E‘ International Journal of
s‘] Molecular Sciences

Review

Under the Radar: Immune Evasion, Pathogenesis and Control of

HIV Infection

Ferran Tarrés-Freixas 1*/#8(0, Benjamin Trinité 17, Jorge Carrillo -2 and Julia Blanco

check for
updates

Academic Editor: Toshio Hattori

Received: 16 October 2025
Revised: 11 November 2025
Accepted: 19 November 2025
Published: 25 November 2025

Citation: Tarrés-Freixas, F.; Trinité, B.;
Carrillo, J.; Blanco, J. Under the Radar:
Immune Evasion, Pathogenesis and
Control of HIV Infection. Int. |. Mol.
Sci. 2025, 26,11381. https://doi.org/
10.3390/1jms262311381

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

1,2,3,4,%

IrsiCaixa, Ctra del Canyet S/N., 08916 Badalona, Spain; btrinite@irsicaixa.es (B.T.); jcarrillo@irsicaixa.es (J.C.)

CIBERINFEC, 28029 Madrid, Spain

Germans Trias i Pujol Research Institute (IGTP), 08916 Badalona, Spain

Faculty of Medicine, University of Vic-Central University of Vic (UVic-UCC), 08500 Vic, Spain

*  Correspondence: ferran.tarres@irta.cat (F.T.-F.); jblanco@irsicaixa.es (J.B.)

Current address: Unitat Mixta d'Investigacié IR-TA-UAB en Sanitat Animal, Centre de Recerca en Sanitat

Animal (CReSA), Campus de la Universitat Autonoma de Barcelona (UAB), 08193 Barcelona, Spain.

¥ Current address: IRTA Programa de Sanitat Animal, Centre de Recerca en Sanitat Animal (CReSA),
Campus de la Universitat Autonoma de Barcelona (UAB), 08193 Barcelona, Spain.

§  Current address: Biosciences Department, Faculty of Sciences Technology and Engineering, University of

Vic-Central University of Catalonia (UVic-UCC), 08500 Vic, Spain.

W N e

Abstract

The human immunodeficiency virus (HIV) is a retrovirus discovered in 1983 as the
causative agent of acquired immunodeficiency syndrome (AIDS). Following several
zoonotic spillover events from non-human primates, the virus spread between humans
for more than 60 years under the radar. HIV infects and kills CD4 T cells, the cells that
coordinate adaptive immune responses. Primoinfection is associated with a flu-like symp-
tomatology and chronic infection is clinically silent, and mostly not diagnosed, contributing
to viral spread and leading to fatal long-term outcomes. HIV genome codes for a poor
reading-proof reverse transcriptase, which facilitates high sequence variability, particularly
in the envelope glycoprotein complex, the sole external viral protein and main target of
humoral immune responses. This antigenic variability precludes the development of an
efficacious vaccine despite 40 years of research. In contrast, the development of antiretro-
viral drugs represents a scientific and medical success which saved the lives of millions
of infected people and provides today an excellent protection against AIDS, although it
does not permit viral eradication. Indeed, HIV can integrate its genome in target cells and
generates a pool of latently infected cells which escape eradication by both the natural
immune response and treatments. In summary, the efforts to tackle HIV have been subopti-
mal, and the virus has infected more than 90 million people and caused 44 million deaths
worldwide. In the absence of a vaccine, a better deployment of available preventative and
therapeutic tools is needed, particularly in geographical areas and communities with the
highest incidence of infection.

Keywords: viral pathogenesis; immune responses; antiretrovirals; vaccines; gender

1. A Brief History of HIV. From SIV to HIV

Human Immunodeficiency Virus (HIV), the etiologic agent of acquired immunode-
ficiency syndrome (AIDS), has a relatively recent history but has had a profound impact
worldwide over the last 40 years. In 1981, the first cases of AIDS were identified in the
United States [1], and two years later, the virus was discovered as the causative agent
of AIDS by Francgoise Barré-Sinoussi and Luc Montagnier at the Pasteur Institute [2] in
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a controversial race with Robert Gallo [3]. Since then, it is estimated that 91.4 million
people have been infected by HIV, and 44.1 million people have died due to AIDS-related
events [4]. However, HIV has an older, albeit silent, history during which it established the
pillars that it would eventually fuel the current pandemic.

HIV birth can be traced back to multiple simian immunodeficiency viruses (SIV)
zoonotic infections in humans. SIV infection in humans is not rare in areas where humans
and non-human primates (NHP) cohabitate. It is estimated that 2.3% of the population in
Cameroon has been exposed to SIV, and this prevalence rises to 7.8-17.1% in rural villages
where poachers hunt NHP for bushmeat [5]. Therefore, several zoonotic transmissions of
SIV to humans have been reported, contributing to the current spread of HIV in humans.

Nowadays, HIV is a highly diverse virus. It has been classified into different types
(HIV-1 and HIV-2) and groups; these groups are M, N, O and P from HIV-1 and groups A-I
from HIV-2 [6]. Phylogenetic studies demonstrate that each one of these groups represents
a single and different cross-species transmission from NHP to human [7], meaning that
there have been at least 13 known individual events in which SIV managed to cross the
species barrier (Figure 1a) [8]. For instance, HIV-1 group M (“M” stands for “major”)
and group N most resemble chimpanzees’ SIV (SIVcpz) [9], while HIV-1 groups O and
P derive from SIV found in gorillas (SIVgor) [10]. Additionally, the HIV-2 virus, which
is endemic in West Africa and less pathogenic than HIV-1, is closely related to sooty
mangabeys SIV (SIVsmm) [11].

While HIV types and groups emerged from different cross-species transmissions, HIV
subtypes or clades within a group were derived from the diversification of a common
ancestor. In this regard, HIV-1 group M accounts for more than 90% of HIV infections
worldwide and will be the focus of this review.

The pandemic HIV-1 group M originated in the early 20th century, likely in rural
areas of southeast Cameroon. The virus then travelled in its host to Kinshasa in the Demo-
cratic Republic of Congo (DRC) through the Congo River, where it settled as an epidemic
agent [12]. Kinshasa is believed to be the focus of HIV-1 group M, since it houses the
highest variability of this HIV group [13]. Evolutionary studies estimate that the most
recent common ancestor (MRCA) of group M time of is around 1920 [14]. In fact, the two
oldest HIV samples conserved, ZR59 and DRC60 (subtypes D and A, respectively), were
retrospectively obtained in Kinshasa. For 40 years, HIV-1 group M remained as an unidenti-
fied epidemic agent circulating in Kinshasa and its neighbouring cities, where it diversified
into multiple clades (namely subtypes A, B, C, D, E G, H, ] and K). Migration movements
and changes in post-independence DRC helped HIV-1 group M to grow exponentially
and expand worldwide. Estimates indicate that HIV-1 arrived in Haiti around 1964, when
professional workers returned from DRC after helping to fill administrative gaps caused by
DRCs independence from Belgium, and from there the virus entered the United States of
America (USA) through migratory movements [15].

By 1981, the Centres for Disease Control had reported in certain populations a series
of unusual diseases such as Pneumocystis carinii pneumonia, Kaposi’s sarcoma and op-
portunistic infections that were associated with cell-mediated immune deficiencies and
in 1982, the term AIDS was coined [16]. By that time, HIV was present worldwide, and an
AIDS diagnosis was a death sentence, but the discovery of HIV as the causative agent of
AIDS in 1983 paved the way towards the development of antiretroviral therapies to tackle
the virus [2].

Currently, HIV clades are globally distributed, but their prevalence differs across the
distribution areas (Figure 1b). Subtype B is the predominant strain in Western Europe,
America and Australia, clade C is the predominant clade in Southern Africa, CRF01_AE
subtype dominates in Southeast Asia, while central Africa heterogeneously houses most
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Figure 1. (a) Phylogenetic tree of HIV-1 groups M, N, O and P, HIV-2 and SIV from chimpanzee
(SIVcpz), gorilla (SIVgor) and sooty mangabey (SIVsmm). HIV-1 group M, the main driver of the
worldwide pandemic, is further divided into its clades or subtypes. The sequence divergence scale is
indicated. Connectors indicate main transmission events. Adapted from Tebit and Arts, 2011 [17]. (b)
Current global distribution of HIV-1 group M clades. Colouring represents the predominant HIV-1
clade(s) in each geographic area (A, B, C, or CRFs). CRF: circulating recombinant form. (*) indicates a
high heterogeneity with no prevalent HIV-1 clade.

2. Molecular Events in the Life Cycle of HIV
2.1. Viral Genome and Structure

Understanding the capacity of HIV to silently spread worldwide requires a close look
at the molecular events occurring during viral replication. These events are defined by
the ability of viral proteins to hijack cellular functions for their own benefit and to block
antiviral host cell responses. This, in turn, will determine the outcome of the infection
process and will delineate the individual immune response and silent viral pathogenesis,
which will further impact viral transmission and epidemiology of the pandemic.

HIV-1 belongs to the lentiviruses subclass of the Retroviridae family. Similarly to all
retroviruses, its genome, which is roughly 10 Kb long, contains two long terminal repeat
(LTR) sequences in the 5" and the 3’ ends and the main genes defining simple retroviruses,
namely the group-specific antigen gene (gag) coding for structural proteins (matrix/MA,
capsid/CA and nucleocapsid/NC and other small proteins); the polymerase gene (pol)
coding for all the viral enzymes (protease/PR, reverse transcriptase/RT and integrase/IN);
and the envelope gene (env) coding for the external envelope glycoprotein complex (Env) of
the virus. The HIV genome also codes for different accessory proteins, which are a feature
of complex retroviruses (Figure 2a). These relatively small proteins (tat, vif, vpr, vpu, rev
and nef) are responsible for a plethora of functions that have a major contribution to the
unique HIV replication life cycle.

The HIV-1 mature viral particle shows a spherical shape with a lipid bilayer exposing
the Env protein and containing the viral structural proteins, the matrix protein associated
with the inner layer of the membrane, the capsid protein arranged in a truncated cone
structure concealing the viral enzymes and two single-stranded ribonucleic acid (ssRNA)
molecules coding for the full HIV-1 genome (Figure 2b).
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Figure 2. Main HIV features. (a) Structure of the HIV genome. Main HIV genes (gag, pol and env)
are depicted in blue, red and purple, respectively, and indicate the main resulting proteins after
proteolytic processing. Accessory proteins are depicted in yellow/green. (b) Structure of the mature
HIV particle. The figure shows the main proteins coloured according to panel a: Env on the surface
of the particle, the different gag products organising inner particle structures, and pol and accessory
proteins packaged into the viral particle. (c) HIV-1 life cycle. The figure shows the main steps of
the virus infection. See text for details. (d) Cell-to-cell virus transmission events. The two main
cell-to-cell contacts involved in HIV spread are shown. An infectious synapse between an HIV loaded
DC and a CD4 T cell (Top) and a virological synapse between an infected and an uninfected CD4 T
cell (Bottom).

2.2. The Viral Life Cycle

The viral life cycle starts when HIV-1 Env displayed on the surface of the virus engages
the CD4 receptor on target cells [18]. Env is a complex and plastic protein generated by
the trimerisation of three gp160 molecules. Each gp160 monomer is cleaved by the cellular
protease furin to generate two different subunits (gp120 or SU for surface and gp41 or
TM for transmembrane) joined by non-covalent interactions. Gp120 acts as the receptor-
recognising subunit, while gp41 harbours the fusion machinery [19]. The CD4 binding site
(CD4bs) on gp120 recognises CD4 and initiates a sequence of conformational changes that
allows Env to bind a coreceptor, either of the chemokine receptors CCR5 or CXCR4 [20,21].
The coreceptor that each strain of HIV-1 binds to defines the tropism that each virus has
(R5, X4R5 or X4). Upon binding to the receptor and coreceptor, Env undergoes further
conformational changes that expose the fusion machinery located in the gp41 subunit and,
particularly, a highly hydrophobic region (hidden in the native protein), the fusion peptide
(FP), is inserted into the host cell membrane, triggering the membrane fusion process
(Figure 2c). The gp41 regions heptad repeats 1 and 2 (HR1 and HR2) sequences and the
Membrane Proximal External Region (MPER) play a pivotal role in this fusion process [19].
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CD4 is expressed at high density on the surface of CD4 T cells and at a lower density on
other immune cells, such as monocytes, macrophages, and dendritic cells (DC) [22] defining
the main targets for potential infection. The expression of coreceptors further delineates cell
target tropism. Whereas CXCR4 is widely expressed in several cell types, CCR5 expression
is restricted to a subset of memory CD4 T cells and myeloid cells [23,24]. Wider expression
of CXCR4 makes X4 tropic viruses more cytopathic and associated with faster disease
progression [25]. However, most transmitted viruses show an R5 phenotype and efficiently
infect CCR5+ CD4 T cells, while infection of macrophages requires higher gp120/CD4
binding affinity and is restricted to the so-called macrophage-tropic HIV isolates [22].

Once the viral membrane has fused with the target cell, the HIV-1 capsid containing
the RT and IN viral enzymes [18] is released into the cytoplasm of the infected cell. Those
enzymes are coded by pol and are responsible for the reverse transcription of the ssRNA to
double-stranded deoxyribonucleic acid (dsDNA) and the integration of the retrotranscribed
DNA into the host cell (Figure 2c).

The understanding of the process of reverse transcription and uncoating of the newly
formed proviral DNA has changed over the last years. The original concept of a rapid
disintegration of the viral capsid after entering the cytoplasm has been abandoned. Instead,
it is now well described that an intact viral capsid traverses the cytoplasm, reaches the
nuclear membrane, and enters the nucleus [26] aided by the Cleavage and Polyadenylation
Specificity Factor 6 (CPSF6) host factor. The capsid hijacks CPSF6 and exploits it to access
transcriptionally active gene-rich regions of the genome [27]. Through this process, the
viral capsid serves as a cloak of invisibility, dissimulating the viral genetic material and
protecting the process of reverse transcription against innate immune sensors such as cyclic
GMP-AMP synthase and ultimately permitting the delivery of the HIV proviral DNA
inside the nucleus [28] (Figure 2c).

Since the RT is a low-fidelity enzyme prone to mismatches and does not have
proofreading activity, the mutational rate of HIV-1 is notably high (approximately
3 x 107> mutations/bp/cycle), resulting in the introduction of one mutation through-
out the 10 kb every 3 cycles and hundreds of newly mutated viruses each time a cell is
infected [29]. This high mutational rate, combined with recombination events, results in a
constellation of viral sequences within one individual that comprise a quasispecies [30],
and leads to a quick evolution of the virus when it faces selective pressure from treatments
or the immune system [31].

Upon reverse transcription, viral DNA integrates into the host cell’s genome. The
integration process is led by the viral enzyme integrase but is a quite complex event
requiring multiple cellular cofactors to allow for the cleavage of chromosomal DNA, the
transfer of the proviral DNA sequence and finally the repair of the DNA nick. Among these
factors, lens epithelium-derived growth factor (LEDGE/p75) and DNA repair enzymes
are critical [32].

Once the proviral DNA has been integrated into the host cell genome, different
potential outcomes are possible in association with the integration site and the activation
status of the infected cell: in non-activated cells, HIV-1 provirus can remain silent for years,
allowing for the establishment of a latent viral reservoir [33].

The first HIV-1 genes synthesised in the cytoplasm are the regulatory genes tat and
rev. Tat (transactivator of transcription) acts as a transcription factor for the expression of
HIV genes by binding to the transactivation response (TAR) sequence of the HIV LTR [34],
while Rev facilitates the nuclear export of unspliced and partially spliced viral mRNAs
by binding to the tertiary RNA structure rev-responsive element (RRE) [35]. Both events
promote the expression of the structural protein p55Gag (Gag), the Pr160GagPol or Gag-Pol
polyprotein, and Env. Even though Gag and Pol are coded in different Open Reading
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Frames (ORFs), the presence of a slippery sequence promotes a ribosomal frameshift that
allows for the synthesis of the Gag-Pol polyprotein [36]. Gag and Gag-Pol are synthesised
in the cytosol at a 20:1 ratio [37] and associate with the inner leaflet of the plasma membrane
after palmitoylation to facilitate oligomerisation and budding [38]. Gag is necessary and
sufficient to support the formation of virion particles. In addition, Gag mediates the
packaging of the viral RNA genome as well as the viral accessory protein Vpr inside
the newly forming virion [39]. In parallel to these events, Env is synthesised inside the
endoplasmic reticulum and is transported through the Golgi Apparatus to the plasma
membrane, where it is incorporated at a low density on the surface of the virion [40].
Some host cell proteins expressed at the surface of the cell can also be actively or passively
incorporated into the viral particle [41]. Finally, the virion buds from the plasma membrane
of the host cell, a process that require the endosomal sorting complexes required for
transport (ESCRT) machinery [42], whilst the protease (PR) within Pol mediates its auto
processing and the proteolysis of the Gag and Gag-Pol polyproteins into the final functional
structural elements (the matrix or MA, the capsid or CA and the nucleocapsid or NC) and
the viral enzymes reverse transcriptase (RT) and integrase (IN), resulting in the maturation
of the virion into a fully infectious HIV-1 particle [43] (Figure 2c).

2.3. Cell-to-Cell Transmission

Although the classical view of the HIV life cycle is associated with cell-free virus
infection, the spread of HIV In Vivo could, in fact, be mostly mediated by cell-to-cell
mediated mechanisms [44]. HIV hijacks the intercellular communication mechanisms of
the immune system to efficiently infect CD4 T cells. Two main mechanisms have been
described with different outcomes. In the first one, HIV exploit DCs as a vehicle to access
areas enriched in CD4+ Th lymphocytes, such as the lymph nodes, through a mechanism
defined as “transinfection” [45]. DCs are the first cells to detect HIV-1 presence through
pattern recognition receptors (PRR) such as toll-like receptors (TLR) and sialic acid-binding
immunoglobulin-type lectins (Siglec) [46]. These professional APCs become activated upon
viral recognition and phagocytosis of the pathogen, especially in the mucosal barrier and
migrate to the lymph nodes, where they present HIV-1-derived antigens to lymphocytes,
activating antigen-specific adaptive immune responses. During this process, captured
intact particles can also be transferred from DCs to target cells efficiently infecting and
activating them (Figure 2d). Although antigen presentation is not strictly required for
transinfection, T-cell activation greatly increases in productive infection and unsurprisingly,
HIV-specific activated CD4+ T cells are the main target of HIV-1 infection [47].

A second mechanism involves direct contact between infected and uninfected CD4
T cells. These contacts are not necessarily inducing CD4 T-cell activation, but a massive
attack of viruses that trigger different pathways of danger detection by the innate cellular
surveillance, resulting in cell death [44]. Indeed, these so-called virological synapses [48]
have been associated with apoptotic, autophagic and pyroptotic CD4 T cell death, thus po-
tentially contributing to CD4 T-cell depletion [49-52] (Figure 2d). Furthermore, cell-to-cell
fusion events may also occur, contributing to HIV spread [53] and cytopathogenicity [54];
even though their role in vivo is still unclear [55].

2.4. Accessory Genes and Cellular Restriction Factors

Other than tat and rev, the HIV genome encodes for additional accessory genes (vif,
vpr, vpu and nef), whose study has revealed multiple functions and has helped to identify
a plethora of innate cellular antiviral mechanisms defined collectively as host restriction
factors, which are usually induced by Type I IFN responses [56]. Complementarily, the
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study of SIV and HIV-2 viruses has provided a full understanding of the complex steps
involving retroviral replication [57]. Some of which are summarised in this section.

Vif stands for viral infectivity factor and was known to be necessary for HIV infectivity
in otherwise refractory cell lines. Its cellular counterpart was identified as the Apolipopro-
tein B mRINA editing enzyme, catalytic polypeptide-like 3G (APOBEC3G) [58]. APOBEC3G
is a cytidine deaminase that introduces mutations in viral RNAs, leading to non-viable
viral genomes and protection from subsequent infection. However, Vif interacts with
APOBEC3G, promoting its polyubiquitination and proteasomal degradation.

Vpr, which stands for Viral protein R, is the only HIV accessory protein packaged in
high quantity inside the virions, since it is active during the early infection steps. Although
its precise function remains enigmatic, Vpr has been shown to interact and interfere with
several cellular pathways. Notably, Vpr degrades the nuclear protein CCDC137 /cPERP-B,
allowing for the arrest of the cell cycle of infected cells at the G2/M phase, though, in
which the viral transcription seems to be optimal [59]. In addition, other host restriction
factors such as RNA-associated early-stage antiviral factor (REAF), TET2 or IRF3 can also
be targeted by Vpr [56].

The study of Vpu (Viral Protein U) revealed the existence of an additional host re-
striction factor, Tetherin or BST-2. This protein binds to the lipidic viral envelope and
to the cellular plasma membrane, preventing the release of viral particles and therefore
limiting viral spread [60] but conversely, Tetherin cell surface expression is downregulated
by Vpu [61]. Additionally, Vpu also contributes to CD4 downregulation, which is neces-
sary to avoid intracellular fusion events in infected cells and to maintain the infectivity of
viral particles [62].

Finally, Nef (Negative Regulatory Factor) is a multifunctional protein that associates
with the plasma membrane through myristylation and interacts with adaptor proteins AP-1
and AP-2 [63,64]. Nef downregulates CD4 expression to facilitate HIV infectivity [64], and
Major histocompatibility class I molecules, to reduce viral peptide presentation to CD8
T cells and protect infected cells from the immune response [64]. Nef has been linked to
cholesterol transport to the plasma membrane, a key event, as cholesterol is a necessary
lipid in the viral envelope [65]. Finally, Nef regulates the expression of several proteins
that inhibit membrane fusion during viral entry, such as Serin-5 and IFN-induced trans
membrane proteins (IFITMs) [56,66].

The coordinated action of these accessory proteins enables HIV to efficiently infect
human cells, spread among them, and promote human-to-human transmission, thus being
determinant for HIV pathogenesis.

3. Pathogenesis of HIV Infection
3.1. Acute HIV Infection

HIV is mostly transmitted by sexual intercourse (estimated to be responsible for
80% of infections), by direct blood contact (associated with intravenous drug users) and by
vertical transmission from infected mothers to newborns (either intra-utero, at delivery or
postpartum by breastfeeding [67]. In most cases, HIV pathophysiological consequences
could be unnoticeable until they reach an irreversible point in which the host is in a deep
immunosuppression state (AIDS) and opportunistic infections easily arise. HIV-1 infection
can be broadly divided into three main stages: (i) acute infection, (ii) chronic infection, and
(iii) AIDS (Figure 3a).
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Figure 3. Main events occurring after HIV infection. (a) Dynamics of main clinical parameters (plasma
viral load/Viremia and peripheral CD4 T cell counts) along with mucosal CD4 T cells (Top) and
dynamics of innate and adaptive immune responses (Bottom). The phases of infection are depicted in
different grey tones, and the main events are sequentially described between the two figures. (b) Main
event controlling virological setpoint in the chronic phase of HIV infection and main causes for viral
escape (see text for details). (c) Main clinical phenotypes of untreated HIV infection, with description
of each one. The rectangular surface approximately indicates the frequency of each phenotype.

During primoinfection, HIV locally spreads at mucosal sites and is efficiently trans-
ported to lymph nodes by DCs, leading to the transinfection of tissue CD4+ T cells. From
there, the virus can reach secondary lymphoid organs such as the Gut-Associated Lym-
phoid Tissue [68]. In these CD4+ rich tissues, HIV can multiply while latently infecting and
establishing a notorious viral reservoir [69]. After a mean [range] of 13 (6-18) days, viremia
reaches a peak of 6.7 (4.5-8.5) log10 copies/mL of blood, which results in a moderate drop
in circulating CD4+ T-cell counts [70] (Figure 3a).

This high viral load triggers immune responses to control the viral replication. Initially,
there is a striking cascade response of acute phase reactants and inflammatory cytokines
that has been referred to as the ‘cytokine storm’ [71,72]. Studies in this area have demon-
strated inconsistencies in the type and timing of cytokine observations, including reports of
significant upregulation of cytokines which are not observed or contested by others [72-77].
The discrepancies may be due in part to differences in the cytokine measurement assays,
but likely also reflect the highly dynamic nature of AHI in a short time frame, thus lead-
ing to high variability between cross-sectional samplings [78]. The very first measurable
innate immune response, detectable just prior to the appearance of plasma HIV-1 RNA,
is the acute phase protein serum amyloid A [77]. Thereafter, levels of interleukin (IL)-15,
type Il interferon (IFN)-o and interferon gamma inducible protein 10 (CXCL10/IP-10) are
increased rapidly, followed by an increase in IL-10, IL-18, tumour necrosis factor (TNF)
and IFN-y [71-77]. The cellular sources of these acute-phase cytokines have not been
definitively identified, but most likely include infected CD4 T-cells and innate cells such as
plasmacytoid DCs [79]. Some cytokine storm components, including IL-12, IFN-y, IP-10,
IL-7 and IL-15, can predict VL set point, T-cell activation and CD4 T-cell count or the subse-
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quent disease progression, as shown for both HIV infection in humans and SIV infection
in NHP [76-80].

The first detectable humoral response after HIV infection is in the form of immune
complexes around eight days after plasma virus detection, whereas the first free plasma
anti-HIV antibodies appear 13 days after detectable plasma viremia. These antibodies are
from the IgM isotype and are directed against the Env subunit gp41, which will be followed
by IgG and IgA isotypes [81]. gp120-specific antibodies take an additional 14 days [82]. IgG
antibodies against inner viral proteins appear at a median time of 18 days (CA, GAG) and
33 days (MA) following detectable plasma HIV-1 RNA [81], while antibodies against the
Integrase protein are the last elicited, appearing at a median time of 53 days after detectable
viremia [81]. Antibodies that neutralise the transmitted founder virus and select for viral
escape are not detected until at least three months after infection and are mainly directed to
Env variable regions [83,84], accounting for the extensive variation in the env gene that is
observed in early HIV infection [83-85]. However, antibodies that show some degree of
neutralisation of heterologous virus eventually arise, years after infection, in only 10-25%
of patients [86,87], and highly potent broadly neutralising antibodies active against a large
diversity of viral isolates, are only identified in the so-called ‘elite neutralisers’, which
represent an estimated 1% of total HIV infected individuals (Figure 3a) [88,89].

HIV specific T-cell responses appear concomitantly to antibodies; both CD4 and
CD8 T cells show signs of extensive activation and a progressive loss of resting cells.
Expansion of HIV specific T cells reaches a peak three weeks after infection and can be
traced by cell-surface expression of CD38 and the human leukocyte antigen-D related
(HLA-DR) markers on CD4 and CD8 T cells [90]. Activated T cells show a high level of
activation-induced apoptosis 46, a condition reflected by the expression of exhaustion cell
markers like Programmed Cell Death protein-1 (PD-1), Tim-3 and Lag-3 proteins, which
were shown to be predictive of disease progression [90,91]. Polyfunctional CD8 T cell
responses, particularly against Gag, seem to be mainly responsible for immune control of
HIV replication [92].

Eventually, initial innate responses and subsequent cytotoxic CD8+ T lymphocytes
responses and antibodies can partially control viral replication, which reaches after 31 days
(18-42) a heterogeneous stable set point of viraemia 4.4 (2,5-6.0) log10 copies/mL [93].
The viral setpoint is defined by the individual balance between viral replication and
immune responses [71].

Other than viral replication and immune responses, two main events are associated
with primoinfection. Firstly, upon infection of CD4+ T cells, HIV proviral genomes integrate
into host cell DNA, remaining silent and leading to the creation of a latent reservoir, which
is seeded early after primoinfection. Furthermore, the HIV-1 reservoir can grow through
the clonal expansion of a CD4+ T cell that harbours the HIV-1 proviral DNA integrated
in its genome. Activation and duplication of these cells may lead to an increase in the
viral reservoir without the need for active replication [94]. A second relevant event is the
selective and profound depletion of CCR5+ CD4 T cells in the GALT [95,96], which will
remain severely and irreversibly damaged during the course of infection [97] compromising
the impermeability of the gastric epithelium and favouring bacterial translocation to the
bloodstream. Consequently, levels of plasma LPS are elevated in HIV infected individuals,
resulting in chronic activation of TLR4 in innate immune cells [98].

Importantly, during this acute phase, mild flu-like or unnoticed symptomatology is
reported; consequently, in most cases, HIV tests are not performed, and most primary
infections remain undiagnosed, fuelling transmission.
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3.2. Chronic HIV Infection and AIDS

Reaching a stable viral set point will mark the end of the acute phase and the beginning
of the chronic phase. Again, this is a clinically silent phase, in which the infected individual
maintains a suboptimal immune function that still allows pathogen control. However,
this is a highly dynamic phase in which the virus continuously replicates and destroys
CD4 T cells, while the immune system tries to compensate for cell destruction and to limit
viral replication by maintaining a high level of CD8 T cell activation and inflammation
(Figure 3a) that can lead to exhaustion. HIV-1 can eventually escape immune control,
and the CD4+ T cell count will slowly but steadily decrease below 200 CD4 T cells/puL
(the threshold definitive of AIDS), establishing the final AIDS phase, which can take from
months to several years to develop. In the AIDS phase, opportunistic pathogens can infect
the host, leading to death [99].

A summary of the HIV infection chronic phase is shown in Figure 3b. Each infected
individual reaches a set point at which viral replication and immune responses are balanced.
However, viral replication induces antigenemia and adaptive immune system activation
(both cellular and humoral). These signals are complemented by innate sensing of HIV
replication and chronic Type I interferon responses [100]. In parallel, partial CD4 T cell
immunodeficiency is compensated for by increased CD4 T cell proliferation [101], and
impairs GALT barrier function, leading to increased bacterial translocation [97], which
in turn activates innate sensing. Furthermore, a potential poor control of other chronic
infections (such as CMV or EBV) can also contribute to immune activation [102]. This
aberrant and chronic immune activation has two main detrimental effects: fuelling viral
replication (which is dependent on T-cell activation) and exhausting immune responses,
both contributing to viral escape and AIDS [103] (Figure 3b).

During the chronic phase of infection, HIV-1 can exploit their mechanisms of spread
and the lack of full control by the immune system to access far-off tissues like the central
nervous system (CNS). HIV crosses the blood-brain Barrier (BBB) with the aid of mono-
cytes [104] and remains in the CNS beyond the influence of the immune system, effectively
establishing a reservoir within this “sanctuary”. Neurological complications of HIV-1
infection have been widely reported and associated with viral proteins Tat and Env, leading
in some cases to HIV-associated dementia (HAD) [105].

3.3. Clinical Consequences and Progression Phenotypes

Untreated HIV infected individuals progress to AIDS in a temporal range of 3-10 years
after primo-infection. It is accepted that lower CD4+ T-cell counts and high viral setpoints
result in faster disease progression, while higher CD4+ T-cell counts and lower viral set-
points generally lead to a slower progression of the disease [70]. However, less than
10% of untreated patients fall into different groups: rapid progressors or long-term non-
progressors, which can be divided into viremic non-progressors showing high viremia
in the absence of disease progression, a rare phenotype particularly found in the paedi-
atric population [106]; viraemic controllers, when the viral setpoint is established below
2000 copies/mL; or elite controllers, that show undetectable viral load and stable CD4 T
cell counts for more than 10 or 20 years (exceptional elite controllers) (Figure 3c) [107].

The study of these extreme phenotypes has provided information on the factors
controlling HIV pathogenesis. Rapid progression is associated with X4 tropism and low
immune responses. Particularly, non-seroconversion after primoinfection is associated with
ultra-rapid progression and death [108,109]. In contrast, some group B HLA alleles are
the most notorious predictors of long-term non-progressor and elite controller profiles,
namely HLA B*27, B*57, and B*58 [110,111]. Furthermore, HLA-II molecules (such as
DRB1*12:01) have been linked with lower viral loads and controller profiles [112]; and
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effective CD4+ Th and CD8+ Tc responses against Gag have been clearly associated with
a slower disease progression [113]. Another feature associated with natural protection is
a 32 bp deletion in the CCR5 coreceptor (CCR5A32), since coreceptor usage is essential
for HIV-1 to infect a CD4+ T cell [114]. Homozygous CCR5A32 individuals are naturally
resistant to R5 HIV-1 infection and have been used as donors of haematopoietic stem cells
for PLWH who required a bone marrow transplant due to leukaemia, resulting in the three
HIV-1 sterilising cures described to date: the Berlin Patient, the London Patient, and the
Dusseldorf Patient [115].

Several viral characteristics have been associated with long-term non-progression, in-
cluding deletions in the nef gene that impair viral replication [116], or the presence of poorly
functional env genes with poor fusogenic activity and poor affinity for CD4 [117-119].
Therefore, it seems that a combination of poor viral fitness and potent immune responses
could lead to an Elite Control setting, the natural “functional cure” of HIV infection. The
study of this population can help inform us about the features associated with protective
immune responses, which could be useful for the development of better vaccines and
immunotherapies aimed at HIV eradication [120].

4. Diagnostic and Treatment
4.1. Diagnosis of HIV Infection

Due to the silent symptomatology of HIV infection, HIV diagnosis tools are essential
to identify HIV infection and provide appropriate linkage to care for infected individuals,
stopping both immune damage at the individual level and new transmissions at the
community level. The most common tests are based on serology or on the sensitive
detection of viral RNA by Nucleic Acid Tests (NAT). According to the sensitivity of the
different tests, primo-infection events can be divided into six stages (Fiebig I-VI) [121],
corresponding to the sequential appearance of detectable levels of viremia and different
types of antigens and antibodies in plasma samples.

Serological assays have evolved with the pandemic, and currently available tests
include highly sensitive fifth-generation tests for the detection of p24/CA antigen and
IgM/1gG antibodies by sandwich ELISA technology [67]. According to the WHO, diagnosis
strategies require a confirmatory test after the first screen with a highly sensitive method.
Confirmatory tests should be made with a different technique, which usually involves the
analysis of the reactivity of antibodies against the major structural viral proteins (env, gag
and pol subunits) [122].

Other than laboratory tests, the need for extended HIV testing in high HIV burden
areas or communities has been fulfilled by the development of point-of-care (PoC) tests.
Although less sensitive than laboratory assays, they are simpler, cheaper and contribute
to improved testing coverage [123]. Confirmatory tests are also needed after a positive
PoC result.

In addition to diagnosis, the clinical follow-up of HIV infected individuals is based on
the monitoring of both plasma Viral Load and the number of circulating CD4 and CD8 T
cells. Currently, RT-PCR-based methods offer a sensitivity of 20 RNA copies/mL of plasma.
Although ultrasensitive methods going down to 1 RNA copy/mL have been developed,
they are not used in clinical routine. Quantification of circulating T cells is performed
by standard flow cytometry using anti-CD3, CD4 and CD8 antibodies, and provides also
information on the CD4/CD8 T cell ratio that represents a clinically relevant parameter to
monitor disease progression [124].
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4.2. The Era of Antiretroviral Drugs

In the past 30 years, major advances in HIV-1 care came by the hand of antiretroviral
drugs, leading to the current situation in which people who have access to antiretroviral
therapy (ART) and adhere to the treatment do not develop severe complications associated
with HIV-1 chronic infection, unless escape mutations arise.

The first antiretroviral drug against HIV arrived in 1987, when zidovudine (AZT) was
approved by the FDA to treat AIDS. AZT was a big step forward in HIV treatment, since it
targeted the HIV reverse transcriptase and reduced AIDS-related mortality of people with
HIV [125]. In the following years, similar treatments such as didanosine, zalcitabine and
stavudine were approved by the FDA, but escape mutants rapidly emerged [126], and in
1995-1996, drugs targeting other viral pathways were developed [127], leading to the possi-
bility of combining antiretrovirals and starting the era of highly active ART (HAART) [128].

All the current therapies approved for HIV-1 treatment are mainly small molecules
that target different elements of the virus [129]. These drugs are divided into several
classes according to their HIV-1 target: nucleoside reverse transcriptase inhibitors (NRTT),
non-nucleoside reverse transcriptase inhibitors (NNRTI), protease inhibitors (PI), integrase
strand transfer inhibitors (INSTT), and the recently approved Capsid inhibitors [130]. Other
targets, such as fusion inhibitors and CCR5 antagonists, have also been developed [131].
The standard of care for ART states that all HIV-1-infected individuals must be treated with
a combination of three drugs using at least two different drug classes [132].

The greatest success of ART is that it achieves undetectable viral loads in the blood of
PLWH, minimising the risk for the emergence of resistant mutated viruses and keeping
the disease progression at bay, unless the therapy is discontinued. Still, one major ART
challenge is poor biodistribution, especially in HIV-1 sanctuaries (e.g., CNS), in which the
virus can maintain a low level of transcriptional activity that leads to neuroinflammation,
and could eventually lead to the emergence of ART-resistant mutations [133]. Hence,
early treatment with ART also results in virological and immunological benefits, since the
reservoir is smaller and CD4+ Th cells are better preserved [134].

Not only have antiretroviral drugs achieved a strict control of the viraemia in PLWH,
but they have also proven effective at preventing infection in populations at risk or already
exposed to the virus by pre- or postexposure prophylaxis (PrEP and PEP) interventions,
respectively [135]. Truvada, a combination of emtricitabine and tenofovir (both reverse
transcription inhibitors), has been approved for its use as a PrEP agent. PrEP is cur-
rently living a revolution with the recent development of long-acting integrase inhibitors
(Cabotegravir-LA) and long-acting capsid inhibitors (such as Lenacapavir), which can
contribute to optimising these interventions [136,137].

Despite all these major successes in the control and prevention of HIV-1 infection
by antiretroviral drugs, no pharmaceutical intervention has yet succeeded in achieving a
functional cure for PLWH. That is why new therapies with anti-reservoir activity, such as
CAR T-cells or engineered antibodies, are being extensively developed and evaluated [138].

5. The Impact of ART on HIV Infection

ART induces a decline in viral replication and an increase in CD4 T-cell counts, and
consequently a reduction in T-cell activation and cell death. Viral load in plasma becomes
rapidly undetectable using standard techniques (<20 copies/mL) (Figure 4a). In parallel,
the size of the HIV reservoir is reduced but is not eliminated (Figure 4b). Reduction follows
a biphasic decay kinetics to reach a plateau after 2 months on ART [139]. The plateau has a
slightly negative slope, probably associated with spontaneous reservoir reactivation and
elimination, but it has been calculated that a reduction in the HIV reservoir by ART would
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require more than 60 years [140]. In addition, clonal expansion of latently infected cells has
been described in some individuals, leading to increased reservoir size over time [141].
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Figure 4. Therapies and Vaccines against HIV infection. (a) Impact of standard Antiretroviral
therapy (ART) on plasma viral load (viremia), Peripheral and mucosal CD4 T cell counts and CD8
T cell activation/Expansion. The ART period is highlighted in green, and the dotted line on the
bottom left indicates the limit of detection of current viremia tests. (b) Main limitations of ART.
Lack of impact on the reservoir and GALT CD4 T-cell recovery maintains an abnormal level of
inflammation/immune activation in treated HIV infected individuals. This level is increased when
treatment is delayed and may achieve a “point of no return”, leading to a blunted CD4 T cell recovery
and increased risk of death. (c) Main HIV vaccine strategies are focused on the development of
improved immunogens and delivery to develop broadly neutralising antibodies against the indicated
Env regions. Immunogens are schematically represented; the white area between gp120 and gp41
represents linkers, and asterisks represent engineered mutations (Top). Other strategies based on T
cell responses and ADCC-promoting antibodies are shown (Bottom).

On the immunological side, an adequate CD4 T-cell recovery on HAART is defined
as a biphasic response with an initial fast increase in CD4 T-cells, followed by a slower
repopulation phase. The accelerated gain of CD4 T-cells in the first months of treatment
(20-30 cells/puL/month) is primarily due to a reduction in apoptosis and a redistribution of
previously trapped memory T-cells from lymphoid tissue, where the replication was taking
place, to the bloodstream [142]. In contrast, the sustained recovery is generated mainly by
naive T-cells. Various mechanisms may account for this rise: first, de novo production of
T-cells by the thymus; second, the homeostatic proliferation of the residual CD4 T-cells;
and third, the extension of CD4 T-cell half-life, a mechanism responsible for sustaining
the number of naive CD4 T-cells in older individuals. However, as mentioned above,
the recovery of circulating CD4 T cells does not parallel the situation of tissues (such as
GALT), in which the recovery of CD4 T cells is minimal and partial immunodeficiency is
permanent (Figure 4b).

Both the lack of mucosal CD4 T cells and the persistence of latently infected cells
that may produce viral particles or viral antigens, contribute to the lack of normalisation
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of the immune activation at the innate level (Type I IFN responses) and at the adaptive
level (CD8 T-cell activation) in treated HIV infected individuals [143]. A wide range of
inflammatory markers have been described to be altered and associated with comorbidities,
such as cardiovascular disease risk or inflammaging [144]. As a rule, residual inflammation
in treated HIV increases when ART is started in late disease phases. Importantly, it
is well described that 15-40% of individuals starting ART below 200 CD4 T cells/uL
will not recover the number of circulating CD4 T cells despite completely suppressing
viral replication (Immunodiscordant or immunological non-responder individuals) [145].
Although the reasons for this lack of peripheral immune recovery are unclear [146,147],
this observation suggests that there is a “point of no return” in the immunological damage
induced by HIV. This is clinically relevant, since immunodiscordant individuals are at
higher risk of AIDS and non-AlIDS-related death [148] (Figure 4b).

6. Vaccines, the Unmet Need
6.1. Identifying Protective Immune Responses Against HIV

Neutralising antibodies (NAbs) against HIV-1 arising after HIV primoinfection show
autologous neutralisation against the Env expressed by the transmitter/founder virus
and rarely exhibit heterologous neutralisation against other clades; however, the selective
immune pressure they exert on the virus will end up prompting the expansion of mutated
escape variants [149]. The immune system adapts in parallel to HIV evolution, generating
new antibodies and T-cell responses, or improving by somatic hypermutation (SHM) the
preexisting antibody responses. Remarkably, years after infection, around 1% of the PLWH
develop exceptional broadly neutralising antibodies (PNAbs) that neutralise a wide range
of HIV-1 variants [89].

Structurally speaking, bNAbs display some general features independently of the Env
epitope they target [150]. First, bNAbs target conserved regions of Env, namely the CD4bs,
the V1V2 apex, the MPER, the Fusion Peptide (FP) or the gp120/gp41 interface (Figure 4c).
On the molecular level, bNAbs display a considerably high SHM rate (40-100 mutations
compared to the 10-20 mutations of standard antibodies), proving how bNAbs undergo
several cycles of SHM and antigen selection at the Germinal Centre (GC) throughout many
years of being exposed to an evolving antigen [151]. Furthermore, these mutations are
more frequently located in the Complementary Determining Regions (CDRs) but also at the
framework areas of the variable domain, which are generally stringent to mutations [152].
Another exceptional feature of bNAbs is the unusually long CDRH3 domains. CDRH3
loops in regular antibodies are 8-16 aa-long, while bNAbs on average have 21 aa-long
CDRHS3 fingers [153].

Although the role of bNAbs in the control of viral replication and disease progression
in HIV-1-infected individuals is controversial [154], they have recently proven to be a
potentially successful strategy to mediate a protective effect or to be used as a treatment by
passive immunisation in Antibody-Mediated Protection (AMP) strategies. Initial studies
in animal models demonstrated the potential of this approach both in mice [155] and
macaques [156], especially when used in combination with treatments of two or more
bNADbs with different specificities [157]. AMP has also been tested in human clinical trials.
VRCO01, an anti-CD4bs bNADb, was tested for its capacity to mediate protection in popula-
tions at risk of HIV acquisition in two different phase IIb clinical trials: HVTN703/HPTNO081
and HVTN704/HPTNO085. Preliminary results of both trials showed that VRCO01 was safe
and tolerable but did not show significant protective effects [158]. However, it is relevant
to highlight that VRCO01-treated people did achieve significantly more infections with
VRCO01 neutralisation-resistant viruses than placebo groups, suggesting that protection
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could be mediated by passive immunisation using a combination of broader and more
potent bNAbs [158].

The antiviral effects of bNAbs are clear, and their potential is not only limited to
AMP and treatment, but they could also play a key role in targeting HIV-1 reservoirs
in the pursuit of a functional cure [159]. Results derived from bNADbs’ research are also
informative for the development of better vaccine strategies.

Abs can mediate protection beyond the direct neutralisation of HIV-1 by induc-
ing antibody-dependent effector functions such as antibody-dependent cellular cy-
totoxicity (ADCC) (Figure 4c). The best example is the RV144 trial —also known
as “Thai Trial”—(clinicaltrials.gov: NCT00223080). In this study, a canarypox vector
(vCP1521), named ALVAC-HIV, coding for a subtype B gag-pol and a membrane-bound
CRFO01_AE gp120 linked to a subtype B gp41, was administered four times, and alum-
adjuvanted AIDSVAX B/E was administered twice, together with the third and fourth
ALVAC-HIV doses [160]. Despite a wave of criticism for choosing vaccine components
that did not demonstrate In Vivo efficacy in previous human trials separately [161], RV144
demonstrated an overall protection of 31% positively associated with antibodies targeting
the V1V2 apex [162]. These anti-V1V2 antibodies were not able to neutralise the virus but
mediated ADCC [163]. Unfortunately, the subsequent similar trial, HVTN702, was halted
due to futility detected in an interim analysis in early 2020.

Considering cellular responses, Env has been widely reported as a poor stimulator of
protective CD4+ Th and CD8+ Tc lymphocytes, while Gag-Pol polyprotein and accessory
proteins, like Nef, are better targeted by the cellular arm of the immune response. However,
T-cell responses are not associated with protection against infection, but against disease
progression (Figure 4c) [164].

6.2. HIV-1 Candidate Immunogens for Vaccine Development

HIV-1 immunogens developed for vaccination include those designed for the induc-
tion of potent cellular responses and those that aim at eliciting protective humoral responses.
Some examples of the former immunogens are mosaic proteins —bioinformatically de-
signed Gag proteins made up of different fragments from multiple subtypes that cover
most HIV-1 group M clades [165,166]—, HIV.consv—encoding only for the most conserved
elements of Gag—, or HTI—encoding for immunogens that express conserved peptides
targeted by effective cellular responses [164].

In comparison, Env is the main target of neutralising antibodies. Immunisation with
unmodified Env proteins (soluble gp120 or g140 forms or vectored vaccines, AIDSVAX or
ALVAC, respectively) are capable of eliciting robust antibody responses [167]; however,
it has proven to be insufficient to generate a protective bNAD response [168-170]. More
sophisticated immunogens have been engineered to present key epitopes targeted by bN-
Abs (Figure 4c). These immunogens present trimeric Env in a stable native conformation, a
strategy that has thrust the research on bNAb-like response induction [171]. Env trimers are
mainly categorised into three groups: NFL trimers—native flexible linked—, UFO trimers—
uncleaved prefusion optimised— and SOSIP—soluble-stabilised gp140 with I559P [172].
SOSIP trimers contain multiple stabilising mutations: disulphide bridges between gp120
and gp41, a stabilising I559P point mutation, and a truncation at amino acid 664, which con-
fers them similar antigenicity as membrane-bound viral trimeric Env [173]. SOSIP trimers
have been generated using different sequences of HIV-1 Env, including primary isolates
like JRFL [173], then adapting the platform to BG505 a subtype A transmitter/founder
strain [174], and more recently, based on ConS and ConM that contain consensus HIV-1
sequences [175], or GT1.1 that was designed to specifically elicit VRC01-like responses [176].
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Some of these immunogens have successfully completed Phase I safety trials (NCT03699241,
NCT04224701, NCT04177355, NCT03961438, NCT03816137).

Another strategy to increase the immunogenicity of subunit proteins is their adminis-
tration, formulated or conjugated with a multivalent platform or with improved delivery
systems [177]. Multivalent platforms come in a wide range of sizes, structures and compo-
sitions [178,179], but share an increased immunogenicity and a better kinetics of immune
responses. Such is the case of the lumazine-based eOD-GT8 prototype, a vaccine formed
by 60-mers of an Env engineered Outer Domain (eOD) immunogen that was designed
to trigger VRCO1-like germline ancestors, an anti-CD4bs bNADb precursor, and which has
been tested in phase I clinical trials, achieving the expected outcomes (clinicaltrials.gov:
NCT03547245). Other protein-based nanocarriers are ferritin nanoparticles, which can
accommodate SOSIP trimers and demonstrate superior neutralising responses in rabbits
when compared to the soluble protein [179].

6.3. Immunisation Strategies

A successful HIV-1 vaccine will not only come from the identification of immunogens
and platforms that elicit potent responses, but also from the characterisation of which
platforms, immunogens, and adjuvants synergise better to induce superior neutralising
and effector-mediating antibodies together with effective cellular responses [180]. The
RV144 trial is a clear example of that, since AIDSVAX, a component that did not elicit
protective responses on its own, managed to induce moderate protection in combination
with ALVAC-HIV [181].

The current paradigm in HIV vaccine research is the use of sequential immunisation
strategies to elicit bNAbs. Due to the scarcity of bNAb precursors and the fact that current
immunogens are not able to mobilise them, this paradigm suggests that three sequential
steps may be essential for bNAb induction: (i) germline targeting with a priming im-
munogen, (i) shepherding with a different Env immunogen that helps antibodies undergo
affinity maturation, and (iii) polishing with a native Env molecule.

This strategy is used by the eOD-GT8 immunogen, which is designed to generate
CD4bs bNADbs [182], in conjunction with stable trimeric proteins displaying Env’s native
conformation. Other epitope-based vaccines try to elicit humoral responses against vulnera-
ble regions like the FP or the MPER [183], while removing more immunogenic but irrelevant
domains that can divert the elicitation of protective responses against vulnerable domains.

Overall, the analysis of preclinical and clinical data on HIV-1 vaccine efficacy
indicates that the final goal of eradicating HIV-1 through the means of prevention
will only be achieved with an extremely rational, biologically informed, and highly
collaborative vaccine.

7. Geographical and Gender Bias

The prevalence and incidence of HIV infection are highly heterogeneous worldwide,
as it is the access to care, including HIV testing and treatment [184]. Sub-Saharan Africa
remains most severely affected, with nearly 1 in every 25 adults (4.4%) living with HIV and
accounting for about 70% of the people living with HIV and almost 90% of HIV-infected
children worldwide. In areas most affected, AIDS has raised death rates and lowered
life expectancy among adults between the ages of 20 and 49 by about twenty years [185].
IInesses related to HIV-induced AIDS remain one of the leading causes of death globally
and are projected to continue as a significant global cause of premature mortality in the
coming decades. Although important progress has been achieved in preventing new HIV
infections and in lowering the annual number of AIDS related deaths, the number of
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people living with HIV continues to increase, especially in some areas of the world and in
vulnerable populations [184].

Worldwide, women represent half of all adults living with HIV, and HIV is the leading
cause of death among women of reproductive age [184]. Gender inequalities, differential
access to services, and sexual violence increase women'’s vulnerability to HIV, and, in hetero-
sexual relationships, women are biologically more susceptible to HIV [186]. Young people
(ages 15-24) account for about a third of new HIV infections globally [184], significantly
affecting those in their most productive years. Most infections are transmitted heterosexu-
ally, and AIDS is thus primarily a sexually transmitted disease. However, men who have
sex with men, injecting drug users, sex workers, transgender people, and prisoners are
disproportionately affected by HIV in most countries [184].

8. Concluding Remarks

HIV infection continues to be a major worldwide health issue 40 years after its dis-
covery. Although the vast research in the HIV/AIDS field has uncovered unexpected
mechanisms of host-pathogen interaction that greatly increased our knowledge on virology
and immunology, this knowledge did not crystallise in an effective vaccine. In contrast,
excellent antiretroviral drugs have been developed but are properly implemented exclu-
sively in high-income countries. Efforts should be made to increase HIV testing and access
to treatment in developing countries to reduce transmission events until vaccine and cure
research can be mature enough to be implemented.
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