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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 lg 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. 
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Аннотация
Актуальность. Благодаря широкому охвату пациентов с ВИЧ-инфекцией антиретровирусной терапией 
существенно увеличилась продолжительность жизни инфицированных людей. На фоне снижения смерт-
ности от ВИЧ-инфекции высокую важность приобретают ВИЧ-ассоциированные нейрокогнитивные рас-
стройства, которые развиваются даже на фоне эффективного лечения. Общая распространённость такой 
патологии среди лиц, живущих с ВИЧ, достигает 42,6%.
Целью исследования явилось изучение генетических особенностей и филогенетического положения 
ВИЧ-1, персистирующего в центральной нервной системе (ЦНС).
Материалы и методы. Обследованы 38 пациентов с тяжёлыми нейрокогнитивными нарушениями на фо-
не ВИЧ-инфекции в стадии 4В. Вирусную нагрузку ВИЧ-1 определяли в пробах плазмы крови и ликвора 
с использованием реагентов «АмплиСенс ВИЧ-Монитор-FRT», выполняли секвенирование по Сэнгеру. 
Филогенетический анализ фрагментов гена pol штаммов ВИЧ-1 (участок, кодирующий вирусную протеазу 
и часть обратной транскриптазы) проводили методом максимального правдоподобия с моделью замены 
нуклеотидов GTR+G. Сравнения третичной структуры вирусных белков выполняли на основе трёхмерных 
моделей протеазы и субъединиц p51 и p66 обратной транскриптазы, полученных методом гомологическо-
го построения с использованием сервиса SWISS-MODEL.
Результаты. Уровень вирусной нагрузки в выборке пациентов c тяжёлыми поражениями ЦНС в плазме 
крови был в 6,27 раза выше, чем в ликворе, и составлял по медиане 4,67 и 3,87 lg копий/мл соответствен-
но (p = 0,004). Филогенетический анализ с использованием всех доступных в GenBank геномов ВИЧ, от-
личающихся менее чем на 5% от исследуемых штаммов, показал близкое генетическое родство вирусов, 
циркулирующих в Челябинской области, помимо штаммов из России, со штаммами ВИЧ, циркулирую-
щими в странах ближнего зарубежья, в первую очередь на Украине и в Киргизии, несколько меньше —  
в Белоруссии, Таджикистане, Казахстане, Армении, а также со штаммами из Польши и Германии. Фи-
логенетический анализ 38 геномов ВИЧ из парных проб (ликвор и плазма крови) позволил выявить у 5 
пациентов, 4 из которых являлись потребителями инъекционных наркотиков, существенные генетические 
дистанции между штаммами ВИЧ, выделенными из ликвора и из плазмы крови, что может свидетельство-
вать о суперинфицировании разными штаммами.
Количество независимых аминокислотных замен в протеазе у штаммов из плазмы составляло от 1 до 3, 
у штаммов из ликвора — от 1 до 2, в фрагменте обратной транскриптазы в штаммах из плазмы крови — 
от 1 до 6, в штаммах из ликвора — от 1 до 7. В штаммах ВИЧ из плазмы и ликвора от 5 пациентов была 
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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 4–8th 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) 

выявлена разница в структуре субъединицы p51 обратной транскриптазы в аминокислотных позициях 
16–20 и 210–235, ещё от 3 пациентов — только в позициях 210–235. В штаммах ВИЧ из плазмы и ликвора 
от 3 пациентов наблюдалась разница в структуре субъединицы p66 обратной транскриптазы в области 
связывания с ненуклеозидными ингибиторами обратной транскриптазы. Для появления закрепляющихся 
различий в третичной структуре субъединицы p51 оказалось достаточно изменения всего 1 аминокис-
лоты. Для изменения третичной структуры субъединицы p66 минимальное количество аминокислотных 
замен составляло 3.
Заключение. Микроэволюция ВИЧ-1 идёт параллельно в пределах одного пациента в разных компарт-
ментах, что отражается в накоплении отличных от другого компартмента аминокислотных замен в кон-
сервативном гене pol. Имеется слабая корреляция между уровнем вирусной нагрузки в плазме и в ликво-
ре. Генетическая гетерогенность штаммов ВИЧ от пациентов из Челябинской области свидетельствует о 
высокой частоте заносов ВИЧ-инфекции в регион из других государств. Различия в третичной структуре 
обратной транскриптазы ВИЧ-1 между штаммами из плазмы крови и из ликвора закономерно закрепляют-
ся в определённых участках, что также подтверждает наличие параллельной микроэволюции ВИЧ в ходе 
персистирования вируса в тканях, разделённых гематоэнцефалическим барьером, что позволяет лучше 
понять тенденции закрепления отдельных аминокислотных замен при поражении ЦНС ВИЧ. 

Ключевые слова: вирус иммунодефицита человека, ВИЧ-инфекция, нейрокогнитивные расстройства, 
поражения головного мозга, субтипы, протеаза, обратная транскриптаза, третичная структура 
ферментов
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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 σ = 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 (χ2, 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: 3ixo) 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 p51 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 (σ = 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 

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% 
CI 29.9–70.1). 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) lg copies/mL and was statisti-
cally significantly higher than that in CSF, at a median 
of 3.87 (ICI 2.73–4.66) lg copies/mL, by 0.8 lg, 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) lg 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-naïve 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 lg 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 le vels 
in plasma and CSF: Spearman coefficient Rs = 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 
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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-

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) 

Fig. 1. Structure of brain lesions 
among the examined patients.
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Fig. 2. HIV viral load in blood plasma and cerebrospinal fluid and an amount of CD4 cells among  
the examined patients (n = 38). 
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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 

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 
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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.
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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).

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 a result 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-

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

Patient 
ID

Accession 
number Locus

Amino acid substitutions 
relative to HXB2 reference 

sequence

Differences in the 
tertiary structure of 
RT p51 subunit in 
positions 16–20

Differences in the 
tertiary structure of 
RT p51 subunit in 
positions 210–235

Differences in the 
tertiary structure of 
RT p66 subunit in 
positions 187–190

p8
OR260486 Blood plasma T69S, Q242K

+ +
OR260531 CSF E6D, K20E, E28K

p11
OR260523 Blood plasma T39D

+ +
OR260482 CSF T39N

p26
OR260512 Blood plasma _

+ +
OR260533 CSF E28K, K64R

p27
OR260521 Blood plasma K11A, T39K, V60I

+ +
OR260480 CSF K11T, E36D, T39E, K64R

p53
OR260516 Blood plasma _

+
OR260535 CSF K64R, A158S

p59
OR260517 Blood plasma V35K, T39K, I47M

+ +
OR260528 CSF T39R, K64R, D67N, T200A

p95
OR260507 Blood plasma E40D, D86N, L214F

+ + +
OR260508 CSF _

p96
OR260509 Blood plasma V35T, T39M, S162H

+
OR260510 CSF V35I, T39K, V60I, S162Y

p46
OR260513 Blood plasma V35K, F116Y

+
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 lg, 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.

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, manifes ted 
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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