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Abstract: Human immunodeficiency virus (HIV) is a significant global health issue that affects a
substantial number of individuals across the globe, with a total of 39 million individuals living with
HIV/AIDS. ART has resulted in a reduction in HIV-related mortality. Nevertheless, the issue of
medication resistance is a significant obstacle in the management of HIV/AIDS. The unique genetic
composition of HIV enables it to undergo rapid mutations and adapt, leading to the emergence of
drug-resistant forms. The development of drug resistance can be attributed to various circumstances,
including noncompliance with treatment regimens, insufficient dosage, interactions between drugs,
viral mutations, preexposure prophylactics, and transmission from mother to child. It is therefore
essential to comprehend the molecular components of HIV and the mechanisms of antiretroviral
medications to devise efficacious treatment options for HIV/AIDS.

Keywords: antiretroviral drug resistance; ART drug resistance; HIV genetic variability; ART advancements;
global HIV/AIDS management

1. Introduction

Since its discovery in the early 1980s, human immunodeficiency virus (HIV) has
emerged as a significant public health concern affecting the lives of millions of individuals.
The mortality resulting from HIV infection and the emergence of acquired immune defi-
ciency syndrome (AIDS) has imposed a significant burden on global healthcare systems.
The World Health Organization (WHO) estimated that there were 38.4 million individuals
living with HIV in 2021, with 1.5 million having tested positive for the virus in just one
year alone [1].

HIV belongs to the subfamily Orthoretrovirinae of the family Retroviridae in the genus
Lentivirus and is categorized into two types, HIV-1 and HIV-2, based on genetic features
and variations in viral antigens [2,3].

HIV-1 and HIV-2 exhibit numerous similarities, encompassing fundamental gene
arrangement, routes of transmission, intracellular replication pathways, and clinical out-
comes, culminating in the development of AIDS [4,5]. HIV-2 is distinguished by diminished
transmission and a decreased probability of advancing to AIDS [4,6]. From an epidemio-
logical perspective, HIV-2 is predominantly restricted to West Africa, while HIV-1 has a
global distribution. From a clinical perspective, it appears that individuals infected with
HIV-2 can be divided into two distinct groups, with the majority exhibiting long-term
non-progression, while the majority of those infected with HIV-1 tend to experience disease
progression. In instances of clinical evolution, both viruses exhibit comparable pathological
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mechanisms, albeit with HIV-2 manifesting progression at elevated CD4 counts. HIV-2 in-
fection is characterized by consistently lower plasma viral loads and fewer typical instances
of immune activation [4,7,8].

The implementation of antiretroviral therapy (ART) has significantly transformed
the landscape of HIV/AIDS care, resulting in a substantial reduction in mortality rates
and disease severity [9], as well as a decrease in mother-to-child transmission [10–12].
However, the success rate of ART is jeopardized by the development of resistance to
antiretroviral drugs. The development of strategies to avoid or overcome medication
resistance requires an understanding of the cellular and molecular underpinnings of the
HIV virus, as well as the underlying mechanisms of therapeutic action. This article aims to
discuss the importance of this knowledge in HIV/AIDS management and present the latest
findings in this field of study. Our goal is to thoroughly analyze the safety, effectiveness,
and constraints of the existing pharmacological treatments utilized in the management of
HIV infection.

2. HIV Structure and Genome

The mature HIV-1 viral particles are spherical, with a diameter of approximately
100 nm, and are surrounded by an envelope [13,14]. This envelope of the viral particle
consists of a bilayer of lipids that originates from the host cell membrane after the process
of immuration, whereby the viral particle detaches from the host cell. The envelope is
composed of a combination of viral and host cell proteins [15,16]. Viral envelope proteins
(Env) are glycoprotein heterotrimers that are comprised of surface and transmembrane
subunits that are not covalently linked. The gp41 transmembrane subunit is responsible for
the anchoring of gp120 and the fusion of the viral and cellular membranes, whereas the
gp120 surface subunit is essential for enabling the virus to attach to the target cell [16,17].
Under the virion membrane, and surrounding the capsid core, is a myristoylated layer of
matrix protein (p17), which forms the inner membrane layer. The capsid core is generated by
the capsid protein (p24), which condenses into a truncated cone following virion maturation.
The capsid core includes two copies of positive single-strand genomic RNA bound to the
nucleocapsid (p7) and the reverse transcriptase (p51) and integrase (p32) [14,17]. The
formation of the nucleoprotein/RNA complex is attributed to the nucleocapsid. Reverse
transcriptase is accountable for the conversion of HIV RNA into proviral DNA, while the
integration of proviral DNA into the host genome is facilitated by the integrase enzyme.
The protease enzyme (p10) situated in the interstitial space between the matrix and capsid
structures of the virus is primarily responsible for executing the proteolytic cleavage of
the precursor proteins Gag (Pr55) and Gag-Pol (Pr160GagPol), leading to the liberation of
both the structural proteins and viral enzymes [15–17]. The HIV structure is depicted in
Figure 1.

The HIV genome consists of several key structural and regulatory genes, with the
former comprising gag, pol, and env and the latter including tat, rev, nef, vif, vpr, and vpu.
These genes are pivotal to the viral replication cycle and contribute to the pathogenic effects
of HIV [17–19]. Additionally, long terminal repeat (LTR) sequences, which are present at
both ends of the proviral DNA, facilitate the integration of the viral genetic material into
the host cell genome. The 5′ LTR segment encodes the promoter for viral transcription
of genes [17,20]. The genetic composition of HIV comprises several essential genes that
perform a pivotal function in the virus’s replication process. The gag gene is accountable
for the synthesis of three crucial proteins, namely p24, p6, and p7, which function as
integral constituents of the viral capsid, nucleocapsid, and matrix protein. The pol gene is
responsible for encoding the reverse transcriptase, integrase, and protease enzymes. These
enzymes perform the crucial functions of converting the viral RNA into double-stranded
DNA, incorporating the DNA into the host’s genome, and converting viral proteins into
operational proteins, respectively. Additionally, it can be noted that the env gene plays
a crucial role in the encoding of gp160. This protein is subsequently transformed into
the gp120 and gp41 proteins, which are integral components of the viral envelope spikes.
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These spikes are responsible for facilitating the attachment of the virus and fusion with
host cells [17,21–23].
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Figure 1. HIV-1 structure (created with Biorender.com).

Trans-activator of transcription (Tat) acts as a messenger RNA elongator and trans-
activator, promoting efficient viral replication. It also induces apoptosis, which helps the
virus evade immune surveillance [24,25]. Regulator of virion (Rev) regulates the transport
and processing of viral mRNA, while negative factor (Nef ) increases retrotranscription and
negatively regulates CD4 and HLA class I, thereby promoting viral replication and further
immune evasion. Viral infectivity factor (Vif ) increases viral infectivity and interacts with
APOBEC3G, which normally limits the replication of HIV. Viral protein R (Vpr) is a viral
trans-activator that helps transport the pre-integration complex to the nucleus, inducing
cell cycle arrest and apoptosis, and therefore helping the virus evade immune responses.
Viral protein U (Vpu) sequesters CD4 in the endoplasmic reticulum, further suppressing
immune responses and increasing the generation and release of virions, thereby promoting
viral spread [26–30]. Figure 2 depicts the HIV genome.
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3. HIV Therapeutic Targets and Current Pharmacological Approaches

During the earliest days of the HIV epidemic, a positive HIV diagnosis was accompa-
nied by an unfavorable prognosis and limited treatment options for infected individuals.
With the development of antiretroviral therapy, the prognosis for HIV-positive individuals
has risen significantly [31,32]. Modern antiretroviral therapy has transformed HIV from
a fatal disease into a chronic condition, allowing infected individuals to live an almost
normal life [33–35].
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Multiple classes of drugs, such as nucleoside and non-nucleoside reverse transcriptase
inhibitors, integrase strand transfer inhibitors, protease inhibitors, and entry inhibitors have
demonstrated high efficacy in suppressing viral replication and restoring immune function
in HIV-positive patients. These drug classes are recommended by the WHO consolidated
guidelines published in July 2021 [36].

From 1983–1984, the AIDS causative agent was identified and characterized, and in
1984, the very first reverse transcriptase inhibitor, zidovudine, became available. Over
the next decade, further inhibitors from the same class were developed, resulting in the
introduction of highly active antiretroviral therapy in 1996, which significantly enhanced
patient survival. In the years that followed, additional categories of drugs were introduced,
including non-nucleoside inhibitors in 1997, viral entry inhibitors in 2002, and integration
inhibitors and CCR5 coreceptors in 2007. The implementation of these novel treatment
regimens had a profound impact on the management and long-term prognosis of patients
who have not previously responded to antiretroviral medication [26,37].

Antiretroviral treatment is directed at the three enzymes encoded by HIV-1, including
reverse transcriptase (RT), protease (PR), and integrase (IN). During the maturation phase
of the HIV life cycle, PR is synthesized as a component of the Gag-Pol precursor polyprotein,
which is encoded in the viral genome [38–40]. PR is accountable for transforming Gag
and Gag-Pol precursors into mature viral proteins. The identification of the constant
catalytic residues Asp-Thr/Ser-Gly established PR as an identifiable member of the aspartic
protease family [40]. In infected cells, the human immunodeficiency virus type 1 reverse
transcriptase enzyme catalyzes the reverse transcription of the virus’s RNA genome into
double-stranded DNA. This is an essential early phase in the maturation cycle of the virus.
The pol open frame of reference encodes RT, which is translated into a Gag-Pol protein
precursor and then proteolyzed by viral protease (PR) into 66 kDa (p66) and 51 kDa (p51)
subunits, with active RT produced as a heterodimer of p66 and p51 [41,42]. IN is responsible
for two processes, both of which involve the same active site in the molecule. A (GT)n
dinucleotide is eliminated from both 3′ extremities of the linear viral DNA that is generated
by RT in the first step, known as 3′-processing (3′-P) [43,44]. Each of the 3′-ends of the
viral DNA undergoes processing, leaving a preserved (CA) dinucleotide. The hydroxyl
groups found in the deoxyadenosine nucleotides at the 3′ ends of the transformed viral
DNA act as nucleophiles to attack the host genome, resulting in a substitution reaction in
which the 3′ ends of the viral DNA are incorporated into the host DNA [45,46]. IN catalyzes
this process, which is called the strand transfer (ST) reaction. Due to the configuration
of the transfer event, the host sequences that border the integrated viral DNA undergo a
brief duplication [47,48]. Host DNA repair enzymes correct an inconsistency left by the
integration process [49,50], and the result is a provirus, which is a firmly incorporated form
of viral DNA.

The European Society for AIDS has recently revised its recommendations for antiretro-
viral therapy, which involves the administration of several different drugs. Figure 3 depicts
the sites of action of the various drug classes used to treat HIV infection.

Despite the fact that a number of therapeutic options have been shown to have
comparable levels of efficacy, there are differences in dosage frequency, the number of
tablets required, interactions between drugs, and potential adverse effects. The selection
of a specific regimen for an individual is predominantly influenced by factors such as
anticipated adverse effects, functionality, the presence of other medical conditions, the
possibility of drug interactions, and the findings of genotypic drug resistance testing [51].
Table 1 summarizes the classes of HIV infection-treating drugs, their mechanisms of action,
and adverse reactions.
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The class of nucleoside reverse transcriptase inhibitors (NRTIs) contains the following
molecules: emtricitabine (FTC), zidovudine (ZDV), didanosine (ddI), stavudine (d4T),
abacavir (ABC), lamivudine (3TC), tenofovir alafenamide (TAF), and tenofovir disoproxil
fumarate (TDF) [59]. The HIV-1 reverse transcriptase enzyme is inhibited by NRTIs, which
compete with natural nucleosides (such as dTTP, dCTP, dGTP, and dATP) and perform
their function by incorporation into viral DNA. NRTIs are prodrugs that must undergo
intracellular anabolic phosphorylation prior to being metabolized into their biologically
active form as phosphorylated NRTI metabolites [26,60]. Upon entering the host cell, the
drug is activated by cellular kinases, subsequently exerting its effect through its structural
composition. Until the substance undergoes conversion to its active di- or triphosphate
metabolite structure, NRTIs are inactive. Nonetheless, the distribution and metabolism of
NRTIs are heavily dependent on the concentrations of functional NRTI derivatives and
endogenous dNTP [61,62]. NRTIs possess a nucleoside or nucleotide as a base and lack a
3′-hydroxyl group at the 2′-deoxyribosyl moiety, which makes it possible for the NRTIs to
inhibit the generation of a 3′-5′-phosphodiester bond in developing DNA chains, thereby
inhibiting viral replication. The insertion of these drugs through RNA-dependent DNA or
DNA-dependent DNA synthesis suppresses the generation of both positive and negative
strands of DNA [59,63]. In summary, they perform through two mechanisms, as follows:
by competing with natural nucleotides for insertion into the nascent DNA strand that is
produced by reverse transcriptase, as well as “chain terminators” in viral genomic DNA
assembly. For fundamentally historical reasons, ART in HIV-positive patients is built
around a combination of two drugs from this class plus an NNRTI or PI because it has
shown excellent effectiveness in limiting viral replication [26,61].
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Table 1. HIV drugs’ adverse reactions (Adapted from [52–58]).

Classification Mechanism Nervous
System Cardiovascular Digestive

System Liver Renal Skin Metabolism Other

NRTIs: emtricitabine,
zidovudine, didanosine,

stavudine, abacavir,
lamivudin, tenofovir

alafenamide, tenofovir
disoproxil fumarate

reverse transcriptase
inhibition by competing
with natural nucleosides

headache,
peripheral

neuropathy
cardiomyopathy

nausea,
diarrhea,

pancreatitis

hepatic
steatosis

Fanconi’s
syndrome, renal

insufficiency
rash

lactic acidosis,
lipodystrophy,

hyperlactatemia

hypersensitivity
reaction,

lipoatrophy,
thrombocytopenia,

anemia,
myelosuppression

NNRTIs: nevirapine,
delavirdine, efavirenz,
etravirine, rilpivirine,

doravirine

reverse transcriptase
polymerization inhibition
by binding to the NNRTI

binding pocket

depression,
sleep

disturbance,
headache

nausea,
diarrhea hepatitis rash dyslipidemia neutropenia

INSTIs: bictegravir,
dolutegravir,

elvitegravir, raltegravir,
cabotegravir

integrase inhibition

intracranial
hemorrhage,

sleep
disturbance,

headache

myocardial
infarction

nausea,
diarrhea

unconjugated
hyperbiliru-

binemia

nephrolithiasis,
renal

insufficiency
rash weight gain myopathy,

rhabdomyolysis

PIs: atazanavir,
darunavir,

fosamprenavir,
indinavir, lopinavir,
nelfinavir, ritonavir,

saquinavir, tipranavir

protease inhibition dizziness,
headache QT prolongation nausea,

diarrhea hepatotoxicity
nephrolithiasis,

renal
insufficiency

rash

dyslipidemia,
hyperglycemia,

fat
maldistribution

Maraviroc

binds to CCR5, prevents
the interaction of HIV-1
gp120 with CCR5-tropic
HIV-1, and inhibits the
virus from entering the

cell

dizziness,
headache

postural
hypotension hepatitis renal

insufficiency

Fostemsavir

(prodrug) binds the viral
envelope protein gp120
on HIV-1, prevents the
conformational change
required for attachment
of HIV-1 to the host cell

headache,
neuropathy QT prolongation

nausea,
vomiting,

abdominal
pain,

diarrhea

rash myalgia
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Table 1. Cont.

Classification Mechanism Nervous
System Cardiovascular Digestive

System Liver Renal Skin Metabolism Other

Enfuvirtide

binds to HR1 in the gp41
subunit of the viral

envelope glycoprotein,
prevents the

conformational changes
required for the fusion of

viral and cellular
membranes

dizziness,
headache,

sleep
disturbance

nausea,
diarrhea rash

injection site
nodules,

hypersensitivity

Ibalizumab

blocks gp120-CD4
complex conformational
alterations that allow for
co-receptor attachment

and fusion

dizziness,
headache

nausea,
diarrhea

immune system
disorders

Long-acting injectable
antiretroviral drugs

(cabotegravir-
rilpivirine)

INSTI + NNRTI

pyrexia,
headache,

sleep
disorders,
dizziness,

depression

nausea

abnormalities
in aspartate
aminotrans-

ferase,
alanine

aminotrans-
ferase, total

bilirubin

rash

fatigue, injection
site reactions,

musculoskeletal
pain
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Non-nucleoside reverse transcriptase inhibitors (NNRTIs) are a class of antiretroviral
drugs that have played a significant role in the treatment of human immunodeficiency
infection. The first-generation NNRTIs, such as nevirapine (NVP), delavirdine (DLV), and
efavirenz (EFV), have shown limited efficacy due to their low genetic barrier and poor
resistance profile. To overcome these limitations, second-generation NNRTIs, including
etravirine (ETR), rilpivirine (RPV), and doravirine (DOR), have been developed. The devel-
opment of second-generation NNRTIs has significantly improved the therapeutic options
available for HIV-infected patients, and the use of these drugs in combination with other an-
tiretroviral drugs has resulted in better treatment outcomes [51]. NNRTIs are an important
class of antiretroviral drugs used in combination therapy for HIV infection due to their high
specificity, low toxicity, and unique antiviral activity [64–66]. NNRTIs effectively block the
polymerization activity of HIV reverse transcriptase, which is responsible for synthesizing
double-stranded viral DNA genomes from a single-stranded viral RNA genome [67]. By
targeting the reverse transcriptase enzyme, they bind to an allosteric site called the NNRTI
binding pocket (NNIBP), which is about 10 Å away from the DNA polymerase active site.
Despite having different chemical structures, NNRTIs share a similar binding mode in
which they adopt a “butterfly”, “horseshoe”, or “U” conformation with a central scaffold
and two “wings” [68–70].

Antiretroviral protease inhibitors (PI) operate as pharmaceutical agents that impede
the process of viral polyprotein precursor cleavage, hence impeding the production of
functional proteins necessary for viral replication. These drugs are created via rational
drug design, which relies on molecules that interact by binding to the catalytic site of the
HIV protease. These diverse compounds, frequently exhibiting peptide-like characteristics,
bear resemblance to the brief peptide that is broken by the viral protease, albeit with
minimal structural resemblance. Protease structures, which are defined in three dimensions,
are commonly obtained through X-ray crystallographic investigations [71]. The current
available PIs encompass saquinavir, indinavir, ritonavir, nelfinavir, lopinavir, amprenavir,
fosamprenavir, atazanvir, tipranavir, and darunavir [72].

The infection caused by HIV-1 relies on the incorporation of viral DNA into the chro-
matin of the host. The process of integration is facilitated by the viral enzyme integrase and
encounters inhibition through the use of integrase strand transfer inhibitors (INSTIs) [73].
There are five INSTIs that have been approved for use in HIV patients, including bicte-
gravir (BIC), dolutegravir (DTG), elvitegravir (EVG), raltegravir (RAL), and cabotegravir
(CAB). Given that the HIV integrase catalyzes the irreversible incorporation of HIV reverse-
transcribed viral DNA into the host genome via a pair of successive reactions known as 3′

processing and strand transfer [74], INSTIs are specifically targeting the subsequent step
of the integration process [48,75] by coordinating Mg2+ and Mn2+ ions and Pi-stacking
with the long terminal repeats that are found at each terminus of reverse-transcribed DNA
fragments. D64, D116, and E152 (DDE) form a catalytic trio necessary for the coordina-
tion of divalent ions. INSTIs target the strand transfer phase of integration by binding to
integrase [48,75].

For HIV-1 to infect CD4+ T cells, it must first identify and attach to the CD4 receptor
that is located on the cell surface of the target cell. After that, it has to bind to either CCR5 or
CXCR4, which are the two probable chemokine coreceptors. Before considering treatment
options, it is necessary to determine whether the virus has an R5, X4, or dual/mixed (able
to utilize both) tropism. R5 viruses use CCR5, whereas X4 viruses use CXCR4. Maraviroc
(MVC) has been described as an entry inhibitor for HIV-1 treatment. By changing the
structure of C-chemokine receptor 5 (CCR5), MVC blocks the virus’s ability to adhere to
and enter CD4+ T-lymphocytes. MVC attaches to the CCR5 receptor at a different position
than HIV-1 and produces a conformational shift in the receptor, rendering it unidentifiable
to the virus. Consequently, MVC inhibits HIV-1’s capacity to complete the second phase in
the viral entry process, chemokine coreceptor binding, in a noncompetitive manner. This
restriction only applies to R5-tropic viruses. In contrast, MVC is completely ineffective
against HIV-1 if the virus instead enters the cell via the CXCR4 pathway. Both X4 and
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R5/X4 dual tropic viruses share this property, whether one of them is the dominant strain
using CCR5 and the other uses CXCR4. Therefore, it is necessary to determine the viral
tropism prior to contemplating the utilization of MVC [76–81].

Fostemsavir (FTR) is a recently approved medication for HIV-positive individuals.
FTR is a methyl phosphate prodrug that, to produce its active component, temsavir (TMR)
must first be hydrolyzed. By attaching to the gp120 protein on the viral envelope and
interfering with the process by which the virus attaches to the CD4 receptor on the host,
TMR acts as an HIV-1 attachment inhibitor and blocks viral entrance. Similar to how C-C
chemokine receptor type 5 (CCR5) antagonists and fusion inhibitors work, TMR intervenes
before the coreceptor binding and membrane fusion stages. TMR’s activity against different
HIV-1 populations is not dependent on the viral tropism of those populations because TMR
attaches directly to gp120 of the virus, close to the CD4 receptor binding site, preventing
the initial phase of viral entry, and not a host cell receptor. As a result of this process,
gp120 is locked in a closed state that prevents the conformational shift required for initial
engagement with the surface receptors on CD4+ cells, hence blocking attachment and
entrance into host T cells and other immune cells [82–85].

Enfuvirtide (ENF) is the first anti-HIV medication based on a fusion inhibitory peptide
that was authorized for use in clinical practice [86]. Enfuvirtide is able to prevent HIV from
entering cells by interfering with the process of membrane fusion. HIV-mediated fusion
of the viral membranes with those of the host cell membranes entails a complicated chain
of events, and a sequence of conformational shifts appears in the glycoproteins gp41 and
gp120 [87]. ENF is a peptide that is composed of 36 amino acids and corresponds to the
subsequent heptad repeat (HR2) sequence of gp41. Both the HR-1 and HR-2 heptad repeat
regions of gp41 are responsible for the self-assembly of the six-helix bundle, commonly
referred to as the hairpin structure. The establishment of such an arrangement places the
membranes of viruses and cells in close proximity to one another. It is generally believed
that the energy that is produced as a result of this change in conformation is what makes
the process of fusion possible. ENF acts similarly to HR-2 and is able to attach to the HR-1
region of gp41, stopping the six-helix bundle from forming, which in turn blocks the fusion
process and prevents HIV-RNA from entering the cell [87–90].

To date, ibalizumab is the only approved monoclonal antibody for treating HIV-1
infection. By disrupting the post-attachment stages essential for viral entry, ibalizumab
blocks viral transmission-mediated cell–cell fusion and prevents HIV-1 from entering CD4
cells. Ibalizumab blocks gp120-CD4 complex conformational alterations that allow for
coreceptor attachment and fusion. Specifically, ibalizumab recognizes a region in the
CD4 receptor’s subsequent domain on an outer surface that is in close proximity to the
receptor’s binding sites for gp120 and major histocompatibility complex class II (MHC-II).
Ibalizumab does not inhibit the MHC-II-mediated immune response. The syncytium that
is formed by infected and uninfected CD4 cells due to HIV-1 infection is likewise stopped
by ibalizumab [91–96].

Antiretroviral therapy with a prolonged half-life is the most recent advancement in
HIV treatment drugs [97,98]. Every one to two months, a healthcare provider should ad-
minister cabotegravir-rilpivirine (CAB/RPV) via a pair of injections, one containing each of
its active constituents [99]. Utilizing a long-acting injectable antiretroviral treatment (LAA)
could serve as a viable alternative in the realm of HIV prevention and management [98].
There are several expectations, such as reduced dose frequency, decreased drug–drug
interactions, and fewer side effects. Furthermore, prospective patients would anticipate
enhanced safeguarding of health confidentiality, mitigating pill tiredness, and potentially
enhancing adherence concerns [100]. The medications, which include cabotegravir, an ef-
fective INSTI, and rilpivirine, an effective NNRTI, have been the subject of intense research
for LAA therapy [101,102]. This is primarily due to their extended half-lives and significant
intrinsic antiretroviral efficacy. Cabotegravir and rilpivirine exhibit limited solubility in
water, enabling their incorporation into wet-milled suspensions, which yields drug crystals
of nanoscale purity that are stabilized by surfactants, resulting in a formulation that is
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appropriate for intramuscular depot administration [103]. Nevertheless, CAB/RPV has
certain drawbacks, such as the need for substantial injection quantities, the potential for
drug-resistant virus strains to emerge during sub-therapeutic exposure following treatment
cessation, and the restricted ability of native CAB and RPV to reach cellular and tissue
reservoirs of infection [104].

4. HIV Drug Resistance Data

According to data published by UNAIDS, in 2023, there were approximately 39 mil-
lion HIV-positive individuals, with just 29.8 million having access to antiretroviral treat-
ment [105]. The demographic distribution of patients with access to antiretroviral therapy
at the end of 2023 is depicted in Figure 4.
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Figure 4. Global demographic distribution of patients with access to antiretroviral therapy in 2023
(data from [105]).

ART has revolutionized the management of HIV/AIDS, leading to significant improve-
ments in the lifespan and well-being of infected individuals. However, the effectiveness
of these drugs can be compromised due to the emergence of ART resistance, which is
driven by the high mutation rate of HIV. When individuals receive ART, it creates selective
pressure on the virus, leading to the emergence of drug-resistant strains that can cause
treatment failure, increased morbidity, and mortality. Therefore, monitoring ART resistance
is crucial to identifying drug-resistant strains and guiding treatment strategies. The World
Health Organization recommends routine surveillance of acquired HIV drug resistance
to respond proactively to the rapidly evolving HIV epidemic and provide optimal care
for those living with HIV/AIDS. Figure 5 depicts the WHO’s 2022 reports on antiretro-
viral resistance, and Figure 6 displays the WHO’s general recommendations to halt the
accelerated evolution of resistance to HIV treatment drugs [106]. Figure 5 depicts the most
recent WHO reports on antiretroviral medication resistance, whilst Figure 6 depicts WHO
recommendations for limiting the spread of antiretroviral resistance.
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5. HIV Drug Resistance Mechanisms

In the 1980s, when first-generation antiretrovirals were introduced, drug resistance
was inevitable for all patients, and the time frame for effective therapy was brief. Some
patients have been receiving care for an extended period without any resistance issues,
whereas for other patients, resistance to HIV drugs possessed a hazard to their health. Even
though ART has significantly decreased the morbidity and mortality associated with HIV
infection and even though the use of a combination of ART can significantly improve HIV
patients’ chances for long-term survival, the efficacy of antiretroviral drug therapy can be
markedly reduced by the development of drug resistance. Resistance to antiretroviral drugs
is a major contributing factor to the failure of treatment among HIV patients. Viruses that
are resistant to various types of ART are common. This drug cross-resistance, combined
with the frequently unpredictable emergence of drug resistance, poses significant challenges
for HIV treatment. The successful treatment of HIV necessitates an in-depth comprehension
of the mechanisms by which resistance may develop, as well as strategies for overcoming
resistance once it occurs [107,108].

The high rate of replication and low fidelity of the reverse transcriptase enzyme
in HIV contribute to the rapid and widespread emergence of drug resistance. HIV can
produce billions of new viral particles each day, resulting in numerous variants with
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different sensitivities to antiretroviral drugs. Additional factors that may contribute to drug
resistance include poor patient compliance, subtherapeutic drug levels, and inappropriate
drug choice. Resistance may also develop as a result of inadequate exposure to antiretroviral
agents, even during successful therapy [108]. Figure 7 summarizes the causes and factors
implicated in the development of antiretroviral resistance.
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5.1. Transmitted HIV Drug Resistance

Individuals oblivious to their HIV-positive status, those with a diagnosis with high
concentrations of CD4+ cells who are ineligible for therapy, and ART-experienced pa-
tients with unsuppressed blood viraemia due to therapy failure are prone to spreading
HIV [109–113]. According to WHO, the prevalence of medication resistance among people
who did not respond to NNRTI-based first-line antiretroviral therapy (ART) varied between
50% and 97% [106].

Thus, roughly ten percent of new HIV-1 infections originate from strains resistant
to traditional therapies [114,115], demonstrating that treated individuals are contributing
to the spread of newly acquired infections. Moreover, individuals who initially become
infected with drug-resistant strains are also able to pass on drug-resistant HIV [109–113].
This means that it is possible for drug-resistant strains of HIV to be transmitted from one
patient to another, which can result in a newly infected patient carrying a drug-resistant
virus, even if they have not yet received antiretroviral therapy. In other words, the virus
may have developed resistance to certain drugs in a previously infected individual and
can be passed on to a newly infected individual, potentially making their treatment more
challenging [106,110].

In eastern and southern Africa, where the frequency of transmitted drug resistance
has been estimated to be approximately 7%, the spread of ART in nations with middle
and low incomes has led to a substantial rise in transmitted drug resistance. In wealthy
countries, genotyping the virus before commencing therapy is a routine procedure, allowing
clinicians to select an appropriately active combination of medications to attain high
treatment success rates for individuals with transmitted drug resistance. Patients who have
acquired medication resistance may begin treatment with ART regimens that are not robust
enough, which can lead to the development of resistance in many drug classes in low-
income countries where viral genotyping is typically unavailable. Furthermore, patients in
countries with lower incomes have fewer second-line therapy alternatives, increasing the
burden of transferred medication resistance [107,116–118].

Biorender.com
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5.2. Acquired HIV Drug Resistance via Viral Mutations

Patients on ART show the most consistent tendency to develop acquired drug re-
sistance in the form of a continuously increasing percentage of patients with medication
resistance as therapy progresses [107]. In a study by Mafalda et al., 26,973 people living
with HIV-1 were included; 11,581 (or 42.9%) had never had antiretroviral therapy before,
while 15,392 (or 57.1%) had. There was a declining trend in the total prevalence of both
transmitted and acquired drug resistance (12.8% and 68.5%, respectively). The rates of trans-
mitted drug resistance were 12.3 and 12.6% among late vs. non-late presenters, whereas the
rates of acquired drug resistance were 69.9 and 68.2% among the two groups. K103N/S,
T215rev, T215FY, M184I/V, M41I/L, M46I/L, and L90M were the most often transmitted
drug resistance variants in both late and non-late presenters [119]. In a meta-analysis of
trials in patients from high-income nations conducted by Stadeli et al., HIV drug resistance
was detected in 7% of patients after 6–11 months of ART, 11% after 12–23 months, and 21%
after 36 months or longer [120]. Another investigation conducted in the UK by Phillips
et al. found that after four, six, and eight years of NNRTI-based treatment, the percentage
of patients having at least one drug-resistance mutation rose from 11% to 14%, 16%, and
18%, respectively. According to the results of this study, even if a patient’s viral population
has not evolved resistance after six years of therapy, there is still a chance that it will do so
during the seventh year of treatment at a rate of around 2% [116]. Hauser et al. conducted
a comprehensive evaluation that included 2690 people living with HIV from 19 different
research groups. After 2 years, a large percentage of patients who had failed first-line ART
with emtricitabine or lamivudine had developed the M184V/I mutation, 75.7% if treated
with tenofovir and 72.1% with zidovudine. K65R mutation frequency was 52.0% at 2 years
with tenofovir disoproxil fumarate. The most common NNRTI resistance mutation on
efavirenz was K103, followed by V106 [121]. Figure 8 illustrates an overview of the most
common viral mutations.
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NRTI resistance manifests itself through two mechanisms, including discrimination
and modified phosphorolytic activity of reverse transcriptase. The “discrimination” mech-
anism occurs when the reverse transcriptase enzyme avoids attaching to the NRTI but
still recognizes the natural deoxynucleoside triphosphate (dNTP) substrate. K65R, L74V,
Q151M, and M184V are all examples of point mutations in HIV that decrease the affinity of
reverse transcriptase for a particular NRTI without affecting its affinity for the matching
dNTP substrate. The end result is a reduced drug uptake into the DNA strand. Increased
drug clearance from the point of attachment at the DNA chain terminus is the second
mechanism of NRTI resistance. These modifications to the reverse transcriptase open
up the active site next to the bound nucleoside analog, making it possible for ATP or
pyrophosphate to attach there. Because of the high energy of ATP or pyrophosphate,
they are able to break the link holding the medication to DNA, releasing it and ending its
effect. Thymidine analog mutations are M41L, L210W, T215Y, D67N, K70R, T215F, and
K219Q/E. [108,122–127].

Resistance to NNRTIs develops mostly as a result of mutations in hydrophobic RT
residues found in the binding pocket for NNRTIs. Mutations in the same location of RT
that all of the NNRTIs bind to will have an effect on the binding of all of the drugs in this
class. The substantial prevalence of HIV cross-resistance among members of this class of
agents may be partially explained by this phenomenon [128]. Although NNRTIs tend to
have fewer adverse effects than nucleoside analogues, their fast resistance to treatment
is a major downside. Therefore, NNRTIs are never used as an independent treatment for
HIV infection. Only one or two mutations are needed for high-level resistance to NNRTIs;
hence, the genetic barrier to resistance is modest. In addition to the fact that many NNRTI
mutations that confer resistance decrease susceptibility to multiple NNRTI, the relatively
small genetic barrier to resistance means that a single NNRTI is able to opt for several
NNRTI resistance mutations across various viruses, despite the fact that just one mutation
can be identified by standard population-based sequencing, leading to elevated levels of
clinical cross-resistance between different NNRTI [129–131].

NNRTI resistance mutations are divided into four types, including major, secondary,
minor non-polymorphic, and polymorphic accessory mutations. Primary NNRTI resistance
mutations emerge first during NNRTI treatment and are responsible for acquiring high
degrees of resistance to one or more NNRTIs. Variable resistance to efavirenz and high
resistance to nevirapine are caused by the following mutations: K103N/S, V106A/M,
Y181C/I/V, Y188L/C/H, and G190A/S/E [132–134]. The choice of an NNRTI, espe-
cially etravirine, is greatly influenced by the presence of secondary NNRTI resistance
mutations, which typically arise in tandem with the main NNRTI resistance mutations,
including L100I, K101P, P225H, F227L, M230L, and K238T [132–135]. Polymorphic acces-
sory mutations regulate the impact of other NNRTI resistance mutations, whereas minor
non-polymorphic changes induce low-level decreases in susceptibility. Common variants
that lower sensitivity to NNRTIs, like nevirapine and efavirenz, include A98G, K101E,
V108I, and V179D/E [136]. Suppressing sensitivity to nevirapine and efavirenz by about
twofold, highly polymorphic RT mutations like K101Q, I135T/M, V179I, and L283I may
function synergistically with primary NNRTI resistance mutations. In addition to being
largely selected by NRTI, mutations like L74V, H221Y, K223E/Q, L228H/R, and N348I also
lead to modest decreases in sensitivity to NNRTIs [137,138].

Substrate-binding cleft substitutions in viral proteases are often the initial step toward
resistance to protease inhibitors. These drug-resistant variants of the viral protease have
an expanded catalytic site. This results in less binding to the inhibitor (and hence less
drug sensitivity) and, concomitantly, less affinity to the natural substrate (and thus less
viral multiplication). Primary or “major” resistance mutations are those that are selected
initially and individually lower a cell’s sensitivity to a protease inhibitor. Secondary or
“minor” mutations appear subsequently and have little to no influence on the resistance
phenotype on their own, but they boost viral replication when combined with viruses
harboring large alterations. HIV-1 clades that are not of the subtype B variety share a small
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number of mutations that occur as polymorphisms [139–141]. The protease inhibitor class
is responsible for more mutation selection than any other antiretroviral drug class. When
many mutations in PI resistance are present in the same viral isolate or when mutations
occur in an unexpected manner, it may be difficult to accurately assess the impact of
each mutation on a given PI. Most protease inhibitor resistance mutations are “accessory”,
meaning that they only work to counteract the replication impairment caused by other
protease inhibitor resistance mutations or to decrease protease inhibitor susceptibility when
used in conjunction with additional resistance variants [132]. Major protease inhibitor
resistance mutations are ATVr, DRVr, FPVr, IDVr, LPVr, NFV, SQVr, and TPVr. Accessory
protease inhibitor resistance mutations are L10I/V, A71V/T, I13V, D60E, I62V, V77I, and
I93L [127].

It has been determined that the N155H, Q148K/R/H, and Y143R/C substitutions
are the major mutations responsible for resistance to first-generation INSTIs [142–144].
Second-generation INSTIs have more substantial resistance than their first-generation coun-
terparts [145–147]. To block the catalytic divalent metal ion-dependent phosphodiesterase
(DDE) triad [48,148–150], INSTIs possess a halogenated phenyl group that attacks the
catalytic pocket and shifts the 3′ viral end [151,152], as well as three coplanar oxygen
atoms that bind to the divalent metal ions within the catalytic pocket. INSTIs are strand
transfer-specific and only weakly impede 3′ processing [75,153], despite the fact that the
coordination of the metal ions by the triad is also required for 3′ processing. This problem
arises because of an allosteric barrier that exists between the halogenated phenyl group
and the 3′ dinucleotide that is cleaved during 3′ processing [151,152]. This hindrance limits
the effective binding of INSTIs before 3′ processing takes place. Most mutations that confer
resistance to INSTIs are located in the catalytic core domain, close to the catalytic pocket
where the DDE triad is situated [154]. Table 2 summarizes resistance mutations for INSTIs.

Table 2. INSTIs resistance mutations (Adapted from [155]).

Drug
Mutation

Major Accessory

First-generation INSTI

Raltegravir [156] R263K, N155H, Q148HKR,
Y143RHC, F121Y

L74M, E138AK, G140AS, E92Q,
T97A

Elvitegravir [157,158] R263K, N155H, Q148HKR, S147G,
F121Y, E92Q, T66I T97A, E92G, T66AK

Second-generation INSTI

Dolutegravir [159] R263K, Q148HKR, G118R N155H, G140AS, E138AKT, T66K,
E92Q, F121Y

Bictegravir [160] R263K, Q148H G140S, E138K, T66K, E92Q,
G118R

Cabotegravir [160] R263K, Q148HKR, G140R, G118R N155H, S153FY, G140ACS,
E138AKT, T66K

Entry inhibitors directly target the extremely changeable HIV Env protein. The wide
range of susceptibility of HIV-1 strains to entry inhibitors at baseline is probably attributable
to differences in Env [161]. The expression levels of coreceptors and the degree of attraction
with which Env binds to its coreceptors are two factors that affect susceptibility to entry
inhibitors [162,163]. The variability of the HIV genes is most pronounced in the env gene,
which can result in differences in susceptibility to HIV medication [164].

The time that the ENF-binding site on HR1 is exposed decreases in correlation with the
amount of coreceptor affinity or expression [162,163]. Resistance to ENF can emerge in the
face of selective drug pressure due to HIV’s rapid reproduction rate and the poor accuracy
of the reverse transcriptase enzyme [165–168]. Modifications in the amino acid triad (GIV)
at positions 36–38 in the HR1 region of gp41 have been linked to variations in sensitivity
and the emergence of resistance. Supporting the idea that HR2-HR1 binding is necessary
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for fusion and that HR2 homologues like enfuvirtide function by inhibiting this connection,
mutations in this region have occurred under selection pressure [166,169,170]. Amino acid
positions 36–45 have been linked to a wide range of mutations, each of which confers a
particular degree of resistance or sensitivity to ENF in a specific molecular setting. The
majority of mutations in this area are single amino acid changes, which result in various
levels of susceptibility loss [167–169]. It is also possible for mutations to occur in a serial
manner when the reverse of the first mutation occurs at the same time as the onset of the
second. Mutations in the amino acid region 36–45 are NL4-3G, G36D, G36S, V38A, Q40H,
N42T, N42E, N42S, N43D, N43S, N43K, L44M, L45M, G36S + L44M, N42T + N43K, N42T
+ N43S, V38A + N42D, V38A + N42T, and V38E + N42S [171]. According to a study by
Leung et al. [172], it is crucial to test for mutations before beginning ENF therapy due to
the high occurrence of ENF resistance-associated mutations in both ART-experienced and
ART-naive individuals. There was still evidence of the G36D mutation six months after the
removal of ENF.

MVC, a drug also targeting the env gene, has proven to be a challenging case in terms
of resistance development [164]. MVC resistance can occur through either tropism change
or mutations that allow HIV-1 to continue using CCR5 coreceptors, despite the presence
of the drug [173]. Most viruses that have developed resistance to MVC have maximal
percentage inhibition values between 80% and 95%, indicating that this resistance is non-
competitive [174,175]. Through mutations that boost gp120’s affinity for MVC-bound CCR5,
resistance to MVC can arise, allowing gp120 to connect to CCR5, ignoring conformational
alterations caused by MVC binding [176]. In the presence of MVC, viruses with resistance
may interact with CCR5 by binding more strongly to the CCR5 N-terminal domain [175].
Modifications in the V3 loop might enhance the virus’s affinity for the location where it
binds, allowing it to connect to the extracellular loop, even in the presence of MVC, which
is another explanation for resistance to MVC [176]. Ray N. [164] suggested several potential
mechanisms for MVC resistance, including more efficient scavenging of unbound corecep-
tors, competing with drug-bound coreceptors, using the drug-bound coreceptor, switching
to using CXCR4 or preexisting CXCR4 virus, and shifting to alternative coreceptors (such
as CCR2, CCR8, etc.).

Patients with HIV-1 who have developed resistance to many drugs now have a new
option in the form of FTR. No modifications to the dosage for renal function or liver
function are necessary, and it is usually well tolerated [177]. Several investigations into
the FTR resistance problem have been carried out. While there was no direct correlation
between amino acid substitutions in gp-120 (S375H/I/N/M/T, M426L/P, M434I/K, and
M475I) and the emergence of resistance to FTR in in vivo studies, these variations in EC50
values suggested that they could affect HIV’s susceptibility to this drug [178–180]. The
incidence of aminoacidic substitution was modest in a retrospective investigation of gp-120
mutations in 409 treatment-naive HIV-positive patients. The most common mutation was
S375T, which presumably plays a secondary role in the impairment of FTR susceptibility,
leading to the conclusion that viruses that have this single mutation have a high treatment
susceptibility [181]. Other studies [85,179,182,183] have shown that some substitutions,
particularly the ones positioned within or near the site of binding of FTR and/or of CD4,
can lead to diminished hydrophobic bonds among the drug and gp120 or can decrease the
dimensions of the FTR binding site, thus restricting FTR’s ability to access their binding
sites and resulting in resistance or diminished susceptibility in vitro. Seven mutations
have been found to lower fostemsavir susceptibility in vitro, including L116P/Q, A204D,
S375M/H/T, M426L, M434I, S475I, and V506M) [85,184,185]. All these mutations are
within the gp120 area. Experiments performed in vivo have helped pinpoint a few of these
variants, including S375M/T, M426L, M434I, and S475I [179,185]. In patients who have
never used fostemsavir, only a small number of studies have reported primary resistance
to the drug in the HIV-1 B subtype, but the total number of sequences examined was
modest [181,186,187]. According to reports, FTR is able to effectively target the majority
of HIV-1 subtypes; resistance mutations are rare and do not result in cross-resistance with
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other classes of antiretroviral drugs. This suggests that it could be used alongside currently
available drugs [181,186–192].

Ibalizumab’s therapeutic activity can be blocked by resistance mechanisms that
weaken his bond with the CD4 cell receptor [93,193,194]. The V5 loop is a visible part of
gp120’s exterior. It appears that the key mechanisms underlying resistance to ibalizumab
are the reduced expression or deletion of V5 potential N-linked glycosylation site (PNGS)
and the particular locations of PNGS [93,193]. V5 PNGS variability was shown to correlate
with susceptibility, with the lack of PNGS conferring the greatest resistance. Site 1 deletion
was shown to be the most common in resistant versions, and removing other parts of PNGS
also altered the susceptibility [93,193,195].

The presence of drug-resistance mutations in patients receiving long-acting cabote-
gravir and rilpivirine poses a significant risk for virological failure [196,197]. This treatment
protocol is advised for patients who have achieved virological suppression and do not have
failed therapies or potential resistance, except for isolated K103N. Steegen et al. conducted
a retrospective analysis that showed that rilpivirine drug resistance mutations were fre-
quently employed in a context in which NNRTI-based therapy was commonly used. A
total of 12.3% of patients starting ART had a minimum of one rilpivirine drug resistance
mutation [196]. In a multiple-case analysis conducted by van Welzen et al., five patients con-
sidered eligible for CAB/RPV developed virologic failure, despite having a low projected
risk at baseline. The genotypic resistance testing demonstrated a significant prevalence of
mutations linked with NNRTI in all instances, while INSTI mutations were observed in
only four cases. During the course of treatment, it was observed that all cases exhibited
diminished levels of either CAB, RPV, or both drugs, which is likely a contributing factor
to the manifestation of virologic failure [197]. Moreover, there has been a noticeable rise
in cabotegravir resistance in both the 2-month and 1-month treatment plans, indicating
the need for a thorough evaluation of the advantages and disadvantages when choosing
between the 1-month or 2-month treatment plan for specific patients [99]. The implementa-
tion of targeted genotyping may be necessary for patients who are commencing CAB/RPV,
hence introducing a notable level of complexity to the existing public health strategy [196].
The use of CAB/RPV may not be suitable for all HIV-positive patients [99,198]. In cases
in which individuals demonstrate resistance, conventional ART regimens may be the sole
viable approach for attaining viral suppression at present. Eligibility requirements for
patients to undergo CAB/RPV consist of a recorded viral load that cannot be detected, a
well-documented lack of resistance to both CAB and RPV, and no previous instances of
failure in antiretroviral treatment [99].

5.3. Cross-Resistance

Cross-drug resistance among antiretroviral agents of the same class is a prevalent
issue that impacts all main classes. An exponential increase in the incidence of HIV drug
resistance among ART-naive individuals poses a significant barrier to eradicating the
HIV-1 outbreak by 2030. Non-nucleoside reverse transcriptase inhibitor (NNRTI) resistance
affects 10% of adults initiating HIV treatment. Individuals with a history of antiretroviral
medication use are three times more likely to exhibit resistance. It is estimated that the
prevalence of drug-resistant viruses in classes three and four is between 5 and 10% in
Europe, whereas in North America, it is below 3% [114].

The utilization of NNRTIs in HAART is crucial, owing to their limited adverse effects
and toxicity profiles. Nevertheless, the efficacy of these interventions may be compromised
by resistance and cross-resistance. NNRTI resistance is influenced by factors such as
variations in the sequence of residues that align the NBP, as well as the effects of mutations
that confer resistance on the sensitivity to drugs and the fitness of the virus [199].

Research has demonstrated that the buildup of thymidine analogue-resistant muta-
tions is responsible for nearly all resistance to NRTIs. The M184V mutation exhibited the
highest prevalence among resistance variants in NRTIs, with the K65R mutation following
closely after. There is evidence suggesting that the M184V mutation confers substantial
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resistance to 3TC while concurrently enhancing susceptibility to TDF and ZDV. According
to Lin et al., the K65R mutation has been found to result in a significant level of resistance
to TDF and ABC [200].

Tran-To Su et al. identified a PI resistance-related pathway through which HIV pro-
tease might progress in PI cross-resistance, determined by the structural modifications
and viral fitness impact of the mutations that have been clinically reported. The structural
justification for the swift emergence of cross-resistance was found in five out of the seven
PIs that are utilized clinical practice [201]. Rhee et al. emphasized that nonpolymorphic
mutations have a more significant effect on decreased PI susceptibility than polymorphic
mutations. I84AV, V32I, G48V, I54ALMSTV, V82F, and L90M were found to be related to
decreased susceptibility to eight PIs. Among the mutations that had the most significant
impact on PI susceptibility, I47A, G48M, I50V, L76V, V82ST, and N88S were all linked to
reduced susceptibility to a range of four to five PIs. Lastly, D30N, I50L, and V82AL were
correlated with lowered susceptibility to less than four PIs [202].

However, the very first approved monoclonal antibody employed for the treatment of
HIV-1 infection, ibalizumab, presents great promise for overcoming the cross-resistance
issue. No cross-resistance between ibalizumab and any antiretroviral drugs (such as NRTIs,
NNRTIs, PIs, INSTIs, or entry inhibitors) was found using phenotypic and genotypic test-
ing [96,191,203]. The sensitivity of HIV-1 polymorphisms linked with enfuvirtide resistance
(such as G36D, V38A, and N43D) to ibalizumab was shown in vitro. Likewise, HIV strains
that were resistant to ibalizumab continued to exhibit susceptibility to enfuvirtide [204].

In summary, the occurrence of cross-resistance in antiretroviral drugs serves as an il-
lustration of the complex dynamics of HIV viral evolution and emphasizes the necessity for
an all-encompassing strategy that incorporates molecular investigation and the discovery
of novel chemical structures that can be employed to address this phenomenon.

5.4. Multidrug Resistance (MDR HIV)

MDR HIV is a term used to describe HIV strains that have decreased susceptibility to
medications in all three categories of antiretroviral treatments [205]. Individuals afflicted
with multidrug-resistant infection with HIV-1 are prone to treatment ineffectiveness, expe-
rience deteriorated clinical results, and face an elevated mortality risk compared to other
patients infected with HIV-1 [204].

In present time, there are two drugs used for ART experienced patients, including
fostemsavir and ibalizumab. Fostemsavir, an oral prodrug classified as an HIV-1 attachment
inhibitor, is recommended for use in conjunction with other antiretroviral medications
to address HIV-1 infection in adults with a history of extensive treatment and MDR HIV
infection. This is particularly relevant for individuals whose current antiretroviral regimen
proves ineffective due to resistance, intolerance, or safety concerns [83]. Ibalizumab, when
administered intravenously twice monthly, is approved for the treatment of extensively
treatment-experienced persons with multidrug-resistant HIV-1 infection who have few or
no other treatment options [114].

5.5. Nonadherence in Drug Resistance

According to one definition, medication adherence refers to “the degree to which
patients take medications in accordance with the directions given to them by their healthcare
providers” [206].

Adherence to antiretroviral medication has been recognized as a major factor in HIV
treatment success. To reduce the risk of developing drug resistance, slow the development
of illness, and shorten the lifespan of those living with HIV, it is essential that patients
adhere to ART as prescribed. Genetic predisposition, behavior, lifestyle, and societal or
structural concerns are some of the variables that influence the successful treatment of HIV
infection [207,208]. Another factor influencing adherence is the individual susceptibility to
pharmacological side effects. Predictors of behavior consist of elements like conforming to
a schedule. The stigma associated with HIV illness in the local community is one of the
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social difficulties. Establishing and making accessible effective drugs, establishing criteria
for the appropriate administration of these treatments, and ensuring consistent patient
accessibility to medical services and drugs are all examples of structural difficulties in the
healthcare system [209–212].

5.6. Mother-to-Child Drug Resistance

HIV is transmitted from mother to child mostly during the third trimester of preg-
nancy, or the brief time period between placental separation, labor, and delivery. The
rates of transmission without preventative measures range from 15% to 40%. In addition
to suppressing viral replication, antiretroviral medications also have an autonomous ef-
fect that lowers the risk of HIV transmission through the plasma and the vaginal tract.
Antiretroviral drug transfer through the placenta is one method of HIV transmission pre-
vention. Prolonged maternal dosage throughout pregnancy and labor results in detectable
antiretroviral medication levels in the newborn plasma shortly after delivery. Since 2002,
the existence of mutations in HIV strains suggestive of ART resistance has been advised to
be screened for prior to treatment beginning in HIV-infected pregnant women [213,214].

In areas with limited medical resources, it is common practice to administer treatment
to pregnant women to reduce the risk of HIV being passed from the mother to the child.
Nevirapine (an NNRTI) is the most straightforward method. While a single dose of
nevirapine can decrease the likelihood that a child could contract HIV during pregnancy, it
also carries a substantial risk of medication resistance in both the mother and the child [107].
Arrivé et al. [215] conducted a meta-analysis and showed that several weeks following
treatment with single-dose nevirapine, on average, 36% of the mothers and 53% of the
children had detectable levels of nevirapine resistance. Pennings [216] proposed that the
significant risk of resistance to single-dose nevirapine was attributable to the presence of a
large number of NNRTI mutations prior to treatment.

During the years 2010–2012, another study found that 51% of HIV infants had devel-
oped drug resistance to HIV-1 medications, especially to NNRTIs. The greatest frequency
of resistance (74%) was seen in newborns whose mothers’ received ART, while 26% of
HIV-positive infants with no or unverified ART treatment harbored NNRTI resistance.
These findings show that NNRTI resistance is rising among infants with new HIV diag-
noses in a high-HIV prevalence population in which coverage of ART among pregnant
women has grown over time, both in terms of timing of initiation and CD4 cell count at
the time of conception [217]. Maternal HIV drug resistance and viral load were found
to be independent risk factors for vertical transmission during breastfeeding, according
to an analysis by Boyce et al. [218] of 85 cases and 255 matched controls, suggesting that
nevirapine alone may not be adequate infant prophylaxis against drug-resistant variants in
maternal breast milk.

5.7. Preexposure Prophylaxis

Preexposure prophylaxis (PrEP) is an efficacious strategy for mitigating the transmis-
sion of HIV. It consists of daily administration of an antiretroviral tablet and adherence to
additional preventive behavioral measures [219]. This preventive mechanism is employed
for those who have not received a formal diagnosis of HIV but may face a significant risk
of contracting the virus due to their lifestyle or involvement in a serodiscordant relation-
ship [220].

The findings derived from clinical trials provide evidence of the effectiveness of PrEP,
whether employed as a standalone intervention or in conjunction with other techniques
for prevention. These trials have consistently demonstrated that PrEP can significantly
decrease the occurrence of HIV by as much as 86%, and in some cases, even further with
rigorous adherence [220–222].

Multiple clinical trials have provided clear evidence of the efficacy of a fixed-dose
combination of TDF/3TC, as recommended by the WHO, in mitigating the risk of HIV
transmission. The WHO has recently proposed the use of this strategy as a means to
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address the issue of newly diagnosed HIV infections amongst those who are at significant
risk of contracting HIV, such as commercial sex workers and discordant individuals. When
taken on a daily basis by a seronegative individual, PrEP offers a decrease of over 90% in
the acquisition of HIV [223].

Nevertheless, the possibility of PrEP contributing to the development of antiretroviral
resistance continues to be a significant concern in the field of public health. Empirical
data indicate that the occurrence of HIV medication resistance selection through PrEP
usage is rare and is most probable when PrEP is employed during an undetected early HIV
infection [224].

6. Challenges and Opportunities in Overcoming HIV Drug Resistance

Oral PrEP and combination antiretroviral medication are essential components in
combating the HIV epidemic. Nevertheless, despite their efficacy, improved tolerability,
and enhanced convenience, these medications possess certain limitations that can poten-
tially impact both quality of life and adherence. These limitations include the fatigue
associated with daily long-term treatment, the challenges faced by certain patients in swal-
lowing tablets, and the possibility of drug interactions with other medications being taken
simultaneously [100,225].

As of 2021, CAB/RPV is the first long-acting injectable antiretroviral therapy autho-
rized for use in HIV patients who are treatment-naive or experienced [99,226]. Moreover,
there has been a notable surge in research on the creation of long-acting pharmacological
formulations for people diagnosed with HIV [104,227]. In addition to CAB/RPV, research
focuses on alternative long-acting injectables, including long-active capsid inhibitors and
long-acting slow-effective release antiretroviral therapy (LASER ART). LASER ART consists
of uniform particles of solid prodrug nanocrystals that are stabilized by aqueous surfactant
formulations [104,228].

Furthermore, there is ongoing research on additional pharmaceutical formulations
aimed at improving the efficacy of HIV treatment protocols through the enhancement
of the bioavailability of the active ingredient, promotion of adherence, and mitigation of
adverse effects [229]. These consist of extended-release oral medications [230], formulations
containing oral nanoparticles [231], transdermal patches, and microneedles with extended-
release properties [232], as well as vaginal and rectal microbicides [233].

In the clinical arena, there is a strong pursuit of passive immunization techniques that
employ robust broadly neutralizing antibodies to prevent the transmission of HIV-1, as
there is currently no effective vaccine available for the prevention of HIV-1 infection [234].
Neutralizing antibodies targeting Env have the ability to impede viral entry and hinder
infection by disrupting the interaction with CD4, CCR5, or CXCR4. This is achieved through
the stabilization of prefusion Env, which prevents membrane fusion, or by promoting the
degradation of Env [235].

The primary objectives of the new drug development strategies are to enhance the
safety and resistance profile of established antiretroviral classes, identify drugs that operate
through novel mechanisms (e.g., capsid inhibitors, nucleoside reverse transcriptase translo-
cation inhibitors, attachment/post-attachment inhibitors), combine therapies that promote
better adherence, and simplify treatment through infrequent dosing [114]. If these efforts
prove to be effective and gain widespread acceptance among healthcare professionals and
patients, they might offer more advanced and streamlined alternatives for the prevention
and management of HIV infection [104].

7. Conclusions

Health systems worldwide are facing ongoing challenges due to the evolution of
the human immunodeficiency virus and the concerning rise in resistance to antiretroviral
medication. Comprehension and awareness of the mechanisms through which resistance
to antiretroviral therapy arises motivate the collaborative attempt to combat HIV/AIDS
and enhance treatment results and health equality.
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