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Abstract

Acquired immune deficiency syndrome (AIDS) is an infectious disease caused by the types 1 and 2 human immu-
nodeficiency virus (HIV-1 and HIV-2). Clinical outcomes in patients are highly varied and delineated by complex
interactions between virus, host, and environment, such as with help of co-receptors, for example, the C-C chemokine
receptor 5 (CCR5). This work aimed to describe the scientific evidence relating the influence of CCR5 polymorphisms
in association studies for HIV-1 disease susceptibility, severity, and transmissibility. This is a systematic review of the
literature on single nucleotide polymorphisms (SNPs) and the deletion [Insertion and Deletion (Indel)] D32 of CCR5.
The search for articles was based on the ScienceDirect, PubMed, and Coordination for the Improvement of Higher
Education Personnel (CAPES) databases for the period between 2001 and 2021. The final sample consisted of 32
articles. {SNP rs1799987 is one of the genetic polymorphisms most associated with the criteria of susceptibility and
severity of HIV-1, having distinct consequences in genotypic, allelic, and clinical analysis in the variability of
investigated populations. As for the transmission character of the disease, the G mutant allele of rs1799987 corre-
sponds to the highest positive association. {Furthermore, the results on IndelD32 corroborate the absence and rarity of
this variant in some populations. Finally, mitigating the severity of cases, SNPs rs1799988 and rs1800023 obtained
significant attribution in individuals in the studied populations. It is shown that the reported polymorphisms express
significant influences for the evaluation of diagnostic, therapeutic, and prophylactic measures for HIV-1 having
fundamental particularities in the molecular, genetic, and transcriptional aspects of CCR5.
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Introduction

Acquired immune deficiency syndrome (AIDS) is a
pathology caused by the human immunodeficiency virus

(HIV) capable of weakening the immune system, mainly by

affecting the CD4+ T lymphocytic cells. In terms of its mor-
phological classification, the virus is characterized as a retro-
virus from the Retroviridae family and subfamily Lentiviridae.
It has structural and functional proteins in its structure, pres-
ents an encoded RNA genome protected by the viral envelope,
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which is constituted by a lipid bilayer and contains a complex
protein called env, constituted in its external layer by glyco-
proteins gp41, transmembrane, and gp120.1 This virus shows a
great genetic variability, besides having high mutation and
recombination rates.2 This rapid evolutionary process has led
to several HIV subtypes that are heterogeneously distributed
globally.3 According to its phylogenetic classification, the
virus can be subdivided into two types: type 1 HIV (HIV-1)
and type 2 HIV (HIV-2). Based on this differentiation, this
study will focus particularly on HIV-1.

HIV-1 is classified in four distinct groups, being re-
presented by: M, N, O and P.3 Among these, the M group has
the highest genetic prevalence among individuals and,
therefore, the greatest worldwide dissemination, which has
made it the main source of the global HIV pandemic and has a
genetic variability configured by nine distinct strands with
{different strains: A, B, C, D, F, G, H, J, and K.4

Chemokines are cytokines that act on cell migration and ac-
tivation in homeostasis and inflammatory conditions, in addition
to regulating the traffic of immune cells from the bone marrow to
the bloodstream and, subsequently, from the blood and lymph to
the lymphoid and inflamed tissues; this mechanism occurs both
in physiological situations and in autoimmune diseases.5 Thus,
chemokine receptors have seven transmembrane compartments
(7TMs) and belong to the group of G protein-coupled receptors
(GPCRs), playing a key role in the ability of viral infection in
specific cells.6 In this sense, the process of HIV infection of the
host cell involves the interaction between the viral glycoprotein
gp120 and molecules on the cell surface of the host cell. After
using CD4 as the primary receptor, HIV interacts with the C-C
chemokine receptor 5 (CCR5) or C-X-C chemokine receptor
type 4 (CXCR4), which function as viral co-receptors.7

The interaction between the CCR5 receptor and its che-
mokines regulates the action of inflammatory cells.8 Che-
mokines condition the migration of leukocyte cells from
blood to tissues during inflammatory responses, and dysre-
gulation in this interaction or altered expression of chemo-
kines and their receptors is correlated with different diseases.9

Innate and adaptive immunity are interdependent defense
mechanisms of the immune system against invading patho-
gens, the innate immunity corresponding to the host’s first line
of defense that subsequently functions to coordinate the action
of the adaptive response. As for innate immunity, it starts with
the recognition of the pathogen through its pathogen-
associated molecular patterns (PAMPs) that is done through
pattern recognition receptors (PRRs), such as Toll-like recep-
tors (TLRs, especially 7 and 8), retinoic acid-inducible gene
I-like receptors—RIG-I (RLRs), melanoma differentiation-
associated protein 5 (MDA-5), and cytosolic DNA sensors.10

In this sense, once HIV-1 PAMP is recognized by PRRs, a
cascade of innate signaling pathways is generated, such as in-
terferon regulatory factors (IRFs), inducing an antiviral response
from effector responses of immune cell via inflammatory cyto-
kines, IFNs, and caspase-1 activation pyroptosis.11 For the action
of the innate defense mechanism, plasmacytoid dendritic cells
(pDCs) play a central role in fighting the virus, even before its
detectable circulation. In addition, monocytes and macrophages
act in the recruitment of other immune cells and in the induc-

tion of mediators and in the stimulation of T cells in the long-
lasting antigenic response. Furthermore, innate lymphoid cells
(ILCs) and natural killer cells (NK), with their cytotoxic
character, configure incisive antiviral roles after viremia.12

In adaptive defense mechanisms, T and B cell responses
with specificity to HIV manifest weeks after plasma vire-
mia, forcing successive mutations of the virus as a strategy
to overcome these actions. T cells are associated with the
differentiation and targeting of proinflammatory cytokines,
relative to CD4+ cells, and the response through antiviral
mechanisms over time. The importance of T cells in acute
infection is characterized in the correlation between acti-
vation markers via memory CD4+ T cells (helper) present in
the peripheral circulation with higher levels of CD4+ T cells
at 2 years post-infection.13 CD4+ T lymphocytes are the
primary cellular targets of HIV; however, the activation
state of CD4+ T lymphocytes appears to have a significant
impact on the virus’ ability to infect these cells.14 With
regard to the contribution of B T-bet+ cells, it has shown
that these are linked with the memory response to the HIV-
binding protein.15

The study by Zanoniet al demonstrated the significant action of
CD8+ T cells (cytotoxic), with TCR (T cell receptor)-mediated
activation, on HIV expression and replication through an im-
munoregulatory mechanism that prevents the proliferation and
activation of infected CD4+ T cells, which are primary receptors
for the virus.16 Infectious and non-infectious diseases can mani-
fest in different ways in a population and can be influenced mainly
by genetic components and environmental factors. As far as the
genetic issue is concerned, when a gene undergoes a mutation and
it reaches a percentage of presence equal to or greater than 1% in
the population, it is considered a genetic polymorphism, whose
classification is determined in its structure, distribution, stability,
and form of transmission. In this sense, genetic polymorphisms
consist of the genetic variability presented by a population of
living beings.17 Although they are configured multivariately, in a
particular way, this study will focus on single nucleotide poly-
morphisms (SNPs) and Insertions and Deletions (Indels).

Among the types of genetic polymorphisms, SNPs and
Indels are most frequently found in humans, influencing both
physiological changes and pathological repercussions for the
patient.18 In this context, the association of susceptibili-
ty/protection with several diseases is described by distinct
variations of SNPs and/or Indels, for example, in cytokine
receptor or mediator genes, and in genes of these molecules,
which have a highly polymorphic character, especially those
involved in immune responses, as in HIV-1.19

At this juncture, an SNP consists of the exchange of a
single nucleotide in regions of the gene, which may be
located in non-coding regions (introns) or coding regions
(exons).20 In the case of exons, due to their role in protein
coding, SNPs can act in a synonymous way, when the nu-
cleotide exchange does not generate amino acid change, or
in a non-synonymous way, which can result in the prema-
ture end of transcription at the position of the mutated co-
don or the creation of a different amino acid from the
standard one, altering the final protein whose function and
efficiency may diverge from normal.21

Correction: This article has been updated on December 22, 2022 after first online publication of November 9, 2022 to clarify text on this page.
{This phrase formerly read: ‘‘different recombinant forms: A, B, C, D, F, G, H, J, and K’’.
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{The Indels, however, occur from insertions of new base
pairs (bp) or deletions of native base pairs of a nucleotide
sequence, which can compromise the stability of the DNA
structure or, if they reach a coding region, alter the final protein
product, as occurs with the D32 mutation in the human gene
encoding the CCR5 protein, which, due to a deletion of 32 bp,
results in a protein that is attached to the endoplasmic reticulum
membrane and cannot lodge in the plasma membrane, which
can make the individual resistant to HIV-1. This Indel modifies
CCR5 surface expression and interfere with HIV-1 replication
kinetics and thus the absence of a functional CCR5 at the cell
surface as a coreceptor for the virus to enter the cell, the
CCR5D32 mutation will reduce the risk of infection to this
virus and is a key factor in HIV resistance.22

Over the past decades, genomic research on the host and
HIV-1 has advanced, bringing candidate genes of immuno-
genic interest, due to advances in sequencing technologies and
data science.23 Candidate genes are genes that provide bio-
logical effects on phenotypes (endophenotypes) based on
functional variant sites, thus enabling the association between
phenotypic manifestations of disease and the corresponding
genes.24 With regard to HIV-1, one of the candidate genes is
CCR5, due, among other nuances, to its function in cellular
integration of the organism to the virus upon viral entry.

The CCR5 gene has a length of 6,065 bases, is composed of 3
exons and 2 introns, and is located on the short arm of chro-
mosome 3 in the p21.3 region (ID 1234). It is responsible for
encoding the CCR5 protein, also known as the CCR5 receptor, a
seven-domain transmembrane protein with three extracellular
loops (ECL1, ECL2, and ECL3) and three intracellular loops
(ICL1, ICL2, and ICL3).25 This receptor, like other chemo-
kines, is present on several cells of the immune system, such as
monocytes, immature dendritic cells, and lymphocytes.26

The CCR5 protein is mainly associated with immune
system cell recruitment, proinflammatory activities, cell ac-
tivation, and proliferation and is related to the response of the
T helper (Th) 1 subpopulation of CD4+ T lymphocytes.
Chemokine receptors act as a switch opening the target cell
for HIV infection, CCR5 being the main co-receptor for HIV-
1 strains with tropism for macrophages.27 Therefore, this
protein is crucial for maintaining the efficiency of the human
immune system by recruiting chemokines with effector, ho-
meostatic, and inflammation-regulating functions.25

Cytokines are small molecules that promote functional cell
signaling in the regulation and promotion of immune re-
sponses.28 A group of cytokines are called chemokines be-
cause they have chemostatic function.29 The interaction
between chemokines that bind to the CCR5 receptor and this
receptor regulates the action of inflammatory cells.8 Che-
mokines condition the migration of leukocyte cells from
blood to tissues during inflammatory responses. Dysregula-
tion in this interaction or altered expression of chemokines
and their receptors is correlated with different diseases.9

The CCR5 receptor has a structure with seven a-helical
transmembrane domains, coupled to the guanosine triphosphate-
binding protein G (GTP). G proteins play a prominent role in

mediating communication events through CCR5 and CXCR4
that are products for HIV infection. This receptor binds naturally
to chemokines with an effector role in HIV-1, such as: macro-
phage inflammatory protein 1a (MIP-1a/CCL3); macrophage
inflammatory protein 1b (MIP-1b/CCL4); regulated on activa-
tion, normal T cell expressed and secreted (RANTES/CCL5).30

Thus, genetic epidemiology was born to understand how
these factors may be related through two main methodological
approaches, which consist of linkage and association studies.31

Association studies consist of observing the allele frequencies
in individuals from a population with the target disease, com-
paring it with healthy control groups belonging to the same
population, and their main purpose is to find the role that dif-
ferent mutations of the same gene may play in the manifesta-
tion of a particular disease.32 In light of this, this review seeks to
analyze the influence of genetic aspects (in CCR5 polymor-
phisms) in association studies for HIV-1 infectious disease.

Methods

Study design

This is a systematic literature review, which aims to de-
scribe the correlations between the CCR5 genetic polymor-
phisms and HIV published in the literature.

The study followed the formation stages: (1) Elaboration
of the research question and problem; (2) Stipulation of in-
clusion and exclusion criteria; (3) Sampling; (4) Analysis of
the articles; (5) Interpretation, discussion, and presentation of
the review. The Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) flowchart, based on
the PRISMA 2020 protocol, was used to present the steps
followed for the present study.33

Search strategy

The research problem was carried out, through which the fol-
lowing keywords were selected as a search strategy by an ad-
vanced search in the databases. First, we used the MeSH
descriptors: ‘‘Receptors, CCR5’’[Mesh]; ‘‘HIV’’[Mesh]; ‘‘Poly-
morphism, Genetic’’[Mesh], together with the Boolean operator
‘‘AND.’’ Then, another search was conducted with MeSH de-
scriptors: ‘‘HIV’’[Mesh]; ‘‘Receptors, CCR5’’[Mesh]; ‘‘Poly-
morphism, Single Nucleotide’’[Mesh], in conjunction with the
Boolean Operator AND. The search took place in the following
databases: U.S. National Library of Medicine National Institutes
of Health (PubMed), Coordination for the Improvement of Higher
Education Personnel (CAPES) Journal, and ScienceDirect.

Eligibility criteria

The inclusion criteria outline articles written in English,
Portuguese, or Spanish languages between 2001 and 2021
according to the population, exposure, comparator, outcome,
and study design (PECOS), where:

(a) Population (P): patients infected with HIV;
(b) Exposure (E): involvement of CCR5 genetic poly-

morphisms with HIV;

Correction: This article has been updated on December 22, 2022 after first online publication of November 9, 2022 to clarify text on this
page. {This paragraph formerly read: ‘‘The Indels, however, occur from insertions of new base pairs (bp) or deletions of native base pairs of
a nucleotide sequence, which can compromise the stability of the DNA structure or, if they reach a coding region, alter the final protein
product,22 as occurs with the D32 mutation in the human gene encoding the CCR5 protein, which, due to a deletion of 32 bp, originates a
mutant receptor called CCR5D32, which can make the individual resistant to HIV-1.22’’
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(c) Comparator (C): individuals with and without these
genetic polymorphisms;

(d) Outcome (O): susceptibility or progression or higher
transmission or gravity of HIV;

(e) Study design (S): Clinical trials, case–control studies,
cross-sectional studies, or cohort studies published in
scientific journals peer-reviewed.

Thus, the following question was raised: ‘‘Which CCR5 ge-
netic variants have proven susceptibility or protection and/or
higher transmission and/or progression of HIV?’’34 The justifi-
cation for the time cut established was to analyze the scientific
productions to verify the updates and evolution in the specific
approach of the central theme of the study. Only Indel Delta32
was considered for inclusion in the criteria for this type of variant
due to the large number of studies involving it.

Exclusion criteria were as follows: case reports, review
articles, book chapters, theses, guidelines, letters to the edi-
tor, in vitro studies, and studies were available only the ab-
stract and outside the stipulated period. Articles that did not
evaluate the CCR5 genetic polymorphisms through a mo-
lecular biology approach were also excluded. Articles that
studied Indels other than Delta32 were also excluded.

Study selection and review process

For the definition of CCR5 variants studied here, we con-
sidered SNPs and Indel mutations. Excel software was used
to organize and sort titles and abstracts. The data selection
step for the search visualization was performed by two
members (D.S.S. and M.J.A.S.) independently, thus ensuring
their reliability. Any type of discord on the study selection
and review process was resolved through discussion.

Quality assessment

The Newcastle–Ottawa Scale (NOS) was used to assess the
quality of the 32 included articles. A collaboration between two
universities, the University of Newcastle in Australia and the
University of Ottawa in Canada, produced this tool to assess the
quality of nonrandomized studies, such as case–control and
cohort studies with a score of 0–9. The NOS is divided into
three domains: selection, comparability, and exposure/out-
come.35 For cross-sectional studies, the NOS was cohort-
adapted for these studies to promote reliable quality assessment
(with a score of 0–10).36 The selection, comparability, and
exposure stages of this scale assign values according to the
specifics of each type of study, as shown below:

Case–control studies. The selection step is about the
representativeness of the cases; type of controls selection;
adequate controls definition. The comparability is about the
comparability of cases and controls on the basis of the design
or analysis. The exposure/outcome phase is divided into:
ascertainment of exposure; same method of ascertainment for
cases and controls; and nonresponse rate.

Cohort studies. The selection stage is about the represen-
tativeness of the exposed cohort; selection of the nonexposed
cohort; ascertainment of exposure; demonstration that outcome
of interest was not present at start of study. There is the compa-
rability of cohorts on the basis of the design or analysis controlled
for confounder; assessment of outcome; follow-up long enough
for outcomes to occur; and adequacy of follow-up of cohorts.

Cross-sectional studies. The selection phase is about the
representativeness of the sample; sample size; nonrespon-
dents; ascertainment of the exposure (risk factor). The sub-
jects in different outcome groups are comparable, based on
the study design or analysis. Confounding factors are con-
trolled; assessment of the outcome; and statistical test.

Therefore, four stars could be attribute to the selection, two
stars(*) to the comparability, and three stars to the exposure
(case–controls studies)/outcome (cohort studies). For the cross-
sectional studies, five stars could be attributing to the selection,
two stars to the comparability, and three stars to the outcome.
This is a tool that scores the study on eight items. Six stars or
more are classified as low risk of bias, and five stars or less as
high risk of bias.37

Data collection

A descriptive and tabular synthesis was carried out using
the extracted data and major results of each included study.
A team of two investigators extracted the data. The data in-
cluded: (1) author information, (2) year of publishing, (3)
information on the setting for each study (the genotyping
method employed), (4) characteristics of study participants
(phenotypic definitions and geographic characteristics), (5)
characteristics of candidate genetic variation (type, locus,
and evidence of functional role), and (6) outcome measure
[genotypes and/or allele frequencies more associated and if
the study had applied the Hardy–Weinberg equilibrium
(HWE) test]. Significance degrees ( p < .05) were considered
statistically significant correlations between categories of
each variation and this infectious disease studied.

Results

We present the details of the search strategy in Figure 1.
The numerical representation of the search for articles in the
database in descending order was formed by CAPES Journal
(N = 1,175), PubMed (N = 50), and ScienceDirect (N = 182).
The journal with the highest number of publications on the
investigated topic was the AIDS Research and Human Ret-
roviruses (four studies). The final sampling (formed by 32
articles) is presented in Table 1.

Discussion

The pathophysiology of HIV infection involves cellular in-
teraction factors that utilize the host organism for adsorption,
penetration, for reverse transcription to DNA, entry into the
nucleus, integration with host DNA, transcription of viral RNA,
assembly, and release.69 In this sense, scientific evidence states
that among the cellular and molecular aspects that are involved
in this context, mechanisms that promote virus replication, such
as the expression of CCR5, CXCR4, CD4, and CypA, as well as
influences contrary to viral replication represented by TRIM5a
and APOBEC3G, gain the leading role.70 In particular, one sees
immunogenetic interest in addressing the CCR5 receptor, which
is encoded by the gene itself, the key point of this study.

C-C type chemokine receptors (CCRs) are given a subclass
segmentation based on the chemokines they can recognize.71

CCR5 is found on T lymphocytes, B cells, microglia, and cells
of the monocyte/macrophage lineage. The expression of
CCR5 on T cell surfaces designates susceptibility to HI-
V/AIDS through modification in its activation. This parameter
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is determined by DNA methylation in CCR5 cis-regulatory
regions or cis-regions. With respect to cis-regions of CCR5,
DNA methylation of dinucleotide cytosine–guanine (CpG)
regions can elevate T cell methylation, producing higher
levels of CCR5 expression, as can its inverse relationship.72

CCR5 is the major chemokine receptor linked to HIV-1
transmission and progression, and the most potent chemokine
as a natural ligand is called MIP-1alpha, which is also induced
by this same receptor.54 Regarding HIV-1 infection initiation
mechanisms, the beginning of the adsorption phase involves the
binding of virions to the surface of target cells. This is mediated
by a high-affinity interaction between the extracellular domain
of the viral glycoprotein gp120 and specific cellular receptors,
with the CD4+ T lymphocyte being the main receptor.6

After binding of this glycoprotein to the CD4+ T receptor,
structural changes occur in the cell membrane that enable the
interaction with co-receptors, such as CCR5, which allows
fusion of the viral envelope with the host cell membrane and
thus enables viral entry.73 On HIV-1 progression, viral load
(replication) is inversely correlated with the quantity and
quality of CD4+ T lymphocytes, which would be naturally
responsible for releasing mediators from Th1, Th2 subpopu-
lations, regulatory T cell (Tregs), Th17, and Th22 to deal with
the virus. In addition, immune cells such as CD4+ T lym-
phocytes with reduced levels of CCR5 would be more resistant
to infection.74 Furthermore, CD8+ T cells can block cell-to-

cell spread of HIV-1 through CCR5-binding chemokines (i.e.,
MIP-1a/CCL3, MIP-1b/CCL4, and RANTES/CCL5), as these
competitively inhibit HIV entry via CCR5 expression and can
prevent replication and pathogenesis.16

The host’s genetic susceptibility to infection, transmission,
and severity of disease is variable between individuals and
populations. This may be driven by genetic, epigenetic, immu-
nological, and/or environmental factors. Thus, even though
studies report genetic associations for diseases, it was noted in
the results of these surveys that there may be divergent data on
outcomes derived from cases in different populations. From this
point of view, some authors consider that this fact is due, above
all, to the genetic background, which determines variability
through differentiated genetic identity among individuals.54,75,76

The target gene can be studied for possible therapeutic
applications in HIV-1 patients by various techniques, such as
gene therapy for immunomodulation. A good example within
this possibility of therapy is contained in the T-peptide, an
amino acid molecule homologous to a binding epitope of
gp120 (protein linked to adsorption on the host cell next to
CCR5), wild-type or mutant alleles of genetic variants for
patients (such as for Indel D32), or inhibition of viral infec-
tion by anti-CCR5 ribozymes used in the transplantation of
immune cells from the bone marrow to the patient.77–80

Moreover, other HIV-1 treatment genetic variability includes
CCR5 antagonist drugs [such as Maraviroc (MVC)] that have a

FIG. 1. Flowchart depicting
the study selection for sys-
tematic review. Belém (PA),
Brazil, 2022.
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direct positive impact on antiretroviral treatment,81 cytokine
antagonist drugs, such as against tumor necrosis factor alpha
(TNF-alpha), produced by Th1 lymphocyte subpopulation (which
are also stimulated by proteins, such as CCR5),82 molecular
therapies using CRISPR-Cas9 for gene editing in regions such as
CCR5,83 generation of monoclonal antibodies to inhibit virus
tropism to CCR5,84 and formation of predictive measures of se-
verity by genetic counseling for polymorphic variants of CCR5.85

Of the 32 publications analyzed in this research, the major
number of articles included was cohort studies (17 researches,
53.12%). The geographical relationship of production
showed that most studies came from the Asian continent
(15 researches, with 46.88%), but from countries other than
Asia, especially China (with a contribution of 12.5% in to-
tal—4 researches). However, the direction of the populations
studied in the entirety of the studies had a greater focus on
American populations (15.63%), equivalent to five of them.

The findings of this research expose a variability of genetic
aspects that relate polymorphisms associated with HIV-1 infec-
tion. Regarding the perspective of susceptibility or protection of
thehumanorganismagainst HIV-1 infection, the SNPs and Indels
mentioned in the articles were as follows: rs2856758, rs1800024,
rs1800023, rs1799987, D32 (rs333), rs1799988, rs746492. In a
restricted manner, it is valid to point out that, with regard to the
susceptibility aspect concerning polymorphisms associated with
the disease in question, only the SNPs showed this correlation.

In this sense, the SNPs that had this associative character were
as follows: T mutant allele of rs1800024 in Chinese population;58

C mutant allele of rs1799988 in North and South Korean popu-
lations;51 the A wild allele of rs1800023 in Indian population;48

the A wild allele of rs1799987 in the U.S. population;45 the A
mutant allele of rs1800023 in Japanese population;38 C wild
allele of rs41469351 in Indian population;63 the A wild allele of
rs1799987 in Papua New Guinea, the United States, Senegal,
Guinea, Sierra Leone, Ivory Coast, and Ghana populations; the A
wild allele of rs1799987 in the U.S. population;64 the GG ge-
notype of rs1799987 in Cameroon population.59 The SNP most
often associated with susceptibility was rs1799987, present in
four studies (12.5%), under the presence of the wild-type A allele.

However, the polymorphisms that had an associative
character with HIV-1 protection were the SNPs: G mutant
allele of rs2856758 in Chinese population;58 G mutant allele
of rs1799987 in Polish population;53 G mutant allele of
rs1799987 in Indian population.54 The SNP most associated
with protection was also rs1799987, in two of the three studies
of resistance conferred to infection (75%), under presence of
the G mutant allele. Indel D32 exclusively guaranteed asso-
ciations regarding protection, found by only three studies
(12.5%) to confer resistance to HIV-1. In this context, this
Indel obtained these mentions in the U.S. population;42 in a
Polish population;53 in populations from Papua New Guinea,
the United States, Senegal, Guinea, Sierra Leone, Ivory
Coast, and Ghana.64 Fourteen studies were found with no
association between the Indel cited and infection. Of these, 4
studies (23.53%) did not even find the deletion allele because
of its rarity, and in the remaining studies (10 studies, 58.82%),
their frequency measurements did not allow correlations.

Regarding the severity or delay of the disease, the corre-
lated genetic polymorphisms were as follows: rs746492,
rs1799987, rs1799988, D32, rs1800023.

Thus, the severity of the disease is designated by the fol-
lowing polymorphisms: the A wild allele of rs1799987, C

mutant allele of rs1799988, and G mutant allele of rs746492
in the South African population.67 In a cohort study by van
Manen et al, the presence of D32 in a group of seroconverters
post-2003 was related to a higher viral load (progression)
compared with pre-2003 in the German and Netherlands
population;56 C mutant allele of rs1799988 in North and
South Korean population;51 the A wild allele of rs1800023 in
Indian population;48 the A wild allele of rs1799987 in the
U.S. population;42 the A mutant allele of rs1800023 in Jap-
anese population;38 the A wild allele of rs1799987 in popu-
lations from Papua New Guinea, the United States, Senegal,
Guinea, Sierra Leone, Ivory Coast, and Ghana;64 the A wild
allele of rs1799987 in the U.S. population.41

Regarding the delay of HIV-1-generated disease, only one
study has identified two SNPs, the T allele of rs1799988 and
the G wild allele of rs1800023 in a Japanese population.38

With regard to disease transmission, associations were
possible for the SNPs: rs1799987, rs1799988, rs1800023. As
far as the type of vertical transmission is concerned, the as-
sociative presentations of polymorphisms were established by:
G mutant allele of rs1799987 and T mutant allele of rs1799988
conferred higher maternal–infant transmission in Malawi
population;49 the TT genotype of rs1799988 generated higher
vertical transmission, whereas the AA genotype of rs1800023
is suggestive of protective effect against vertical transmission
of HIV-1 in Brazilian population.44 Thus, it can be seen that in
two of three studies on transmission for the disease, the SNP
rs1799987 provided greater transmissibility to the virus.

As for sexual transmission or transmission by contaminated
blood products, only one study showed a positive correlation,
which was designated by the AG genotype of rs1799987 that
provided greater transmission of the virus between individuals
in Indian population.54 Specifically, maternal–infant gestational
transmission in the face of distinct HIV-1 genetic subtypes may
generate variable transmission rates, thus being an important
factor to consider for the genetic evaluation of CCR5 mutations
and a weak point of this review.86 Moreover, the elements that
guide the rate of sexual transmission of HIV-1 between indi-
viduals and through contaminated blood fluids are also related to
progression (high viremia), immunological aspects (immuno-
compromise) and other aspects, such as the presence of sexually
transmitted infections (STIs) that make it difficult to assertively
analyze genetic influences in the prevention process.87

It is noteworthy, however, that the following SNPs and
Indels were not amenable to associations regarding the in-
vestigated questions of susceptibility, severity, and trans-
missibility in this review: D32 in Brazilian population;25

D32, rs1800024, rs1800023, rs41469351, rs2856758,
rs2734648 in South African population;67 D32, rs1800560,
rs1799987 in Chinese population;61 rs2734648, rs1799987,
rs1799988, rs1800023 in Chinese population;58 D32 in
Spanish population;55 rs2856758, rs2734648, rs1799987,
rs1799988, rs1800023, rs1800024, D32 in Indian popula-
tion;57 rs1799987, rs1800023 in North and South Korean
population;51 rs1800452 in Thai population;52 D32,
rs41469351, rs1799987, rs1799988, rs41469351 in Indian
population;48 D32 in population of Estonia;47 D32 in another
Spanish population;50 rs1799988, rs184370729 in the U.S.
population;42 rs1800560, D32 in Chinese population.40

Furthermore, no statistical significance could be observed
for SNPs and Indels in this review for: rs1800024, rs2856758,
rs2734648, rs1799987 in Japanese population;38 rs2734648,
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rs1799987, rs1799988, rs1800023, rs1800024 in Indian
population;63 D32 in Colombian population;60 D32 in Ni-
gerian population;65 D32 in Iranian population;66 rs2856758,
rs2734648, rs41469351, rs1800023, rs1800024 in Malawi
population;49 D32 in another Indian population;46 D32 in
another U.S. population;43 rs2856758, rs2734648, rs1799988,
rs41469351, rs1800023, rs1800024 in populations of Papua
New Guinea, the United States, Senegal, Guinea, Sierra
Leone, Ivory Coast, and Ghana;64 D32 in another Indian
population;39 rs184370729, rs1800024, D32 in Brazilian
population;44 D32 in Cameroon population;59 rs2734225,
rs1799988, rs1800452, rs746492 in Chinese population;62

D32 in another Iranian population.68

The numerical offering of findings involving CCR5 gene
polymorphisms expose majority targeting of Indel D32
(rs333), equivalent to 75% approaches in the total number of
selected studies. Furthermore, the presentation of the most
studied SNPs in descending order was rs1799987 (53.13%, in
17 studies), rs1799988 (with 12 studies, 37.5%), and
rs1800023 (with 10 studies, 31.25%). It is worth mentioning
that the SNP rs1799987 obtained a significant numerical role
(6 studies, 18.75%) in the preponderant susceptibility, se-
verity, and transmissibility of HIV-1 infection. Thus, there
was a need to present the effects of the aforementioned var-
iants that were most prominent in CCR5 gene expression.

Indel D32 (rs333) is a 32 bp deletion in the featured gene,
of the frameshift type in the coding region (exon 3).
A frameshift mutation is an insertion or deletion of a nu-
cleotide, in which the deleted number of base pairs is not
divisible by 3.88 This interferes with the cell reading the
DNA sequence of the gene by virtue of the fact that the cell
can only read the triplet frame. Consequently, a stop codon
is introduced early in the gene and produces a defective
receptor.

The mutation causes amino acid substitution from serine
(Ser) to isoleucine (Ile) and affects the ECL2, ICL3, ECL3,
and the N-terminal regions of the protein. It is considered
the most studied mutation in HIV-1 immunogenetics because
it has been associated with relative disease resistance since
1996.85 The outcome of the presence of this mutation in the
phenotypic manifestation of the disease is the control of the
inflammatory response since this control is related to the pro-
gression of autoimmune and infectious diseases.89 CCR5 D32
to date is the only genetic mutation that completely blocks
HIV-1 infection in humans.70

The rs1799987 also known as position 1 (p1), -2459G/A or
50929A is an SNP in intron 2 in the downstream promoter
(Pd) of the gene, so it does not cause an amino acid change.90

It has been reported in studies that people with the A wild
allele of this SNP expressed more of the gene and thus the
CCR5 protein on the cell surfaces of CD4+ T cells, leading to
severe HIV pathogenesis, because the activity at the promoter
sites controls the death and apoptosis of CD4+ T cells.91 This
promoter region is responsible for most of the transcriptional
activity in active cells. Since the activity of this promoter is
associated with mutation and positive regulation of CCR5;
therefore, it increases the messenger RNA (mRNA) pro-
duction levels of the virus. With respect to the protective
aspect of this SNP against viral disease, the G mutant allele
may become useful for developing antibodies against CCR5,
producing neutralizing antibodies to HIV-2, and designing
therapeutic vaccines for HIV-1.91

The rs1799988 also called 2135C/T or 59353T is an SNP
in exon 2 of the gene, with an amino acid unknown change [in
the 5¢ untranslated region (5¢UTR)]. The presence of this
mutation influences in an unclear way molecularly the ex-
pression of this gene but reduces the expression of CCR5 on
the surface of peripheral blood mononuclear cells, CD4+

cells, and CD4+ monocytes, contributing in this disease to
lower acquisition and progression,92 as was shown by the
studies found in this review. The rs1800023 also known as -
2086A/G or 59402G is an SNP located in exon 2 of the gene
(with unknown amino acid modification)—in the 5¢UTR re-
gion, at a site from which most transcripts originate. The
question of functional alteration in the gene remains unclear,
although it has been determined that it promotes local in-
flammatory responses and thus may decrease the pathogen-
esis of diseases.93

In the systematic review by Reiche et al, the analyzed
parameters contained the time cut from 1988 to 2006 on
several polymorphisms in various genes, among them the
CCR5 gene, showing Indel D32 with a conference of pro-
tection against transmission in only one study, resistance to
disease progression in nine, and defense against susceptibil-
ity in one, besides having no association in two studies. Of
this amount, only 4 of the 13 CCR5 searches (30.77%) were
involved in the period from 2001 onward (one of them with
no association for this Indel and the disease).85

The meta-analysis by Liu et al presented a targeted ap-
proach to Indel D32 upon selection of 18 studies with tem-
porality between 1996 and July 2011, indicating parameters
not associated with HIV-1 susceptibility.94 As for the meta-
analysis by Ni et al, it also evaluated only Indel D32 from 24
case–control studies selected without language restriction in
the final sample, in the temporal cut from 1996 to 2018,
presenting results that this mutation may confer a possible
protective role against HIV-1, both to susceptibility and
disease severity.95 Thus, the data configuration can be de-
fined with contrasting aspects between the aforementioned
reviews from their population approaches and selection
methods.

Therefore, this is the first systematic research that uses the
synergistic analysis of both SNPs and IndelD32 regarding the
parameter of polymorphisms that relate the CCR5 gene to
HIV-1 infection in terms of susceptibility, severity, and
transmissibility, presenting a temporal counterpoint of the
aforementioned studies before the approach in temporality of
20 years. Furthermore, this study is innovative in that it ex-
pressively presents the numerical significance of SNPs, as
well as their variability and effects. Previous reviews on
SNPs have also framed Indel D32 by virtue of its clinical
importance in HIV-1 outcome and bring results that corrob-
orate this present review.

The review analyses of this research have highlighted
SNPs in the promoter region (Pd) of the CCR5 gene, which
have been shown in some populations to play associative
roles in HIV-1 susceptibility, progression, and/or transmis-
sion. The domain analysis between the mutated sequence in
the resulting Pd promoter region and similar consensus factor
sequences indicated importance in most of them in CCR5
and, as a consequence, factors responsible for connectivity
between this region may be responsible for the heterogeneity
of expression in this gene.96 This conjuncture is associated in
several researches, mainly, emphasizing the A wild allele of
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rs1799987, which preponderantly provides susceptibility and
disease progression characters.70,85,97

The CCR5 gene corresponds downstream of CCR2, so the
two are very close genes and this may imply a relationship
between their polymorphisms.90 In addition, there is a long
non-coding RNA (lncRNA) gene overlapping CCR5 (called
CCR5AS), whose expression is positively correlated with
CCR5 mRNA levels.98 In this logic, polymorphic variants
in CCR2 and in CCR5AS are also determinant for association
analyses with this disease from CCR5 levels in host cells.

The limitations of the study come up against: (1) each
study’s respective definition of HIV-1 infection based on case
identification; (2) the SNPs used for evaluation in this review
satisfy the requirement of being referenced in the National
Center for Biotechnology Information (NCBI); (3) for the
inclusion of studies, research with the CCR5AS gene, the
antisense RNA form of CCR5 that has great repercussion on
CCR5 gene expression were not considered because they are
different genes and generate different polymorphisms; (4)
heterogeneity of SNPs acting as a possible bias in charac-
teristics such as ethnicities and ages of different populations
due to the genetic background phenomenon; (5) regarding
mother-to-child transmission, besides the CCR5 gene vari-
ants, the different genetic subtypes of HIV-1 may also con-
tribute to this process; (6) the need for joint analysis of
mutations in CCR2 and CCR5 genes because of their struc-
tural proximity; (7) the need for joint analysis of polymorphic
variants of CCR5 and CXCR4 because both are co-receptors
for HIV-1, individually or jointly, responsible for viral entry
into the host cell; (8) the need for data evaluation in studies of
different variants of HIV-1; (9) possible evaluations in other
types of CCR5 genetic polymorphisms; (10) framing only
one Indel (the D32) in this review because it is the most
studied for HIV-1 infection, thus causing a possible selection
bias of the polymorphisms represented here.

Therefore, genetic aspects influence HIV-1 infection in
terms of susceptibility variables, transmission, and progres-
sion to AIDS. In this perspective, new genomic association
studies with approaches in cohort studies, case–control
studies, cross-sectional studies with larger sample or popu-
lation sizes, and with populations from different countries or
localities not yet analyzed may make it clearer to what extent
immunogenetics may determine in the manifestation and
establishment of HIV-1, as well as decipher the functional
molecular mechanisms of virus propagation in cells.

Conclusions

This review provides information engendering the poly-
morphic variants of CCR5 as a potential gene of interest for
association with disease. Polymorphic CCR5 variants may
decisively influence genetic aspects of HIV-1 infection through
changes in transcriptional signaling, downregulation of gene
expression, and overactivation of the inflammatory process.
This study exposes that {SNP rs1799987 is one of the genetic
polymorphisms most associated with the criteria of suscept-
ibility and severity of HIV-1, having distinct consequences in

genotypic, allelic, and clinical analysis in the variability of
investigated populations. As for the transmission character of
the disease, the G mutant allele of rs1799987 corresponds to the
highest positive association in cases of maternal–infant trans-
mission, sexual transmission, and contact with sharps of the
virus. {Furthermore, the results on Indel D32 corroborate the
absence and rarity of this variant in some populations.

As for mitigating the severity of cases, and therefore de-
laying the disease, the SNPs rs1799988 and rs1800023 ob-
tained significant attribution in individuals from the
populations studied. Such data about the polymorphisms
mentioned above are relevant for modulating the dynamics of
replication, propagation, viremia, and vertical/sexual trans-
mission based on distinct expressions of the CCR5 gene, in
addition to highlighting mutations of immunogenetic interest
that can be used for future research involving approaches that
include other populations and larger sample sizes. Therefore,
the analysis of genetic studies on HIV-1 may provide possible
innovative directions in diagnostic, predictive, therapeutic, and
prophylactic measures. Such information is essential in the
formulation of therapeutic proposals aimed at blocking the
establishment of HIV-1, helping to corroborate the confron-
tation of the disease through new approaches.
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5. Teixidó J, Martı́nez-Moreno M, Dı́az-Martı́nez M, et al.
The good and bad faces of the CXCR4 chemokine receptor.
Int J Biochem Cell Biol 2018;95:121–131; doi: 10.1016/
j.biocel.2017.12.018

6. Chen B. Molecular mechanism of HIV-1 entry. Trends Mi-
crobiol 2019;27(10):878–891; doi: 10.1016/j.tim.2019.06.002

7. Shaik MM, Peng H, Lu J, et al. Structural basis of cor-
eceptor recognition by HIV-1 envelope spike. Nature 2019;
565(7739):318–323; doi: 10.1038/s41586-018-0804-9

8. Brelot A, Chakrabarti LA. CCR5 revisited: How mecha-
nisms of HIV entry govern AIDS pathogenesis. J Mol Biol
2018;430(17):2557–2589; doi: 10.1016/j.jmb.2018.06.027

9. Bernardini G, Antonangeli F, Bonanni V, et al. Dysregu-
lation of chemokine/chemokine receptor axes and NK cell
tissue localization during diseases. Front Immunol 2016;7:
402; doi: 10.3389/fimmu.2016.00402

10. Lehner T, Wang Y, Whittall T, et al. Innate immunity and
HIV-1 infection. Adv Dent Res 2011;23(1):19–22; doi:
10.1177/0022034511399081

11. Yin X, Langer S, Zhang Z, et al. Sensor sensibility—HIV-1
and the innate immune response. Cells 2020;9(1):254; doi:
10.3390/cells9010254

12. Kazer SW, Walker BD, Shalek AK. Evolution and diversity
of immune responses during acute HIV infection. Immunity
2020;53(5):908–924; doi: 10.1016/j.immuni.2020.10.015

13. Mohan T, Bhatnagar S, Gupta DL, et al. Current under-
standing of HIV-1 and T-cell adaptive immunity: Progress
to date. Microb Pathog 2014;73:60–69; doi: 10.1016/
j.micpath.2014.06.003

14. Margolis L, Shattock R. Selective transmission of CCR5-
utilizing HIV-1: The ‘‘gatekeeper’’ problem resolved? Nat Rev
Microbiol 2006;4(4):312–317; doi: 10.1038/nrmicro1387

15. Austin JW, Buckner CM, Kardava L, et al. Overexpression
of T-Bet in HIV infection is associated with accumulation
of B cells outside germinal centers and poor affinity mat-
uration. Sci Transl Med 2019;11(520):eaax0904; doi:
10.1126/scitranslmed.aax0904

16. Zanoni M, Palesch D, Pinacchio C, et al. Innate, non-
cytolytic CD8+ T cell-mediated suppression of HIV repli-
cation by MHC-independent inhibition of virus transcrip-
tion. PLoS Pathog 2020;16(9):e1008821; doi: 10.1371/
journal.ppat.1008821

17. Alcarás ICD. Description of X-linked InDel markers with
possible use of internal primers. Master’s Thesis in Genetics.
Universidade de São Paulo: Ribeirão Preto; 2019; doi:
10.11606/D.17.2019.tde-30052019-163246

18. Rodrigues MLB. Population and forensic parameters of indel
polymorphisms and allele-specific detection. Master’s Thesis
in Genetics. Universidade de São Paulo: Ribeirão Preto;
2018; doi: 10.11606/D.17.2018.tde-29102018-154557
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60. Zapata W, Aguilar-Jiménez W, Pineda-Trujillo N, et al.
Influence of CCR5 and CCR2 genetic variants in the re-
sistance/susceptibility to HIV in serodiscordant couples
from Colombia. AIDS Res Hum Retroviruses 2013;29(12):
1594–1603; doi: 10.1089/aid.2012.0299

61. Li H, Liu T-J, Hong Z-H. Gene polymorphisms in CCR5,
CCR2, SDF1 and RANTES among Chinese Han population
with HIV-1 infection. Infect Genet Evol 2014;24:99–104;
doi: 10.1016/j.meegid.2014.03.009

62. Gong X, Liu Y, Liu F-L, et al. A SDF1 genetic variant
confers resistance to HIV-1 infection in intravenous drug
users in China. Infect Genet Evol 2015;34:137–142; doi:
10.1016/j.meegid.2015.07.012

63. Gupta A, Padh H. Analysis of CCR5 and SDF-1 genetic
variants and HIV infection in Indian population. Int J Im-
munogenet 2015;42(4):270–278; doi: 10.1111/iji.12215

64. Mehlotra RK, Hall NB, Bruse SE, et al. CCR2, CCR5, and
CXCL12 variation and HIV/AIDS in Papua New Guinea.

30 SANTANA ET AL.



Infect Genet Evol 2015;36:165–173; doi: 10.1016/j.mee-
gid.2015.09.014

65. Zifawei KO, Stowe O, Adias TC, et al. Null single nucle-
otide polymorphism in chemokine receptor 5 (CCR5) genes
among the Ijaw ethnic population of Nigeria. OJBD 2016;
6(4):59–66; doi: 10.4236/ojbd.2016.64009

66. Heydarifard Z, Tabarraei A, Moradi A. Polymorphisms in
CCR5D32 and risk of HIV-1 infection in the southeast of
Caspian Sea, Iran. Dis Markers 2017;2017:1–5; doi:
10.1155/2017/4190107

67. Koor GW, Paximadis M, Picton ACP, et al. Cis-regulatory
genetic variants in the CCR5 gene and natural HIV-1
control in Black South Africans. Clin Immunol 2019;205:
16–24; doi: 10.1016/j.clim.2019.05.009

68. Donyavi T, Bokharaei-Salim F, Nahand JS, et al. Evalua-
tion of CCR5-D32 mutation among individuals with high
risk behaviors, neonates born to HIV-1 infected mothers,
HIV-1 infected individuals, and healthy people in an Ira-
nian population. J Med Virol 2020;92(8):1158–1164; doi:
10.1002/jmv.25658

69. Ioannidis JPA. Effects of CCR5-D 32, CCR2-64I, and SDF-
1 3¢A alleles on HIV-1 disease progression: An interna-
tional meta-analysis of individual-patient data. Ann Intern
Med 2001;135(9):782; doi: 10.7326/0003-4819-135-9-
200111060-00008

70. An P, Winkler CA. Host genes associated with HIV/AIDS:
Advances in gene discovery. Trends Genet 2010;26(3):
119–131; doi: 10.1016/j.tig.2010.01.002

71. Miao M, De Clercq E, Li G. Clinical significance of che-
mokine receptor antagonists. Expert Opin Drug Metab
Toxicol 2020;16(1):11–30; doi: 10.1080/17425255.2020.
1711884

72. Le AQ, Taylor J, Dong W, et al. Differential evolution of a
CXCR4-using HIV-1 strain in CCR5wt/Wt and
CCR5D32/D32 hosts revealed by longitudinal deep se-
quencing and phylogenetic reconstruction. Sci Rep 2015;
5(1):17607; doi: 10.1038/srep17607

73. Mellors JW. Plasma viral load and CD4+ lymphocytes as
prognostic markers of HIV-1 infection. Ann Intern Med
1997;126(12):946; doi: 10.7326/0003-4819-126-12-199706
150-00003

74. Valverde-Villegas JM, Matte MCC, Medeiros RM de, et al.
New insights about Treg and Th17 cells in HIV infection
and disease progression. J Immunol Res 2015;2015:1–14;
doi: 10.1155/2015/647916

75. Gadelha MR, Kasuki L, Korbonits M. The genetic back-
ground of acromegaly. Pituitary 2017;20(1):10–21; doi:
10.1007/s11102-017-0789-7

76. Ghanavi J, Farnia P, Farnia P, et al. Human genetic back-
ground in susceptibility to tuberculosis. Int J Mycobacteriol
2020;9(3):239; doi: 10.4103/ijmy.ijmy_118_20

77. Loeffler J, Ok M, Morton OC, et al. Genetic Polymorph-
isms in the Cytokine and Chemokine System: Their Pos-
sible Importance in Allogeneic Stem Cell Transplantation.
In: The Chemokine System in Experimental and Clinical
Hematology. (Bruserud O. ed.) Current Topics in Micro-
biology and Immunology. Springer Berlin Heidelberg:
Berlin, Heidelberg, 2010; pp. 83–96; doi: 10.1007/82_
2010_22

78. Ruff M, Polianova M, Yang Q, et al. Update on D-Ala-
peptide T-amide (DAPTA): A viral entry inhibitor that
blocks CCR5 chemokine receptors. Curr HIV Res 2003;
1(1):51–67; doi: 10.2174/1570162033352066

79. Kumar A, Coquard L, Herbein G. Targeting TNF-alpha in
HIV-1 infection. Curr Drug Targets 2015;17(1):15–22; doi:
10.2174/1573399811666150615145824

80. Rossi JJ. The application of ribozymes to HIV infection.
Curr Opin Mol Ther 1999;1(3):316–322.

81. Van Der Ryst E. Maraviroc: A CCR5 antagonist for the
treatment of HIV-1 infection. Front Immunol 2015;6:277;
doi: 10.3389/fimmu.2015.00277

82. Pasquereau S, Kumar A, Herbein G. Targeting TNF and
TNF receptor pathway in HIV-1 infection: From immune
activation to viral reservoirs. Viruses 2017;9(4):64; doi:
10.3390/v9040064

83. Saayman S, Ali SA, Morris KV, et al. The therapeutic
application of CRISPR/Cas9 technologies for HIV. Expert
Opin Biol Ther 2015;15(6):819–830; doi: 10.1517/1471
2598.2015.1036736

84. Li L, Sun T, Yang K, et al. Monoclonal CCR5 Antibody for
Treatment of People with HIV Infection. In: Cochrane
Database of Systematic Reviews. (The Cochrane Colla-
boration. Ed.) John Wiley & Sons, Ltd: Chichester, UK,
2010; p. CD008439.pub2; doi: 10.1002/14651858.CD008
439.pub2

85. Reiche EMV, Bonametti A, Voltarelli J, et al. Genetic
polymorphisms in the chemokine and chemokine receptors:
Impact on clinical course and therapy of the human im-
munodeficiency virus type 1 infection (HIV-1). Curr Med
Chem 2007;14(12):1325–1334; doi: 10.2174/09298670
7780597934

86. Rosa MC, Silva NMO, Hora VP. Pathogenesis of HIV—
Classification, characteristics of the virus and mother to
child transmission. Rev Brasil Anál Clı́n 2016;48(4):301–
306; doi: 10.21877/2448-3877.201500203

87. Grivel J-C, Shattock RJ, Margolis LB. Selective transmission
of R5 HIV-1 variants: Where is the gatekeeper? J Transl Med
2011;9(S1):S6; doi: 10.1186/1479-5876-9-S1-S6

88. Yamamoto H, Imai K. Microsatellite instability: An update.
Arch Toxicol 2015;89(6):899–921; doi: 10.1007/s00204-
015-1474-0

89. Hillman T. The immense impact of CCR5 single-nucleotide
polymorphisms (SNPs). Preprint. Med Pharmacol 2020;
doi: 10.20944/preprints202010.0514.v1

90. Lawhorn C, Yuferov V, Randesi M, et al. Genetic diversity
and linkage disequilibrium in the chemokine receptor CCR2-
CCR5 region among individuals and populations. Cytokine
2013;64(2):571–576; doi: 10.1016/j.cyto.2013.08.008

91. Gornalusse GG, Mummidi S, Gaitan AA, et al. Epigenetic
mechanisms, T-cell activation, and CCR5 genetics interact
to regulate T-cell expression of CCR5, the major HIV-1
coreceptor. Proc Natl Acad Sci U S A 2015;112(34):4762–
4771; doi: 10.1073/pnas.1423228112

92. Liu S, Liu N, Wang H, et al. CCR5 promoter polymor-
phisms associated with pulmonary tuberculosis in a Chi-
nese Han population. Front Immunol 2021;11:544548; doi:
10.3389/fimmu.2020.544548
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