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Since its identifcation in 1981, HIV has posed a global public health challenge, witnessing transformative advancements in
treatment and prevention. Tis review summarizes recent novel therapeutic and preventive approaches for long-term HIV
control, management, and elimination, and how global collaboration and technological innovations may advance HIV control
eforts. Tis study highlights the progress and challenges in HIV treatment, emphasizing the efectiveness of current antiretroviral
therapy (ART) in suppressing viral replication, reducing transmission, and preventing end-organ damage. However, adherence
remains a signifcant barrier due to pill burden, side efects, and psychosocial factors afecting patients. ART-related toxicities
include neuropathy, hepatotoxicity, metabolic disorders, and neuropsychiatric efects. Long-acting ART (LA-ART) ofers
a promising alternative to daily dosing; however, challenges such as injection site reactions persist. Broadly neutralizing antibodies
(bNAbs) have shown enhanced efcacy in viral suppression and immune response activation, ofering potential for treatment and
vaccine design. Innovative gene-editing tools, such as CRISPR–Cas systems, are being explored for their ability to excise or silence
proviral DNA; however, their clinical application is limited by of-target efects and delivery challenges. Latency-targeting
strategies like “shock and kill” and “block and lock” remain experimental with limited clinical success, and nanotechnology-based
drug delivery systems ofer targeted, sustained, and less toxic treatment options. Despite the challenges posed by the virus’s rapid
mutation rate and immune evasion mechanisms, novel vaccine approaches, such as mRNA technology, vector-based platforms,
and epitope-targeting strategies, are being explored. In addition, artifcial intelligence and machine learning are enhancing the
design of vaccines, predictive modeling, and fast-tracking progress in this area. Socio-economic bottlenecks in HIV control, such
as stigma, gender disparities, and inequitable healthcare access, exacerbate the epidemic, particularly in sub-Saharan Africa.
Enhancing global collaboration, providing sustainable funding, and integrating emerging and innovative technologies are critical
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for advancing HIV prevention and management. Achieving an AIDS-free generation and ultimately eliminating the epidemic will
depend on efectively addressing the social, structural, and scientifc barriers that hinder progress in this regard.

Trial Registration: ClinicalTrials.gov identifer: NCT02120352, NCT02938520, NCT03639311, NCT03497676, NCT03635788

Keywords: antiretroviral therapy; broadly neutralizing antibodies; gene editing; HIV; prevention strategies; vaccine development

1. Introduction

HIV is a retrovirus that weakens the immune system by
attacking the body’s white blood cells or CD4+ cells. HIV is
transmissible when bodily fuids such as breast milk, sperm,
blood, and vaginal secretions come into contact with a site
that permits HIV penetration [1]. HIV integrates into the
genome of the host to become an HIV provirus upon in-
vading target cells that express CD4 [2]. Since its discovery in
1981, HIV has become a major global public health issue [3].
In 2023, 39.9 million people were living with HIV (PLHIV)
worldwide, with 20.8 million of them residing in Africa,
including 1.4 million children aged 0–14 years. As of 2023,
women and girls represented 53% of all PLHIV, with 86%
aware of their HIV status. Since the onset of the epidemic,
AIDS-related illnesses have claimed approximately 42.3
million lives, including 630,000 deaths in 2023 alone. In the
same year, there were an estimated 1.3 million new HIV
infections globally, with Africa accounting for 450,000 of
these cases [4]. However, in some parts of Africa, 10%–20%
of PLHIV are infected with two or more viral variants [5].
Combinations of antiretroviral therapies (ARTs) from
multiple classes, such as reverse transcriptase inhibitors,
protease inhibitors (PIs), integrase strand transfer inhibitors
(INSTIs), capsid inhibitors, entry inhibitors, attachment
inhibitors, and CD4-directed postattachment inhibitor
monoclonal antibodies, are used to treat HIV infection.
Tese therapies target diferent stages of the viral replication
cycle [6]. While ART is efective at suppressing viral rep-
lication, it does not eliminate HIV or cure those already
infected [7]. One promising immune-based approach for
HIV treatment is the development of a vaccine. For an HIV
vaccine to be efective, it must not only control viral rep-
lication and prevent rebound after ART is discontinued, but
also trigger a stronger or qualitatively diferent immune
response than that produced by natural infection [8].

Although combination antiretroviral therapy (cART) is
a highly efective “reduce and control” technique, prolonged
lowering of plasma viral loads to undetectable levels does not
equate to viral eradication. Despite these signifcant advances,
cART does not eliminate the virus from the body [9]. Fur-
thermore, several severe non-AIDS events, including liver
disease, cancer, cardiovascular diseases (CVDs), long-term
peripheral and central nervous system (CNS) disorders, re-
nal and metabolic abnormalities, and osteoporosis, are fre-
quently linked to long-term cART treatment [10]. Te rapid
rate of mutation and recombination during viral replication is
the biggest obstacle to the development of an efective HIV
vaccine [11]. Terefore, regardless of clinical condition, in-
fection duration, or CD4 cell count, all PLHIV should have an

early HIV diagnosis and start ART [12]. HIV infection is now
a clinically treatable chronic illness because of the develop-
ment of powerful ARTs, which are now administered as
a single pill once daily [9]. However, current ARTregimens are
not curative, and the lifelong burden of treatment, adherence
issues, and long-term toxicities highlight the necessity for
innovative therapies that can achieve durable viral suppression
without daily medication [13].

Terapeutic strategies targeting long-term neutralization
of the latent HIV reservoir have been investigated since the
identifcation of latent HIV infection with limited tran-
scription. Tese include chimeric antigen receptor T cells,
gene-editing Clustered Regularly Interspaced Short Palin-
dromic Repeats (CRISPR), vectored delivery of broadly
neutralizing HIV antibodies (bNAbs), antibody-dependent
cellular cytotoxicity (ADCC)-mediated bNAbs, shock and
kill (latency reversion), and block and lock (transcriptional
silencing) [14].Te global expansion of long-acting ART (LA-
ART) toward more patient-friendly options and recent HIV
vaccine trials highlights the limitations of immunological
approaches [15]. Gaps in vaccine development necessitate the
exploration of emerging therapeutic strategies for HIV
treatment and prevention, while gene-editing technologies,
such as CRISPR, represent a promising frontier for functional
cures [15, 16]. Terefore, a comprehensive review is necessary
to evaluate innovative strategies for long-term HIV viral
control and eradication in humans.Tus, this narrative review
aimed to summarize recent novel therapeutic and preventive
approaches for long-term HIV control, management, and
elimination and how global collaboration and technological
innovations may advance HIV control eforts.

2. Methodology

We conducted a comprehensive literature search across
PubMed, Scopus, and Google Scholar databases due to their
broad and interdisciplinary coverage of peer-reviewed
biomedical literature. Tese databases were deemed ap-
propriate because of their high relevance in indexing both
clinical and experimental HIV-related studies. Searches were
conducted across these electronic databases using Medical
Subject Headings (MeSH) keywords for PubMed and rel-
evant keywords for other databases. Te search on PubMed
utilized MeSH terms such as “HIV,” “Human Immunode-
fciency Virus,” “Vaccines,” “Terapy,” “Antiretroviral
Terapy,” “ART,” “ARV,” and “Long-acting ARV,” which
were combined in search strings using Boolean operators
such as AND/OR to refne the search results. Studies were
deemed eligible for inclusion if they discussed any evidence
of emerging advances in HIV treatment, including recent
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LA-ART or vaccines undergoing therapeutic trials, with no
limit on the publication year; however, priority was given to
recent articles for the currency of data. We included a broad
range of publication types, such as narrative reviews, in-
cluding systematic and meta-analyses; perspectives; com-
mentaries; editorials; opinion pieces; original research
articles; intervention studies, including clinical and pre-
clinical studies; and gray literature published in English,
provided they contributed meaningfully to the discourse and
were directly relevant to the study aim to ensure a com-
prehensive synthesis of current knowledge and insights on
emerging HIV therapies. Studies that did not align with this
theme but appeared in the search results were excluded from
the analyses. Tis study was conducted as a targeted liter-
ature review rather than a systematic review to synthesize
relevant and emerging evidence on innovative therapeutic
strategies for HIV prevention and treatment. Two in-
dependent reviewers (OJO and NI) screened the articles,
which were identifed and selected iteratively based on their
relevance to the review’s objectives as they were encountered
in the selected databases. Any discrepancies in the inclusion
decisions were resolved through discussion and consensus
with a third reviewer (MMA). Given the narrative nature
and scope of this targeted review, a formal risk of bias as-
sessment was not performed. Tis approach was deemed
appropriate for capturing a wide range of evidence types,
including peer-reviewed and gray literature. We employed
a narrative synthesis using a thematic analysis approach to
group the key ideas and fndings into relevant themes. Te
extracted data were further discussed under appropriate
headings to provide a clear and comprehensive overview of
the study fndings.

3. Overview of Current Approaches in
HIV Treatment

3.1. ART. Te National Guidelines for HIV Prevention,
Treatment, and Care 2020 state that ARTuses a combination
of ARTs to treat HIV infections to enhance the quality of life,
increase survival, reduce mortality and morbidity associated
with the virus and related illnesses, and stop transmission
[17]. ART diminishes infammation caused by immuno-
logical activation linked to persistent HIV infection in ad-
dition to suppressing HIV.Tis suppression reduces the risk
of end-organ illnesses, including neurological, cardiovas-
cular, and renal conditions, which are prevalent among
PLHIV [17, 18]. ARTs are divided into classes according to
their mode of action, with each class focusing on a particular
stage of the viral life cycle. Nucleoside/nucleotide reverse
transcriptase inhibitors (NRTIs), such as tenofovir and
emtricitabine, function as substrates for the elongation of
reverse transcriptase chains by competing with host nu-
cleotides. Non-nucleoside reverse transcriptase inhibitors
(NNRTIs), such as efavirenz and rilpivirine (RPV), bind to
a hydrophobic pocket close to the active site of HIV reverse
transcriptase, inhibiting it and locking it in an inactive
conformation [19]. Atazanavir and darunavir are PI ther-
apies that stop the cleavage of Gag and Gag–Pol precursors
by attaching to the active site of the HIV protease.

Although virions are created, they are not infectious and
remain incomplete [20]. Entry inhibitors, such as maraviroc,
block HIV entry into CD4+ cells by preventing entry
mechanisms. Tere are three types of entry inhibitors: at-
tachment inhibitors, which attach to glycoprotein 120 and
prevent the virus from adhering to the cell; fusion inhibitors,
which work against the viral protein GP41, preventing the
virus from fusing with cellular membrane molecules; and
chemokine receptor antagonists, which attach to fusion
proteins such as CXCR4 and CCR5 [21, 22] HIV integrase
inhibitors, also known as INSTIs, such as dolutegravir and
bictegravir, prevent the virus from integrating by blocking
the transfer of its DNA into the host cell’s genome. Im-
portantly, integrase inhibitors do not confer resistance to
other ART regimens [23]. PIs bind to the active site of the
HIV protease enzyme, blocking its activity and competing
for proteolytic cleavage of Gag/Pol polyproteins in HIV-
infected cells, producing immature, noninfectious virions
[24] (Table 1).

3.2. Challenges and Limitations of ART. Te chance of de-
veloping severe AIDS and AIDS-related diseases is con-
siderably decreased by starting highly active antiretroviral
therapy (HAART) early [28–31]. Some therapies are not
currently accessible in conjunction with formulas, which
results in a substantial pill load for patients who need to take
three or four pills twice a day. However, many medications
are administered orally once a day as co-formulated com-
bination tablets. Patient adherence may be impacted by this,
especially for patients who are struggling fnancially, have
dysphagia, or live in environments with limited resources,
which has been linked to several factors, including stress,
depression, anxiety, ART duration, ART regimens and side
efects, and sociodemographic and sociocultural character-
istics [32, 33]. In addition to decreasing ART efectiveness,
noncompliance raises death rates [34], lowers CD4 counts,
and causes medication resistance [35].

Peripheral neuropathy and lactic acidosis can result from
the mitochondrial damage caused by NRTIs. Additionally,
some NRTIs can impair bone marrow function, leading to
lipodystrophy and anemia [36]. Although tenofovir is
usually well tolerated, it can lower bone mineral density and
damage the kidneys. Patients with HLA-B 5701 mutation
have been found to experience CD8-mediated hypersensi-
tivity responses when using abacavir. Due to the hazards of
hepatomegaly and pancreatitis, didanosine is rarely ad-
ministered (Table 1) [37–41]. Rashes caused by NNRTIs
often resolve within a month, although they can develop into
Stevens–Johnson syndrome. As early as 6 weeks into
treatment, hepatitis, especially fulminant hepatitis that re-
sults in liver failure, may occur. NNRTIs are not strictly
prohibited during pregnancy, although they can interact
with hepatic cytochrome P450 enzymes, produce neural
tube anomalies, and extend the QT interval [42].

Vivid dreams, delusions, headaches, dizziness, increased
suicidality, psychotic-like behavior, and mania are among the
mental and CNS side efects that may result from efavirenz
[43]. Hepatotoxicity, insulin resistance, hyperglycemia,
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hyperlipidemia, lipodystrophy, and PR interval lengthening
are all linked to the PI class, which includes indinavir and
saquinavir. However, because of their inefectiveness and
resistance, other PIs such as indinavir and saquinavir are
no longer in use [43]. Due to their neutral efect on tri-
glyceride and cholesterol levels, INSTIs are well tolerated
and frequently used as a third therapy in HAARTregimens;
nonetheless, they may cause adverse efects such as de-
pression and sleeplessness. Dolutegravir can lower GFR,
limit creatinine secretion, and interact with antiepileptic
drugs, metformin, and rifampin [44, 45]. Although mar-
aviroc is usually well tolerated, certain individuals may
develop hepatotoxicity, skin rashes, and disorientation
(Table 1) [46, 47].

4. Emerging HIV Therapies

4.1. Long-Acting Retroviral Drugs. LA-ART is a novel
therapeutic approach for HIV prevention and treatment that
ofers an alternative to daily oral medication for HIV-1 [48].
Te fve LA-ARTs currently available in a few countries are
RPV, ibalizumab, cabotegravir (CAB), lenacapavir, and
dapivirine [49]. For the treatment of HIV-1, two LA-ARTs
have been approved: Cabenuva, which consists of in-
tramuscular (IM) injections of a combination of LA-CAB
and LA-RPV for virologically repressed adolescents and
adults averaging nothing less than 35 kg [50]. Based on
several clinical trials, including the Phase IIb LATTE-2 study
and the Phase III/IIb FLAIR and ATLAS trials, Cabenuva
was licensed by Health Canada in March 2020, the European
Medicines Agency (EMA) in October 2020, and the US FDA
in January 2021 [51]. CAB aqueous nanosuspension, also

known as LA-CAB, is stabilized by mannitol, polysorbate 20,
and polyethylene glycol 3350. It has a median particle di-
mension of 200 nm and afects the dissolution profle of the
medication depot at the site of injection. For at least
24weeks, subjects who received doses of ≥ 200mg LA-CAB
showed plasma CAB concentrations that were higher than
the protein-adjusted 90% inhibitory concentration (PA-
IC90) [52] LA-RPV is a poloxamer-stabilized aqueous
nanosuspension of RPV with a median particle dimension of
200 nm (P338). It was frst developed for PrEP, but because
NNRTI drug resistance profles were so prevalent, its use was
limited. LA-RPV injection was well tolerated and safe in the
HPTN-076 study [53]. Many studies have been conducted to
determine the efcacy of LA-RPV and LA-CAB in treating
HIV-1. Based on the Phase IIb trial LATTE-2 fndings, after
256weeks, patients who received LA-CAB and RPV in-
jections, both 4 or 8weeks, demonstrated a signifcant de-
gree of suppression of the virus, equivalent to that of patients
who received the conventional oral triple-drug regimen [54].
According to the Phase III FLAIR study, the Q4W pairing of
LA-CAB and RPV achieved viral suppression at concen-
trations comparable to those of conventional oral ART [55].
Te recently completed POLAR, MOCHA, and LATITUDE
trials (Table 2) corroborated the safety and efcacy of
LA-CAB and RPV Q8W [57, 58].

Te only capsid-inhibitor-based ARTapproved for use in
patients with multidrug-resistant (MDR) HIV-1 strains who
have undergone intensive treatment is Sunlenca (LA LEN)
(formerly GS-6207), which is the second LA-ART. Te US
FDA authorized Sunlenca (LA LEN) in December 2022, after
the European Commission approved it in August 2022. LA
LEN is administered biannually as a subcutaneous (SC)

Table 1: FDA-approved HIV antiretroviral drugs by class and approval date [25–27].

Drug class Drug Approval date

Non-nucleoside reverse transcriptase inhibitors (NNRTIs)

Etravirine Jan 2008
Delavirdine June 1997
Efavirenz Sept 1998
Nevirapine June 1996

Nucleoside reverse transcriptase inhibitors (NRTIs)

Abacavir Dec 1998
Didanosine Oct 1991
Emtricitabine July 2003
Lamivudine Nov 1995
Stavudine June 1994
Zalcitabine June 1992
Zidovudine March 1987

Tenofovir disoproxil fumarate Oct 2021

Integrase inhibitors
Cabotegravir Jan 2021
Dolutegravir Aug 2013
Raltegravir Oct 2007

Protease inhibitors (PIs)

Atazanavir June 2003
Darunavir June 2006

Fosamprenavir Oct 2003
Ritonavir March 1996
Tipranavir June 2005

Entry inhibitors
Maraviroc Aug 2007
Fostemsavir July 2020

Ibalizumab-uiyk March 2016
Fusion inhibitors Enfuvirtide March 2003

4 AIDS Research and Treatment

 9351, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/arat/6829446 by T

est, W
iley O

nline L
ibrary on [28/08/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Ta
bl

e
2:

C
om

pa
ra
tiv

e
an
al
ys
is
of

cl
in
ic
al

tr
ia
ls
ev
al
ua
tin

g
lo
ng

-a
ct
in
g
ca
bo

te
gr
av
ir
(C

A
B)

an
d
ri
lp
iv
ir
in
e
(R
PV

)
re
gi
m
en
s
fo
r
H
IV

tr
ea
tm

en
ta

nd
m
ai
nt
en
an
ce

[5
0,

54
,5

6]
.

LA
T
T
E-
2

FL
A
IR

A
T
LA

S
A
T
LA

S-
2M

A
im

Sa
fe
ty

an
d
ef
ec
tiv

en
es
s
of

th
e
LA

-C
A
B

an
d
RP

V
re
gi
m
en

in
PL

W
H

w
ho

ha
ve

ne
ve
r
re
ce
iv
ed

th
er
ap
y

A
ss
es
sm

en
to

ft
he

ef
ca
cy

an
d
ef
ec
tiv

en
es
s

of
LA

-C
A
B
an
d
RP

V
as

m
ai
nt
en
an
ce

m
ed
ic
at
io
n
af
te
r
sw

itc
hi
ng

fr
om

an
IN

ST
I

pl
us

tw
o
N
RT

I
re
gi
m
en
s
in

pa
rt
ic
ip
an
ts

w
ho

ha
ve

ne
ve
r
re
ce
iv
ed

H
IV

tr
ea
tm

en
t

A
ss
es
sm

en
t
of

th
e
no

ni
nf
er
io
ri
ty

of
LA

-C
A
B
an
d
RP

V
in

co
m
pa
ri
so
n
to

co
nt
in
ui
ng

th
e
pr
es
en
t
da
ily

or
al

tr
ea
tm

en
ti
n
PL

W
H

w
ith

vi
ra
l

su
pp

re
ss
io
n

Ev
al
ua
tio

n
of
th
ee

fe
ct
iv
en
es
so

fL
A
-C

A
B

an
d
RP

V
as

su
st
en
an
ce

th
er
ap
ie
sg

iv
en

in
8
w
ee
ks

in
st
ea
d
of

in
4
w
ee
ks
.

Pa
rt
ic
ip
an
ts

El
ig
ib
ili
ty
:P

LW
H
≥
18

ye
ar
so

ld
,o
n
A
RT

fo
r≤

10
da
ys
,w

ith
≥
20
0
m
m

C
D
4+

T-
ce
ll

co
un

ts
an
d
≥
10
00

co
pi
es
/m

L
of

H
IV

-1
RN

A
ar
e
el
ig
ib
le
.T

er
e
w
er
e
28
6

pa
rt
ic
ip
an
ts
,a

ge
s
19
–6

4.

El
ig
ib
ili
ty
:H

IV
-1

RN
A

pl
as
m
a
le
ve
ls
>

10
00

co
pi
es
/m

L
an
d
tr
ea
tm

en
t-
nä
ıv
e

PL
W
H
≥
18

ye
ar
s
of

ag
e.
T

er
e
w
er
e
56
6

pa
rt
ic
ip
an
ts

(1
8–

68
ye
ar
s
ol
d)
,a

nd
12
7
of

w
ho

m
w
er
e
fe
m
al
e
(2
2%

).

El
ig
ib
ili
ty
:H

IV
-p
os
iti
ve

in
di
vi
du

al
s

ag
ed

18
an
d
ol
de
r
w
ho

ar
e
on

co
nt
in
uo

us
an
tir
et
ro
vi
ra
lt
he
ra
py

(A
RT

)
w
ith

ou
tC

V
F.

Se
ve
nt
y-
fo
ur

pe
rc
en
to

ft
he

61
8
pa
rt
ic
ip
an
ts
,a
ge
s
18

to
82
,h

ad
C
D
4+

T-
ce
ll
le
ve
ls
of

50
0/
m
L3
.

El
ig
ib
ili
ty
:F

ir
st

or
se
co
nd

or
al

st
an
da
rd
-o
f-
ca
re

re
gi
m
en

fo
r
≥
6
m
on

th
s

fo
r
vi
ra
lly

su
pp

re
ss
ed

PL
W
H
.

Pa
rt
ic
ip
an
ts
:1
04
5
in
di
vi
du

al
sa
ge
d
34
–5

0.

St
ud

y
de
sig

n

O
ra
lC

A
B
+
A
BC

/3
TC

w
as

ad
m
in
ist
er
ed

to
pa
rt
ic
ip
an
ts

fo
r
20

w
ee
ks
,w

ith
RP

V
ad
de
d
4
w
ee
ks

be
fo
re

ra
nd

om
iz
at
io
n.

G
ro
up

s2
an
d
3
go
tL

A
-C

A
B
+
RP

V
ev
er
y

4
or

8
w
ee
ks
,w

hi
le

G
ro
up

1
co
nt
in
ue
d

or
al

tr
ea
tm

en
t.
Pa

rt
ic
ip
an
ts

ei
th
er

sw
itc
he
d
to

or
m
ai
nt
ai
ne
d
Q
8W

/Q
4W

LA
tr
ea
tm

en
ti
n
W
ee
k
25
6.

A
fte

r
a
4-
w
ee
k
or
al

le
ad
-in

(C
A
B
30

m
g,

RP
V
25

m
g)

an
d
a
lo
ad
in
g
do

sa
ge

(6
00

m
g/

90
0
m
g)
,p

ar
tic
ip
an
ts

w
er
e
ra
nd

om
ly

as
sig

ne
d
to

ei
th
er

(1
)
co
nt
in
ue

or
al

tr
ea
tm

en
to

r
(2
)
tr
an
sit
io
n
to

LA
-C

A
B
+
RP

V
(4
00

m
g/
60
0
m
g
Q
4W

)
fo
llo

w
in
g
16

w
ee
ks

of
da
ily

or
al

D
TG

+
A
BC

+
3T

C
(5
0
m
g/
60
0
m
g/

30
0
m
g)

fo
r
vi
ra
ls
up

pr
es
sio

n.
Pa

rt
ic
ip
an
ts

in
or
al
gr
ou

ps
ha
d
th
e
op

tio
n
to

w
ith

dr
aw

at
w
ee
k
10
0
or

sw
itc
h
to

LA
tr
ea
tm

en
tw

ith
or

w
ith

ou
ta

4-
w
ee
k
or
al

le
ad
-in

.

Pa
rt
ic
ip
an
ts
w
er
e
di
vi
de
d
in
to

tw
o

gr
ou

ps
:G

r-
1
(o
ra
lt
he
ra
py
)
an
d
G
r-
2

(t
ra
ns
iti
on

to
LA

th
er
ap
y)
.G

r-
2

re
ce
iv
ed

an
or
al

le
ad
-in

fo
r
4
w
ee
ks
,

fo
llo

w
ed

by
in
tr
am

us
cu
la
r
in
je
ct
io
ns

an
d
in
je
ct
io
ns

ev
er
y
4
w
ee
ks
.A

fte
rw

ee
k

52
,p
ar
tic
ip
an
ts
ha
d
op

tio
ns

to
sw

itc
h
to

LA
th
er
ap
y,

w
ith

dr
aw

,t
ra
ns
fe
r
to

A
TL

A
S-
2M

,o
r
co
nt
in
ue

LA
th
er
ap
y

du
ri
ng

th
e
st
ud

y
ex
te
ns
io
n
ph

as
e.

Ev
er
y
8
w
ee
ks

(Q
8W

),
pa
rt
ic
ip
an
ts

w
er
e

ra
nd

om
ly

as
sig

ne
d
to

on
e
of

tw
o
gr
ou

ps
:

60
0
m
g
of

LA
-C

A
B
w
ith

90
0
m
g
of

LA
-R
PV

is
th
e
do

sa
ge

fo
rG

r-
1;
40
0
m
g
of

LA
-C

A
B
pl
us

60
0
m
g
of

LA
-R
PV

is
th
e

do
sa
ge

fo
rG

r-
2,
w
hi
ch

is
ad
m
in
ist
er
ed

in
4
w
ee
ks

(Q
4W

).
T

os
e
w
ho

di
d
no

t
re
ce
iv
e
C
A
B/
RP

V
w
er
e
gi
ve
n

a
sin

gl
e-
da
ily

O
LI

fo
r
4
w
ee
ks

(3
0
m
g
of

C
A
B
+
25

m
g
of

RP
V
).

AIDS Research and Treatment 5

 9351, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/arat/6829446 by T

est, W
iley O

nline L
ibrary on [28/08/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Ta
bl

e
2:

C
on

tin
ue
d.

LA
T
T
E-
2

FL
A
IR

A
T
LA

S
A
T
LA

S-
2M

Re
su
lts

V
ir
al

su
pp

re
ss
io
n
ra
te
s
w
er
e
84
%

(o
ra
l

gr
ou

p)
,8

7%
(Q

4W
gr
ou

p)
,a

nd
94
%

(Q
8W

gr
ou

p)
at

W
ee
k
96
.T

w
o
(Q

8W
)

an
d
on

e
(o
ra
lg

ro
up

)
pa
tie
nt
s
ha
d
C
V
F.

M
ild

(8
4%

)
an
d
m
od

er
at
e
(1
5%

)
IS
Rs

w
er
e
th
e
m
os
tc

om
m
on

.W
ith

sp
or
ad
ic

di
sc
on

tin
ua
tio

ns
br
ou

gh
to

n
by

C
V
F
or

IS
R,

vi
ru
s
su
pp

re
ss
io
n
w
as

81
%

fo
r
th
e

Q
4W

/Q
8W

gr
ou

ps
an
d
93
%

fo
r
th
e

ex
te
ns
io
n-
sw

itc
h
gr
ou

p
at

W
ee
k
25
6.

Bo
th

th
e
LA

(9
3.
6%

)
an
d
or
al

tr
ea
tm

en
t

(9
3.
3%

)
gr
ou

ps
ha
d
st
ro
ng

vi
ro
lo
gi
ca
l

su
pp

re
ss
io
n
ra
te
s
at

w
ee
k
48
,w

ith
86
%

of
LA

gr
ou

p
pa
tie
nt
s
re
po

rt
in
g

m
ild

-t
o-
m
od

er
at
e
IS
Rs
.T

re
e
pe
rc
en
t
of

in
di
vi
du

al
si
n
ea
ch

gr
ou

p
ha
d
H
IV

-1
RN

A
>
50

co
pi
es
/m

L
at

W
ee
k
96
,w

ith
an

A
E

in
ci
de
nc
e
of

8%
th
at

w
as

sim
ila
r.
T

e
pe
rc
en
ta
ge

of
in
di
vi
du

al
sw

ith
H
IV

-1
RN

A
>
50

co
pi
es
/m

L
ro
se

to
5%

at
W
ee
k
12
4,

in
cl
ud

in
g
fv
e
ne
w

ca
se
s
sin

ce
W
ee
k
96
,

w
he
re
as

99
%

(1
10
/1
11
)
of

di
re
ct
-t
o-
in
je
ct
io
n
an
d
93
%

(1
13
/1
22
)
of

O
LI

gr
ou

p
m
em

be
rs

w
er
e
st
ill

vi
ra
lly

su
pp

re
ss
ed
.

92
.5
%

(2
88
/3
11
)
of

th
e
LA

gr
ou

p
an
d

95
.5
%

(2
86
/3
00
)
of

th
e
or
al

tr
ea
tm

en
t

gr
ou

p
w
er
e
st
ill

vi
ra
lly

su
pp

re
ss
ed

at
w
ee
k
48
;t
hr
ee

an
d
fo
ur

su
bj
ec
ts
,

re
sp
ec
tiv

el
y,
ha
d
be
en

re
po

rt
ed

to
ha
ve

C
V
F.

T
e
LA

gr
ou

p’
s
m
os
tf
re
qu

en
t

ad
ve
rs
ee

ve
nt
sw

er
eI
SR

s.
A
ll
23

pa
tie
nt
s

in
th
e
LA

ar
m

w
er
e
st
ill

vi
ro
lo
gi
ca
lly

su
pp

re
ss
ed

at
W
ee
k
96
,w

he
re
as

on
e

pe
rs
on

(n
�
29
)
in

th
e
sw

itc
h
ar
m

ha
d

H
IV

-1
RN

A
>
50

co
pi
es
/m

L.
T

er
ew

er
e

no
do

cu
m
en
te
d
in
ci
de
nc
es

of
C
V
F
in

ei
th
er

gr
ou

p.

By
W
ee
k
48
,t
he

Q
8W

an
d
Q
4W

ar
m
sh

ad
vi
ra
ls
up

pr
es
sio

n
ra
te
s
of

94
.3
%

an
d

93
.5
%
,r
es
pe
ct
iv
el
y,

w
hi
le

1.
5%

(8
/5
22
)

an
d
0.
4%

(2
/5
23
)
of

su
bj
ec
ts

ha
d
C
V
F.

W
ith

a
to
ta
lo

f9
C
V
Fs

in
Q
8W

an
d
2
in

Q
4W

,i
nc
lu
di
ng

on
e
in

Q
8W

at
W
ee
k
48
,

H
IV

-1
RN

A
>
50

co
pi
es
/m

L
w
as
re
co
rd
ed

in
2%

(Q
8W

)a
nd

1%
(Q

4W
)b

y
W
ee
k
96
.

T
e
tw
o
ot
he
r
C
V
Fs

ha
pp

en
ed

be
tw
ee
n

w
ee
ks

96
an
d
15
2.

C
om

m
en
ts

W
he
th
er

gi
ve
n
ev
er
y
fo
ur

or
8
w
ee
ks
,L

A
tr
ea
tm

en
t(
LA

-C
A
B
an
d
RP

V
)w

as
ju
st
as

ef
ec
tiv

e
at
su
st
ai
ni
ng

vi
ra
ls
up

pr
es
sio

n
as

da
ily

th
re
e-
dr
ug

or
al

th
er
ap
y.

T
e
ef
ec
tiv

en
es
s
of

or
al

tr
ea
tm

en
tw

ith
D
TG

/3
TC

/A
BC

an
d
LA

th
er
ap
y
(C

A
B
an
d

RP
V
)
in

su
st
ai
ni
ng

vi
ra
ls
up

pr
es
sio

n
w
as

co
m
pa
ra
bl
e.

In
vi
ra
lly

su
pp

re
ss
ed

PL
W
H
,L

A
tr
ea
tm

en
t(
LA

-C
A
B
an
d
RP

V
)
w
as

as
ef
ec
tiv

e
as

co
nt
in
ui
ng

th
e
ex
ist
in
g
or
al

m
ed
ic
at
io
n.

A
dm

in
ist
er
in
g
LA

-C
A
B
an
d
RP

V
ev
er
y

8
w
ee
ks

w
as

ju
st

as
ef
ec
tiv

e
as

ad
m
in
ist
er
in
g
th
em

ev
er
y
4
w
ee
ks
.

A
bb

re
vi
at
io
ns
:A

Es
�
ad
ve
rs
e
ev
en
ts
,C

V
F

�
co
nf

rm
ed

vi
ro
lo
gi
ca
lf
ai
lu
re
,I
M

�
in
tr
am

us
cu
la
r;
IS
Rs

�
in
je
ct
io
n
sit
e
re
ac
tio

ns
,O

LI
�
or
al

le
ad
-in

,P
LW

H
�
pe
op

le
liv
in
g
w
ith

H
IV

,Q
4Q

�
on

ce
ev
er
y
4-
w
ee
k

in
je
ct
io
n,

Q
8W

�
on

ce
ev
er
y
8-
w
ee
k
in
je
ct
io
n.

6 AIDS Research and Treatment

 9351, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/arat/6829446 by T

est, W
iley O

nline L
ibrary on [28/08/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



injection in conjunction with an ideal background regimen
(Table 3) [50]. LEN interacts with the NTD–CTD interface,
which is a multistage HIV capsid. Resistance-associated
mutations in patients who have never received treatment
or have received a lot of treatment are uncommon and do
not substantially lower the potency of the drug, making it
a frst-in-class agent. LEN treatment creates a deformed
capsid that can enter new target cells but cannot replicate to
produce new virions [61, 62]. Mutations linked to LEN
resistance are uncommon and do not afect the efcacy of
therapy. Te efcacy of LEN is unafected by changes in Gag
cleavage sites or polymorphisms linked to PI resistance. In
a blinded, randomized, placebo-controlled study that ex-
amined the pharmacokinetic (PK) profles of LEN in SC and
oral injectable mixture prescription regimens, 900mg of
LEN administered as a single SC injection produced plasma
concentrations of at least 24 ng/mL for at least 26weeks
(Table 3). However, reports of ISRs have been published
[50, 63]. LA-ARTs, such as weekly oral or long-acting
parenterally delivered drugs, can be helpful when daily
oral medications are impractical or inadequately adhered to
by patients. However, these methods have limitations in
managing toxicities and preventing drug resistance when
exposure to these agents is difcult to reverse [64]. Addi-
tionally, the dapivirine vaginal ring (DPV-VR), a platinum-
catalyzed silicone ring that contains 25mg of DPV, a method
for preventing LA in women, has been approved by fve
African countries, including Zambia, Zimbabwe, South
Africa, Kenya, and Uganda. Te ring is safe, well tolerated,
and suitable for postmenopausal and sexually active women.
Te ring was manufactured by the International Partnership
for Microbicides (IPM), and the EMA approved it in July
2020. In January 2021, the World Health Organization
(WHO) recommended DPV-VR as an additional pre-
cautionary measure against HIV-1 infection in high-risk
women [65].

However, despite the promising benefts of LA-ARTs,
challenges exist, such as therapy cost, which is signifcantly
higher than that of daily oral regimens, potentially limiting
accessibility, especially in resource-limited settings [66].
Additionally, ISRs such as nodules, pain, induration, and
erythema have been frequently reported, with some cases
leading to therapy discontinuation [67]. Tere is also a risk
of drug resistance development in cases of incomplete
suppression, particularly if a scheduled injection is missed
because of the long PK tail of these formulations [48].
Moreover, the infrastructure required for regular IM or SC
administration, including cold-chain storage and trained
personnel, poses additional barriers to widespread adoption
in LMICs [66, 68]. Terefore, while LA-ART presents an
innovative and potentially adherence-improving option,
a balanced approach that considers these challenges is
critical for its successful implementation.

4.2. bNAbs. Te recent discovery of potent bNAbs specifc to
HIV-1 has opened up a new avenue for HIV-1 infection
prevention, treatment, and potentially even cure. In the
1990s, frst-generation bNAbs were isolated via phage

display and human hybridoma electrofusion, with less-than-
perfect outcomes (Table 4) and [69, 71]. High-throughput
neutralization assays and single-cell antibody cloning
techniques have facilitated the isolation and characterization
of a new generation of bNAbs with greater potency and
range for HIV-1 immunological prophylaxis and treatment.
Both methods have been used to identify several bNAbs and
novel HIV-1 spike sites that are vulnerable to these neu-
tralizing antibodies [71]. Compared to previous bNAbs,
these novel agents showed more than a twofold improve-
ment in coverage and a 10- to 100-fold increase in efcacy
[69]. bNAbs are being actively sought after and produced
because of their signifcant advantages, including a longer
half-life, superior safety, and activation of the host immune
response [72]. Numerous studies have documented func-
tions, including the elimination of free viruses, the removal
of infected cells, and the prevention of HIV-1 spread from
cell to cell. Furthermore, the rising popularity of bNAbs
ofers a fresh perspective on vaccine development and en-
courages immunogen testing [69]. Tese innovative medi-
cations have shown encouraging in vivo efects for both
prevention and treatment, in addition to their strong in vitro
efcacy. According to studies on rhesus macaques, passive
bNAb therapy can protect against high-dose viral challenges
at signifcantly lower blood concentrations or repeated low-
dose challenges [73, 74]. Proviral DNA in the peripheral
blood, gastrointestinal mucosa, and lymph nodes decreased,
and plasma viral RNA quickly decreased to undetectable
levels when bNAb was administered to animals in immu-
notherapy trials with ongoing infections. Furthermore,
monoclonal antibody treatment enhances host Gag-specifc
T-cell responses [75]. However, challenges such as cost are
a major concern, as manufacturing and scaling up of
monoclonal antibody production are expensive, potentially
limiting accessibility in resource-constrained settings. Some
bNAbs require intravenous or SC administration, which can
cause ISRs, afecting patient acceptability and compliance
[76]. Te emergence of resistant viral strains, such as HIV-1,
necessitates the use of bNAb combinations or bi-/trispecifc
antibodies, increasing their complexity and cost. Te du-
ration of efcacy and frequency of administration are also
under investigation, posing logistical challenges for long-
term treatment and prevention [77]. Concerns persist re-
garding the durability and long-term applicability of bNAbs,
as they do not lead to durable remission, and their antiviral
efects tend to wane over time unless re-administered. Tis
raises questions about their practicality for chronic man-
agement, and the need for repeated dosing, potential im-
munogenicity, and declining neutralization breadth in
evolving viral quasispecies complicate their long-term use in
diverse patient populations [72].

4.3. Gene Editing and CRISPR-Based Terapies.
Alternative techniques, such as gene editing, have shown
promising outcomes in addition to antiviral therapies and
may lead to successful HIV therapy by blocking in-
corporated HIV DNA [78, 79]. CRISPR–Cas is a recent
intriguing gene-editing technique that was frst employed in
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prokaryotes as an immune system response mechanism to
fght against bacteriophage infections and invasive plasmids
[80–82]. Depending on the type of CRISPR–Cas system,
a nuclease called Cas attaches itself to a short CRISPR RNA
(crRNA) that binds to complementary viral RNA or DNA
sequences. Cas13 is an enzyme that cleaves RNA, whereas
Cas9 and Cas12 are endonucleases that cleave DNA.
Terefore, integrated proviral HIV DNA can be mutated or
removed using CRISPR–Cas-based techniques, which can
also be used indirectly to prevent viral receptors from
penetrating the cells (Table 4) [70, 83, 84]. Homology-
directed repair (HDR) pathways are commonly used [85].
Te donor templates contain the required modifcations and
are encircled by DNA segments that resemble the blunt ends
of cleaved DNA. Consequently, a target cell’s own HDR
DNA repair system can be used to precisely alter its genome.
Additionally, Cas13 endonucleases destroy a particular
target RNA without modifying the genome and have been
employed to prevent HIV replication [86]. Te development
of a viable curative drug still faces many challenges because
of of-targets, immunogenicity, viral escape, and efcient
patient administration, notwithstanding the promise that
CRISPR–Cas gene editing has demonstrated in HIV treat-
ment [59]. CRISPR–Cas gene-editing therapies face signif-
icant implementation challenges in real-world clinical
settings because of the need for advanced infrastructure,
skilled personnel, and controlled laboratory conditions,
despite their promise. Delivery methods for gene-editing
components require refnement to ensure safety, efciency,
and tissue-specifc targeting [87]. Te ethical and regulatory
frameworks governing human genome editing are still
evolving, potentially delaying clinical adoption. Cost re-
mains a critical barrier, as the individualized nature of gene-
editing therapies may restrict accessibility, especially in
LMICs disproportionately afected by HIV [80, 88]. New
insights into the biology of HIV infection may contribute to
the development of CRISPR–Cas-based gene therapy
methods [59]. Combination strategies that simultaneously
inhibit the viral genome and improve the activity of host-
limiting mechanisms are suggested for an infected person to
have long-lasting antiviral benefts [89].

4.4. Terapies Targeting HIV Latency and Eradication.
Te shock-and-kill technique is employed to reawaken and
eliminate latently infected cells. Latent cell reactivation is
accomplished using therapies known as latency reversal
agents (LRAs), which remove dormant cells via immune-
mediated clearance or virus-mediated cytolysis [90]. Various
LRAs can alter chromatin, stimulate transcription, and
trigger transcription. In 2020, N-803, an interleukin-15
superagonist, was able to awaken latently infected cells in
mice and monkey models; nevertheless, the study was
considered unsafe for clinical trials because of the level of
damage [91]. Te RIVER investigation found no diference
in replication-competent proviruses between PLHIV re-
ceiving ART or shock-and-kill therapy [92]. Vorinostat
(shock) and viral vector vaccination (death) were used to
target latent cells in the study; however, the clinical trial

failed to show latency reversal or ARTstoppage to assess the
viral rebound [93]. Te shock-and-kill strategy is generally
nonspecifc. Present-day LRAs frequently result in the global
activation of both infected and uninfected T cells. Fur-
thermore, it is challenging to eradicate infected cells after
they become active, necessitating improvements to make
this shock-and-kill technique efective [94]. Te block-
and-lock strategy employs several tactics to permanently
inhibit the HIV provirus; however, the majority of these
strategies only temporarily stop HIV transcription. Tese
pathways are activated by several drugs that limit viral re-
bound, including didehydro-cortistatin A, LEDGINs,
curaxin CBL0100, HSP90 inhibitors, Jak-STAT inhibitors,
and ZL058 Tat inhibitors [95]. Tese methods may alter
other biological processes and are not unique to HIV
proviral DNA extraction. To epigenetically reduce HIV
transcription through histone deacetylation, researchers
have employed small interfering RNAs (siRNAs) to target
specifc areas of the HIV LTR [95, 96].

4.5. Nanotechnology-Based Terapies. Viral reservoirs, par-
ticularly latently infected cells, pose a signifcant challenge to
the development of an HIV cure. However, nanotechnology
ofers a promising approach to overcome this obstacle [97].
Nanocarrier drug delivery systems can target these reser-
voirs, enhance drug delivery, and reduce toxicity. Te key
benefts of nanocarrier systems for HIV treatment include
targeted delivery to specifc cells and tissues, increased
bioavailability, reduced drug resistance, minimal side efects,
and prolonged therapeutic efects [98]. Furthermore,
nanocarriers, such as liposomes, dendrimers, and polymeric
nanoparticles, have shown potential in overcoming the
limitations of traditional HIV treatments. For example, li-
posomal formulations of drugs, such as zidovudine, improve
drug distribution and reduce toxicity [99].

5. Breakthrough Strategies in HIV
Vaccine Development

Efective HIV vaccine development has been difcult be-
cause of HIV diversity, aggressive virulence, and the virus’s
capacity to elude host immune responses. Five broad cat-
egories of vaccine candidates have been identifed to date.
Tese include adenovirus vector-based, cytomegalovirus
(CMV) vector-based, structural gene-based, and combined
envelope–based and structural gene–based vaccines [100].
Most HIV vaccine candidates are subunit proteins, whole
inactivated, live attenuated, live vectors, or DNA vaccines
[101]. Te AIDSVAX gp120 subunit vaccine was the frst
HIV vaccine developed but was inefective against HIV
during the trial and spurred scientists to consider other
vaccine types or approaches in the early 1990s [101, 102].
However, DNA vaccines have emerged as a safe and
promising strategy for HIV vaccine development. Tese
vaccines, developed using partial HIV genes, have been
proven safe and unlikely to cause infection, providing re-
assurance and confdence in their potential. Furthermore,
recombinant vector vaccines integrate pathogenic genes into
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harmless or attenuated viruses to elicit immune responses
without causing infections or diseases [103]. Terefore, they
are being explored as vaccine candidates for HIV infection
treatment. Additionally, poxviruses, such as modifed vac-
cinia ankara (MVA), and alphaviruses, such as the Ven-
ezuelan equine encephalitis (VEE) virus, are under
investigation. A recent research and development landscape
study of global vaccines for infectious diseases listed 966
vaccine candidates, with HIV vaccines accounting for 9% of
the total [104]. Te fndings of this study underscore the
ongoing eforts to produce a reliable and efcient HIV
vaccine, with new vaccine candidates in the pipeline and
potential breakthroughs that could change the landscape of
HIV prevention. However, HIV vaccine development faces
signifcant challenges owing to the genetic variability of
HIV-1, which complicates the design of immunogens for
bNAb responses. HIV’s ability to establish latent reservoirs
early in the infection limits vaccine-induced immune
clearance [15, 105]. Eliciting robust and durable immune
responses is challenging because traditional vaccine strate-
gies often fail to induce the precise types of immunity re-
quired. Tere is a lack of reliable immune correlates of
protection, making it difcult to predict the efectiveness of
a candidate vaccine without full-scale efcacy trials [106].
Logistics and ethical challenges, such as participant re-
cruitment, retention, informed consent, and long-term
follow-up, also pose challenges, while funding constraints
and the high cost of multiphase trials remain persistent,
especially in the absence of commercial incentives [107].

Historically, efcacy trials have been completed for
several HIV vaccine candidates, each potentially impacting
the fght against HIV [108]. Te earliest efcacy trials in-
cluded recombinant gp120-based AIDSVAX vaccine can-
didates, VAX003 and VAX004, developed to elicit
neutralizing antibody responses (nAbs), STEP (HVTN 502),
Phambili (HTVN 503), RV144, and HTVN 505 vector-based
vaccines aimed at eliciting HIV-specifc T-cell responses
[93]. However, none of these early efcacy trial candidates
were successful in preventing HIV or improving associated
parameters (viral load, CD4+, etc.), leading to follow-up
trials such as RV305, RV306, RV328, HVTN 097, HVTN
100, HVTN 702 (Uhambo), and HTVN 111 that show
scientifc resilience and render valuable lessons for future
eforts [109]. Recently, the HTVN705 (Imbokodo) and
HVTN706 (Mosaico) trials were completed, and the vac-
cines were reported to be safe, providing reassurance re-
garding the safety of HIV vaccine development, even if they
were not efcacious in preventing HIV-1 infection [110].
Other recent vaccine candidates, including DNA and viral
vector vaccines such as Ad4HIV, HVTN119, HVTN124,
HIVCORE0052, HIVCORE0051, HIVCORE006, 19-I-0069,
and VIR-1111-2001; Env trimer protein-based vaccines such
as HVTN122, 19-I-0031, HVTN137, and ACTHIVE-001;
and epitope- and lineage-targeting vaccines such as IAVI
G001, HVTN133, IAVI C101, HVTN135, and HVTN115,
have been developed based on the results of previous trials.
However, success has yet to be recorded for human use
[109].

6. Novel Approaches and Challenges to HIV
Vaccine Design

Previous clinical trials have resulted in the development of
new HIV vaccine design approaches that focus on immu-
nogens and adjuvants. Tese strategies can boost immune
responses and elicit the production of neutralizing anti-
bodies against the virus. New immunogens increase the
number of epitopes for bNAbs, overcome immunodomi-
nance challenges, and demonstrate a strong afnity for
diverse antigenic sites, thereby enhancing vaccine efec-
tiveness [108]. Due to the decline in vaccine efcacy in earlier
clinical studies, researchers are investigating novel adjuvants
to improve protein vaccine responses. Four adjuvants have
enhanced immune responses and ofer important insights
into the development of future vaccines: liposomes, oil-in-
water emulsions, and aluminum salts containing MPLA
[109]. Other novel vaccine approaches, including Ad26
mosaic trials, the PrEPVacc trial, the utilization of new viral
vectors such as CMV, and antibody-mediated protection
(AMP) trials, have been described by Kim et al. [109]. It is
important to note that although artifcial intelligence (AI)
does not replace traditional HIV vaccine development
methods, it plays a supportive and increasingly valuable role.
AI has the potential to accelerate progress by addressing key
challenges in antigen selection, immunogen design, adjuvant
discovery, and epitope prediction [111, 112]. It also com-
plements conventional scientifc methods by reducing costs
and time and optimizing the results. Using approaches such
as big data, machine learning (ML), and generative models,
AI improves the reliability and efciency of HIV vaccine
candidates and accelerates eforts toward a successful HIV
vaccine [113]. However, to fully utilize the benefts of AI
integration in vaccine production, challenges such as limited
access to high-quality, diverse datasets, model in-
terpretability, and alignment with heterogeneous global
regulatory frameworks must be addressed [114].

Despite eforts to develop a safe HIV-1 vaccine, the
epidemiology and pathogenesis of this virus pose signifcant
social and scientifc challenges to vaccine development.
Genetic diversity, limitations of animal models in disease
studies and vaccine trials, and depletion of efector cells
(CD4+ and monocytes) at early infection stages are the
primary scientifc challenges hindering the development of
an efective HIV vaccine [114]. HIV’s antigenic diversity
complicates immunogen design, making it difcult to create
vaccines that induce bNAbs against all circulating variants.
Te early establishment of latent reservoirs and integration
of the virus into the host genome also challenge vaccine-
induced sterilizing immunity [15]. Te lack of reliable im-
mune correlates of protection further hinders progress,
necessitating large-scale and complex clinical trials. Addi-
tionally, limitations in animal models prevent accurate
prediction of human immune responses, as nonhuman
primate studies do not fully replicate HIV pathogenesis in
humans, making translational progress uncertain [115].
Social challenges, such as multiple transmission routes for
the virus due to a variety of lifestyle factors, willingness,
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retention, and sexual risks associated with people partici-
pating in efcacy trials, and issues surrounding ethics and
animal welfare, have been identifed in HIV vaccine de-
velopment [116]. HIV is a rapidly mutating RNA retrovirus
that presents a scientifc challenge because of its rapid
replication and recombination cycle. Te rapid development
of multiple viral variants within infected individuals leads to
unique immune evasion against vaccine candidates [117].
Te difculty in identifying and maintaining sensitive ani-
mal models and advocating animal welfare further com-
plicates vaccine development. HIV’s ability to destroy
efector T cells in early infection emphasizes the need for
vaccine-induced immunity, further complicating the po-
tency of the immune response [114]. Large-scale vaccine
trials, particularly in resource-limited HIV-prone areas,
present infrastructural and ethical challenges, including
maintaining participant engagement and ensuring culturally
sensitive recruitment and informed consent [118].

7. Advancements in HIV Cure and
Prevention Strategies

Only three cases of HIV cure have been reported in more
than 40 years since the frst instance of AIDS was discovered,
including the London and Berlin patients. Patients in
London and Berlin received bonemarrow transplants as part
of a complex, costly, and time-consuming strategy that was
unfeasible for 38 million PLHIV. However, HIV infection is
now viewed as a chronic condition that may be well con-
trolled rather than a fatal illness [50]. Tere have long been
two types of HIV cures under development: sterilizing and
functional cures. Sterilizing cures involve the complete re-
moval of replication-competent proviruses, whereas func-
tional cures involve long-term control of HIV replication,
including maintaining a normal CD4 T-cell count and HIV
replication below detectable levels [119]. Sterilizing cures
have only been documented in one instance, involving the
well-known “Berlin patient,” Timothy Brown, who de-
veloped HIV-1 resistance after receiving two stem cell
transplants from a donor homozygous for the CCR5delta32
mutation, a CCR-defcient treatment for acute myeloid
leukemia (AML) [120]. Due to the challenge of locating
donors whose human leukocyte antigens (HLA)match those
of recipients for CCR5 Delta32/Delta32 stem cell trans-
plantation, this method of sterilizing a cure is not replicable
for infectious diseases such as HIV. Te most promising
therapeutic techniques for attaining a sterilizing cure for
HIV are gene-based medicines and the use of latency-
reversing drugs based on “shock-and-kill” strategies [119].

One important tactic for attaining a functional cure for
HIV is ART. Elite controllers are a tiny percentage of HIV-
positive people who can permanently stop HIV replication
without the aid of ART or any other kind of treatment
[121]. Te goal of a functional cure is to achieve a state of
host-mediated viral replication control in which, in the
absence of ART, the immune function is stabilized and
restored, HIV-1-induced infammation is decreased, and
the plasma viral load is maintained at extremely low levels,
thereby lowering the risk of virus transmission. Tis

suggests that patients can safely stop using ART because
their immune system can regulate viral replication [122]. A
combination of immune-based therapies, especially those
involving bNAbs and vaccine-based therapies, has been the
most explored strategy for achieving a functional cure for
HIV [119]. Key HIV prevention measures that target
people at high risk of infection include pre-exposure
prophylaxis (PrEP) and postexposure prophylaxis (PEP).
To protect those who are often exposed to HIV, including
those who have several partners by choice or occupation,
PrEP, which is taken before exposure, entails the regular
use of a combination of ART such as emtricitabine/
tenofovir. Its efectiveness depends on adherence, and
frequent monitoring is necessary to control possible drug-
related negative efects [123, 124]. In contrast, PEP is
initiated immediately after a known exposure to HIV and is
most efective when taken promptly, as its efcacy de-
creases with delayed administration [123]. Tese in-
terventions bridge critical gaps in prevention eforts and
strengthen the fght against HIV transmission among
vulnerable populations [125].

To address compliance issues with daily pills associated
with PrEP, long-acting injectable LAI-PrEP and the use of
vaginal microbicides by women are options being explored.
Te LAI-PrEP addresses adherence issues related to oral
PrEP regimens. For example, IM administration of CAB
every 8weeks is more efcacious than oral formulations such
as tenofovir disoproxil fumarate and emtricitabine [107].
Other LAI-PrEPs, such as islatravir, with the potential for
nonerodable SC implants that can deliver prophylaxis for up
to 12months, have been developed and tested with good
efcacy results but are currently undergoing investigation
due to safety concerns that led to their discontinuation for
human use in 2022 [108]. Vaginal microbicides are chemical
substances that are introduced into the vagina and, occa-
sionally, the rectum to avoid sexual transmission of HIV and
other transmissible diseases, including herpes. Several of
these products aim to strengthen the vagina’s natural de-
fenses to inactivate HIV and prevent its fusion to host cells
and replication in the genital tract [109]. Despite its promise,
efcacy trials have yet to prove an efective vaginal micro-
bicide candidate for HIV prevention or PrEP [123].

8. Challenges to the Progress

Over the past 20 years, eforts have been made to combat
HIV and signifcant progress has been made. Tis is high-
lighted by the reduced number of AIDS-related deaths and
new infections, particularly in the pediatric population.
However, control eforts have been hampered by these
lingering issues (Figure 1).Tere is still no cure for HIV, and
many individuals who are infected or at risk do not have
access to care, prevention, or treatment. Food insecurity,
other infectious diseases, and general global health and
development concerns are among the other difculties faced
by nations most afected by HIV [126, 127]. Access to HIV
testing and ART is one of the most crucial concerns in the
global battle against HIV. Signifcant obstacles remain in
guaranteeing fair access to testing and treatment, despite
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initiatives to increase awareness and upgrade healthcare
facilities. Approximately 9.2 million PLHIV failed to receive
treatment in 2022, and 5.5 million were unaware of their
infection [128]. Discrimination and stigma are signifcant
challenges in the global battle against HIV/AIDS. In-
dividuals and communities are severely impacted by un-
favorable social perceptions of those who are HIV/AIDS-
positive. Tis discourages people from being tested, dis-
closing their status, and adopting safer practices [129].
Additionally, gender inequality contributes to the increased
susceptibility to HIV infection among women and girls.
Women’s access to healthcare and safe sex is restricted by
societal standards, unequal power relations, and violence
[130]. For example, by 2022, women and girls accounted for
63% of all newly diagnosed HIV infections in the WHO
African region [128]. Moreover, inadequate funding for
HIV/AIDS research and treatment is a signifcant drawback
[128, 131]. A decrease in research funding has resulted in
fewer scientifc discoveries, slowing the development of new
ARTand preventive strategies. As a result, creating an AIDS-
free world is delayed, and innovation is stifed [127].

9. Recommendations

To stimulate Global Fund HIV investments in under-
resourced settings, core and noncore funds from several
partners and advancing a multisectoral and inclusive
global response to end AIDS by 2030 are expedient [132].
Reducing infections, enhancing the quality of life for in-
dividuals living with HIV, and eventually putting an end to
the epidemic all depend on a comprehensive strategy that
addresses the structural, societal, and personal causes of
the HIV/AIDS pandemic. Tis approach should integrate
science, technology, and community engagement [127].
Increasing HIV testing uptake is a key priority, as testing is
the entry point in the HIV care cascade and is essential for
epidemic control (Figure 2). Te UNAIDS aims to ensure
that 95% of individuals living with HIV are aware of their
status by 2025, emphasizing the importance of accessible
and accurate testing [133, 134]. Promptly connecting

individuals who test positive to care enhances health
outcomes, reduces mortality, and improves overall well-
being. In addition to improving personal health, early ART
commencement dramatically lowers the likelihood of HIV
transmission. Early ART reduces the spread of HIV to
healthy partners by 93% [133].

Integrating standalone HIV programs into primary
healthcare platforms is crucial for ending the HIV epidemic
and promoting population health and sustainability. Tis
approach has improved health outcomes in sub-Saharan
Africa (SSA) and supported the achievement of the 2030
AIDS eradication target [135, 136]. Access to care for hard-
to-reach populations has increased, ART adherence has
improved, and HIV stigma has decreased through non-
communicable disease (NCD) and coordinated HIV ser-
vices. Tese programs also lower the costs of HIV and non-
HIV care [136–139]. Mental health integration enhances
ART adherence, particularly when treating depression and
HIV infection. In high-income countries, depression
treatment increased ART adherence by 83%, whereas in-
terventions such as cognitive behavioral therapy and alcohol
screening have shown similar success in LMICs [140–143].
Additionally, integrated healthcare strategies improve out-
comes for chronic conditions such as hypertension, asthma,
diabetes, and epilepsy. For example, integrated chronic care
clinics in rural Malawi have yielded better clinical results for
HIV and other chronic diseases [144]. In South Africa,
integrating ART into maternity and child health programs
improved viral suppression and breastfeeding outcomes for
women living with HIV compared with standalone services
[145]. Tese fndings highlight the benefts of integrating
HIV care into broader health services; however, further
research is required to refne these models. Studies should
assess the clinical outcomes, service delivery metrics, and
sustainability factors, such as fnancing, human resources,
and local conditions [135].

HIV treatment and research have progressed signif-
cantly through collaboration between governments, phar-
maceutical companies, and nongovernmental organizations.
Tese partnerships have led to the development of life-

Progress in HIV/AIDS fight

Remaining
challenges

No cure Access
issues

Social
barriers

Funding
shortages

ART access
HIV testing
access

Discrimination
and stigma

Gender
inequality

Research
funding
decline

Figure 1: Challenges to progress in the fght against HIV/AIDS.
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saving antiretroviral drugs, improved HIV prevention
techniques, and a reduction in mortality rates. However,
challenges remain in ensuring equitable access, particularly
in resource-limited settings [146]. Global health frameworks,
such as the Sustainable Development Goals (SDGs) and
UNAIDS, emphasize multisector collaboration to achieve
universal health coverage and end the AIDS epidemic by
2030. Pharmaceutical companies drive research, govern-
ments provide funding and policy guidance, and NGOs
ensure that interventions reach vulnerable populations [4].
Funding bodies such as the Bill & Melinda Gates Founda-
tion, NIH, and the Global Fund are essential for advancing
HIV research. Tese organizations provide fnancial re-
search support, encourage international collaboration, and
shape research priorities in the feld. For example, the NIH
funds initiatives such as the NIH AIDS Clinical Trials Group
(ACTG) to discover novel therapies and vaccines [147].Tey
also support eforts to improve access to ART for margin-
alized populations and to develop afordable vaccines [148].
Additionally, funding organizations work to build research
capacity in areas where HIV is most prevalent. In addition,
the NIH Fogarty International Center empowers local sci-
entists by funding HIV-related workshops in the SSA [149].
Tey also promote the unrestricted sharing of research
fndings, as seen in the European and Developing Countries
Clinical Trials Partnership (EDCTP) [150].

To promote the widespread use of emergingHIV therapies
in LMICs, governments and international stakeholders should
prioritize technology transfer agreements, support local
production of LA-ART, and incentivize pharmaceutical

companies to adopt tiered pricing models. Simplifed supply
chains, decentralized service delivery, and capacity building
for local health workers can ensure the sustainability of these
innovations [151]. Policy changes should integrate LA-ART
and PrEP into the national HIV treatment guidelines, with
clear implementation frameworks, fnancing mechanisms,
and performance metrics. Addressing stigma, access barriers,
and structural challenges requires community-led advocacy,
cultural competence training, and the creation of supportive
environments. Legal and policy reforms to decriminalize HIV
transmission, sex work, and drug use are crucial [152].
Moreover, future research should focus on exploiting com-
putational tools to address the critical stages of the HIV life
cycle, including entry, reverse transcription, integration, as-
sembly, and release. Targeting key viral proteins, such as
integrase, protease, and reverse transcriptase, along with co-
receptors involved in viral entry, represents a promising av-
enue for therapeutic innovation [153]. Optimizing medication
design and increasing predictive accuracy are two signifcant
benefts of integrating cutting-edge innovations, such as AI
and ML. Identifying novel therapeutic targets and refning
treatment strategies could signifcantly enhance the efec-
tiveness of HIV management, ultimately contributing to
better patient outcomes and global eforts to combat the
disease [154].

10. Conclusion

Over the last 4 decades, HIV research has made signifcant
progress in understanding HIV immunology, leading to

Basic HIV testing Integrated
healthcare
strategies

Low integration

High integration

Early ART
initiation

High impact

Strategic priorities for HIV/AIDS management

Low integration

Standalone HIV
programs

Figure 2: Strategic priorities for HIV/AIDS management.
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the development of potent ART. However, cART cannot
completely eradicate the virus and is associated with long-
term health complications. Innovative therapeutic ap-
proaches, such as latency-reversing therapies, block-
and-lock strategies, gene-editing technologies, and
immune-based interventions, are cost-efective and
promising. Vaccine development remains a high-priority
area but faces obstacles due to HIV’s rapid mutation rate
and viral envelope variability. Terefore, continued in-
novation and global collaboration are crucial for
addressing these challenges and achieving long-term
control and eradication of HIV.

Nomenclature

AIDS: Acquired immune defciency syndrome
ART: Antiretroviral therapy
CAB/RPV: Cabotegravir/rilpivirine
CAB-LA: Long-acting cabotegravir
CBOs: Community-based organizations
COVID-
19:

Coronavirus disease 2019

FDA: Food and Drug Administration
HCPs: Healthcare providers
HIV: Human immunodefciency virus
IDU: Injection drug use or injecting drug user
LA-ART: Long-acting antiretroviral therapy
LMICs: Low- and middle-income countries
MOH: Ministry of Health
MSM: Men who have sex with men
NCDs: Noncommunicable diseases
NGOs: Nongovernmental organizations
NIH: National Institutes of Health
PLHIV: People living with HIV
PrEP: Pre-exposure prophylaxis
QALY: Quality-adjusted life year
RCTs: Randomized controlled trials
SDGs: Sustainable development goals
STIs: Sexually transmitted infections
TDF/FTC: Tenofovir disoproxil fumarate/emtricitabine
UNAIDS: Joint United Nations Programme on HIV/

AIDS
WHO: World Health Organization
WHO
AFRO:

World Health Organization Regional Ofce for
Africa.
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