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Abstract

Background. Due to the wide coverage with antiretroviral therapy, the life expectancy of HIV infected people
has significantly increased. Against the background of a decrease in mortality from HIV infection, HIV-associated
neurocognitive disorders, which develop even during effective treatment, are of high importance. The overall
prevalence of this pathology among HIV-infected people reaches 42.6%.

The objective of the study was to research the genetic features and phylogenetic position of HIV-1 persisting
in the central nervous system.

Materials and methods. The clinical study group consisted of 38 patients with severe neurocognitive disorders
against the background of HIV infection in stage 4B. The viral load of HIV-1 in blood plasma and cerebrospinal
fluid (CSF) was measured using the "AmpliSens HIV Monitor-FRT" reagents kit. Sanger sequencing was
performed using the AmpliSens HIV-Resist-Seq assay kit on an Applied Biosystems 3500 analyzer. Phylogenetic
analysis of the pol gene fragments of HIV-1 strains (the site encoding the viral protease and part of the reverse
transcriptase) was carried out using maximum likelihood method with the GTR+G nucleotide substitution model.
Comparisons of the tertiary structure of viral proteins were performed according to three-dimensional models of
the protease and p51 and p66 reverse transcriptase subunits obtained by homologous reconstruction using the
SWISS-MODEL tools.

Results. The viral load in the sample of patients with severe CNS lesions in blood plasma was 6.27 times higher
than in CSF and amounted to 4.67 and 3.87 Ig copies/ml respectively by median (p = 0,004).

Phylogenetic analysis with the use of all available HIV-1 genomes from GenBank, which differed from the studied
ones by less than 5% showed close genetic relations of viruses circulating in Chelyabinsk region, apart from
strains circulating in Russian Federation, with viruses circulating in neighboring countries, in most abundance —
from Ukraine and Kyrgyzstan, slightly less — from Belarus, Tajikistan, Kazakhstan and Armenia and also with
strains from certain foreign countries: Poland and Germany. Phylogenetic analysis of 38 HIV-1 genomes revealed
significant genetic distances between HIV isolates from blood plasma and CSF in 5 patients, 4 of whom were
PWID, which may indicate an event of superinfection.

The amount of independent amino acid substitutions in protease in isolates from blood plasma ranged from 1 to
3, in isolates from CSF — from 1 to 2. An amount of such substitutions in a fragment of reverse transcriptase in
isolates from blood plasma ranged from 1 to 6, while in isolates from CSF, it ranged from 1 to 7. HIV isolates from
blood plasma and CSF from 5 patients had differences in the tertiary structure of HIV-1 reverse transcriptase p51
subunit in amino acid positions 16—20 and 210-235. Isolates from 3 other patients differed in the tertiary structure
only in amino acid positons 210-235. Isolates from 3 patients differed in the structure of HIV-1 RT p66 subunit in
a non-nucleoside reverse transcriptase inhibitor binding pocket (NNRTI) region. Fixed differences in the tertiary
structure of p51 subunit required at minimum only 1 amino acid substitution to emerge. Alterations in the tertiary
structure of p66 subunit required at least 3 amino acid substitutions.

Conclusion. Microevolution of HIV-1 proceeds in parallel within the same patient, in different compartments,
which is reflected in the accumulation of amino acid substitutions different from another compartment in the
conserved pol gene. There is a weak correlation between the viral load level in plasma and in CSF. The genetic
heterogeneity of HIV strains from patients of the Chelyabinsk region indicates a high frequency of reintroduction of
HIV infection in the region from other countries. Differences in the tertiary structure of HIV-1 reverse transcriptase
between blood plasma and CSF isolates are regularly fixed in certain domens, which also confirms the presence
of parallel HIV microevolution during virus persistence in tissues separated by the blood-brain barrier which
allows a better understanding of the fixation trends of individual amino acid substitutions during HIV-induced
damage to central nervous system.

Keywords: HIV, HIV infection, neurocognitive disorders, brain lesions, subtypes, protease, reverse transcriptase,
tertiary structure of enzymes
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AHHOMauyus

AktyanbHocTb. bnarogapsa WwmMpokomy oxsaTy naumeHToB ¢ BUY-nHpekumen aHTMpeTpoBMpPYCHOM Tepanuen
CYLLIECTBEHHO YBENUYMNach NpOAOIIKUTENBHOCTb XN3HU UH(PMLMPOBaHHLIX Mogen. Ha goHe CHuxeHusa cmepr-
HocTu oT BNY-mHekuun BbICOKYIO BaXHOCTb NpuobpeTatT BNY-accoummpoBaHHble HEMPOKOTHUTUBHBIE pac-
CTPOWCTBA, KOTOpble Pa3BMBalOTCA Aaxe Ha oHe adhpeKkTuBHOro neveHus. O6Lasa pacnpocTpaHEHHOCTb TaKon
naronorum cpeau nuu, xmeyLumx ¢ BUY, gocturaet 42,6%.

Llenbo uccrnenoBaHusi sSIBUNOCb U3YyYeHUE FeHeTUYEeCcKUX OCODEHHOCTEW U (PUIOrEHETUYECKOTO MONOXEHMWS
BWY-1, nepcuctupytoLlero B LeHTparnbHowm HepeHol cucteme (LIHC).

MaTtepuanbi n metoabl. O6cnenoBaHbl 38 NAUUEHTOB C TAXENMbIMU HEMPOKOTHUTUBHBIMU HapyLLEeHUAMN Ha ¢o-
He BY-nHdbekuun B ctagum 4B. BupycHyto Harpysky BUY-1 onpepensnu B npobax nna3mbl KPOBU U NIMKBOpaA
¢ ncnonb3oBaHneM peareHToB «AMnnnCeHc BNY-MoHutop-FRT», BbinonHANM cekBeHnpoBaHue no CaHrepy.
dunoreHeTnyecknii aHanus parmeHToB reHa pol wrammos BUNY-1 (y4acTok, KOQMpyHOLLMI BUPYCHYIO NpoTeasy
1 YyacTb 06paTHON TpaHCKpUNTa3sbl) NPOBOAUNM METOAOM MaKCMMarnbHOro NpaBaonogobus ¢ Mogenblo 3aMeHbI
HykneotngoB GTR+G. CpaBHeHNs TPETUYHOM CTPYKTYPbI BUPYCHBIX 6EMKOB BbIMOSHANN HA OCHOBE TPEXMEPHbIX
mogaenen npoteasbl U cybbeanHul, p51 1 p66 obpaTHOM TpaHCKPUNTa3bl, MOMYyYEHHbIX METOAOM FOMOSIOrMYECKo-
ro NoCTPoeHus ¢ ncnonb3osaHuem cepsmca SWISS-MODEL.

Pe3ynbraTtbl. YpoBEeHb BUPYCHOW Harpysku B BbIGOpPKE NMALMEHTOB C TSXKENbIMU nopaxeHuamn LIHC B nnasme
KpoBm 6bIn B 6,27 pasa Bbille, YeM B NIMKBOPE, W COCTaBnsan no meanaxe 4,67 n 3,87 Ig konuin/mn cooTBETCTBEH-
Ho (p = 0,004). dunoreHeTUYECKNA aHanNu3 ¢ UCronb3oBaHMEM BCEX AOCTYMNHbIX B GenBank reHomoB BWY, oT-
nMyarLLmMxca MeHee YeM Ha 5% oT uccnegyembix LUTAMMOB, MOKa3an 6nmskoe reHeTu4eckoe poacTBO BUPYCOB,
uMpkynupyowmx B YenabuHckon obnactu, nommmo wtammoB u3 Poccun, co wrammamn BUY, umpkynupyto-
LWMMKM B cTpaHax 6nvkHero 3apybexbsi, B NepByo odepedb Ha YkpavHe u B KMpruamm, HECKONbKO MeHblle —
B benopyccun, TapkukuctaHe, KasaxctaHe, ApMeHun, a Takke co Wwtammamu 13 MNonbwu n fepmadumn. du-
noreHetuyeckmn aHanns 38 renomos BNY 13 napHbix npo6 (nvksop u nna3ma KpoBW) NO3BONWUIM BbISBUTL Y 5
NauneHTOB, 4 N3 KOTOPbIX ABNSAMUCL NOTPEBUTENSIMU NHBEKLIMOHHBIX HAPKOTUKOB, CYLLECTBEHHbIE FTEHETUYECKME
AnctaHummn mexay wrammamm BUY, BbigeneHHbIMu 13 nMKBopa 1 13 Nna3mbl KPOBU, YTO MOXET CBUAETENbCTBO-
BaTb O CynepnHOULUPOBAHMN Pa3HbIMY LUTAMMaMW.

KonnyectBo HE3aBUCUMbIX @MUHOKUCIOTHBLIX 3aMEH B MpoTease y LTaMMOB U3 Mna3mMbl cocTaensino ot 1 ao 3,
y WITaMMOB 13 nukBopa — oT 1 4o 2, B oparmeHTe 0OpaTHOM TPaHCKpMNTasbl B LUTAMMax U3 nnasMbl KpoBU —
ot 1 0o 6, B wrtammax n3 nukeopa — ot 1 go 7. B wrammax BUY 13 nnasmbl 1 nuksopa oT 5 naumeHToB Obina
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BbISIBMIEHA pasHuLa B CTPYKType cyObeauHuubl p51 obBpaTHOM TpaHCKpunTa3bl B @MUHOKUCIIOTHBIX MO3ULMSIX
16-20 1 210-235, ewé oT 3 nauneHToB — TOMNbKO B no3numsax 210-235. B wrtammax BUY n3 nnasmbl 1 nvkeopa
oT 3 nmauueHToB Habnoganack pasHuua B CTPYKType cybbeauHuubl p66 obpaTtHowm TpaHcKpunTassl B obnactu
CBSA3bIBAHUS C HEHYKNEO3NAHbIMU MHIMBUTOpamMmn obpaTHOM TpaHcKpunTasbl. [ns nosBneHns 3akpennaoLwmnxcs
pasnuuuii B TPETUYHON CTPYKTYpe cybbeamHuubl p51 okasanock 4OCTAaTOMHO M3MEHEHUs Bcero 1 aMUHOKKC-
notbl. [nNg n3amMeHeHusa TPETUYHOWM CTPYKTYpbl CybbeanHuubl p66 MMHMMaNbHOE KONMMYECTBO aMUHOKMCITOTHBIX
3ameH cocTaensano 3.

3akntoyeHue. Mukpoasontouns BUY-1 g€t napannenbHo B npegenax ogHoOro nauMeHTa B pasHbiX KOMNapT-
MEHTaXx, YTO OTpaXaeTcs B HAKOMMEHWUN OTNINMYHBIX OT OPYroro KOMNapTMeHTa aMWHOKUCIOTHBIX 3aMEH B KOH-
cepBaTMBHOM reHe pol. meeTcs cnabas koppensauus Mexagy ypoOBHEM BUPYCHOW Harpy3ku B Nnasme v B NMKBO-
pe. leHeTn4eckas reteporeHHocTb WTammoB BAY ot nauneHToB 13 YensbuHckon obnactu cBuaeTenscTByeT o
BbICOKOW YacToTe 3aHocoB BY-MHdeKUMn B permoH ns gpyrnx rocyaapcTs. Pasnuums B TPETUYMHOWN CTPYKType
obpaTHon TpaHckpunTassl BUY-1 mexay wrammamm 13 nnasmbl KpOBY 1 U3 NIMKBOPA 3aKOHOMEPHO 3aKpennsioT-
Cs1 B onpefenéHHbIX yYacTkax, YTo Takke noaTBEPXAAET Hanuuue napannensHon Myukpoasonoumm BUY B xone
NepcUCTUPOBaHUS BUpYCa B TKaHAX, pasgenéHHbiX reMaTosHuedanmyecknm 6apbepom, YTo NO3BOMSET nyylle
NOHATb TEHAEHUMWN 3aKpenneHns oTaenbHbIX aMUHOKWUCIIOTHBIX 3ameH npu nopaxeHun LIHC BUY.

KnroueBble cnoBa: supyc ummyHoOeghuyuma Jyenoseka, BUY-ungekyus, HelipokoeHumugHble paccmpoticmea,
ropaxkeHusi 20/108HO20 Mo32a, cybmurel, Mpomeasa, obpamHas mpaHcKpunmasa, mpemu4Has cmpykmypa
epmeHmos

OTnyeckoe yTBepxaeHue. VccnegosaHne npoBoaMnoch npu Ao6poBOIbHOM MHEPOPMUPOBAHHOM corflacuv nauu-
eHToB. VccnepoBaHue 6bino ogobpeHo nokanbHbiM aTudeckum komutetom PHUMBU «Bupom» (npotokon Ne 2 or
26.05.2022) 1 nokanbHbIM 3TU4eckUM komuteTom EkatepuHbyprckoro HAM BupycHbix nHdekumn (npotokon Ne 3 ot
17.06.2016).

BnarogapHocTb. ABTOpbI BbIpaXatoT MPU3HATENBHOCTL COTPYAHUKaM YparnbCKOro OKPY»KHOTO LieHTpa no npodunakTu-
ke n 6opbbe co CMNL PHUMBU «Bupom» — Bpayam KnmMHUYeckon nabopaTtopHomn anarHoctukm H.E. YeTBepkuHon n
A.A. Knumosoi, Bpady-anugemuonory O.A. ApaHueBon, oka3aBLUMM MOMOLLb B NPOBEAEHUN AAHHOTO UCCrnedoBaHus.

UcTouHuk cpmHaHcupoBaHuAa. PuHaHCMpOBaHUE UCCNENOBaHNS OCYLLECTBISNOCh 3a CYET CcyOCUaMM Ha BbIMOSHe-
Hne HUP (per. Homep B EFTUCY HUOKTP 121041500042-8) n.1.2.1 oTpacneBow nporpaMmMbl PocnotpebHaasopa Ha
2021-2025 rr. «Hay4yHoe obecrneveHne anMaeMMONornYeckoro Haasopa 1 caHUTapHoOW oxpaHbl TeppuTopumn Poccuii-
ckont ®epepauun. CozgaHne HOBbIX TEXHOMOIMMIA, CPEACTB Y METOAOB KOHTPONS M NPOMUNaKTUKN MHAEKLMOHHBIX U
napasuTapHbIx 6ornesHemn.

KoHbnUKT MHTepecoB. ABTOPLI AeKNapupyoT OTCYTCTBUE SIBHBIX U MOTEHLMATbHBIX KOH(IMKTOB MHTEPECOB, CBSA3aH-
HbIX C NyBnvKauuei HacTosILLel cTaTb.
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Baxaposa 0.A., CemeHoB A.B. dunoreHeTnyeckoe NonoxeHve 1 reHeTmyeckne ocobeHHOCTW BMpyca nMMmyHoaedu-
uuTa Yernoseka-1 B LLeHTpanbHOW HepBHOW cucteme. XKypHan mukpobuoniozauu, anudemuonoauu u uMmyHobuonoauu.
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Introduction

HIV-associated neurocognitive disorders are com-
mon among people living with HIV/AIDS despite effec-
tive antiretroviral therapy (ART). Even when the virus
replication is effectively suppressed in the bloodstream,
it may still be observed in the cerebrospinal fluid (CSF)
of certain patients. This is because the permeability of
the blood-brain barrier (BBB) to different antiretrovi-
ral drugs varies considerably, and the concentration of
certain drugs in the CSF does not reach the concentra-
tions necessary to effectively suppress HIV replication
[1, 2]. Detection of HIV infection at late stages results
in patients who already have clinical symptoms of cen-
tral nervous system (CNS) lesions due to the damage
caused by HIV replication in the CNS prior to starting
ART [3-5].

It is known that HIV, in addition to affecting
cells of the immune system, can penetrate into the
CNS, which leads to various complications, including
HIV-associated neurocognitive disorder (HAND).

It is divided into three stages according to the se-
verity of symptoms:

+ asymptomatic neurocognitive disorder;

* mild neurocognitive disorder;

» HIV-associated dementia [6].

The 2020 Global Meta Study found that the over-
all prevalence of HAND worldwide is 42.6% and var-
ies by region. South Africa has the highest prevalence
of HAND (as well as the highest number of HIV-pos-
itive individuals) and accounts for about 72% of all
cases globally. About 88% of all HAND cases are
usually in milder forms (asymptomatic or mild neuro-
cognitive disorder), while HIV-associated dementia is
quite rare [7, 8].

HIV penetration into the CNS occurs approximate-
ly 4-8" day after infection, when a person is usually not
yet diagnosed with HIV infection [9]. The virus passes
through the BBB with the help of infected monocytes
and T lymphocytes [10], [11]. HIV provirus-containing
CD14" and CD16" monocytes have been observed to
pass through the BBB more actively than similar un-
infected cells. The adhesive molecules JAM-A (junc-
tional adhesion molecule A, or CD321) and ALCAM
(activated leukocyte cell adhesion molecule, or CD166)
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play an important role in this process. By interacting
with microvascular endothelial cells of the BBB, they
allow monocytes to penetrate the barrier. Their expres-
sion is significantly increased in infected CD14" and
CD16" monocytes. Furthermore, the number of chemo-
kines in the CNS, in particular CCL2, increases, and
the number of receptors to this chemokine increases on
the surface of infected CD14*- and CD16*-monocytes
[12, 13].

Upon entry into the CNS, infected monocytes may
differentiate into perivascular macrophages, which will
form a stable reservoir for the virus and will release
viral particles for an extended period of time, infecting
other CNS cells, such as macrophages, astrocytes and
microglia, each of which may also act as a reservoir for
the virus, even under conditions of prolonged adminis-
tration of antiretroviral drugs [14]. HIV-infected cells
in the nervous system produce viral proteins such as
Tat and Nef, resulting in chronic low-level inflamma-
tion. And this inflammation persists even when antiret-
roviral drugs are administered [15, 16]. The first known
longitudinal study of patients with HIV aged 50 years
and older found that taking ART and regular check-ups
cannot prevent the development of HAND [17].

A number of studies have found that the evolution
of HIV-1 into the CNS parallels the evolution of the
virus remaining outside the CNS [18-20]. For exam-
ple, the env gene proteins of strains from CSF acquire
specific forms that interact with CD4 and the N-termi-
nus of CCR5 in tandem, allowing more efficient virus
entry into macrophages located in the CNS that express
low amounts of CD4 [21]. Genetic differences between
HIV-1 populations isolated from plasma and CSF are
present in other genes such as tat, nef, and pol [22-24].
Mutations associated with drug resistance can occur in
both plasma and CSF strains, and in certain cases drug
resistance mutations may be present in CSF strains and
absent in plasma strains of patients [25].

The replication-capable HIV reservoir represents
a genetically restricted and generally "younger" subset
of the overall pool [26]. The stability of the HIV ge-
nome is closely related to the structural features of HIV
reverse transcriptase, which, by making errors in HIV
DNA synthesis, is the cause of mutations [27].

HIV-1 reverse transcriptase is an asymmetric het-
erodimer consisting of p51 (440 amino acids long) and
p66 (560 amino acids long) subunits. Each subunit con-
tains subdomains such as fingers (amino acids 1-85,
118-155), palm (amino acids 86—117, 156-236), thumb
(amino acids 237-318), and a connecting subdomain
(amino acids 319—446). The p66 subunit also includes
a subdomain connecting it to RNase H (amino acids
427-560). The catalytically active center is formed by
amino acids 110, 185, and 186. These two subunits
have different spatial organization, and only the p66
subunit is catalytically active, while p51 plays only a
structural role [28].

The study of differences in the three-dimensional
structure of protease and reverse transcriptase of HIV
strains separated by the BBB is of interest to reveal the
direction of adaptive changes of the virus associated
with the presence in a certain compartment.

Materials and methods

Between January 2018 and March 2022, 38
HIV-infected patients from the Chelyabinsk region
with neurocognitive disorders and severe immunodefi-
ciency were examined.

The patients' age averaged 39 years (mean square
deviation o = 7, Shapiro—Wilk coefficient W =0.917 at
p =0.008). Among the subjects, 20 were men (52.63%;
95% confidence interval (CI) 37.3—67.5) and 18 were
women (47.37%, 95% CI 32.5-62.7). All patients were
in stage 4B HIV infection. The study was conducted
with the informed consent of the patients. The study
was approved by the local Ethics Committee of the
Federal Scientific Research Institute of Viral Infections
"Virome" (protocol No. 2, May 26, 2022) and by the
local Ethics Committee of the Yekaterinburg Research
Institute of Viral Infections (protocol No. 3, June 17,
2016).

CD4-cell counts were measured using a BD FACS-
Canto II flow cytometer and BD Tritest CD4/CD8/CD3
reagent kit (Becton Dickinson). Viral load level was
determined using the AmpliSense HIV-Monitor-FRT
reagent kit (CRIE Rospotrebnadzor), sequencing —
using the AmpliSense HIV-Resist-Seq reagent kit
(CRIE Rospotrebnadzor). Electrophoregrams were
processed and consensus sequences were obtained us-
ing Deona 1.7.0 software (RMBit Company).

A total of 57 nucleotide sequences of the pol
HIV-1 gene were obtained, including paired samples
from blood plasma and CSF from 19 patients, HIV
RNA in sufficient quantity for sequencing was isolated
either from blood plasma or CSF of 19 other patients.
All nucleotide sequences have been deposited in the
international GenBank database (Accession numbers:
OR260480-OR260536).

With respect to the nucleotide sequences under
study, we searched for the closest related HIV ge-
nomes using the NCBI BLAST service [29]. A data
set comprising HIV genomes with 95% or higher se-
quence similarity to the original sequences was formed
(n = 2929). Multiple alignment was performed us-
ing the ClustalOmega algorithm on the EMBL online
service [30]. Subtyping, detection of drug resistance
mutations and other mutations were performed using
the Stanford University HIV drug resistance database
(HIVdb Program: Mutations Analysis, program version
3.4.3; algorithm version 9.4) [31].

For phylogenetic analysis, the selection of the
most appropriate nucleotide substitution model for the
available data was performed using the FindModel
online service [32]. Phylogenetic trees were construc-
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ted using the maximum likelihood method with the
GTR+G (General Time Reversible + gamma) nucleo-
tide substitution model using the "MEGA X" software
[33]. 500 bootstrap replications were used as a measure
of statistical support.

For phylogenetic analysis of paired genome sam-
ples of HIV strains isolated from blood plasma and
CSF of 19 patients, HIV genomes representing dif-
ferent subtypes were added as a reference sequences:
A6 (EU861977, KU749403, KT983615, JX500694),
B (JX500708) and CRF63 02A6 (JN230353). The
above strains are the reference strains for subtypes and
circulating recombinant HIV strains according to Los
Alamos HIV databases [34].

Statistical processing of data was carried out using
the Statistica v. 12 software product (StatSoft Russia).
Confidence intervals were calculated using Wilson's
method for the level of type 1 error 0.05 [35]. Nonpara-
metric statistics criteria (y%, Fisher's exact test, Mann—
Whitney test) were used to confirm statistically signif-
icant difference.

Three-dimensional models of viral proteins (prote-
ase and reverse transcriptase) were obtained by homol-
ogy construction method. For the protease, the crystal
structure model of HIV-1 protease, subtype A (PDB
ID: 3ixo0) was used. This model was chosen because it
had the highest similarity to our amino acid sequences
among HIV-1 protease models that were not associated
with inhibitors and did not have drug resistance muta-
tions, and it also belonged to the closest subtype A.

For reverse transcriptase, the pS1 subunit model
of HIV-1 reverse transcriptase (PDB ID: 3kjv) and the
HIV-1 reverse transcriptase/RNase H model (PDB ID:
4icl) were used. These models have the highest primary
structure similarity to our sequences among models that
are not in complex with inhibitors and have no drug
resistance mutations.

Three-dimensional protein models were built
and their structures were compared using the SWISS-
MODEL online service [36, 37].

Results and discussion

Based on patient history, the duration of HIV in-
fection from diagnosis to hospitalization was found
to be 81 months on average (c = 64; W = 0.924;
p = 0.01). The majority of patients, 30 of 38 (79.0%;
95% CI 63.7-88.9), had no history of ART, and the
remainder were on therapy for a median of up to 29
months (interquartile range (IQR) 9-35 months), but
with low adherence, self-interrupting prescribed cours-
es of treatment. Given that all patients were hospital-
ized at stage 4B of HIV, their infection occurred long
before diagnosis. Thus, it was the long-term course of
HIV infection without ART that caused CNS damage.

Among the patients studied (n = 38), the most
common brain lesions were meningoencephalitis and
encephalitis associated with opportunistic infections

ORIGINAL RESEARCHES

and tuberculosis, 20 out of 38 cases (52.6%; 95% CI
37.3-67.5), among which encephalitis of toxoplasma
etiology predominated, 10 out of 20 cases (50.0%; 95%
CI129.9-70.1). HIV encephalitis was identified in 18 of
38 cases (47.4%; 95% CI 32.5-62.7; Figure 1).

In this study, the groups of patients with brain le-
sions caused by opportunistic infections and the group
of patients with HIV encephalitis had no statistically
significant differences in terms of ART experience, sex,
age and other indicators, which is possibly due to the
small sample size. Previous studies have shown that
the spectrum of neurological disorders in patients with
HIV infection depends significantly on the availability
of therapy and its timely initiation. In countries where
ART is widely available, neurological symptoms in pa-
tients with HIV infection are often due to HIV enceph-
alitis. On the other hand, in developing countries where
access to HIV treatment still needs to be improved,
neurological deterioration is often associated with op-
portunistic CNS infections such as toxoplasmosis and
cryptococcosis [38].

Low CD4 count and high viral load are key factors
determining the development of HIV encephalitis [39].
The level of HIV viral load in plasma was at a median
of 4.67 (ICI 4.19-5.40) Ig copies/mL and was statisti-
cally significantly higher than that in CSF, at a median
of 3.87 (ICI 2.73-4.66) 1g copies/mL, by 0.8 1g, or 6.27
times (U =442; z =2.904; p = 0.004).

The CD4-lymphocyte content in plasma was at a
median of 41.0 (ICI 21.3-66.5) Ig copies/mL, with no
correlation with the level of viral load (Fig. 2).

The higher HIV viral load in CSF compared to
plasma is quite common among patients not on effec-
tive ART and among ART-naive patients, which was
also shown in a cross-sectional multicenter study con-
ducted in large European cities between 1982 and 2017
[40]. In this study, the difference in viral load level was
1.0 Ig copies/mL, and there was a correlation between
these values in plasma and CSF. In our study, there was
a weak direct correlation between HIV viral load levels
in plasma and CSF: Spearman coefficient R = 0.38,
p=0.019.

Among 57 genotyped samples from 38 patients,
54 representatives of subtype A6 were identified
(94.7%; 95% CI 85.6-98.2), 2 samples from 1 patient
contained recombinant strain CRF63 02A6 (3.5%;
95% CI 1.0-11.9) and 1 strain isolated from plasma
contained subtype B (1.8%; 95% CI 0.3-9.3), whereas
a strain isolated from the same patient's CSF belonged
to HIV-1 subtype A6.

To determine the phylogenetic position of the
studied strains, HIV genomes with 95% or higher si-
milarity were found in each of the 57 sequences using
the NCBI BLAST service. After excluding repetitive
records, synthetic sequences, and records in which the
country of origin of the strain could not be determined,
2872 nucleotide sequences remained, with a median



KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMNONOTUN N UMMYHOBUOJOIMNI. 2024; 101(1)

DOI: https://doi.org/10.36233/0372-9311-442

105

OPUTVHANbHbBIE NCCJTIEAOBAHNA

Cytomegalovirus
encephalitis
3%

Meningoencephalitis
of tuberculous /
etiology

8%

Cryptococcal
meningoencephalitis
16%

identity of 95.97% (ICI 95.52-96.51%). Together with
the studied samples, the genotypic structure was repre-
sented by 2508 strains of subtype A6 (85.5%; 95% CI
84.1-86.7), 397 CRF63 02A6 (13.8%; 95% CI 12.6—
15.1), 14 subtype B (0.5%; 95% CI 0.3-0.8), and 7
CRF02_A6G (0.2%; 95% CI 0.1-0.5) among the 2929
strains analyzed.

Phylogenetic analysis of 2929 HIV-1 pol gene
fragments encoding a protease and part of a reverse
transcriptase was performed by maximum likelihood
analysis using the GTR+G nucleotide substitution mo-
del and 500 bootstrap replications. As a result, 26 clus-
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Fig. 1. Structure of brain lesions
among the examined patients.

ters were formed, 11 of which included 57 HIV strains
isolated from the studied patients (Fig. 3).

Strains from patients in the study sample were in-
cluded in 11 clusters. Among strains from patients from
near abroad countries, strains circulating in Ukraine
and Kyrgyzstan (6 out of 11 clusters each), Belarus,
Tajikistan, Kazakhstan, Armenia (5 out of 11 clusters),
and Poland and Germany (5 out of 11 clusters) were
the most frequently found in clusters with the samples
under study.

Among the 57 HIV strains isolated from patients
in the study sample, 11 (19.3%; 95% CI 11.1-31.3)

cerebrospinal fluid

blood plasma

450
300
150

Fig. 2. HIV viral load in blood plasma and cerebrospinal fluid and an amount of CD4 cells among
the examined patients (n = 38).

The dotted line indicates the median.



106

JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2024; 101(1)

DOI: https://doi.org/10.36233/0372-9311-442

formed a separate cluster #3, where they accounted for
73.3% (95% CI 48-89.1). These strains were isolated
from 8 patients, including 6 women and 1 man from
Chelyabinsk and 1 woman from the city of Satka, Che-
lyabinsk region. Of the 8 patients, only 2 were infected
by intravenous drug use, and the rest were sexually in-
fected.

Most related strains originated from Russia
(75.4%; 95% CI 73.8-76.9). Their proportion varied
from cluster to cluster from 24% (cluster #23) to 100%
(cluster #15). Strains originating from foreign countries
were of greatest interest.

The largest cluster on the phylogenetic tree, clus-
ter #13, containing 873 HIV genomes (29.8%; 95%
CI 28.2-31.5), contained 16 strains from patients in
the study group, as well as strains from patients of 19
foreign countries. The highest proportions of the 208
HIV strains from foreign countries in this cluster were
strains circulating in Kyrgyzstan (29.3%), Belarus
(23.6%), and Tajikistan (12.0%).

Phylogenetic analysis of paired samples from
blood plasma and CSF from 19 patients with referenc-
es of subtype A6, subtype B and CRF63 02A6 showed
that in 5 patients, sequences from plasma and CSF fell
into different clusters and in one of them, HIV strains
belonged to different subtypes: subtype B in plas-
ma (ID159, AN: OR260493), and subtype A6 in CSF
(ID160, AN: OR260494) (Fig. 4).

Of the 5 patients with genetic heterogeneity of
HIV genomes from different compartments, 4 were
people who inject drugs (PWID). It should be noted
that minimal differences in the genome of HIV strains
from CSF and plasma were observed in the patient who
was not a PWID. On a phylogenetic tree with 2929 HIV
genomes, strains from these patients also appeared in
different clusters. Significant differences in the genome

] Subtype B
I CRF63_02A6, CRF02_AG
[ | Subtype A6

24
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of HIV persisting on different sides of the BBB may
indirectly indicate superinfection of the patient, with a
later-infected strain isolated from blood plasma.

To analyze amino acid substitutions and the tertia-
ry structure of HIV protease and reverse transcriptase,
strains were selected from paired samples from 13 pa-
tients out of 19. Five patients with high strain hetero-
geneity and suspected superinfection and one patient
with identical amino acid composition of protease and
reverse transcriptase in plasma and CSF strains were
excluded from the comparison.

Comparative analysis of the detected amino acid
substitutions in protease and reverse transcriptase of
strains from plasma and CSF of 13 patients allowed us
to identify independently arisen mutations that were
formed and fixed in the process of microevolution of
HIV strains separated by the BBB. Taking into account
the extremely severe condition of the patients, in certain
cases the maximum possible changes in the genome
could be observed, which had time to occur during the
course of HIV infection in one person without ART.

In the protease of HIV strains isolated from plas-
ma, only 5 out of 13 samples showed amino acid sub-
stitutions that occurred independently (present only in
strains from one compartment and, therefore, not in-
herited by a strain persisting in the CNS) from strains
isolated from CSF, with the number of amino acid sub-
stitutions ranging from 1 to 3. In the strains isolated
from CSF, independent amino acid substitutions were
also observed in 5 of the 13 samples, and the number of
amino acid substitutions ranged from 1 to 2.

In reverse transcriptase strains isolated from
plasma, amino acid substitutions that occurred inde-
pendently of strains isolated from CSF were detected
in 10 of 13 samples, with the number of amino acid
substitutions ranging from 1 to 6. In 12 samples from

Number | . Number of . Other Foreign
of cluster 5’3:;}22:;%7; |sollgtesssgom isolates
1 1 6 8
2 4 399 10
3 1 3 1
4 4 14 0
5 110 43
8 317 31
1 2 50 4
13 16 649 208
16 1 1 4
22 2 3
26 2 241 218

Fig. 3. Maxim-likehood phylogenetic tree derived from 2929 HIV-1 pol gene (fragment encoding viral protease and part
of reverse transcriptase) sequences which had 95% or more identity with studied ones.
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Fig. 4. Phylogenetic tree of 38 HIV-1 pol gene sequences from 19 patients obtained in pairs from blood plasma and CSF.

Ovals of the same color indicate paired samples that have fallen into different clusters. Red branches and clusters contain HIV-1
subtype A6 sequences.

Fig. 5. Difference in the tertiary structure of HIV-1 reverse transcriptase p51 subunit between strains from blood plasma
and from CSF.
Amino acid positions 16—20 are framed. Strain from blood plasma is shown in cyan, from CSF — in light brown. Amino acid position 18
is highlighted in red.
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CSF, the number of independently occurring amino ac-
id substitutions ranged from 2 to 7.

Comparison of the tertiary structure of proteins
based on a model of the p51 subunit of HIV reverse
transcriptase revealed 2 highly co-variable regions with
differences between strains from plasma and those from
CSF. In strains from plasma and CSF of 5 patients, the
HIV-1 reverse transcriptase structures matched com-
pletely.

In strains from plasma and from CSF from the
other 5 patients, differences in the reverse transcriptase
structure were present at amino acid positions 16-20,
which corresponds to the beginning of the fingers sub-
domain (Fig. 5).

At the end of the palm subdomain at positions
210-235, there also appeared to be a variable region
where differences between strains of both plasma and
CSF were detected in 8 pairs of images, including
5 pairs that exhibited a difference in structure at posi-
tions 16-20 (Fig. 6).

ORIGINAL RESEARCHES

Other studies have observed that a site in the re-
gion of amino acid positions 219-230, which forms a
disordered loop in the p51 subunit of HIV-1 reverse
transcriptase, plays an important role in the dimeriza-
tion process of the 2 subunits of the enzyme [41].

When comparing the tertiary structure of the p66
subunit of HIV-1 reverse transcriptase in 10 out of 14
patients, the structures of the enzyme in plasma and
CSF strains coincided completely, while in another
3 patients there were regular repeated differences in
amino acid positions 187—190 (immediately after cata-
lytically active positions 185, 186) (Fig. 7).

This region is included in the binding site of
NNRTIs to the enzyme [42].

As aresult of even single amino acid substitutions
in the microevolution process, the tertiary structure of
reverse transcriptase changed, adapting to specific con-
ditions of functioning. Such adaptation occurred inde-
pendently in different compartments separated by the
BBB. At the same time, only those amino acid substi-

Loy we
%

Fig. 6. Difference in the tertiary structure of HIV-1 reverse transcriptase p51 subunit between strains from blood plasma
and from CSF.

Amino acid positions 210-235 are framed. Strain from blood plasma is shown in cyan, from CSF — in light brown.
Amino acid position 220 is highlighted in red.
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Fig. 7. Difference in the tertiary structure of HIV-1 reverse transcriptase p66 subunit between strains from blood plasma
and from CSF.

Amino acid positions 187—-190 are framed. Strain from blood plasma is shown in cyan, from CSF — in light brown.
Amino acid position 187 is highlighted in red.

Amino acid substitutions, associated with HIV-1 reverse transcriptase (RT) tertiary structure alterations in strains from CSF
and blood plasma

. . T~ Differences in the Differences in the Differences in the
Patient | Accession Locus r:Ig::\r)g t?) c:_c:xsé’gite'tf:tr'g;ge tertiary structure of tertiary structure of tertiary structure of
ID number sequence RT p51 subunit in RT p51 subunit in RT p66 subunit in
q positions 16—20 positions 210-235 positions 187-190
OR260486 Blood plasma T69S, Q242K
p8 + +
OR260531 CSF E6D, K20E, E28K
OR260523 Blood plasma T39D
p11 + +
OR260482 CSF T39N
OR260512 Blood plasma _
p26 + +
OR260533 CSF E28K, K64R
OR260521 Blood plasma K11A, T39K, V60I
p27 + +
OR260480 CSF K11T, E36D, T39E, K64R
OR260516 Blood plasma _
p53 +
OR260535 CSF K64R, A158S
OR260517 Blood plasma V35K, T39K, 147M
p59 + +
OR260528 CSF T39R, K64R, D67N, T200A
OR260507 Blood plasma E40D, D86N, L214F
p95 + + +
OR260508 CSF _
OR260509 Blood plasma V35T, T39M, S162H
p96 +
OR260510 CSF V351, T39K, V60I, S162Y
OR260513 Blood plasma V35K, F116Y
p46 +

OR260534 CSF T27P, V35T, S162C, D177N
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tutions that are most optimal for the functioning envi-
ronment of each HIV strain became fixed. Analysis of
amino acid substitutions in the p51 and p66 subunits of
reverse transcriptase demonstrated their relationship to
differences in tertiary structure (Table).

The tertiary structure of the p51 subunit of HIV-1
reverse transcriptase turned out to be the most vari-
able, with at least 2 evolutionary events related to
amino acid substitutions, 1 in each strain, required for
the emergence of conformational differences between
proteins from blood plasma and CSF strains. The p51
subunit is catalytically inactive and plays only a struc-
tural role in the reverse transcription complex. Simi-
lar amino acid substitutions in the p66 subunit of the
reverse transcriptase, which does have catalytic func-
tions, did not result in changes in the tertiary structure.
In 3 cases, differences in the tertiary structure of the
p66 subunit were present but were minimal and cov-
ered a region 3 amino acids in length. Differences in
the tertiary structure of the p66 reverse transcriptase
subunit were associated with at least 3 evolutionary
events in one of the strains or with 5 events in strains
from CSF and plasma.

Conclusion

A statistically significant weak correlation be-
tween the HIV viral load level in plasma and CSF was
revealed. The HIV viral load in blood plasma exceeded
the values in CSF by 0.8 Ig, or 6.3 times.

Phylogenetic analysis of the pol HIV-1 gene
fragment encoding protease and part of reverse tran-
scriptase demonstrates a high degree of heteroge-
neity, with part of the genome clustering with closely
related strains circulating both in the near abroad
countries of Ukraine and Kyrgyzstan, and in Central
Europe: Poland and Germany. This may indicate a high
frequency of HIV infections entering the region from
abroad.

ORIGINAL RESEARCHES

Comparison of HIV-1 pol gene regions (encod-
ing protease and part of reverse transcriptase) between
strains from blood plasma and from CSF revealed sig-
nificant genetic distances between HIV-1 genomes in
strains from 5 patients (in 1 case strains belonged to
different subtypes — A6 in plasma and B in CSF).

The number of independent amino acid substitu-
tions in the site encoding the viral protease ranged from
1 to 3 in plasma strains and from 1 to 2 in CSF strains.
The number of amino acid substitutions in the site en-
coding the HIV-1 reverse transcriptase fragment ranged
from 1 to 6 in blood plasma strains and from 1 to 7 in
CSF strains.

Highly co-variable regions in the structure of the
p51 subunit of HIV-1 reverse transcriptase were found
at amino acid positions 16-20 and 210-235. In 5 pa-
tients, the structure of the enzyme in strains from blood
plasma and CSF differed in both positions, and in 4 pa-
tients — only in positions 210-235. In 3 patients, the
tertiary structure of the p66 subunit of HIV-1 reverse
transcriptase differed in amino acid positions 187-190.
This region is part of the NNRTI binding site. A much
greater difference in the tertiary structure was observed
in the p51 subunit, which is known to have no catalytic
activity but plays an important structural role in the for-
mation of the reverse transcription complex.

No differences were observed in the tertiary struc-
ture of the viral protease between strains from plasma
and those from CSF. Amino acid substitutions in HIV-1
reverse transcriptase that lead to changes in the tertiary
structure of one subunit will not necessarily result in
changes in the other.

The described observations confirm the pres-
ence of a virus microevolution process, manifested
by changes in both primary and tertiary structures
of HIV-1 reverse transcriptase, proceeding in parallel
and independently in the organism of one patient in dif-
ferent compartments separated by the BBB.
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