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ABSTRACT
Introduction: Although repeated exposure to HIV‐1 can result in infection, some individuals remain seronegative without

clinical or serologic evidence of infection; these individuals are known as HIV‐1‐exposed seronegative individuals. This pop-

ulation has been extensively studied to understand the mechanisms associated with natural resistance to HIV infection. Two

main hypotheses have been proposed to explain this resistance: some researchers associated resistance with a low activation

phenotype characterized by a decrease in the activation and proliferation of immune system cells linked with infection control

and decreased production of cytokines and pro‐inflammatory molecules, whereas others suggest that resistance is related to

immune system activation and the expression of high levels of chemokines, pro‐inflammatory cytokines and antiviral

molecules.

Aims: Our study aims to review and analyze the most relevant evidence supporting the role of the activation level of the

immune system during natural resistance to HIV‐1 infection.

Methods: A search was conducted via the PubMed, SciELO and ScienceDirect databases. The literature search was performed

in a nonsystematic manner. Articles published in the last five decades addressing immune activation mechanisms in natural

resistance to HIV were reviewed.

Results: A low‐activation phenotype, characterized by a high frequency of Treg cells; reduced expression of CD25, CD38, and

HLA‐DR; and lower production of pro‐inflammatory cytokines in peripheral and mucosal tissues, plays a key role in reducing

the number of activated cells susceptible to infection, but it minimizes chronic inflammation, facilitating viral entry and spread.

In contrast, the activation phenotype is associated with high expression of markers such as CD25, CD38, and HLA‐DR, along
with elevated high levels of interferon‐stimulated genes and pro‐inflammatory cytokines. This profile could promote infection

control while increasing the number of virus‐susceptible cells.

Conclusion: The complexity of the immune response during HIV exposure, reflected in the conflicting evidence concerning

whether low or high immune activation offers protection against infection, suggests that there may be multiple pathways to

HIV‐1 resistance, influenced by factors such as the type of viral exposure, the immune environment, and individual genetics.

Further research is needed to determine which immune states are protective and how these responses can be modulated to

prevent infection.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly

cited.
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1 | Introduction

Repeated contact with human immunodeficiency virus (HIV‐1)
can lead to infection; however, some individuals remain
uninfected despite numerous high‐risk exposures or repeated
high‐risk behaviors in areas with a high HIV‐1 prevalence. This
population is known as HIV‐1‐exposed seronegative (HESN) in-
dividuals, and they are important for studying potential factors
mediating natural resistance to this infection [1, 2]. HESNs can be
categorized into three major groups: (i) serodiscordant couples (a
couple where one partner is HIV‐positive and the other is HIV‐
negative); (ii) individuals engaged in high‐risk sexual behaviors,
such as commercial sex workers (CSWs) and men who have sex
with men (MSM); and (iii) individuals exposed to HIV through
nonsexual means, including injection drug users (IDUs), infants
born to HIV‐positive mothers, hemophiliacs, and others who have
come into contact with contaminated blood products [3]. CSWs
and MSM with high‐risk sexual behavior constitute an interesting
group for the study of natural resistance to HIV‐1 infection
because of the higher probability of cross‐reactive responses
against different HIV‐1 quasispecies than groups with low‐risk
sexual behavior, such as serodiscordant couples in stable re-
lationships [3]. Therefore, studying these groups could lead to the
development of therapeutic alternatives or vaccines that control
HIV‐1 transmission.

Since 1984, when HIV‐1 was identified as the virus that causes
acquired immunodeficiency syndrome (AIDS), multiple studies
have evaluated natural resistance to infection [4–6]. Homo-
zygosity for the CCR5Δ32 mutation is the most critical genetic
mechanism of natural resistance to HIV‐1 infection. Homozy-
gous individuals express a truncated protein, rendering cells
resistant to HIV because the virus cannot fuse with the host cell
surface, blocking entry [7, 8]. The frequency of the CCR5 Δ32
allele worldwide is approximately 3% [9]; however, this muta-
tion explains only approximately 14.5% of the cases in the
HESN population [10], suggesting the presence of underlying
mechanisms associated with natural resistance to HIV‐1
infection.

In this regard, genome‐wide association studies (GWAS) have
been instrumental in identifying genetic variants beyond
CCR5Δ32 that may contribute to HIV‐1 resistance. Variants in
genes such as HLA‐B and HLA‐C are linked to effective infec-
tion control by facilitating the presentation of viral peptides to
T cells, thereby enhancing the immune response [11–13]. Other
examples include functional variants of the APOBEC3G gene,
an enzyme with antiviral activity capable of interfering with
HIV replication [14–16], and genes related to HIV restriction,
such as TRIM5α [17] and SAMHD1 [18]. However, the evidence
for these is less consistent compared to HLA variants. None-
theless, GWAS in HESN populations face challenges, including
small cohort sizes and heterogeneity in inclusion criteria, which
complicate the identification of robust associations. These lim-
itations notwithstanding, such studies underscore the com-
plexity of genetic mechanisms contributing to HIV‐1 resistance,
highlighting a multifactorial phenomenon wherein multiple
genes and biological pathways interact.

In addition, natural resistance to HIV‐1 points to the stimula-
tion of various immune effector mechanisms that enable the

immune system of HESN to handle HIV‐1, preventing the es-
tablishment of infection [19]. Specific HESN cohorts exhibit a
specific T‐cell immune response against HIV [20], increased NK
cell activity [21], and increased levels of soluble factors with
anti‐HIV activity (i.e., beta‐defensins, beta‐chemokines, elafin/
trappin‐2, APOBEC3G, TRIM5α, serpin, and cystatin anti-
proteases) in the circulation and genital mucosa, mainly at virus
entry sites [22–27]. Likewise, protection has been associated
with other factors, such as HIV‐1‐specific IgA, which are
plasma and genital tract antibodies that can neutralize primary
HIV‐1 isolates in peripheral blood mononuclear cells (PBMCs)
and prevent HIV‐1 transcytosis through human epithelial tis-
sues in vitro [28, 29].

Interestingly, IL‐21, a cytokine with immunomodulatory prop-
erties, is capable of controlling HIV‐1 infection. A previous
study conducted in a Colombian cohort of HESN patients
revealed that their PBMCs were less susceptible to infection and
expressed higher levels of IL‐21 mRNA than those of healthy
controls at baseline and 7 days postinfection [30]. Additionally,
IL‐21 has been demonstrated to influence HIV‐1 infection by
activating various antiviral mechanisms, such as engaging the
Th17 lineage and inducing microRNA (miR)‐29, which pos-
sesses anti‐HIV properties [31]. However, these resistance‐
attributable mechanisms have not been explored in all HESN
cohorts, and it is unknown whether they are present in each
cohort.

In the last two decades, various studies have sought to explain
the immunological features underlying the resistance observed
in HESN. These studies have identified two main approaches
that, despite their differences, provide valuable insights into
how this resistance might be maintained.

The first approach suggests that HESN individuals exhibit an
immunological quiescent or low‐activation phenotype. This
state is characterized by low proliferation of CD4+ and CD8+ T
cells; reduced levels of activation markers such as HLA‐DR,
CD38, and CD70; and generally decreased secretion of effector
molecules and pro‐inflammatory cytokines such as IL‐1β, IL‐6,
colony‐stimulating factor 2 (CSF2), IFNγ, and TNF in the
PBMCs (peripheral blood mononuclear cells) of these in-
dividuals. Interestingly, some of these mediators are produced
at similar levels to those in healthy controls following antigenic
stimulation, indicating that HESN cells remain functional
[32–34]. In this context, the low‐activation phenotype could
contribute to HIV‐1 resistance by maintaining immune cells in
an unstimulated state, thus avoiding excessive inflammatory
responses that might favor infection.

In contrast, the second approach describes an immune activation
phenotype in HESN individuals with distinct immunological
features, such as the expression of IL‐6, IL‐10, IFN‐γ, TNF‐α, Toll‐
like receptors, APOBEC3G [35], α‐ and β‐defensins [22, 36], and
chemokines such as CXCL12, CCL3, CCL4, and CCL5 in the
peripheral blood, genitals, and oral mucosa. This phenotype
appears to be more closely related to HIV‐infected subjects than to
uninfected controls [37]. Thus, immune activation could be
associated with specific resistance mechanisms to HIV‐1 and a
more effective immune response against the virus. Despite
the growing body of evidence supporting these hypotheses,
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controversy remains regarding the activation and low‐activation
or quiescent phenotype in HESN individuals. Therefore, this
review highlights the main differences in immune parameters
between the two approaches and their possible implications for
resistance and susceptibility to HIV‐1 infection and progression.
The specific mechanisms described in HESN will subsequently be
addressed to better understand how these mechanisms might
contribute to HIV‐1 resistance.

2 | Quiescence, Immune Quiescence, or a Low‐
Activation Phenotype

A previous review used the term quiescence to refer to the low‐
activation phenotype [38]; however, the term quiescence is
defined as a cellular state characterized by prolonged and
reversible entry into the G0 phase of the cell cycle [39]. This
state is distinct from senescence or terminal differentiation,
which involve irreversible exit from the cell cycle [40, 41]. This
phenomenon has been observed in various cell populations,
including tissue‐resident stem cells (hematopoietic, muscle, and
neural) [42] and differentiated cells (fibroblasts [43] and lym-
phocytes) [44].

In vitro studies have demonstrated that HIV can infect “quies-
cent” CD4+ T cells, although viral replication is inefficient,
leading to abortive infections [45, 46]. Several authors suggest
that the host factors necessary for HIV‐1 replication are ex-
pressed primarily in activated cells [47, 48]. Despite advances in
understanding the quiescent phenotype, controversies remain
regarding the definition of this concept compared with the low‐
activation phenotype and its implications for natural resistance
to HIV‐1 infection [49, 50].

Historically, the quiescent phenotype was thought to represent
an anergic state characterized by hyporesponsiveness to antigen
recognition in the absence of costimulation, leading to impaired
cell proliferation and cytokine production [51]. In contrast, a
quiescent state involves transcriptional and metabolic control of
activation signals, with cells able to respond to activation or exit
quiescence upon stimulation [38, 52–54]. This state is distinct
from the anergic state, which is induced by insufficient costi-
mulation via CD28 or excessive coinhibitory signaling through
CTLA‐4 and is characterized by low or absent IL‐2 production
[55, 56]. In quiescent T cells, autocrine and paracrine IL‐2
production can be reestablished through CD28 costimula-
tion [38].

Recent studies have linked natural resistance to HIV‐1 with
quiescence, particularly in cells in the G0/1a phase, which are
quiescent, whereas cells in the G1b phase are more permissive
to HIV infection because of high RNA synthesis without DNA
synthesis [45, 57, 58]. Advances in understanding quiescence
have led to the use of markers such as the nuclear protein Ki‐67
to differentiate between proliferating and quiescent cells [59,
60]. Additionally, different phosphorylation patterns of the
retinoblastoma protein (pRB) serve as transcriptional regulators
of cell cycle progression, with pRB being phosphorylated in
activated cells [59, 61]; further investigations through in vitro
assays into the role of quiescence in natural resistance to HIV‐1
in various HESN cohorts would be valuable.

Quiescence in T cells is characterized by specific features: (i)
entry into the G0 phase of the cell cycle; (ii) cessation of cell
growth; (iii) inhibition of IL‐2 signaling; (iv) low nutrient up-
take; (v) predominantly catabolic metabolism; and (vi) repro-
gramming of mitochondrial metabolism through the regulation
of ATP production, cell survival, and biosynthesis [38]. In
addition, Card et al. described immunological quiescence as a
state defined by reduced T‐cell activation markers, down-
regulation of gene transcription, and reduced levels of cytokines
and pro‐inflammatory molecules produced in the circulation
and mucosa [62]; however, we believe these characteristics
primarily reflect a low activation phenotype rather than true
quiescence. Therefore, we use the term “low activation” to
describe this immunological phenomenon as a protective cor-
relate against HIV‐1 infection.

The low‐activation phenotype encompasses several mecha-
nisms, including a regulatory immune response essential for
understanding natural resistance to HIV‐1. Treg cells, for
example, are crucial for maintaining the balance between
overactive and immunosuppressive responses through the
production of cytokines such as IL‐10, IL‐35 [63, 64], and
transforming growth factor‐beta‐1 (TGF‐B1) [65], which con-
tribute to sustained low activation. Studies have shown that
Treg cells can control cytotoxic T lymphocyte responses in vivo
by inhibiting T‐cell proliferation and clonal expansion [66].

In this sense, a study performed in participants from the Ma-
jengo commercial sex‐work cohort in Nairobi, Kenya, revealed
that a greater frequency of Treg cells (CD4+CD25+FOXP3+) in
peripheral blood could mediate the suppression of T‐cell acti-
vation, playing a crucial role in promoting an anti‐inflammatory
state in these individuals [67]. However, instead of an anti‐
inflammatory state, a tolerogenic process may occur, as hap-
pens during the immune response in the gut‐associated
lymphoid tissue. To our knowledge, this phenomenon associ-
ated with tolerogenesis has not been studied in the HESN
population.

Similarly, the expression of markers such as HLA‐DR and CD38
was strongly downregulated in CD4+ and CD8+ T cells from
HESN individuals compared with those from HIV‐positive in-
dividuals [67]. Furthermore, although no statistically significant
differences were observed, a lower percentage of CD4+ CD69+ T
cells and CD8+ CD69+ T cells was observed in HESN women
than in HIV‐positive individuals and healthy control individuals
[67]. Another report in a Kenyan cohort of HESN CSW women
(Pumwani cohort) revealed that these individuals produced
lower levels of pro‐inflammatory cytokines than did HIV‐
negative control individuals. It was also demonstrated that
CD4+ T cells from the HESN cohort expressed lower levels of
crucial genes for TCR signaling, where the reduced expression
of these molecules reflects lower T‐cell activation [34]. This
evidence suggests that a greater frequency of Treg cells, low
levels of activation markers, and the differential expression of
genes involved in low cellular activation could be natural
resistance mechanisms to HIV‐1.

In the case of sexual exposure to HIV‐1, the epithelium works as
the first barrier for HIV entry into the submucosa, showing
variable structural conformations with different implications for
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viral transmission [68]. In this context, the anorectal epithelium
has the highest likelihood of HIV transmission (0.3%–5%)
compared with the female genital epithelium (0.05%–0.5%) and
the male genital epithelium (0.04%–0.14%), with the oral
mucosa being the least susceptible at 0.01% [69–71]. These
dissimilarities could contribute to natural resistance in the
HESN population through sexual contact. Similarly, in a study
evaluating the cervicovaginal epithelium, lower levels of CD4+

CD69+ and CD8+ CD69+ T cells were found in HESN sex
workers than in healthy controls; however, no significant dif-
ferences were found in the ectocervical epithelial thickness,
frequency of CD4+ CCR5+ cells, or levels of several pro‐
inflammatory cytokines and chemokines in cervicovaginal
lavages [50]. Although these studies evaluated CD69 expression
as an activation marker, this molecule could also indicate a
phenotype of tissue‐resident memory cells [72]. Therefore, to
determine the context in which CD69 is active, it is important to
consider the duration of expression, since CD69, as an activa-
tion marker, is observed a few hours after cellular activation;
the context of stimulation, as the expression of this marker can
be induced by activation signals such as specific antigens,
cytokines, or mitogenic agents; and the simultaneous expres-
sion of other activation markers such as HLA‐DR, CD25, and
CD38 [73, 74].

Some authors have proposed that a possible explanation for the
difference in HIV‐1 acquisition is not only low activation at the
cervical level but also the high production of soluble factors
such as RANTES, MIP‐1α, and MIP‐1β, which are CC chemo-
kines that bind to and activate the CCR5 chemokine receptor,
thereby preventing the entry of HIV‐1 strains that rely on it as
coreceptors [75]. In fact, higher levels of anti‐inflammatory
antiproteases, such as serpins and cystatins, have been detected
in HESN individuals than in HIV‐1‐positive and HIV‐1‐negative
individuals [26, 76]. Similarly, another study evaluating the
cervicovaginal lavage of HESN women revealed lower levels of
pro‐inflammatory molecules such as IL‐1α, MIG and IP‐10 in
the genital tract of HESN women than in the genital tract of
HIV‐1‐positive and ‐negative individuals [77].

Interestingly, Fulcher et al. reported that in mucosal explants
obtained from freshly collected colorectal biopsies of healthy
controls and HESN individuals, which were stimulated with
specific innate immune ligands and whole inactivated patho-
gens, there was a reduced production of pro‐inflammatory
cytokines such as IL‐6 and IL‐1β through TLR4, TLR7, TLR9
and NOD2 but similar production of the cytokines IL‐10, IL‐4,
and IL‐5 compared with that in healthy controls, suggesting
that HESN individuals exhibit diminished immune reactivity,
which reduces the number of activated cells susceptible to
HIV‐1 infection [78].

Similarly, in the female genital tract of the HESN Pumwani
cohort, which has an estimated at least 64 unprotected sexual
exposures to HIV‐1 per year [2], the genes encoding TLR2,
TLR4, TLR7, TLR8, RIG‐I, and MDA5 in cervical mononuclear
cells presented reduced expression, but these cells were
responsive to activation by the TLR7/8 ligand ssRNA40, which
suggests that despite the low levels of these PRRs, HESN could
activate an appropriate antiviral response after stimulation [79].
Additionally, highly significant increases in the mRNA

expression of TLR1 and TLR10 were detected in primary bone
marrow cells infected with HIV‐1 compared with those in
uninfected bone marrow cells from Nigeria. These findings
indicate that TLRs are strongly expressed in primary bone
marrow cells and that this expression may be closely linked
to an individual's HIV‐1 infection and innate immune
response [80].

Interferon regulatory factor 1 (IRF1) is part of a broad family of
transcription factors that are essential for various biological
processes, such as antigen processing and presentation, NK cell
activity, nitric oxide synthetase induction, and Th1 and Th2
differentiation, and functions as key mediators of innate and
adaptive immune responses [81]. Previous studies have
described three polymorphisms in irf‐1 that appear to have a
beneficial effect on natural resistance to HIV‐1 infection, where
individuals with one or more of these polymorphisms presented
lower IRF1 protein expression and reduced responsiveness to
IFN‐ɣ stimulation; furthermore, these polymorphisms did not
affect disease progression in terms of decreased CD4+ T cells
and HIV‐1 viral load, suggesting that the protective effect is
limited to the early stages of infection [82, 83]. In fact, Ji et al.,
using a model of HIV‐1 infection with PBMCs from individuals
with different IRF1 genotypes, reported that IRF1 expression at
48 h and subsequent times in individuals with “protective
genotypes” was lower than that in individuals with non-
protective haplotypes, indicating that polymorphisms in the irf1
gene could be one of the determinants of HIV‐1 resistance [84].
Additionally, a study evaluating the early kinetics of the IRF1
response to IFN‐γ in the PBMCs of HESN patients and healthy
controls revealed that both individuals exhibited a robust IRF1
response to exogenous IFN‐γ stimulation, but this response was
rapidly “controlled” in HESN patients [85]. This could be
mediated by low activation, as IRF1 seems to be highly ex-
pressed in activated cells [86]. In concordance, a study by Su
et al. proposed that an IRF1 reduction in HESN can control the
prolonged inflammatory state, allowing adequate induction of
an antiviral response [87]. However, other authors have sug-
gested that IRF1 may act as a key host cellular factor favoring
HIV‐1 replication and early establishment of infection [88]. A
study analyzing transcriptional profiles linked to HIV acquisi-
tion in a cohort from Africa revealed higher levels of the PTPRC
gene, which is important for T‐cell activation and HIV‐1
infection, in seroconverter individuals before infection than in
HESN individuals. There was also positive regulation of genes
stimulated by IFN‐α and IFN‐γ in samples from seroconverter
patients before infection compared with those from HESN in-
dividuals. This suggests the stimulation of regulatory responses;
however, it can also lead to the recruitment of immune cells
and the activation of target cells, increasing susceptibility to
infection [89].

Finally, different proteins of the TIM family (T‐cell immuno-
globulin and mucin‐like domains) are involved in immuno-
logical functions and are expressed in different cells of the
immune system. TIM‐3 is expressed mainly on the surface of
cytotoxic T lymphocytes, CD4+ T cells that secrete IFN‐γ, NK
cells, NKT cells, monocytes, macrophages and dendritic cells
(DCs), and it has been proposed to modulate the Th1 response
[90–92]. Jones et al. reported that during progressive HIV‐1
infection, there is increased expression of Tim‐3 on CD8 + T
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cells that are specific to HIV‐1; additionally, these cells exhibit
cytokine or proliferative impairment [93]. Interestingly, a
polymorphism (rs4704846) in the HAVCR2 gene, which en-
codes the TIM‐3 protein, has been related to reduced suscepti-
bility to HIV‐1 infection [94]. Moreover, the frequency of this
polymorphism is significantly greater in HESN individuals than
in HIV‐positive individuals, and it occurs independently of their
route of exposure [94].

In the case of HIV‐1 infection, low activation also has some
problems. HIV can establish a latent infection, remaining as a
transcriptionally inactive provirus [95]; this latency is thought
to contribute to the rebound of the viral load in the case of an
antiviral treatment failure or interruption. Similarly, Treg cells
that control immune activation can also contribute to the gen-
eration of these latent reservoirs; however, a possible solution
has emerged: a therapy called “shock and kill” [96, 97]. This
strategy eliminates viral reservoirs through the activation of
viral replication through histone deacetylase inhibitors; thus,
the immunological system eliminates the viral reservoir. How-
ever, current approaches cannot clear the virus, probably
because of increased resistance to viral activation in cells with a
low activation phenotype [98].

A low activation profile in HESN individuals may contribute to
natural resistance to HIV‐1. This resistance is manifested by
lower expression of activation markers and reduced production
of pro‐inflammatory cytokines, suggesting a more effective
immune response against the virus or reduced susceptibility to
HIV infection. However, the persistence of HIV in a latent state
and the challenge of overcoming resistance in low‐activation
cells remain significant obstacles to treatment.

3 | Activation Phenotype in HESN

Immune activation has been proposed as a potential protective
mechanism against HIV‐1 infection. Unlike a low‐activation
state, which may limit the immune system's response to infec-
tion, high immune activation could enhance the body's ability
to counteract HIV‐1. This hypothesis is based on the idea that a
robust immune response, characterized by increased expression
of immune activation markers and cytokine production, might
better equip the immune system to recognize and combat the
virus. Specifically, immune activation can promote antiviral
responses and facilitate the elimination of infected cells [99].

Despite evidence supporting the protective role of low activa-
tion in several cohorts of HESN individuals, the role of immune
activation in HIV‐1 resistance has also been explored [100–102].
The increased expression of interferon‐stimulated genes (ISGs)
and other immune‐related proteins, such as Myxovirus resist-
ance 2 (MX2), complement system proteins (CR2, C4BPA), and
endoplasmic reticulum aminopeptidase type 2 (ERAP 2), sug-
gests that immune activation may also contribute to resistance
by enhancing the antiviral capacity of the immune system [19].

Multiple mechanisms of activation have been explored; for ex-
ample, TLR3, which recognizes double‐stranded RNA (dsRNA),
can initiate innate immune reactions induced by pathogens such
as HIV following the upregulation of NF‐kB and interferon

regulatory factor 3 (IRF3), which results in elevated production of
type I interferons and pro‐inflammatory cytokines, leading to an
antiviral response [103]. Moreover, some studies have shown that
the TLR‐3 rs3775291 C→ T (Leu412Phe) T allele polymorphism is
overrepresented in HIV‐1‐exposed seronegative intravenous drug
users (HESN‐IDU) in comparison to HIV‐positive IDU; addi-
tionally, owing to TLR engagement, PBMCs isolated from subjects
with this polymorphism exhibit greater resistance to ex vivo
HIV‐1 infection and increased levels of pro‐inflammatory cyto-
kines (IL‐1, IL‐6, IL‐10, IFN‐β, IFN‐γ, CCL3, RANTES, TNF‐α)
and CD69 [104, 105]. However, this information contrasts with a
critical study in which this polymorphism was associated with
increased Coxsackie virus replication, leading to a greater risk of
enteroviral myocarditis [106].

Other studies carried out in a HESN‐IDU cohort have shown a
markedly immunologically activated phenotype, with lower
percentages of naive CD8+ T cells and higher percentages of
CD8+CD25+ and CD8+ CD38+ HLA‐DR+ T cells in HESN‐IDU
than in healthy control individuals in a basal state [107]; the
increased percentage of activated CD8+ T cells suggests a robust
immune response that is ready to confront viral threats. These
activated T cells are capable of recognizing and killing infected
cells, which helps limit the spread of HIV‐1 [108]. Specifically,
CD8+ T cells can release cytotoxic molecules such as perforin
and granzymes that induce apoptosis in HIV‐infected cells
[109]. Additionally, activated CD8+ T cells produce cytokines
such as IFN‐γ, which enhances the antiviral response by in-
hibiting viral replication and recruiting other immune cells
[110]. This heightened state of activation and functional
capacity equips the immune system to counteract potential
HIV‐1 infections more effectively. Although HIV‐1 can enter
the bloodstream through various routes, the increased antiviral
activity of these T cells provides a critical defense mechanism,
potentially reducing the likelihood of the virus establishing a
successful infection [111]. On the basis of this evidence, Tran
and colleagues concluded that in HESN‐IDUs, cell activation
seems closer to that of HIV‐1‐positive individuals than to that of
negative controls, suggesting that the activation of immuno-
logical features does not necessarily favor HIV‐1 infection and,
in contrast, could lead to natural resistance [107]. Additionally,
in the same cohort, increased IFN‐γ and TNF‐α production by
NK cells before and after stimulation with the K562 cell line
compared with that in healthy controls and seroconverters was
found in HESN‐IDUs [21].

The role of NK cells in natural resistance to HIV‐1 infection has
been studied in depth, and an increase in NK cell activity
related to an increase in cytotoxic capacity and the production
of IFN‐γ, MIP1‐α, MIP‐1β, and RANTES has been described
[112]. Interestingly, in a previous study conducted by us in
MSM, we reported that individuals at high risk of HIV infection
presented increased cytotoxic activity and a greater percentage
of NK cells producing IFN‐γ than did low‐risk MSM controls
[4]. Additionally, we observed an enhancement in the effector
function of NK cells when they were cocultured with autolo-
gous CD4 +HIV+ T cells, along with elevated levels of
CD69 + IFN‐γ+ and CD69 +NKG2D+NK cells in high‐risk
MSM compared with low‐risk MSM for HIV‐1 infection. NK
cells exhibiting this phenotype play a crucial role in the
immune response against HIV‐1 by actively participating in the
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recognition and elimination of infected cells. The upregulation
of CD69, a marker associated with cellular activation and pro-
liferation, indicates that these NK cells are in an activated state,
which enhances their cytotoxic capabilities [113]. The presence
of IFN‐γ, a key cytokine in antiviral responses, and NKG2D, an
activating receptor that recognizes stress‐induced ligands on
infected cells, further underscores their role in mounting a
robust immune response [114, 115]. These findings suggest that
NK cells with high levels of activation markers and effector
functions contribute significantly to the control of HIV‐1
infection by targeting and killing HIV‐infected cells, thus
playing a pivotal role in the natural resistance observed in high‐
risk MSM populations. Table 1.

Additionally, a study of HIV‐exposed uninfected children born
to HIV‐1‐infected women in the city of Sao Paulo, Brazil,
revealed that these children had a greater percentage of CD38+

and HLA‐DR+ CD8+ T cells at 12 months of age and a greater
percentage of CD38+HLA‐DR+CD4+ T cells at 6–12 years of age
than did uninfected controls of the same age. Furthermore, the

levels of plasma cytokines such as IL‐2, IL‐6, IL‐7, IL‐10, IL‐
12p70, IL‐13, IL‐17, IFN‐γ, TNF‐α, G‐CSF, GM‐CSF and MCP‐1
were similar; an increase was detected at 12 months, but lower
levels of these cytokines were detected at 6–12 years of age in
both groups [116]. In addition, the plasma level of MIP‐1β, a
natural ligand for CCR5 that may interfere with the HIV
infection process, was greater in HIV‐exposed uninfected chil-
dren at birth than in uninfected controls [116]. This evidence
suggests that immune activation may be partially involved in
HIV‐1 resistance. Figure 1.

Studies on HESN show an apparent contradiction regarding the
contribution of immune activation to natural resistance against
the virus. This discrepancy may be due to several factors: (i) the
characteristics of the studied populations, such as age, sex,
genetics, and frequency of exposure to the virus, which can
affect the immune response. Age, level of exposure to HIV‐1,
and genetic variants in individuals are key elements in these
differences. In fact, HESN individuals do not constitute a
homogeneous group; some may have been repeatedly exposed

TABLE 1 | Summary of Key Mechanisms in HIV‐1 Resistance Hypotheses. Treg cells, regulatory T cells; MIP‐1α/β, macrophage inflammatory

protein 1 A/B; HLA‐DR, human leukocyte antigen–DR isotype; TLR, Toll‐like receptor; IRF1, Interferon Regulatory Factor 1; ISG, Interferon‐
Stimulated Genes; MX2, Myxovirus resistance protein 2; IFN‐β/γ, Interferon β/γ; TNF‐α, Tumor Necrosis Factor α.

Summary of low immune activation mechanisms and associated molecules in HIV‐1 resistance

Molecule Mechanism Reference

Treg cells Regulation of immune response through cytokine production (e.g.,
IL‐10, IL‐35, TGF‐B1); control of cytotoxic T lymphocyte responses.

[55–57]

CD38, HLA‐DR, CD69 Contribute to HIV resistance by minimizing the availability of
activated target cells for the virus to infect, thereby reducing the

likelihood of viral replication and spread within the host.

[41, 59, 64]

MIP‐1α, MIP‐1β Soluble factors that block HIV‐1 entry by binding to CCR5; higher
production in HESN individuals.

[18, 65]

TLR expression Reduced expression of TLRs in cervical mononuclear cells;
appropriate antiviral responses after stimulation.

[68, 69]

IRF1 Transcription factor related to natural resistance; variations in
expression affect response to IFN‐γ.

[70–72, 74, 76]

Summary of high immune activation mechanisms and associated molecules in HIV‐1 resistance

TLR3 Recognizes specific PRRs, activates innate immune responses,
upregulates NF‐kB and IRF3, resulting in elevated production of

type I interferons and pro‐inflammatory cytokines.

[91]

CD8+CD25+ and CD8+CD38+

HLA‐DR+ T cells
Higher percentages in HESN‐IDU indicate a robust immune
response, capable of recognizing and killing infected cells, and

producing antiviral cytokines like IFN‐γ.

[95–98]

NK Cells (CD69+, IFN‐γ+,
NKG2D+)

Increased activation and effector capacity enhance cytotoxic
capabilities, recognize and eliminate infected cells, produce

cytokines like IFN‐γ, and express NKG2D receptor.

[100–103]

ISGs (e.g., MX2) Enhanced antiviral capacity through increased expression,
contributing to resistance by improving immune responses against

HIV‐1.

[11]

Cytokines (e.g., IL‐1, IL‐6, IL‐10,
IFN‐β, IFN‐γ, TNF‐α)

Elevated levels associated with enhanced antiviral responses and
increased resistance to HIV‐1 in certain cohorts.

[92, 93]

MIP‐1β Interferes with the HIV infection process by blocking HIV‐1 entry
through binding to CCR5, higher levels observed in HIV‐exposed

uninfected children, suggesting a role in resistance.

[104]
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to the virus, whereas others have been exposed less frequently.
These variations in exposure may result in different levels of
immune activation compared with other cohorts with less ex-
posure or different demographic characteristics. (ii) Experi-
mental design: levels of immune activation vary depending on
the time elapsed since exposure to the virus. Studies that collect
samples early may capture an acute and rapid response (high
activation), whereas studies that take samples later might
observe a more stable immunity related to low activation. (iii)
Methods used to assess activation: Techniques such as flow
cytometry or cytokine profiling analyze different components of
the immune response. For example, flow cytometry can detect
specific activation markers on T cells, while cytokine profiles
reveal a broader pro‐inflammatory landscape. Depending on the
technique, the results may indicate either high or low activa-
tion. (iv) Geographical and environmental factors: exposure to
other pathogens (bacteria, parasites) and environmental con-
ditions can influence baseline levels of immune activation. In
areas with high exposure to pathogens, baseline activation
levels tend to be relatively high, which may complicate inter-
pretations of whether high or low activation is protective
against HIV. (v) Definition of immune activation: different
studies use varying criteria to define activation, whether on the
basis of cytokine production, expression of activation markers,
or cell proliferation. These differences in definition can lead to
divergent interpretations of whether a more active and rapid
immune response or, conversely, a more moderate and con-
trolled response is what provides protection against infection.

Therefore, it is essential to consider the context of each study,
including the characteristics of the participants and the type of
HIV exposure, to better understand how these factors affect

immune activation and its role in virus resistance. The recon-
ciliation of these seemingly contradictory data may be due to
the use of a more nuanced approach that considers the diversity
of immune responses among HESN individuals and the specific
conditions under which these responses occur.

Moreover, it is important to note that although we address these
two phenomena independently in this analysis, they likely co‐
occur and play complementary roles in individuals. In this
sense, within the same individual, a global reduction in the
activation of specific immune factors (e.g., T cells in mucosal
tissues) could be observed to limit the number of cells suscep-
tible to the virus. In contrast, other specific components (such
as NK cells or CD8+ T cells) might be selectively activated to
respond effectively to the infection. Additionally, we consider it
feasible that these mechanisms act sequentially, depending on
the time elapsed since exposure to HIV. Initially, selective
activation of specific immune cells could be crucial for con-
taining the infection. In contrast, a low activation phenotype at
later stages could help minimize chronic inflammation and
prevent viral spread.

4 | Activation and Low‐Activation Phenotypes
Associated With the Control of HIV‐1 Infection

The following is an additional section that examines the
mechanisms associated with HIV‐1 suppression in individuals
who naturally control the infection. This study seeks to offer a
complementary perspective that highlights the complexity of
HIV‐1 resistance, thereby enriching the overall understanding
of low‐ and high‐activation phenomena.

Individuals with HIV‐1 infection have been categorized into
distinct groups on the basis of their ability to manage the virus.
Elite controllers (ECs) are those who spontaneously suppress
viremia to undetectable levels (< 50 copies/mL) and maintain
high CD4+ counts (200–1000/µL) without antiretroviral ther-
apy. Viremic controllers (VCs) can suppress the viral load to less
than 2000 copies/mL and maintain a healthy CD4+ T‐cell
count, whereas noncontrollers, who are receiving antiretroviral
therapy, achieve low viral loads under treatment [117, 118].

In ECs, evidence suggests that CD8+ T cells, particularly
central memory cells, exhibit greater activation and functional
capacity—such as cytokine production, proliferation, and
cytotoxicity—than VSs do, contributing to effective viral control
without progression to AIDS [119, 120]. In this context, some
reports have suggested that higher levels of CD8 + T‐cell acti-
vation in ECs might be related to higher levels of HIV‐specific
CD8+ T cells [121], low levels of Treg cells [122], microbial
translocation phenomena [123] and coinfections with other
viral agents, such as cytomegalovirus, Epstein‒Barr virus and
hepatitis C virus [124].

The systemic cytokine response in ECs has also been linked to
their ability to control HIV replication. Specifically, studies have
shown that these individuals exhibit elevated levels of cytokines
such as SDF‐1, CCL14, CCL21, CCL27, and XCL1 compared with
noncontrollers. This combination of cytokines seems to exert an
antiviral effect by suppressing the replication of the R5 and X4

FIGURE 1 | Schematic representation of the main mechanisms asso-

ciated with activation and low‐activation phenotypes as correlates of pro-

tection against HIV infection in HESN individuals. Most of the available

evidence suggests that resistance to infection is associated with a low

activation phenotype in which a high frequency of Treg cells predominates;

downregulation of activation markers, including CD25, CD39, CD69 and

HLA‐DR; decreased levels of PRRs, such as TLR4/7/9; downregulation of

the transcription factor IRF‐1; and increased levels of MIP‐1α/β. However,

other authors describe an activation phenotype as a mechanism of pro-

tection against infection, characterized by elevated expression of activation

markers, including CD2; high levels of ISGs, such as MX2; and pro‐
inflammatory cytokines, such as IL‐1/6, IFN‐β/γ and TNF‐α.
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strains of the virus in resting T cells. Additionally, these cytokines
modulate the expression of key receptors on CD4+T cells,
increasing the levels of CD69 and CCR5 while reducing the ex-
pression of CXCR4 and CCR7. This regulation may be crucial in
limiting viral entry and spread in these cells [125]. Additionally,
increased expression of mTOR and eIF2, a family of molecules
involved in signal transduction related to crucial cellular func-
tions, including the regulation of growth, metabolism, cell pro-
liferation, transcriptional control, and latency in the main target
of infection, CD4+ T cells, has been reported [126].

However, other reports indicate that infection control is asso-
ciated with a state of low activation. For example, in an analysis
conducted in ECs using purified CD4+ and CD8+ T cells, a
significant decrease in T‐cell activation was observed compared
with that in cells from HIV+ patients receiving antiretroviral
therapy. This study also revealed the downregulation of genes
associated with the inflammatory response, including pathways
such as Toll‐like receptors (TLRs) and TREM1, as well as pro‐
inflammatory genes such as IL‐8/CXCL8, CXCR1, and CXCR2
[127, 128]. These cytokines are linked to persistent inflamma-
tion and the development of disease in individuals infected with
HIV, suggesting that their reduction in ECs may be related to
effective viral control. Additionally, ECs presented higher levels
of HIV‐specific IL‐2+ IFN‐γ+ T cells and decreased expression of
the activation marker CD38 than noncontrollers did [129]. In
this group, the HIV‐1 restriction factor X‐DING‐CD4, which is
associated with the transcriptional blockade of the viral LTR
and the pro‐inflammatory response, is also elevated in ECs
compared with noncontrollers and HIV‐negative individuals
[130, 131]. These findings highlight the importance of precise
immunological regulation and innate resistance in the natural
control of HIV, providing deeper insights into the underlying
mechanisms that allow ECs to maintain an undetectable viral
load and controlled inflammation.

Moreover, through the study of the transcriptional profiles of
CD4+ and CD8+ T cells in ECs, it has been shown that the
phenotype of HIV infection control is associated with differ-
ential expression of proteins such as KZNF, which is implicated
in the repression of regulatory elements derived from trans-
posable elements for genes related to antiviral activity, leading
to increased resistance to HIV infection [132]. From this per-
spective, the control of HIV‐1 replication in ECs is associated
with low expression of activation receptors and decreased
transcription of genes involved in the inflammatory response
and the regulation of cellular function.

5 | Conclusion

Research on HESN individuals has identified natural resistance
mechanisms to HIV‐1 that extend beyond the well‐known
CCR5Δ32 mutation, involving both innate and adaptive
immune reactions, including T‐cell activation and the function
of NK cells. While a low‐activation phenotype, characterized by
reduced expression of markers such as CD25, CD38, and HLA‐
DR, along with lower production of pro‐inflammatory cytokines
in peripheral and mucosal tissues, appears to play a key role in
reducing the number of activated cells susceptible to infection,
some studies suggest that immune activation might also act as a

protective mechanism. This low‐activation phenotype not only
limits viral replication but also minimizes chronic inflamma-
tion, which would otherwise facilitate viral entry and spread.
The complexity of these immune responses, reflected in the
conflicting evidence concerning whether low or high immune
activation offers protection against infection, suggests that there
may be multiple pathways to HIV‐1 resistance, influenced by
factors such as the type of viral exposure, the immune en-
vironment, and individual genetics. This underscores the need
for further research to determine which immune states are truly
protective and how different activation mechanisms interact
with one another. As these differences are explored, it will be
essential to better understand how these responses can be
modulated, not only to prevent infection but also to develop
more effective treatments that leverage these particular
immune states. Future research should focus on clarifying these
aspects, evaluating how immune activation and low activation
interact in HESN individuals, and translating these insights into
improved clinical interventions.
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