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Abstract. Introduction. Assessing interaction between the human immunodeficiency virus (HIV) and human factors
is crucial for understanding the disease pathogenesis. HIV triggers an immune response that involves numerous cellular
and molecular processes related to inflammation, cell migration, and disrupted tissue barrier functions. Such reactions
build up a cascade in which chemokines and cognate co-receptors, as well as other molecules regulating the immune
response, play a key role. However, the interaction between HIV and the human organism cannot be reduced to a simple
mechanism because it represents a multilayered system where crucial molecules and events may be unknown or require
further study. Objective: to assess a significance of candidate genes potentially involved in the pathogenesis of HIV
infection during the phase of viral attachment to cell, based on assessing gene expression, localization, and involvement
in biological pathways and processes. Materials and methods. The study compared the characteristics of the 100 most
promising candidate genes (CG) according to the HumanNet web resource with background genes (CCRS5, CXCR4, CCR2,
CD4), known to be reliably linked to HIV attachment. Expression data, localization, and involvement in various cellular
pathways and processes for the candidate and background genes were analyzed. A scoring system was developed to assess
the significance of each gene in the context of its role in immune and inflammatory responses. Results. A total of 100
candidate genes were analyzed. Using the developed scoring system, a number of genes were identified as significant based
on the analyzed parameter: 17 candidates — significant by expression profile; 7 — by localization; 17 — by involvement
in biological pathways; and 25 — by involvement in biological processes. The final ranking revealed 55 candidate genes.
The identified candidate genes were classified into the following functional groups: chemokine co-receptors and their
ligands; genes and proteins associated with G-proteins; and a group for which a common functional role or family
could not be established. Conclusions. The identified correlations between the candidate genes and background genes
highlight the need to further investigate CG interactions in HIV pathogenesis allowing for a more detailed assessment
of the contribution of both individual genes and entire systems, which, in the future, will expand our understanding of the
molecular mechanisms behind HIV infection and, hypothetically, accelerate the discovery of new (or the expansion
of existing) therapeutic models.
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BUOUHD®OPMATUYECKUIA AHANIN3 BSAUMOCBS3EA MEXAY CNELIMDGUIECKUMU FTEHAMM
YEJIOBEKA, ACCOLUUPOBAHHbIMU C NPUKPEMJIEHUEM BUY

Jassinenko B.C.!, Octankosa I0.B.!, Illemenes A.H.!, Anyppuena E.B.!, Kymnapesa B.B.!, Toronsn A.A."?
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Pestome. Bsedenue. VizyueHue B3auMoneiicTBusl BUpyca uMMyHonedunuTa yenoseka (BUY) ¢ pakropamu yenoeue-
CKOT'O OpraHu3Ma UMEEeT KJIIOUEBOE 3HaYeHUE 1S TOHMMaHMsI maroreHesa 3adosesaHus. BUY BbizbiBaeT UMMYHHYIO
peaxinio, KOTopas BKIIOYAeT B Ce0sI MHOXECTBO KJICTOTHBIX M MOJIEKYJISIPHBIX IIPOIIECCOB, CBSI3aHHBIX C BOCTIAJICHHUEM,
MHUTpalreil KJIeTOK 1 HapylleHneM 0apbepHBIX (QYHKIINI TKaHel. DTH peaKIIMK 00pa3yloT KacKal, B KOTOPOM Bax-
HYIO POJIb UTPAIOT KaK XEMOKMHBI U UX KOPELENITOPhI, TAK U IPYyTHUE MOJIEKYJIbI, PETYIUPYIOLUINE UMMYHHBIN OTBET.
[IpobGema cocTonT B TOM, 4TO B3ammozeiicTBue BUY ¢ yemoBeyecKM OpraHU3MOM HEBO3MOXHO CBECTH K IIPOCTOMY
MEXaHMU3MY — 3TO CJIOKHAST CUCTeMa, B KOTOPOIi KJTIOUEBbIC MOJIEKYJIbI I MEXaHMU3MBI MOTYT OBITh HEM3BECTHEI M TPE-
OyI0T majbHelrero n3yyeHus. Lleapio uccienoBanus ObIa OLlcHKA 3HAYMMOCTH T€HOB-KaHAMIATOB, IIOTCHIINAIBHO
yYacTBYIOIMX B martoreHe3e BUY-mHbeKIrM Ha cTaguy MpUKPEIJIEHUS BUpyca K KJIeTKe, HA OCHOBAaHUM OLCHKHU
SKCIPECCUH, JIOKATU3ALUU U YUYACTUU B OMOJOrMYECKUX MYTAX U npoueccax. Mamepuaavt u memodst. B padote ObLI10
MpoBeIeHO cpaBHeHME XapakTepucTuk 100 Hanbonee nepcnekTUBHBIX reHoB-KaHauaaToB (I'K) cormacHo Bed-pecypcy
HumanNet ¢ ¢poHoBbiMu reHamu (CCRS5, CXCR4, CCR2, CD4), nist KOTOPHIX JOCTOBEPHO MOKa3aHa CB3b C IPUKpE-
mieHneM BUY k kietke. bouim mpoaHanu3upoBaHbl JaHHBIE SKCIIPECCUHM, JOKATU3aIMHU, a TakKe BOBJICUCHHOCTH
B Pa3IMYHBIC KJICTOYHBIC ITyTH U MPOIECCH TeHOB-KAaHINIATOB M (hOHOBHIX TeHOB. B Xome paboThI OblIa pa3dpadboTaHa
cucTeMa 0aJIJIOBOTO paHXMPOBAHMSI, KOTOPAsi TIO3BOJIMIA OLICHUTh 3HAYMMOCTD KaXKI0TO TeHa B KOHTEKCTE €T0 YIaCTU s
B UMMYHHBIX M BOCHIAJTUTCIBHBIX peakusax. Pesyromamet. IIpoananusupoBano 100 reHoB-kKaHaAUAaTOB. C MCIIONB30-
BaHHUEM pa3pabOTaHHOTO MeTo[a 0aJIJIOBOTO PaHKUPOBAHUS DS TEHOB OBLI OIpeesieH, KaK 3HAUMMBII B 3aBUCUMO-
CTHU OT aHAJU3UPYEMOI XapaKTepUCTUKI: 3HAUMMBIE TI0 TTIPOGUITIO SKCIIpeccn — 17 KaHANAaTOB, JOKATN3aANN — 7,
y4JacTre B OMOJIOTHUSCKUX Iy TIX — 17, B Onojormuyeckux mpoueccax — 25. [To pe3ynbpraraM HTOTOBOTO paHXXHPOBAHMS
BbisiBJIeHO 55 T'K. BoisiBnenHbie 'K Ob111 OTHECEHBI K CIeAyI0IUM (YHKIIMOHAIBHBIM IPyTIaM: XeMOKMHOBbIE KOpe-
LIETITOPBI M MX JIMTAHIBI, TeHBI ¥ OCJIKM, CBsI3aHHEIe ¢ G-0eIKaMu, a TaKKe I'pyIIIa, IJIs YJIEHOB KOTOPOW He YIaJ0Ch
YCTaHOBUTH 00IYI0 (DYHKIIMOHAJBHYIO POJIb UJIU CEMENCTBO. Boigodwl. BrisiBneHHbIe Koppensuuu Mexay 'K u ¢poHo-
BbIMU '€éHaMM aK1IEHTUPYIOT BHUMaHUe Ha HEOOXOMMOCTH AaibHeli1ero usyueHus p3anmoneiictsuii 'K B maroreHese
BHY. 310 mo3Boaut 6oJiee NeTaabHO OLEHUTD BKJIAJ KaK OTAEIbHBIX T€HOB, TaK M IIEJIBIX CUCTEM, UTO, B AaJIbHEHIIIEM,
paclIMpuUT Hallle TOHUMaHUe MOJIEKYISIpHBIX MeXaHu3MoB BUY-uHdex1mu, a TakKe, TMIOTETUYeCKU, YCKOPUT OOHA-
py>KeHMe HOBBIX MJIU PaCIIUPEHUE CYIIECTBYIOIINX TEPAIEBTUUCCKIX MOIEICH.

Karuesvie caosa: supyc ummyHnodepuyuma ueio06exa, 63aumodeticmeue aupyc—xo3auH, 0e10k-0eaK06ble 63aumo0eiicmeus, 2eHbl-
xanoudamol, in silico, CD4, CCRS5, CXCR4, CCR2.

Introduction

The disease caused by the human immunode-
ficiency virus (HIV) remains one of the most seri-
ous public health challenges worldwide. According
to recent data, the number of people living with HIV
reaches nearly 40 million [16]. HIV infection is char-
acterized by a progressive destruction of the immune
system, ultimately leading to acquired immunode-
ficiency syndrome (AIDS). The primary methods
for combating HIV infection remain the suppression
and management of the infection through antiretro-
viral therapy (ART) [31].

ART involves the use of different classes of drugs
that act on key stages of the viral life cycle, including
cell entry, replication, integration into the genome,
and the assembly of new viral particles [35]. Drug re-
sistance mutations in HIV, resulting from its high ge-
netic variability, remain a major challenge for antiret-
roviral therapy. These mutations can reduce the ef-
ficacy of drugs and contribute to multidrug resist-

ance, necessitating constant adaptation of treatment
regimens and the search for new approaches [22, 37].
The use of combination therapy involving multiple
drugs helps reduce the risk of resistance, but the life-
long nature of therapy leaves a risk of disease recur-
rence even with full adherence by the patient [22].

Progression of the disease is influenced not only
by viral characteristics, but also by individual human
host features, primarily those that are genetically
determined. HIV attachment to the cell occurs by
binding to the CD4 receptor and chemokine co-re-
ceptors CCR5 and CXCR4. A well-known mutation
inthe CCR5gene, CCR5-A32, has a prevalence rang-
ing from 7.8% to 25% in different Russian regions [5,
6]. This deletion provides partial, or complete, resist-
ance to HIV infection by preventing viral entry into
cells [23]. Based on this data, a group of drugs has
been developed that target interactions between hu-
man and viral proteins, aimed at blocking co-recep-
tors, which plays a key role in preventing viral entry
into cells.
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In contrast, no mutations analogous to delta 32
have been found in the CXCR4 gene. However, it has
been shown that several mutations in this gene are
presumably linked to the development of certain
diseases, such as WHIM syndrome (rs104893625,
rs104893624) [17], while the effects of other muta-
tions on the human body remain to be elucidated.

Although these proteins are reliably linked to HIV
attachment to the cell, it should be noted that the vi-
rus with specific tropism attaches only to one of the
two co-receptors, although dual-tropic variants
of HIV also exist. During the progression of infec-
tion, a shift in the primary tropism of the virus occurs
through a mechanism whereby HIV-1 variants using
CXCR4 suppress the replication of CCR5-dependent
HIV-1 variants, whereas CCR5-dependent variants
do not affect the replication of CXCR4-dependent
HIV [18].

An additional co-receptor involved in viral at-
tachment is CCR2 [14]. Genetic variations in the
CCR?2 gene may influence the rate of HIV progres-
sion, making it an important target for study [29].

The described proteins are involved in inflamma-
tory processes through chemotaxis and recruitment
of other cells. CXCR4 also plays a role in embryo at-
tachment to the uterine wall. Given that these pro-
teins are receptors involved in significant signaling
cascades in the body, understanding their function
is crucial. Given the vast number of human genes, ex-
perimental identification of key genes, and their pol-
ymorphic variants, is an extremely challenging task.
In this regard, a preliminary search for candidate
genes (CGs) using bioinformatic analysis is a neces-
sary and effective approach, which allows narrowing
down the potential targets for further study.

To date, a significant amount of information has
been collected regarding the functioning of individu-
al immune system components and their interaction
with the virus. Integrating them into unified mod-
els, however, remains a complex challenge. Studying
the links between genes encoding chemokine co-re-
ceptors associated with viral attachment to the cell
and other human genes is important. The results
of such studies will not only help to better understand
the pathogenesis of HIV infection, but also facilitate
further research into polymorphic variants of these
genes that may either accelerate disease progression
or, conversely, slow it down.

Modern bioinformatic methods significantly ac-
celerate the analysis of large volumes of data and iden-
tification of key molecular mechanisms. Building
and analyzing complex interaction networks between
the virus and host cells can reveal new patterns, shift
the focus to underexplored elements, and assess their
contribution to the development and progression
of HIV infection [19].

Thus, the identification of candidate genes inter-
acting with chemokine co-receptors and associated
with HIV progression could become an important

step towards creating new treatment and prevention
strategies for the disease. The objective of the study
was to assess the significance of candidate genes
potentially involved in the pathogenesis of HIV in-
fection during the phase of viral attachment to the
cell, based on evaluation of gene expression, locali-
zation, and involvement in biological pathways and
processes.

Materials and methods

Given the significance of the process of viral
entry into the cell for the pathogenesis of HIV in-
fection, the focus was on genes encoding proteins
that are reliably associated with human infection at
the stage of viral entry. In particular, the CD4 recep-
tor in addition to chemokine co-receptors CCRS,
CXCR4, and CCR2 (hereafter referred to as back-
ground genes, BG) were a focus since the proteins
encoded by these genes play a crucial role in cell in-
fection (specifically at the stage of viral attachment)
and are involved in regulatory processes of the HIV
life cycle [3, 36].

The HumanNetv3 web application was used to ana-
lyze genetic and protein-protein networks. Three
types of networks were analyzed during the study:
the physical protein interaction network (HumanNet-
PI); the functional gene network (HumanNet-FN);
and the functional network expanded by co-citation
(HumanNet-XC). As of 2023, the physical inter-
action network included 17 849 genes and 633 460
connections [23].

To identify the biological context of the select-
ed candidate genes (CG), the functional mapping
and gene annotation web resource FUMA GWAS
in GENE2FUNC mode (https://fuma.ctglab.nl/
gene2func) was used. The FUMA GWAS application
was used under the following conditions: Ensembl
version 92, GTEx v8 expression dataset, 30 major tis-
sue types, Benjamini—Hochberg correction method
for gene set enrichment testing (FDR), maximum
adjusted gene set association P-value < 0.05, and
minimum number of overlapping genes with gene
sets > 2.

Additionally, statistical correlation analysis (using
Pearson’s criterion at p-value 0.05) was performed
for gene representation relative to each other in pro-
tein localization and other genetic products of the
studied genes, as well as their involvement in biologi-
cal pathways.

For individual CGs that demonstrated a signifi-
cant functional, spatial, or other type of association
with BG (according to FUMA GWAS analysis),
available scientific literature was reviewed to inves-
tigate and confirm their significance in the context
of the detected associations.

As part of the research methodology, an analy-
sis was conducted to identify CGs potentially re-
lated to HIV pathogenesis. At the initial stage,
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the HumanNet resource was used for the prelimi-
nary search of CGs, followed by evaluation of the re-
liability of the identified relationships using AUROC
analysis. The FUMA GWAS tool in GENE2FUNC
mode was used to perform a comprehensive analysis
of the identified CGs, which included an assessment
of gene expression level and tissue specificity, product
localization, and their involvement in various biolog-
ical pathways and processes.

Scoring System

Expression. The expression profile of BG was
evaluated in various bodily tissues. The inclusion cri-
terion for a tissue in the analysis was a gene expres-
sion level log, of no less than 2.51 (average expression
level). Tissues with low BG expression levels were ex-
cluded from analysis. For CGs, the proportion of in-
stances of co-expression of the genes with BG in se-
lected tissues was evaluated.

The candidate gene score (CGS) was calculated
using the following formula:

CGS(EXP) = feccrs + fecxcra +

(feccrz + fecpa)
+ - + feccrs * fecxcra,

where f represents the frequency of matching CG
expression profiles with BG. The formula accounts
for the contribution of the relationship with each
BG, as well as the combined contribution of CG as-
sociation with the two main co-receptors for HIV-1
attachment. CCR5 and CXCR4 are the main co-re-
ceptors for attachment, so the relationship with them
has greater weight than with CD4 and CCR2.

Localization, biological pathways, and biological
processes. To assess the contribution of CGs to BG
based on intersections in localization, participation
in the same biological pathways, and biological pro-
cesses (hereafter “characteristics”), based on FUMA
GWAS datain GENE2FUNC mode, tables of local-
ization/participation in biological pathways or pro-
cesses were constructed for each analysis. In binary
format (1 — present, 0 — absent), the participation/
localization of CG and BG was indicated. Based
on the resulting table, a correlation table was built us-
ing the four-point phi correlation method (analogous
to the Pearson method for dichotomous variables),
and correlations with BG were considered. The total
score for each individual analysis was calculated us-
ing the following formula:

CGS(loc. or. proc. or path) = kecrs + kexcra +

kccra + kepay
+ — 5 + kccps % kCXCR4’

where k represents the correlation level of the can-
didate gene with the background gene at p-value
< 0.05. At p-value > 0.05, the correlation value was
considered to be 0. The formula also accounts for the
contribution of the relationship with each BG and
the combined contribution of CG association with
the two main co-receptors for HI'V-1 attachment.
Final scoring system. Based on the results of each
scoring stage, given that specific contributions (ex-
pression, localization, participation in biological
pathways, participation in biological processes) were
assessed equally, the final CG score was considered
to be the sum of the points obtained from each scor-

[ Candidate gene (CG) search based on HumanNet data ]

[ Candidate gene analysis using ROC analysis ]

( FUMA GWAS ]

P ) e,

Localization

[ Expression ] [ of gene products

Involvement Involvement
in biological pathways in biological processes

: :

: :

Ranking
(placementin the same
tissues with the same expression
level as background genes)

Ranking
(localization in the same

cells/organelles — correlation)

Ranking
(localization in the same
cells/organelles — correlation)

Ranking
(involvement in the same
processes - correlation)

:

:

( Consolidation of the obtained results

[ Brief analysis of promising candidate genes ]

Figure 1. Study design

1156



2024, T. 14, Ne 6

Bioinformatic analysis of human genes linked to HIV attachment

ROC Analysis
AUROC: 0.9972

AUROC (FPR < 1%): 7.473e-3
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Figure 2. AUROC prediction of identified HumanNet candidate genes, calculated relative to background
genes (CCR5, CXCR4, CD4, CCR2) with a false-positive rate cutoff of 1%

ing stage. The maximum score for each stage was 4,
and the maximum total score was 16. To enhance
the significance of CGs with common characteris-
tics, additional points were assigned: for scores in 2
characteristics, CGs received 2 points;
teristics, 3 points; and in 4 characteristics, 4 points.
The threshold value for the total score was set at 2,
as this value corresponds to two established relation-
ships with key BG co-receptors CCR5 and CXCRA4.
Thus, CGs with this score, or higher, were evaluated
as significant for the pathogenesis of HIV infection.
The design of the analysis is presented in Fig. 1.

Results

Candidate genes. Based on

sults were reduced to 1% (Fig. 2).

the analysis
of HumanNetv3, 659 genes potentially associated
with the function of background proteins were
identified. Using ROC analysis, false-positive re-

Based on the final results, false-positive candi-
dates were filtered out, and the selected genes were
ranked according to evaluation of their association
levels. The threshold value used to identify the most
probable candidate genes, reflecting their proximity
to other genes according to the neighbor relationship
ranking rule, was set at 5.844. This resulted in a list
of 100 genes, ranked by association scores rang-
ing from 5.844 to 8.589, which potentially impact
the course of HIV infection. The identified candidate
genes, and their encoded proteins, can be classified
into general functional groups as shown in Table 1.

Expression. For the identified candidate genes,
a tissue-specific expression map was generated using
the FUMA GWAS web resource. The map is shown
in Fig. 3.

For assessment of expression levels, the follow-
ing scale was used: Maximum (5.672), High (from
3.51to 5.671), Medium (from 2.51 to 3.5), Low (from
1.51 to 2.5), and Minimal (from 0 to 1.5). For CCRS5,

in 3 charac-

Table 1. The main functional groups of the GC

Functional group

Genes

Chemokines and their receptors

CCL5, CCL8, CCL7, CCL2, CCL16, CCL27, CCL25, CCL20, CCL19, CXCL12,
CXCL3, CXCL13, CXCL2, CCR7, CCR10, CCR9, CXCR5, CXCR3, CXCR6, ACKR3

G-proteins and associated receptors,
including serpentine receptors

GNAI2, GNAI1, GNA13, S1PR5, S1PR3, S1PR2, GPR18, HCARZ2, HCARS3, HCART,
OXGR1, GPER1, OXER1

Taste receptors

TASZ2R (TAS2R46), TAS2R43, TAS2R40, TAS2R30, TAS2R9, TAS2R3, TAS2R16,
TAS2R4, TAS2R1, TAS2R39, TAS2R50, TAS2R20, TAS2R38, TAS2R13, TAS2R60,
TASZ2RS8, TAS2R14, TAS2R10, TAS2R5, TAS2R31, TAS2R42, TAS2R7, TAS2R41,
TAS2R19

Neuropeptide and neurotransmitter
receptors

NPY5R, NPY1R, GALR2, GALR3, GALR1, HTR1F, HTR5A, HTR1D, HTR1E, HTRIA,
HRH3, HRH4, OPRK1, FPR3, CHRM2

Adrenergic receptors

ADRA2B, ADRA2A, ADRA2C

Purinergic receptors

P2RY13, P2RY4, P2RY14

Somatostatin receptors

SSTR4, SSTR2, SSTR5, SSTR1, SSTR3

Peptide receptors

NPBWR1, NPBWR2, NPW, PPY, PYY, APLN, PENK, PDYN, PNOC, SST

Receptors not included in the above groups

SUCNRT1, TMIGD3, RXFP3, RXFP4

Functionally significant non-receptor type
proteins

ANXAT, HEBP1
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the average expression level in the spleen is 3.361.
It is low in the lungs (2.479), small intestine (termi-
nal ileum) (2.359), and whole blood (1.994). In other
tissues, the expression level is minimal. For CXCR4,
there is a broad representation of tissues with vary-
ing expression levels. The maximum expression level
is observed in the spleen (5.672). A high level of ex-
pression is shown in 32 tissues, including whole blood
(5.671), lungs (5.650), and the small intestine (5.375).

According to the heat map data, the highest expres-
sion levels for the background genes (BGs) were found
in the following tissues and organs: lungs, terminal il-
eum, spleen, and whole blood. It is worth noting that
for the CCR5 gene, expression is found in fewer tissues
at lower levels compared to CXCR4 expression.
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When performing scoring ranking for CCR5 and
CCR2, due to the small number of tissues with medi-
um expression levels, four tissues with the highest ex-
pression were selected. For CCRS5, the cutoff expres-
sion level was 1.994, corresponding to the expression
level in whole blood. For CCR2, the cutoff was 2.394
(small intestine — terminal ileum).

Based on the evaluation of expression profiles
and levels, the following candidate genes (CGs) were
identified with the highest co-expression with back-
ground genes (BGs):

CCR5: ANXAI, CCR7, GNAI3, GNAI2, HEBPI,
OXERI, P2RY13 (all 100%);

CXCR4: GNA13 (100%), GNAI2 (100%), HEBPI
(98%), ACKR3 (96%), ANXAI (93%), GNAII (93%);
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Figure 3. Tissue-specific expression map for background genes (CCR5, CXCR4, CD4, CCR2) and candidate
genes (CGs). CCR5, CXCR4, CD4, and CCR2 are highlighted with a red border
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CCR2: ANXAI, GNAI3, GNAI2, HEBPI, P2RY13
(all 100%);

CD4: GNAI3 (100%), GNAI2 (100%), HEBPI
(100%), ACKR3 (96%), ANXA1(96%), GNAII (96%).

As a result of this analysis, the following candi-
date genes were identified with the highest biologi-
cal gene co-expression scores: GNA13 (4.00), GNAI2
(4.00), HEBPI (3.96), ANXAI (3.84), ACKR3 (3.28),
GNAII (3.24), CXCL12 (3.01), CCL2 (2.88), GPERI
(2.86), CXCL2 (2.63), ADRA2C (2.54), OXERI
(2.53), SIPR3 (2.53), SIPR2 (2.48), CCL19 (2.48),
and ADRA2A (2.43).

Localization of gene products. In addition to the
expression localization of candidate genes, it is im-
portant to evaluate the localization of the products
of these genes. The products of candidate genes may
interact with chemokine coreceptors and initiate
a cascade of reactions. On the other hand, gene ex-
pression products do not necessarily “reside” in the
same cell where the expression occurs, and their in-
fluence can extend to areas where their products are
localized. The cellular localization of candidate gene
products is shown in Fig. 4.

For a significant number of candidate genes
(HTRID, GNAI2, HTRIF, NPYIR, NPY5R, HTRIA,
HTRIE, etc.), multiple localization points of their
products are shown.

Proportion of overlapping
genes in gene sets

Enrichment P-value

GOCC_NEURON_PROJECTION
GOCC_SOMATODENDRITIC_COMPARTMENT
GOCC_DENDRITIC_TREE
GOCC_NEURON_PROJECTION_TERMINUS
GOCC_SYNAPSE
GOCC_NEURONAL_DENSE_CORE_VESICLE
GOCC_DENSE_CORE_GRANULE
GOCC_PRESYNAPSE

GOCC_CELL_BODY

GOCC_DISTAL_AXON
CC_HETEROTRIMERIC_G_PROTEIN_COMPLEX
GOCC_CILIARY_MEMBRANE
GOCC_GTPASE_COMPLEX
GOCC_GABA_ERGIC_SYNAPSE
GOCC_PERIKARYON
GOCC_SYMMETRIC_SYNAPSE
GOCC_PRESYNAPTIC_MEMBRANE
GOCC_CELL_SURFACE

For the products of the genes CXCR4, CD4,
and CCRS5, only localization in the cell membrane
is shown, approaching the level of significance.
To rank the significance of the candidate gene prod-
ucts, a correlation analysis between gene pairs was
performed. Since the products of CCRS5, CXCR4, and
CD4 do not have a shared localization with the prod-
ucts of other genes, the correlation assessments were
conducted with respect to CCR2.

The products of the CCR2 gene, in combina-
tion with the products of other genes, have a broad
spectrum of cellular localization, but they are also
localized in structures associated with neurons and
dendritic cells. The majority of gene products from
the candidate genes studied are localized in the fol-
lowing cells: neurons, somatodendritic, and dendrit-
ic cells.

The list of candidate genes for which correlations
of gene product localization with CCR2 were identi-
fied (p < 0.05) includes HTR5A (0.87), with high cor-
relation. It also includes those with moderate corre-
lation: HTR1D (0.55), HTRIF (0.55), HTR1A (0.55),
HTRIE (0.55), HRH4 (0.55), and OPRKI1 (0.54).
The candidate genes with their ranking scores for this
stage were: HTR5A (0.44), HTRID (0.28), HTRIF
(0.28), HTRI1A (0.28), HTRIE (0.28), HRH4 (0.28),
and OPRK1 (0.27).

overlapping genes
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~

5
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Figure 4. Localization of gene products. Candidate genes (CGs) are presented along the horizontal axis,
while cell types and/or their structures are on the vertical axis. Background genes (CCR5, CXCR4, CD4,
CCR2) are marked with ared border
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Figure 5. Biological pathway annotation for BG, CG, their proteins, and metabolites (p < 0.05). CG are
represented on the horizontal axis; biological pathways are on the vertical axis. BG (CCR5, CXCR4, CD4,
CCR) are marked. Analysis obtained in GENE2FUNC mode using WikiPathways data
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Table 2. Participation of BG and CG in biological processes according to GENE2FUNC. Results are ranked
by level of evidential significance. The items include processes with the presence of chemokine receptor
genes (CCR5, CXCR4, CCR2, CD4) or processes related to viral activity

Rank Participation Genes P-value

HTR1D, RXFP4, OXER1, ADRA2B, CXCR4, CCL20, ACKR3, CCR9, CXCRe,
CCR2, CCR5, GNAI2, HTR1F, P2RY14, P2RY13, SUCNR1, SST, ADRA2C,
NPY1R, NPY5R, TAS2R1, RXFP3, HTR1A, HTR1E, GPER1, NPY, GNAI1,
TAS2R16, CHRMZ2, TAS2R3, TAS2R4, TAS2R5, TAS2R38, TAS2R39,
TAS2R40, TAS2R60, TAS2R41, HTR5A, PNOC, NPBWR1, OPRK1, PENK,
G-protein-coupled receptor | CCL19, ANXA1, STPR3, CXCL12, ADRA2A, PTGDR2, CXCR5, TAS2R7,
(GPCR) signaling pathway TAS2R8, TAS2R9, TAS2R10, TAS2R13, TAS2R14, TAS2R50, TAS2R20,
TAS2R19, TAS2R31, TAS2R46, TAS2R43, TAS2R30, TAS2R42, HCART,
HCAR2, HCAR3, OXGR1, GPR18, SSTR1, SSTR5, NPW, CCL2, CCL7, CCLS,
CCL5, CCL16, CCR7, CCR10, PPY, PYY, GNA13, SSTR2, GALR2, HRH4,
GALR1, CCL25, S1PR2, S1PR5, FPR3, PDYN, SSTR4, HRH3, NPBWR2,
SSTR3, GALR3, P2RY4, CXCR3, APLN

CXCR4, CCL20, ACKR3, CCR9, CXCR6, CCR2, CCR5, CXCL3, CXCL13,
2 | Chemokine signaling pathway | CCL19, CXCL12, CXCR5, CCL2, CCL7, CCL8, CCL5, CCL16, CCR7, CCR10, 1.03e-30
CCL25, CXCR3

CXCR4, CCL20, CCR2, CCRS, CXCL3, CXCL13, CCL19, ANXAT, CXCL12,

4.77e-123

3 |Leukocyte chemotaxis CXCR5, GPR18, CCL2, CCL7, CCL8, CCL5, CCL16, CCRY, CCL25 6.44e-18
. CXCR4, CCL20, CCR2, CCR5, CXCL3, CXCL13, CCL27, CCL19, ANXAT,
4 | Cellular chemotaxis 2.98e-17

CXCL12, CXCR5, GPR18, CCL2, CCL7, CCL8, CCL5, CCL16, CCR7, CCL25

CXCR4, CCL20, CCR9, CCR2, CCR5, SUCNR1, CXCL3, CXCL13, CCLZ27,
5 |[Taxis CCL19, ANXA1, CXCL12, PTGDR2, CXCR5, GPR18, CCL2, CCL7, CCLS, 4.47e-17
CCL5, CCL16, CCR7, CCL25, FPR3, CXCR3

CXCR4, CCL20, ACKR3, CCR9, CXCR6, CCR2, CCR5, CXCL3, CXCL13,
CCL19, CXCL12, CXCR5, CD4, CCL2, CCL7, CCL8, CCL5, CCL16, CCRY, 6.01e-17
CCR10, CCL25, CXCR3

HTR1D, CXCR4, CCL20, ACKR3, CCR9, CCR2, CCR5, GNAI2, SUCNRT,
SST, CXCL3, CXCL13, GPER1, OPRK1, CCL27, CCL19, ANXAT1, CXCL12,

6 Cytokine-mediated signaling
pathway

7 | Locomotion ADRA2A, PTGDR2, CXCRS5, GPR18, CCL2, CCL7, CCL8, CCL5, CCL16, 1.46e-16
CCR7 GNA13, CCL25, S1PR2, FPR3, CXCR3
6 | Loukooyte migration CXCR4, CCL20, CCR2, CCR5, CXCL3, CXCLI3, CCLI9, ANXAL, CXCLTZ, | 5 4o o

CXCR5, GPR18, CCL2, CCL7, CCL8, CCL5, CCL16, CCR7, CCL25, CXCR3

CXCR4, CCL20, CXCR6, CCR2, CCR5, SUCNR1, CXCL3, CXCL13, NPY5R,
9 |Inflammatory response GPER1, NPY, CCL19, ANXA1, S1PR3, ADRA2A, CCL2, CCL7, CCL8, CCL5, 4.66e-15
CCL16, CCR7, HRH4, CCL25, FPR3, CXCR3

CXCR4, CCL20, CCR2, CCRS, CXCL13, CCL19, ANXA1, CXCL12, CCL2,

10 | Mononuclear cell migration CCL7, CCL8, CCL5, CCL16, CCR7, CCL25 4.70e-15
CXCR4, CCL20, ACKR3, CCR9, CXCR6, CCR2, CCR5, SUCNR1, CXCL3,
11 |Immune response CXCL13, NPY5R, GPER1, NPY, OPRK1, CCL27, CCL19, ANXA1, CXCL12, 3.15e-14

PTGDRZ2, CXCRS5, €D4, CCL2, CCL7, CCL8, CCL5, CCL16, CCR7, CCR10,
CCL25, FPR3, CXCR3, APLN

HTR1D, CXCR4, CCRS, HTR1F, P2RY13, SST, HTR1A, HTR1E, GPERT,
GNAI1, CHRM2, HTR5A, OPRK1, PENK, ANXAT1, SSTR1, SSTR5, CCL2, 3.87e-14
CCL5, SSTR2, HRH4, SSTR4, HRH3, SSTR3, P2RY4

CXCR4, CCL20, ACKR3, CCR9, CXCR6, CCR2, CCR5, CXCL3, CXCL13,
13 |Response to cytokines GPER1, CCL19, ANXA1, CXCL12, CXCR5, €D4, SSTR1, CCL2, CCL7, CCL8, 4.38e-14
CCL5, CCL16, CCR7, CCR10, CCL25, CXCR3

HTR1D, CXCR4, CCR5, GNAI2, HTR1F, SUCNRT1, SST, CXCL3, CXCL13,
Response to oxygen- HTR1A, HTR1E, GPER1, GNAI1, CHRM2, HTR5A, OPRK1, PENK, CCL19,
containing compounds ANXA1, CXCL12, ADRA2A, SSTR1, CCL2, CCL7, CCL5, CCR7, SSTR2,
HRH4, HRH3, SSTR3, P2RY4

CXCR4, CCL20, ACKR3, CCR2, CCR5, GNAI2, SST, CXCL3, CXCL13,
15 | Cell motility GPER1, CCL27, CCL19, ANXA1, CXCL12, ADRAZ2A, CXCRS, GPR18, CCL2, 3.35e-10
CCL7, CCL8, CCL5, CCL16, CCR7, GNA13, CCL25, S1PR2, SSTR4, CXCR3

16 | Chemotaxis of dendritic cells | CXCR4, CCR2, CCR5, CCL19, CCL5, CCR7 1.07e-9
17 |Migration of dendritic cells | CXCR4, CCR2, CCR5, CCL19, CCL5, CCR7 5.05e-9

CXCR4, CCR5, GNAIZ, GPER1, CCL19, CXCL12, ADRA2A, CD4, CCL2,
CCL8, CCL5, CCR7

CXCR4, CCR2, CCR5, GNAIZ, HTR1A, GPER1, OPRK1, CCL19, CXCL12,
ADRAZA, CD4, CCL2, CCL8, CCL5, CCR7, GALR2, HRH3, P2RY4

Response to organic cyclic

12
compounds

14 3.46e-12

18 |Calciumion transport 3.69e-7

19 |Transport of monatomic ions 2.73e-6
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Rank Participation Genes P-value
Biological processes related [ CXCR4, CCL20, CCR5, CXCL3, CXCL13, GPER1, CHRM2, OPRK1, PENK,
20 |tointerspecies interaction CCL19, ANXA1, CXCL12, €D4, CCL2, CCL7, CCL8, CCL5, CCL16, CCR?, 8.26e-6
between organisms CCL25
CXCR4, CCR2, CCR5, GNAI2, SUCNR1, GPER1, NPY, OPRK1, CCL19,
21 |Homeostatic processes ANXA1, CXCL12, ADRA2A, HCAR2, SSTR5, CCL2, CCL7, CCL8, CCL5, 1.54e-5
CCR7, P2RY4
22 Transport of monovalent CXCR4, CCR5, GNAI2, GPER1, OPRK1, CCL19, CXCL12, ADRA2A, CD4, 1.00e-4
cations CCL2, CCL8, CCL5, CCR7, GALR2 '
23 |Response to virus CXCR4, CHRM2, OPRK1, PENK, CCL19, CXCL12, CCL8, CCL5 2.41e-4
24 |Viral life cycle CXCR4, CXCR6, CCR5, CD4, CCL2, CCL8, CCL5 3.51e-4
25 giag'r“’;‘l‘i’r‘“;°“'mediated CXCR4, CCL20, CCR5, PTGDR2, CD4 1.05e-3
Signaling mediated by }
26 second messengers CXCR4, CCL20, CCR5, GNAI1, PTGDR2, CD4 1.34e-3
27 |Viral processes CXCR4, CXCR6, CCR5, €D4, CCL2, CCL8, CCL5 1.85e-3

Biological pathways. A biological pathway analy-
sis was conducted in which the functional groups,
candidate genes, and their products are involved.
The analysis is shown in Fig. 5.

The main functional groups of genes, their pro-
teins, and metabolites are associated with G-proteins,
peptide signaling pathways of G-proteins, chemokine
signaling pathways that influence inflammatory
processes, as well as those related to monoam-
ine receptors. The three biological pathways with
the highest p-values were: WP_GPCRS_CLASS_A_
RHODOPSINLIKE (rhodopsin-like receptors,
G-protein coupled class A) with the highest p-val-
ue; WP_PEPTIDE_GPCRS (peptide receptors,
G-protein coupled); and WP_CHEMOKINE _
SIGNALING_PATHWAY (chemokine signaling
pathways). The presence of CCR2, CXCR4, and,
partially, CCRS5 in these pathways indicates their im-
portant role in these biological processes.

Based on the assessment of the participation of can-
didate genes and their products, in combination with
genes/products of BG in biological pathways, the fol-
lowing candidate genes were identified for each BG
with the highest level of correlation (p < 0.05):

CCR5: CXCR3 (0.77), NPY5R (0.52), OPRKI
(0.52), GPR1S (0.52), SSTRS5 (0.52), GALR2 (0.52),
GALRI (0.52), FPR3 (0.52), SSTR4 (0.52), SSTR3
(0.52), GALR3 (0.52), SSTR2(0.51).

CXCR4: CCR7 (0.89), CXCR3 (0.77), CCRI0O
(0.65), CCR9 (0.65), CXCRS5 (0.65), FPR3 (0.52),
GALRI(0.52), GALR2(0.52), GALR3 (0.52), NPY5R
(0.52), OPRK1 (0.52), SSTR3 (0.52), SSTR4 (0.52),
SSTRS5 (0.52), CXCR6 (0.52).

CCR2: CXCR3(0.68), CCR7(0.57), CCR10(0.59),
CCR9 (0.59), FPR3 (0.47), GALRI (0.47), GALR2
(0.47), GALR3 (0.47), NPY5R (0.47), OPRK1 (0.47),
SSTR3 (0.47), SSTR4 (0.47), SSTRS5 (0.47), CXCR6
(0.47).

No significant correlations were found for CD4.
The scoring summary for the participation of CG

in biological pathways in combination with BG was:
CXCR3 (2.49), CCR7 (1.17), CCRI10 (0.95), CCR9
(1.54), CXCRS5 (0.65), FPR3 (1.54), GALRI (1.54),
GALR2 (1.54), GALR3 (1.54), NPY5R (1.54), OPRK1
(1.54), SSTR3 (1.54), SSTR4 (1.54), SSTRS5 (1.54),
CXCR6(0.75), GPR1S8(0.52), and SSTR2 (0.51).

Biological processes. In functional mapping of the
analyzed genes, their involvement in 343 biological
processes was determined. Those shown only include
processes in which functional groups and/or their
products participate (Table 2).

Evaluation of the participation of candidate genes
and their products in biological processes. Based on as-
sessment of the participation of candidate genes (CG)
and their products in combination with genes/prod-
ucts of BG in biological processes, the following CG
were identified for each BG with the highest level
of correlation (p < 0.05):

CCR5: CXCL3(0.57), CCL&(0.48), CXCR6(0.40),
CXCRS5 (0.37), CCL7 (0.36), CCLS5 (0.35), CCL27
(0.35), CCR7 (0.35), CXCR3 (0.34), CCR9 (0.32),
CCR10(0.32), CCL2(0.31).

CXCR4: CXCR3 (0.43), CXCL12 (0.41), SUCNRI1
(0.34), CXCR6(0.32), ACKR3 (0.31).

CCR2: CCL5(0.38), CXCL12(0.38), CCL2(0.37),
CXCL13 (0.35), ANXAI (0.34), CXCR3 (0.32), CCL7
(0.31), CCL19(0.31).

CD4: CCL2 (0.44), CCR7 (0.38), CCL19 (0.38),
CCL5 (0.36), CCL25(0.30).

The scoring summary for CG “Participation
in Biological Processes in Combination with
Functional Groups and Scores Above 0.5” was:
CXCR3 (1.14), CCL2 (1.074), CCLS (1.047), CXCR6
(1.03), CXCL3 (1.02), CCL5 (0.97), CCR7 (0.962),
CXCRS5 (0.93), CCL19 (0.92), CXCL12 (0.91), CCR9
(0.89), CCL7 (0.84), CCRI10 (0.82), CXCL13 (0.81),
CCL20(0.76), ACKR3(0.76), CCL27(0.74), SUCNR1
(0.74), CCL16 (0.68), FPR3 (0.63), CCL25 (0.62),
ANXAI (0.58), PENK (0.54), GPERI (0.53), and
GPR18(0.51).
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Table 3. Candidate gene ranking by subcategory and total score (threshold = 2). Genes are listed

in descending order of candidate significance rank

Gene Expression Localization Pathways Processes Additional Points Total
CXCR3 114 0 2.49 114 3 777
CCR7 1.64 0 117 0.96 3 6.77
FPR3 1.58 0 1.54 0.63 3 6.74
ANXA1 3.84 0 0 0.58 2 6.42
GNAI2 4.00 0 0 0.26 2 6.26
ACKR3 3.28 0 0 0.76 2 6.04
CCL2 2.88 0 0 1.07 2 5.95
CXCL12 3.01 0 0 0.91 2 5.93
CXCR6 1.05 0 0.75 1.03 3 5.83
CCR9 0.41 0 1.54 0.85 3 5.80
GNAI1 3.24 0 0 0.35 2 5.58
GPER1 2.86 0 0 0.53 2 5.39
CCL19 248 0 0 0.91 2 5.39
CXCR5 0.79 0 0.65 0.93 3 5.37
OPRK1 0 0.27 1.54 0.47 3 5.28
NPY5R 0.41 0 1.54 0.1 3 5.07
GPR18 0.96 0 0.52 0.51 3 4.99
CCR10 0.22 0 0.94 0.82 3 4.99
GALR2 0.03 0 1.54 0.23 3 4.81
ADRA2A 243 0 0 0.1 2 4.53
GNA13 4.00 0 0 0 0 4.00
HEBP1 3.96 0 0 0 0 3.96
HCAR3 1.43 0 0 0.27 2 3.70
CXCL13 0.88 0 0 0.81 2 3.69
HTR5A 0.07 0.44 0 0.18 3 3.68
GALR3 0 0 1.54 0.07 2 3.61
CCL20 0.84 0 0 0.76 2 3.60
HTR1D 0.28 0.28 0 0.04 3 3.59
CXCL3 0.53 0 0 1.02 2 3.55
CCL8 0.50 0 0 1.05 2 3.55
SSTR3 0 0 1.54 0.01 2 3.55
NPY1R 1.32 0 0 0.14 2 3.46
TAS2R14 1.15 0 0 0.14 2 3.29
TAS2R5 1.15 0 0 0.13 2 3.28
SUCNR1 0.49 0 0 0.74 2 3.23
SST 0.83 0 0 0.40 2 3.22
CCL25 0.44 0 0 0.62 2 3.06
SSTR1 0.87 0 0 0.17 2 3.04
NPY 0.79 0 0 0.16 2 2.95
PTGDR2 0.49 0 0 0.42 2 2.91
PNOC 0.67 0 0 0.18 2 2.85
CCL27 0.09 0 0 0.74 2 2.83
PENK 0.19 0 0 0.54 2 2.73
CXcL2 2.63 0 0 0 0 2.63
HRH4 0 0.28 0 0.28 2 2.56
ADRA2C 2.54 0 0 0 0 2.54
OXER1 2.53 0 0 0 0 2.53
S1PR3 2.53 0 0 0 0 2.53
HTR1F 0 0.28 0 0.23 2 2.50
S1PR2 2.48 0 0 0 0 2.48
HTR1E 0 0.28 0 0.1 2 2.39
PDYN 0.21 0 0 0.18 2 2.39
OXGR1 0.01 0 0 0.27 2 2.28
CHRM2 0.17 0 0 0.06 2 2.22
TAS2R20 0.07 0 0 0.14 2 2.21
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Final ranking. Table 3 presents the final ranking
results for identified genes with an overall score of 2
or higher.

The number of candidate genes (CG) with a score
above the threshold was 55. It is worth noting sep-
arately all CGs that received more than 1 point.
Although these genes do not overlap in the results
of intermediate ranking stages, they may interact
with several functional genes (BG) or their prod-
ucts on one studied parameter. In this case, they
have a similar expression profile with several BGs
and may be included as possible candidates for fur-
ther consideration. The list of CGs with the specified
threshold is: HCAR2 (1.68), P2RY13 (1.67), SIPR5
(1.63), SSTR5 (1.56), GALRI (1.54), SSTR4 (1.49),
and P2RY14 (1.19).

Discussion

Viral attachment to a cell via chemokine recep-
tors and co-receptors initiates a cascade of respons-
es. Individual elements of this cascade can influence
the course of the infectious process and/or the viral
life cycle [36]. Assuming that potential CGs may di-
rectly or indirectly affect viral processes by binding
to chemokine receptors/co-receptors, they and/or
their products must be in close proximity to interact
with the receptors and have a sufficient product con-
centration for such interaction, indirectly reflected
in gene expression levels. These characteristics are
often exhibited by participants in the same biologi-
cal process and/or biological pathway. However, this
does not exclude the possibility of multifunctionality
of individual genes, providing more opportunities
for interaction between the products of the hypothet-
ical CG and BG products.

According to HumanNetv3, a number of CGs
potentially related to chemokine co-receptors and,
accordingly, to the human immunodeficiency vi-
rus, were identified. When considering the detected
genes from the perspective of human molecular-
biological elements associated with BGs, the be-
longing of these genes to the following main func-
tional groups was shown: chemokines and their
receptors, G-proteins and their associated recep-
tors, including serpentine receptors, as well as other
receptors such as taste TAS2R, neuropeptide and
neurotransmitter, adrenergic, purinergic, somato-
statin, peptide, and other functionally significant
proteins. The identified candidates are widely ex-
pressed in various tissues, although for all BGs,
an increased level of expression was observed in four
main tissues/organs (lungs, terminal ileum, spleen,
whole blood), where immune processes are actively
occurring. The lungs contain specialized immune
cells such as macrophages that ingest and destroy
pathogens inhaled with air. These cells are found
in the alveoli and on the surface of the airways, pro-
viding the first line of defense against infections.

In the lungs, the maturation and activity of various
types of leukocytes, such as lymphocytes and neu-
trophils, also occur, playing a key role in fighting
infections and inflammation [15].

In the terminal ileum, Peyer’s patches, which are
essential components of the intestinal immune sys-
tem, are located. These patches contain lymphoid
cells that help protect the body from pathogens in-
gested with food. Specialized immune cells lining
the ileum protect the body from bacterial infections
and maintain the mucosal barrier function [44].
The spleen, specifically the white pulp, is responsi-
ble for the production and maturation of leukocytes
(lymphocytes), which produce antibodies to fight
infections. The white pulp plays a key role in the
adaptive immune response [40]. The involvement
of blood in the body’s immunity as a transport sys-
tem is unquestionable. Thus, all four of these tissues
are crucial sites for immune system activity. Genes
with high expression levels in these tissues (CCRY7,
GNAI3, GNAI2, HEBPI, OXERI, P2RY13, ANXAI),
along with background proteins, participate in im-
mune processes, supporting the homeostasis of the
immune system.

The search for intersections in the localization
of gene products did not yield significant results due
to the narrow localization spectrum of the products
of the main BGs, which are localized in the cell
membrane. The CCR2 protein, due to its expres-
sion in a large number of cells in the nervous sys-
tem, has more opportunities for interaction with
other host factors. Localization of genetic products
in neuronal and dendritic cells is strongly associ-
ated with the progression of HIV infection, leading
to neurological manifestations. Against the back-
ground of tropism switching, the virus can infect
a larger number of tissues and cell groups, such as
macrophages. This, in turn, leads to the infection
of macrophages in the brain, which is associated
with the development of neurocognitive disorders
mediated by HIV.

A different pattern was observed when evaluating
the participation of BGs in biological pathways and
processes, which is not surprising, as receptors are
an active part of signaling pathways via G-proteins
and/or chemokines, as well as chemotaxis processes
in response to influencing factors. The multifunc-
tionality and the potential of individual genes and
their products to influence the activity of other genes,
including BGs, allow these genes to be considered as
possible candidates, provided their established con-
nection, intersection by characteristics (localization,
sufficient concentration, etc.), and functional roles
with BGs.

It should be noted that biological pathways refer
to a series of individual reactions rather than direct
interactions between proteins or their localization
in one place, although such events may also occur.
Primarily, joint participation in pathways indicates
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a possible indirect nature of interaction. The analy-
sis of biological pathways revealed the following.
CXCR4 and CCRS5 have strong positive correlations
with CXCR3, NPY5R, and SSTR4, indicating their
joint involvement in the same pathways. The prod-
uct of the NPY5R gene is a neuropeptide receptor,
while SSTR4 is one of the five known somatostatin
receptors and is involved in both immune [42] and
neuroendocrine processes [33]. In turn, SUCNRI
(Succinate Receptor 1), also known as GPR91, which
has a moderate correlation with chemokine co-recep-
tors, is a receptor activated by succinate (a metabolite
of the tricarboxylic acid cycle). The SUCNRI protein
isinvolved in regulating immune reactions, including
macrophage polarization and inflammatory diseases
such as ulcerative colitis and endometriosis [21].

Thus, without considering the likely physical
interaction of CGs and their products with BGs,
the probability of the association of CGs and BGs
with their products was evaluated by combining four
characteristics: expression, cellular localization,
pathways, and biological processes. The necessary
condition for such interaction, including the required
sufficient concentration, and the similarity of func-
tional roles were also considered.

Based on the combined data of the aforementioned
characteristics, a scoring system was developed,
which allows the identification of CGs with the hy-
pothesized highest probability of interaction with
BGs. This is important because of the known con-
nection between BGs and HIV, suggesting that their
involvement may influence the pathogenesis of the
infection. For several genes, it was considered that
in the case of altered homeostatic conditions, for ex-
ample, during an infectious process, there would be
an increase in the expression levels of certain genes
in tissues where this does not normally occur.

Most of the CGs identified are chemokines of the
C-C or C-X-C family, or their receptors. Since
the discovery of the contribution of the chemokine
co-receptors CCR5 and CXCR4 in the process
of HIV attachment to cells, researchers have focused
not only on related chemokines, specifically their
suppressive action against the virus through receptor
competition, but also on the receptors themselves, as
alternative entry points for the virus. Among the CGs
ranked in this group, the following stand out as hav-
ing the highest total scores.

CCR7 receptor. This receptor helps mobilize den-
dritic cells and their interaction with various subsets
of T cells, including naive, regulatory, and memory
T cells [7]. It has also been shown to play an important
role in the immune system, preventing autoimmune
diseases, and is involved in immune surveillance and
anti-tumor immunity [4]. Thus, the high expression
of CCR7 in the lungs, intestines, spleen, and blood
may be related to its function in attracting and acti-
vating immune cells in these tissues, which is essen-
tial for effective protection against pathogens [46].

ACKR3 receptor, also known as CXCR?7, is an im-
portant protein involved in various physiological and
pathological processes and primarily functions as
ascavenger receptor. The main roles of this chemokine
that may be linked to the progression of HIV infec-
tion include chemokine scavenging and immune
system regulation [35]. This protein also influences
the distribution and function of immune cells, helps
localize lymphocytes in lymphoid tissues, and modu-
lates immune responses. There may be a lesser need
for chemokine regulation through ACKR3 in circu-
lating blood, as its primary function is to control local
inflammatory processes in tissues, with an increase
in expression levels likely during inflammation [25].

CXCR6 receptor. This receptor plays a role
in chemotaxis by attracting lymphocytes to sites
of tissue damage, helping the body respond quickly
to infection by directing immune cells to inflamma-
tion sites. CXCRG6 is also expressed on T cells, par-
ticularly natural killer cells and cytotoxic T lympho-
cytes, playing an important role in their migration
and localization [28].

An exception in terms of low expression levels
in the CXC family group is CXCR3. The tissue with
low expression is the lungs. The functions of this gene
and its products are related to the migration and acti-
vation of T cells in other tissues, such as lymph nodes
and sites of inflammation. Several studies show an
increase in the expression of this receptor in the
lungs during inflammatory processes [43]. It has
been shown that CXCR3 is important for the migra-
tion of antigen-specific effector CD4* T cells to both
the respiratory tract and lung parenchyma during
the acute phase of respiratory viral infection [26].

Chemokines CCL2, CXCL2, CXCL12, CCL19,
CXCL13, CCL8, CCL25, CCL27, CCL20, and
CXCL3 primarily function in chemotaxis, typically
directing immune cells to sites of inflammation [41].
As such, they are involved in regulating immune
responses and inflammatory processes [13]. Some
of these chemokines are expressed in various tissues,
including bone marrow, thymus, spleen, and lymph
nodes [9], and play a role in maintaining the homeo-
stasis of specific systems in the human body, such as
the bone marrow [10].

The second major functional group among
the ranked CGs are genes associated with G-proteins,
which play a crucial role in cellular signaling and may
influence viral entry and spread [20]. The G-protein
subunits GNAI1 and GNAI2 are involved in transmit-
ting signals from various receptors into intracellular
effects. Proteins GNA13 and GPR18 are less studied
compared to their predecessors but have been shown
to participate in signal transmission via G-proteins,
regulating various cellular functions, including mi-
gration and cellular survival. High expression levels
of these genes may be linked to their role in multi-
ple signaling pathways that regulate immune system
functions, including chemotaxis [11, 32].
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The protein GPERI1, also known as GPR30, plays
a significant role in various physiological and patho-
logical processes, primarily performing protective
functions such as anti-tumor and anti-inflammatory
effects [34]. It is difficult to pinpoint the exact rea-
sons for its low expression in whole blood, as most
studies focus on its specific influences on particular
processes.

Two other genes with low expression in whole
blood are S1PRS5 and S1PR3. Among the five known
GPCRs with high affinity for S1P (sphingosine-1-
phosphate, a signaling lipid), types 1, 2, and 3 are
predominantly expressed in cardiovascular tissues.
S1PR2 and S1PR3 are involved in regulating cell
migration and vascular tone, which explains their
low expression in blood, although expression levels
increase during inflammation [38].

Additionally, the protein S1PRS is present in the
analyzed group, but with low expression in the small
intestine. Unlike SIPR2 and S1PR3, S1PRS5 is char-
acteristic of the immune and nervous systems [8].
It is expressed in whole blood, but its low expression
in the small intestine may be explained by its more
significant functions in the central nervous system
and other tissues.

Among the group associated with G-proteins,
special attention should be given to the recep-
tors involved in two signaling pathways (OXERI,
HCAR2/3). The OXERI1 protein is a receptor for oxo-
eicosanoids, which are involved in inflammatory and
immune responses. High expression in tissues may
be related to their role in regulating these processes.
For example, in the lungs and intestines, OXER1
helps protect against infections and inflammation,
while in the spleen and blood, it plays a role in im-
mune cell mobilization and function [12].

The HCAR2 and HCAR3 proteins are associ-
ated with inflammatory conditions, such as Crohn’s
disease and ulcerative colitis, where they participate
in recruiting innate immune cells and differentiating
Th-17 cells, respectively [39]. They exhibit low ex-
pression in the small intestine. However, their func-
tions may be more significant in other tissues, such as
the skin and brain, where they regulate inflammatory
processes and energy metabolism.

The third group includes chemokines that do
not share a common functional role or belong
to the same protein family. The protein annexin
Al (ANXAI1) plays an important role in regulat-
ing inflammation and immune responses. High
expression of ANXAI in various tissues may be as-
sociated with its function in suppressing inflamma-
tory processes and tissue repair. This is especially
important in the lungs and intestines, which are
frequently exposed to external agents [2]. ANXAI
ranks fourth in terms of significance due to its high
expression profile matching the background genes,
as well as its involvement in similar biological pro-
cesses. However, its mechanism of interaction with

background chemokine receptors requires clarifi-
cation to understand its potential impact on HIV
attachment and/or the development of infectious
processes.

The protein HEBP1, in this case, is an exception
to the other genes presented. It is involved in heme
metabolism and may play a role in regulating cell
growth and survival. High expression of HEBPI
in these tissues may be associated with the need
to regulate heme levels and prevent its toxic effects,
especially in tissues with high metabolic activity and
frequent inflammatory processes [45].

The receptor FPR3 is expressed in monocytes
and dendritic cells, but not in neutrophils. It is lo-
cated in intracellular vesicles rather than on the cell
surface, unlike other FPR group receptors [24]. This
group of receptors is involved in chemotaxis and im-
mune cell activation, but FPR3 is less studied com-
pared to others, making it difficult to explain the rea-
son for its expression level in the blood.

The receptors ADRA2A and ADRA2C regu-
late vascular tone and the sympathetic nervous sys-
tem [1], which is less significant for circulating blood
cells compared to other background tissues [27].

Receptors TAS2R5, TAS2R14, TAS2R46,
TAS2R4, and TAS2R20 are involved in taste per-
ception and possibly in modulating inflammatory
responses [30]. The functional roles of this group
of receptors, aside from their role in sensory taste
perception, are poorly studied, and it is currently
difficult to explain the expression levels of these
genes.

It is noteworthy that for most of the chemokine
genes presented, low expression levels were found
in tissues where their expression increases during
an immune response to inflammation or infection.
In the context of HIV infection, where immune re-
sponse activation is observed, the interaction be-
tween these genes becomes more likely, and their
potential interactions with each other may influence
the infectious process. However, if interaction occurs
only during the immune response, established in-
teractions between the background genes (BGs) and
CGs may be absent, or if they do occur, they may be
random.

In conclusion, analysis of the expression and lo-
calization of CGs, as well as their potential partici-
pation in various immune processes and biological
pathways, identified promising CGs that may play
a role in the pathogenesis of HIV infection. A limi-
tation of our study is the indirect nature of the link
between the identified CGs and the course of HIV
infection. The results of this study confirm the need
for further investigation into the functional roles
and interactions of CGs in the pathogenesis of HIV
infection. This will deepen the understanding
of the molecular mechanisms underlying the dis-
ease and lead to the development of new therapeutic
strategies.
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Conclusion

In the course of the study, candidate genes poten-
tially associated with chemokine coreceptors and,
consequently, with viral attachment to the cell, were
analyzed. These genes may play a key role in regulat-
ing immune responses and maintaining homeosta-
sis in the body, especially in important organs such
as the lungs, intestines, spleen, and blood. Some
of the identified genes are involved in the regulation
of inflammatory processes, immune cell migration,
and the maintenance of barrier functions in various
tissues. The potential link between genes associ-
ated with neurotransmitters and neuropeptides and
the pathogenesis of HIV infection deserves special

The detected correlations suggest the probable in-
volvement of many of the identified candidate genes
in complex signaling pathways that regulate immune
responses and inflammation. The presence of posi-
tive correlations between chemokine receptors and
other proteins may indicate the complex interaction
of immune and neuronal processes in the context
of HIV infection. The results of the analysis empha-
size the importance of further studying the genetic
and molecular mechanisms influencing the course
of HIV infection.
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