.74),
respectively. The average SM count for PS and all NGS
types was 0.008 (95% CI 0.006-0.010), 0.004 (95%
CI 0.003-0.005), 0.006 (95% CI 0.004-0.008), 0.011
(95% CI 0.008-0.014), and 0.022 (95% CI 0.016—
0.027), respectively. These differences between the
sequencing methods were statistically insignificant
(p > 0.01). Neither the DB count nor the SM count esti-
mated for control samples using any method exceeded
the minimum threshold value specified in the literature
[2, 8] for this analysis, i.e. 34 for the DB count and 0.05
for the SM count.

At the same time, the increased counts associated
with the increased sensitivity of the sequencing method
led to identification of a larger number of variants of
dual HIV infection models. The threshold value of 34
for the DB count was exceeded only by 10 of 27 model
variants analyzed by PS, while the NGS20-NGS5 me-
thods increased their numbers to 11, 15, 18, and 22, re-
spectively. When the threshold value of 0.05 for the SM
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count was used, dual HIV infection was detected in 15,
14, 20, 23, and 25 variants for PS and NGS20-NGS5,
respectively. The lowest counts (and, consequently, the
likelihood of detection of dual HIV infection) were ob-
tained for BvsA6 mixtures. With the DB count, only
differences between PS and NGS5 were statistically
significant; with the SM count, differences between PS
or NGS20 and NGS10-NGS5 were statistically signifi-
cant, thus giving another proof of high efficiency of the
SM count for detection of dual HIV infection.

Although the NGS methods demonstrated higher
sensitivity compared to PS, the analysis of the average
SM count for each type of the models revealed an in-
significant decrease in the above count in CRF63vsB
mixtures by using NGS20 and NGS15 compared to PS
(0.055 and 0.068 against 0.071, respectively) (Fig. 3).

NGS20 also decreased insignificantly the average
DB count for BvsA6 models compared to PS — 21.56
against 21.67.

Analysis of OTUs

On average, 8, 9, and 11 OTU types were received
for each of 9 variants of model samples of BvsA®6,
CRF63vsB, and CRF63vsA6 groups. The value of 90%
was selected as the optimum similarity threshold for
reads. Threshold values above 90% led to generation
of multiple OTUs and dubious results of the subsequent
phylogenetic analysis. Lower threshold values resulted
in a sharp reduction of OTU variants, thus having an
adverse impact on the accuracy of the subsequent ana-
lysis.

The results of OTU clustering correlated with the
results of the DB and SM count analysis. Besides, the
distribution of OTU variants demonstrated a high le-
vel of non-uniformity for different viral variants: In the
BvsA6 models, 77.78% of OTUs belonged to A6 and
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Fig. 3. The average DB and SM counts estimated with PS and NGS20-NGS5 methods for CRF63vsB, CRF63vsAB,
and BvsA6 model samples of dual HIV infection.

Horizontal hatched lines indicate the specified threshold values for DB and SM counts.
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only 22.22% belonged to subtype B. In the CRF63vsB
models, 69.27% of OTUs belonged to recombinant,
while 11.11% — to subtype B; 19.63% of OTU vari-
ants showed controversial results, forming statistical-
ly insignificant clusters with different reference NSs
(mainly, with A6). In the CRF63vsA6 models, the re-
combinant, sub-subtype A6 accounted for 57.10% and
41.15% of OTUs, respectively. At the same time, 1.75%
of OTUs demonstrated controversial results.

The results of the analysis of OTUs clustered for
the models of dual HIV infection, in which each virus
accounted for 30 and 70%, are presented in Fig. 4. We
did not find any clear correlation between the results of
genotyping of OTU variants and the virus content in
the sample. For example, for CRF63vsA6(70vs30), 7
OTU variants were close to CRF63, and 4 variants — to
A6. On the other hand, OTUs for CRF63vsA6(30vs70)
were distributed between CRF63 and A6 almost evenly.

Similar results were demonstrated by the analy-
sis of CRF63vsB. The distribution of OTUs between
CRF63 and B for CRF63vsB(30vs70) was 9 to 4; for
CRF63vsB(70vs30), it was 9 to 2. However, the analy-
sis of the BvsA6 model samples demonstrated the op-
posite result. In the BvsA6(30vs70) sample, 6 OTUs
belonged to sub-subtype A6 and 3 OTUs belonged to
subtype B, while in the BvsA6(70vs30) sample, 7 and 2
OTUs belonged to A6 and B, respectively.

Nevertheless, the results of genotyping of OTUs
obtained for models of dual HIV infection differed from
those for A6, B, and CRF63 02A1 control samples, for
which all the OTU variants truly belonged to the re-
spective genetic variant.

Discussion

For the first time in Russia, we have validated the
method of analysis of HIV-1 NSs obtained by using
conventional sequencing and NGS for the analysis of
the rare and critically important phenomenon — dual
HIV infection.

In our study, we focused on model samples of
dual HIV infection caused by concurrent presence of
the viral variants in clinical samples, which are most
important for Russia from the epidemiological perspec-
tive. In Russia, sub-subtype A6 HIV-1 prevails, though
the CRF63_02A1 recombinant variant has been active-
ly spreading in the country in the recent years [20-22].
We also studied the subtype B virus as a reference vi-
rus, which has high prevalence in countries of Western
Europe and is used for validation of dual HIV infection
evaluation methods [2, 8, 20].

The NS analysis used for detection of dual HIV
infection is not only less time-consuming and more
economically beneficial than the SGS technology, but
also can be used for dual HIV infection screening si-
milar to the analysis of drug resistance. In our study, the
application of DB and SM counts in PR-RT sequences
obtained with the PS method resulted in detection of

ORIGINAL RESEARCHES

dual HIV infection only in 37% and 55.56% of cases,
respectively.

Our results were of lower quality than the results
obtained by foreign authors. For example, DB counts
may result in detection of 43.2% of dual HIV infec-
tion samples [2], while SM counts may increase the de-
tection rate to 100% of samples [8]. However, foreign
colleagues analyzed PR-RT fragments that were longer
than those in our study: 335 [2] and 434 [8] amino acids
for estimation of DB and SM counts, respectively, com-
pared to 273 and 372 amino acids in our study. Shorter
fragments contain smaller numbers of potentially de-
generate positions. Furthermore, in the study by Pacold
et al. [8], based on the calculation of SM counts, sever-
al monoinfection samples were mistakenly assigned to
dual HIV infection samples, while no mistakes of this
kind were recorded in our tests.

Our results demonstrate that application of NGS
technology with the 5-10% sensitivity threshold for
minor variants makes it possible to detect dual HIV in-
fection more efficiently than when using conventional
sequencing. The test becomes most efficient for detec-
tion of inter-subtype dual HIV infection in the po/ gene
region (positions 2253-3368) when NGS technology
has a 5% sensitivity threshold for minor variants and
the SM count has the threshold value of 0.05 for dual
infection. These parameters are important for detection
of the largest number of dual HIV infection cases (in 25
out of 27 model samples).

Although the sensitivity of conventional sequenc-
ing for minor viral variants in the sample is usually
estimated at 20% [16], NGS with the same sensitivity
threshold showed poorer performance in detecting de-
generacy in some models of dual HIV infection. On the
one hand, this property of NGS20 may minimize the
number of errors and artifacts resulting from sequenc-
ing, being an important feature for obtaining whole-ge-
nome sequences of the virus [11, 17]. On the other
hand, the NGS20 method may pose a risk of missing
the degeneracy associated with dual HIV infection in
the sample.

For most of the model samples, the application
of the OTU analysis for the genomic region with po-
sitions 2725-2981 proved to be efficient. This is con-
firmed by statistical clusters (>80%) in diagrams, fea-
turing respective control and reference sequences. Our
results are similar to the data obtained during the study
of dual HIV infection among MSM in Spain [9]. How-
ever, there was a discrepancy between the proportion of
OTUs and the proportion of viruses in model samples.
For example, in the 63vsB and BvsA6 mixtures, most
of the OTUs were genotyped as CRF63 02A1 and A6,
respectively. It can be explained by the divergence of
sub-subtype A6 and CRF63 02A1 viruses, which is
much higher than in subtype B. When the threshold
value is 90%, the reads of subtype B are removed au-
tomatically. This obvious drawback inherent in this
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Fig. 4. Results of the phylogenetic analysis of the fragment from the RT region (positions 2725-2981) of dual HIV infection
model samples and control samples; the analysis was based on the maximum likelihood method and used the GTR+G model
of nucleotide substitutions in 1,000 bootstrap replicates.

The statistical significance of clusters = 50% is shown next to them. Grey diamonds indicate OTU variants obtained for the model sample.

The OTU sequences obtained for the control sample of sub-subtype A6 are shown by black circles; the subtype B sample is shown by black
triangles; black squares represent CRF63_02A1.
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method must be taken in consideration in studies of
dual infection caused by different HIV types. In addi-
tion, such discrepancy of OTU results may imply that
the systems used for amplification and/or sequencing
amplify and sequence viruses with different efficiency.
As aresult, the signal from a more efficiently detected
virus suppresses the signal from another variant. Such
non-uniform sensitivity to different virus variants was
pointed out previously during the comparative assess-
ment of PCR kits for estimation of the HIV-1 viral
load [23].

Nevertheless, despite all its downsides, the OTU
analysis makes it possible to reliably differentiate dual
HIV infection from monoinfection in most model sam-
ples and can be used in further studies of multiple infec-
tions with HIV BUY.

Note that active application of conventional se-
quencing and NGS makes these technologies more af-
fordable, reducing the testing time and cost compared
to the SGS method. Our analysis of one sample by us-
ing conventional sequencing cost around 10,000 rubles,
being almost twice as cheap as the similar study con-
ducted in 2010 [8]. Thanks to its enormous throughput,
NGS is very cost-effective: The cost of the analysis of
the genomic fragment of each sample in our study was
around 5,000 rubles, being 5 times lower than the cost
of the similar NGS assay performed in 2010 [8].

Conclusion

Our results demonstrate that the NGS technology
can be of great use for studying the phenomenon of du-
al HIV infection, providing high sensitivity of the test.
Thus, this technology, when used in routine practice,
will help not only identify genetic characteristics of in-
fectious agents, but also obtain more data for more effi-
cient assessment of the epidemiological situation.

REFERENCES

1. Lapovok L.A., Lopatukhin A.E., Kireev D.E. Dual HIV infec-
tion: epidemiology, clinical significance, and diagnosis. Infek-
tsionnye bolezni. 2019; 17(2): 87-93.
https://doi.org/10.20953/1729-9225-2019-2-87-93 (in Russian)

2. Cornelissen M., Jurriaans S., Kozaczynska K., Prins J.M., Ha-
midjaja R.A., Zorgdrager F., et al. Routine HIV-1 genotyping as
a tool to identify dual infections. AIDS. 2007; 21(7): 807—11.
https://doi.org/10.1097/QAD.0b013e3280f3c08a

3. Soares de Oliveira A.C., Pessoa de Farias R., da Costa A.C.,
Melillo Sauer M., Bassichetto K.C., Santos Oliveira S.M., et al.
Frequency of subtype B and F1 dual infection in HIV-1 positive,
Brazilian men who have sex with men. Virol. J. 2012; 9: 223.
https://doi.org/10.1186/1743-422X-9-223

4. Redd A.D., Ssemwanga D., Vandepitte J., Wendel S.K., Ndem-
bi N., Bukenya J., et al. The rates of HIV-1 superinfection and
primary HIV-1 infection are similar in female sex workers in
Uganda. AIDS. 2014; 28(14): 2147-52.
https://doi.org/10.1097/QAD.0000000000000365

5. Luan H., Han X., Yu X., An M., Zhang H., Zhao B., et al. Dual in-
fection contributes to rapid disease progression in men who have
sex with men in China. J. Acquir. Immune Defic. Syndr. 2017,
75(4): 480-7. https://doi.org/10.1097/qai.0000000000001420

10.

11.

13.

14.

15.

16.

17.

18.

19.

20.

21.

ORIGINAL RESEARCHES

. Lapovok LA, Saleeva D.V., Kirichenko A.A., Murzakova A.V.,

Lopatukhin A.E., Kireev D.E. The study of dual HIV infec-
tion prevalence in Russia. Infektsionnye bolezni. 2020; 18(4):
138-48.

https://doi.org/10.20953/1729-9225-2020-4-138-148 (in Russian)

. Gao'Y., Tian W., Han X., Gao F. Immunological and virological

characteristics of human immunodeficiency virus type 1 super-
infection: implications in vaccine design. Front. Med. 2017,
11(4): 480-9. https://doi.org/10.1007/s11684-017-0594-8

. Pacold M., Smith D., Little S., Cheng P.M., Jordan P., Igna-

cio C., et al. Comparison of methods to detect HIV dual in-
fection. AIDS Res. Hum. Retroviruses. 2010; 26(12): 1291-8.
https://doi.org/10.1089/aid.2010.0042

. Casado C., Pernas M., Rava M., Ayerdi O., Vera M., Alenda R.,

et al. High-risk sexual practices contribute to HIV-1 double in-
fection among men who have sex with men in Madrid. 4IDS
Res. Hum. Retroviruses. 2020; 36(11): 896-904.
https://doi.org/10.1089/A1D.2020.0068

Popescu B., Banica L., Nicolae I., Radu E., Niculescu I., Aba-
giu A., et al. NGS combined with phylogenetic analysis to de-
tect HIV-1 dual infection in Romanian people who inject drugs.
Microbes Infect. 2018; 20(5): 308—11.
https://doi.org/10.1016/j.micinf.2018.03.004

Kireev D.E., Lopatukhin A.E., Murzakova A.V., Pimkina E.V.,
Speranskaya A.S., Neverov A.D., et al. Evaluating the accuracy
and sensitivity of detecting minority HIV-1 populations by Illu-
mina next-generation sequencing. J. Virol. Methods. 2018; 261:
40-5. https://doi.org/10.1016/j.jviromet.2018.08.001

. Yerly S., Jost S., Monnat M., Telenti A., Cavassini M.,

Chave J.P,, et al. HIV-1 co/super-infection in intravenous drug
users. AIDS. 2004; 18(10): 1413-21.
https://doi.org/10.1097/01.aids.0000131330.28762.0c

Ring K., Muir D., Mackie N., Bailey A.C. HIV-1 superinfection
in a patient with known HIV-2 — A case report. Int. J. STD
AIDS. 2020; 31(3): 271-3.
https://doi.org/10.1177/0956462420901969

Wagner G.A.., Pacold M.E., Kosakovsky Pond S.L., Caballe-
ro G., Chaillon A., Rudolph A.E., et al. Incidence and preva-
lence of intrasubtype HIV-1 dual infection in at-risk men in the
United States. J. Infect. Dis. 2014; 209(7): 1032-8.
https://doi.org/10.1093/infdis/jit633

Van der Kuyl A.C., Cornelissen M. Identifying HIV-1 dual in-
fections. Retrovirology. 2007; 4: 67.
https://doi.org/10.1186/1742-4690-4-67

Inzaule S.C., Hamers R.L., Noguera-Julian M., Casadella M.,
Parera M., Kityo C., et al. Clinically relevant thresholds for ul-
trasensitive HIV drug resistance testing: a multi-country nested
case-control study. Lancet HIV. 2018; 5(11): e638—-46.
https://doi.org/10.1016/S2352-3018(18)30177-2

Kirichenko A.A., Sviridova A.A., Lopatukhin A.E., Murzako-
va A.V., Lapovok I.A., Goptar' [.A., et al. Correlation of results
analysis drug resistance of human immunodeficiency virus
among patients with virological failure by next-generation se-
quencing and traditional population sequencing. Infektsionnye
bolezni. 2019; 17(2): 12-9.
https://doi.org/10.20953/1729-9225-2019-2-12-19 (in Russian)
Trabaud M.A., Icard V., Ramiére C., Tardy J.C., Scholtes C.,
André P. Comparison of HIV-1 drug-resistance genotyping by
ultra-deep sequencing and sanger sequencing using clinical
samples. J. Med. Virol. 2017; 89(11): 1912-9.
https://doi.org/10.1002/jmv.24872

Gerasimov A.N. Medical Statistics: A Textbook [Meditsinskaya
statistika: Uchebnoe posobie]. Moscow: MIA; 2007. (in Russian)
Foley B.T., Leitner T., Paraskevis D., Peeters M. Primate im-
munodeficiency virus classification and nomenclature: Review.
Infect. Genet. Evol. 2016; 46: 150-8.
https://doi.org/10.1016/j.meegid.2016.10.018

Lapovok I.A., Lopatukhin A.E., Kireev D.E., Kazennova E.V.,
Lebedev A.V., Bobkova M.R., et al. Molecular epidemiological



KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMUONOTU N UMMYHOBUOJIOTUI. 2021; 98(6)
DOI: https://doi.org/10.36233/0372-9311-153

637

OPUTVHANbBbHbBIE NCCITIEAOBAHNA

22.

23.

10.

analysis of HIV-1 variants circulating in Russia in 1987-2015.
Terapevticheskiy arkhiv. 2017; 89(11): 44-9.
https://doi.org/10.17116/terarkh2017891144-49 (in Russian)
Baryshev P., Bogachev V., Gashnikova N. HIV-1 genetic diver-
sity in Russia: CRF63 02A1, a new HIV type 1 genetic vari-
ant spreading in Siberia. AIDS Res. Hum. Retroviruses. 2014;
30(6): 592-7.

https://doi.org/10.1089/A1D.2013.0196

Holmes H., Davis C., Heath A. Development of the 1 Inter-
national Reference Panel for HIV-1 RNA genotypes for use in
nucleic acid-based techniques. J. Virol. Methods. 2008; 154
(1-2): 86-91.

https://doi.org/10.1016/j.jviromet.2008.08.014

CIIMCOK UCTOUYHHNKOB

. JlamoBox W.A., Jlomaryxun A.D., Kupeer M.E. JIpoitHas

BUY-uH(peKnusa: SMHISMHOIOTHS, KIHHAYECKas 3HAYUMOCTh
W TUarHOCTHKA. MHghexyuonnvie 6onesnu. 2019; 17(2): 87-93.
https://doi.org/10.20953/1729-9225-2019-2-87-93

. Cornelissen M., Jurriaans S., Kozaczynska K., Prins J.M.,

Hamidjaja R.A., Zorgdrager F., et al. Routine HIV-1 genotyping
as a tool to identify dual infections. AIDS. 2007; 21(7): 807—11.
https://doi.org/10.1097/QAD.0b013e3280f3c08a

. Soares de Oliveira A.C., Pessoa de Farias R., da Costa A.C.,

Melillo Sauer M., Bassichetto K.C., Santos Oliveira S.M., et al.
Frequency of subtype B and F1 dual infection in HIV-1 positive,
Brazilian men who have sex with men. Virol. J. 2012; 9: 223.
https://doi.org/10.1186/1743-422X-9-223

. Redd A.D., Ssemwanga D., Vandepitte J., Wendel S.K.,

Ndembi N., Bukenya J., et al. The rates of HIV-1 superinfection
and primary HIV-1 infection are similar in female sex workers
in Uganda. AIDS. 2014; 28(14): 2147-52.
https://doi.org/10.1097/QAD.0000000000000365

. Luan H., Han X., Yu X., An M., Zhang H., Zhao B., et al.

Dual infection contributes to rapid disease progression in men
who have sex with men in China. J. Acquir. Immune Defic. Syn-
dr. 2017; 75(4): 480-7.
https://doi.org/10.1097/qai.0000000000001420

. JJanoBox U.A., Caneesa [I.B., Kupuuenko A.A., Myp3ako-

Ba A.B., Jlomaryxun A.D., Kupee JI.E. HccnenoBanue yac-
TOTBI BCTpeyaeMocTd nBovHOW BUU-undexkunu B Poccum.
HUngpexyuonnvie bonesnu. 2020; 18(4): 138-48.
https://doi.org/10.20953/1729-9225-2020-4-138-148

. Gao Y., Tian W., Han X., Gao F. Immunological and virological

characteristics of human immunodeficiency virus type 1 super-
infection: implications in vaccine design. Front. Med. 2017;
11(4): 480-9.

https://doi.org/10.1007/s11684-017-0594-8

. Pacold M., Smith D., Little S., Cheng P.M., Jordan P., Igna-

cio C., et al. Comparison of methods to detect HIV dual infec-
tion. AIDS Res. Hum. Retroviruses. 2010; 26(12): 1291-8.
https://doi.org/10.1089/aid.2010.0042

. Casado C., Pernas M., Rava M., Ayerdi O., Vera M., Alenda R.,

et al. High-risk sexual practices contribute to HIV-1 double
infection among men who have sex with men in Madrid. AIDS
Res. Hum. Retroviruses. 2020; 36(11): 896-904.
https://doi.org/10.1089/A1D.2020.0068

Popescu B., Banica L., Nicolae I., Radu E., Niculescu 1., Aba-
giu A., et al. NGS combined with phylogenetic analysis to
detect HIV-1 dual infection in Romanian people who inject

13.

14.

17.

18.

19.

20.

21.

22.

23.

drugs. Microbes Infect. 2018; 20(5): 308—11.
https://doi.org/10.1016/j.micinf.2018.03.004

. Kireev D.E., Lopatukhin A.E., Murzakova A.V., Pimkina E.V.,

Speranskaya A.S., Neverov A.D., et al. Evaluating the accuracy
and sensitivity of detecting minority HIV-1 populations by
[llumina next-generation sequencing. J. Virol. Methods. 2018;
261: 40-5. https://doi.org/10.1016/j.jviromet.2018.08.001

. Yerly S., Jost S., Monnat M., Telenti A., Cavassini M.,

Chave J.P,, et al. HIV-1 co/super-infection in intravenous drug
users. AIDS. 2004; 18(10): 1413-21.
https://doi.org/10.1097/01.aids.0000131330.28762.0c

Ring K., Muir D., Mackie N., Bailey A.C. HIV-1 superinfection
in a patient with known HIV-2 — A case report. Int. J. STD AIDS.
2020;31(3): 271-3. https://doi.org/10.1177/0956462420901969
Wagner G.A.., Pacold M.E., Kosakovsky Pond S.L., Cabal-
lero G., Chaillon A., Rudolph A.E., et al. Incidence and preva-
lence of intrasubtype HIV-1 dual infection in at-risk men in the
United States. J. Infect. Dis. 2014; 209(7): 1032-8.
https://doi.org/10.1093/infdis/jit633

. Van der Kuyl A.C., Cornelissen M. Identifying HIV-1 dual

infections. Retrovirology. 2007; 4: 67.
https://doi.org/10.1186/1742-4690-4-67

. Inzaule S.C., Hamers R.L., Noguera-Julian M., Casadella M.,

Parera M., Kityo C., et al. Clinically relevant thresholds for
ultrasensitive HIV drug resistance testing: a multi-country
nested case-control study. Lancet HIV. 2018; 5(11): e638—46.
https://doi.org/10.1016/S2352-3018(18)30177-2

Kupuuenko A.A., Cupunosa A.A., Jlomatyxun A.D., Myp-
3axoBa A.B., JlanoBok U.A., T'onraps U.A. u np. Koppemnsiuus
PE3yJIBTaTOB BBICOKOIPOH3BOAUTEIBHOIO M KIIACCHYECKOrO Me-
TOJIOB CEKBEHUPOBAHMA NPH aHAJIU3E JEKAPCTBEHHON YCTOM-
YUBOCTH BHPYyCa HMMYHOJE(HINTA YeIOBEKa Y MALIMCHTOB Ha
(one HeahHeKTHBHOI aHTUPETPOBUPYCHOI Tepanuu. HHgek-
yuonnwvle boneznu. 2019; 17(2): 12-9.
https://doi.org/10.20953/1729-9225-2019-2-12-19

Trabaud M.A., Icard V., Ramiére C., Tardy J.C., Scholtes C.,
André P. Comparison of HIV-1 drug-resistance genotyping by
ultra-deep sequencing and sanger sequencing using clinical
samples. J. Med. Virol. 2017; 89(11): 1912-9.
https://doi.org/10.1002/jmv.24872

I'epacumoB A.H. Meouyunckas cmamucmuxa: yuebHoe noco-
oue. M.: MUA; 2007.

Foley B.T., Leitner T., Paraskevis D., Peeters M. Primate immu-
nodeficiency virus classification and nomenclature: Review.
Infect. Genet. Evol. 2016; 46: 150-8.
https://doi.org/10.1016/j.meegid.2016.10.018

JlanoBox U.A., Jlonaryxun A.D., Kupees M.E., Kazenno-
Ba E.B., Jle6ener A.B., bookoBa M.P. u coaBT. MonekymnsipHO-
SMMUAEMUOJIOTnYecKUil aHamu3 BapruanToB BUY-1, mupkymupo-
BaBux B Poccun B 1987-2015 rr. Tepaneemuueckuti apxus.
2017; 89(11): 44-9.
https://doi.org/10.17116/terarkh2017891144-49

Baryshev P., Bogachev V., Gashnikova N. HIV-1 genetic
diversity in Russia: CRF63 02A1, a new HIV type 1 genetic
variant spreading in Siberia. AIDS Res. Hum. Retroviruses.
2014; 30(6): 592-7.

https://doi.org/10.1089/AID.2013.0196
HolmesH.,DavisC.,HeathA.Developmentofthe 1*International
Reference Panel for HIV-1 RNA genotypes for use in nucleic
acid-based techniques. J. Virol. Methods. 2008; 154(1-2):
86-91. https://doi.org/10.1016/j.jviromet.2008.08.014



638

JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2021; 98(6)

DOI: https://doi.org/10.36233/0372-9311-153

UHpopmayusi 06 asmopax

Jlanosok Mnbs Andpeesud™ — K.6.H., C.H.c. HayuHol rpynnbl pas-
paboTKM HOBbIX MeToAoB AnarHocTuku BAY-uHdekuum n BupycHbix
renatutos LIHWW anngemuonorun, Mockea, Poccus,
i_lapovok@mail.ru, https://orcid.org/0000-0002-6328-1415

bapsiwes [Nasen bopucosuy — Kk.6.H., BuonHdopmaTtnk HayuHown
rpynnbl pa3paboTky HOBbIX MeTodoB AuarHocTuku BUY-undekuum
n BupycHbix renatutos LIHAW 3nupemunonorum Mocksa, Poccus,
https://orcid.org/0000-0003-3666-2201

Caneesa [apbsi BnaducnagogHa — M.H.C., Hay4How rpynnbl pas-
paboTkM HOBbIX MeTodoB AnarHocTuku BUY-nHekunm n BupycHbIx
renatutos LIHNW anngemuonorun, Mockea, Poccus,
https://orcid.org/0000-0002-5870-5594

KupuyeHko AnuHa AnekceesHa — H.c. HayyHow rpynnbl paspaboTtku
HOBbIX METOL0B ANArHoCTUkM BUY-MHGEKLUM 1 BUPYCHBIX renaTuToB
LHWWN anngemuonorum, Mocksa, Poccus,
https://orcid.org/0000-0002-7116-0138

Unbikosa (Myp3akosea) AHacmacusi BeHuamuHogHa — H.c. Hay4Hoi
rpynnbl paspaboTku HOBbIX METOAOB AnarHoCTukn BUY-nHdexkumn n
BMpYyCHbIX renatutos LIHWW anungemuonornn, Mocksa, Poccus,
https://orcid.org/0000-0002-1390-8021

Kupeee [mumputi EgzeHbegud — K.6.H., H.c. HayyHon rpynnbl pas-
paboTkM HOBbIX MeToAoB AnarHocTuku BAY-nHdekuum n BUpycHbIx
renatutos LIHWW anngemuonorun, Mockea, Poccus,
https://orcid.org/0000-0002-7896-2379

Yyacmue aemopoe. Bce aBTOpbl BHECNN CYLLECTBEHHbIN BKNazg B

nposefeHne MOUCKOBO-aHaNMTUYeckon paboTbl u noaroToBKy cTa-

TbU1, MPOYNN 1 0fo0pPUIM dMHaNBLHYIO BEPCUIO A0 MyGnvkaumm.
Cratbsi noctynuna B pegakumio 14.04.2021;

npuHsiTa K nyénukauum 26.08.2021;
ony6nukoeara 01.12.2021

ORIGINAL RESEARCHES

Information about the authors

llya A. Lapovok™ — Cand. Sci. (Biol.), senior researcher, HIV and viral
hepatitis research group, Central Research Institute of Epidemiology,
Moscow, Russia, i_lapovok@mail.ru,
https://orcid.org/0000-0002-6328-1415

Pavel B. Baryshev — Cand. Sci. (Biol.), bioinformatist, HIV and viral
hepatitis research group, Central Research Institute of Epidemiology,
Moscow, Russia,

https://orcid.org/0000-0003-3666-2201

Daria V. Saleeva — junior researcher, HIV and viral hepatitis research
group, Central Research Institute of Epidemiology, Moscow, Russia,
https://orcid.org/0000-0002-5870-5594

Alina A. Kirichenko — researcher, HIV and viral hepatitis research
group, Central Research Institute of Epidemiology, Moscow, Russia,
https://orcid.org/0000-0002-7116-0138

Anastasiia V. Shlykova (Murzakova) — researcher, HIV and viral
hepatitis research group, Central Research Institute of Epidemiology,
Moscow, Russia, https://orcid.org/0000-0002-1390-8021

Dmitry E. Kireev— Cand. Sci. (Biol.), researcher, HIV and viral hepa-
titis research group, Central Research Institute of Epidemiology, Mos-
cow, Russia, https://orcid.org/0000-0002-7896-2379

Author contribution. All authors made a substantial contribution to

the conception of the work, acquisition, analysis, interpretation of da-

ta for the work, drafting and revising the work, final approval of the
version to be published.

The article was submitted 14.04.2021;

accepted for publication 26.08.2021;

published 01.12.2021


mailto:i_lapovok@mail.ru
https://orcid.org/0000-0002-6328-1415
https://orcid.org/0000-0002-6328-1415
https://orcid.org/0000-0002-5870-5594
https://orcid.org/0000-0002-1390-8021
mailto:i_lapovok@mail.ru
https://orcid.org/0000-0002-6328-1415

