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Abstract: HIV/AIDS mortality has been decreasing over the last decade. While promising, this
decrease correlated directly with increased use of antiretroviral drugs. As a natural consequence of
its high mutation rate, treatments provide selection pressure that promotes the natural selection of
escape mutants. Individuals may acquire drug-naive strains, or those that have already mutated
due to treatment. Even within a host, mutation affects HIV tropism, where initial infection begins
with R5-tropic virus, but the clinical transition to AIDS correlates with mutations that lead to an
X4-tropic switch. Furthermore, the high mutation rate of HIV has spelled failure for all attempts at
an effective vaccine. Pre-exposure drugs are currently the most effective drug-based preventatives,
but their effectiveness is also threatened by viral mutation. From attachment and entry to assembly
and release, the steps in the replication cycle are also discussed to describe the drug mechanisms
and mutations that arise due to those drugs. Revealing the patterns of HIV-1 mutations, their effects,
and the coordinated attempt to understand and control them will lead to effective use of current
preventative measures and treatment options, as well as the development of new ones.
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1. Introduction

Human immunodeficiency virus (HIV) is known to exist within a host as a population
of quasispecies. There will be a dominant “wild-type” version, but due to HIV’s high error
rate, many subpopulations will be produced with small changes at the RNA and/or amino-
acid level. There may be fitness costs associated with these changes, but they may also be
advantageous. This blood-borne and sexually transmitted virus multiplies so prolifically
and with enough mutations that it naturally evolves to meet its needs.

In one sense, HIV is a parasite of individual cells. During the replication cycle, each
viral protein has characteristic mutations that lead to escape during antiretroviral (ARV)
treatment, and each antiviral drug is associated with specific hotspots where resistance
mutations occur [1–7]. In another sense, HIV is a parasite of humans within a population.
These mutations can be transmitted from one individual to another, creating another cause
of concern by enhancing HIV drug resistance and lack of vaccine efficacy [1].

This ability to adapt to host cells and to the human population occurs in the face of
ARV therapies and the actions of the human immune system [1,8,9]. Man-made drugs and
the elegant defense provided through immune system reactions are thus far no match for
HIV, which has never been cured, although rare cases of apparent clearance and natural
resistance do exist and may inform future studies. Successful vaccine development is also
a current hope that may become a future reality.

This review aims to explore the effects of treatment-associated mutation on both the
host-to-host transmission cycle and the cell-to-cell replication cycle. The primary focus is
on HIV-1, however, most applies to HIV-2 as well. We will explain the key features that
will one day lead to solutions to these current issues.
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2. Transmission Cycle

HIV is highly transmissible through human-to-human sexual activity, vertical trans-
mission from a pregnant or breastfeeding mother to her child, and via needle sharing and
other blood exposures. Beyond abstinence, condom use, and access to clean needles, several
drug interventions have attempted to stem the tide of HIV transmission. These drugs do
not provide a cure, but can decrease replication and serum viral load to undetectable levels.
This slows the progression to AIDS and provides better living conditions for those infected,
while also decreasing transmission to others. Approaches such as prophylactic treatment
of the uninfected, novel vaccine trials, and continued drug development may yield further
global effects.

Currently, the state of the art is correct and consistent antiretroviral drug treatment,
however HIV is highly mutable and prone to drug escape. Mutation is also the reason that
every vaccine trial has failed. As the virus mutates, new battles must be fought against
acquired and transmitted drug resistance. Subtle mutational changes also control viral
tropism, which governs spread from host to host and clinical progression within a host.
Until a cure or effective vaccine is found, mutation of HIV must be understood as the great
controlling factor behind the failure of all current treatments and preventatives.

2.1. Acquired and Transmitted Drug Resistance

HIV-1 drug-resistance mutations can be acquired in response to the initiating antiretro-
viral treatment. These mutations can then be directly transmitted when the virus infects
another person. The increased use of antiretroviral therapy has contributed to a steady
decline of advanced infection, but also to a steady increase of emerging resistance muta-
tions. Transmitted drug resistance (TDR) usually occurs before treatment in newly infected
individuals, whereas acquired drug resistance (ADR) occurs after treatment infection with
a drug-naive strain (Figure 1). Both tend to be more prominent in higher income countries
due to the increased use of antiretroviral drugs [1].

Acquired drug resistance is the most common type of drug resistance, usually occurring
when a patient reaches virological failure (Figure 1, yellow). Several factors may contribute
to a patient developing ADR, with the most important factor being the patient’s lack of
adherence [1]. Infrequent viral load testing can result in late detection of virological failure,
usually after the drug resistant mutations have successful replication [10]. Non-adherence to
treatment typically correlates with virological failure due to drug resistant mutations. Strictly
following the current treatment plan will reduce virological escape because the mutated
population will be sufficiently suppressed. if drug-resistant mutations are present with
virological failure for the first time in an individual, a change in ARV treatment may have
better outcomes [1]. Another possible reason for acquired drug resistance is a variation in how
the drug is broken down, absorbed, used by the body, and removed from the body. These
patient-specific pharmacokinetics may be due to their metabolism, diet, or other factors [11].
Non-adherence, variable drug effectiveness, and other unexplained factors can result in a
fluctuating viral load that perpetuates the mutations that lead to drug resistance.

Transmitted drug resistance (TDR) occurs when an uninfected person acquires a strain
of HIV that is already resistant to antiretroviral drugs (Figure 1, blue). The ultimate source
of transmitted drug resistance is always from another person who has undergone treatment
and has an acquired-drug-resistant virus. However, if rounds of “onward transmission”
occur with a drug resistant mutant, these strains are more likely to have mutations with
reduced viral fitness [1]. The replication of a low-fitness-cost mutation is favorable for the
virus when compared to high fitness cost: the lower the fitness cost of a mutation, the more
likely it will remain over time, even after those drugs are not used for a patient’s treatment.

On a similar note, mutants with high fitness cost can still be transmitted, especially
from treatment-experienced patients [12]. These low abundance variants may remain over
time until treatment is initiated in the new host, whereupon these resistant strains are
selected for quickly, despite the fitness cost. These low abundance variants may be difficult
to detect, but can have strong clinical effects [13]. For example, the common K65R mutation
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may exist at low levels in TDR cases. These pre-existing K65R mutants would then expand
to become the dominant variant in a host initiating treatment, such as with tenofovir [14].
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Figure 1. Expected resistance types due to treatment effectiveness and the characteristics of the
initiating virus strain. Acquired (yellow) and transmitted (blue) resistance are shown. Viruses that
infect as a wild-type are unmutated and highly susceptible to antiretroviral therapy. Ideally, when
therapy is effective, this strain would not develop escape mutations and any spread to new hosts
would remain susceptible to treatment (lower right). After therapy however, these strains could
acquire drug-resistance mutations (ADR, lower left). Viruses that infect after acquiring drug resistance
are less susceptible to treatment, potentially acquiring additional mutations if less effective drug
combinations are used or adherence is inconsistent (upper left) or spreading with existing mutations
to new hosts, referred to as transmitted drug resistance (TDR, upper right). Pre-exposure prophylaxis
would also be most effective against wild-type viruses.

With recently infected individuals, the rates of TDR are much higher due to this
replicative advantage. If viral fitness is too low when acquired by a new host not undergoing
treatment, the virus tends to revert to a more wild-type genome as it is a much more viable
form of the virus [15]. The increased use of NNRTI drugs as first-line treatments are
correlated with the increased occurrence of TDR. TDR in a population could reduce the
effectiveness of first-line treatments at a faster rate than ADR. While both forms of drug
resistance are of concern, TDR has the potential to drastically change treatment options in a
population and strengthen the mutation’s influence [16,17].

The current ideal would be to skew the transmission cycle toward only acquired
drug resistance. This will be accomplished through a combination of the many prevention
methods recommended, adherence to drug regimens, surveillance, and genotypic and
phenotypic testing.

2.2. Drug Resistance Testing

Drug resistance testing is necessary to identify the mutations, properly treat the
patient, and prevent further drug-resistant mutations. After viral escape, the source of drug
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resistance can be identified with genotypic testing of HIV reverse transcriptase, integrase,
or protease sequences.

When either acquired or transmitted mutation happens, genotypic testing uses Sanger
sequencing to identify specific mutations, and to determine an alternative treatment plan.
Due to unreliable detection of low-abundance variants, next generation genotype sequenc-
ing is gaining popularity, becoming more readily available in terms of cost and accessibility,
mostly in developed countries [18,19]. This type of testing requires nucleic acid extraction,
PCR amplification, library preparation, sequencing, and data analysis.

Once data is obtained, test interpretation begins. The basic process includes comparing
a patient’s resistance mutation to known patterns, and then changing the drug regimen if
necessary. Early experiments first discovered these resistance patterns in the genome of
HIV [20], and then tested outcomes based on switching to new therapy versus placebo [21,22].
However, not all mutations require a change of regimen, for example when a single component
exhibits only low-level resistance, but the other components of the drug regimen remain active.

It is clear that mutation patterns in drug-induced cases are nonpolymorphic—they
occur in defined patterns not seen in treatment naive patients, who have more polymorphic
natural mutations. It can thus be assumed that if a patient exhibits virological escape
(increased serum viral titers) and common drug-resistance mutations are present, it is
directly due to the currently prescribed drug. A change in drug regimen may be indicated.

The Stanford HIV Drug Resistance Database (HIVDB, http://hivdb.stanford.edu,
accessed on 1 November 2022) [4] allows input of user data and displays penalty scores
that should be used to guide clinical decisions. By comparing a patient’s sequence results
to databases of mutation patterns, other drug options can be considered. Each potential
drug is scored for its susceptibility or resistance to a patient’s drug-resistant strain.

In contrast to genotypic testing, phenotypic testing is used to observe the replicative
abilities of an individual’s HIV in the presence of different ARV drugs by molecular cloning
of PCR-amplified fragments from clinical samples into cell culture infection systems. Then,
exposure to a variety of ARVs can determine the effectiveness of a drug on the individual’s
strain. This provides important information to guide an effective treatment regimen, but
phenotypic testing is reserved for drug research or perplexing cases [23].

While these drug resistance testing methods are feasible in developed countries, devel-
oping countries do not have the same access. Due to the monetary boundary, developing
countries will empirically treat individuals that show virological failure instead of using
data-based treatment. There are guidelines set by the WHO on drug-resistant treatment
strategies for low-income areas [1].

2.3. Tropism and Its Effects on Transmission and Disease Status

Important to the idea that mutation affects transmission is HIV tropism, which defines its
transmissibility and clinical progress. Successful entry of HIV into the host cell is dependent
on two molecular contact points. The first point of attachment is the glycoprotein 120 (gp120)
with the host cell’s CD4 receptor, prompting a conformational change of the glycoprotein. The
gp120 conformational change exposes a second binding site on its V3 region that attaches to
the host CCR5 or CXCR4 coreceptor. The secondary binding then activates the glycoprotein
41 (gp41) to pierce the host cell membrane and enter the cell [24]. The specific amino acid
sequence of the gp120 V3 region determines the coreceptor used in attachment [25]. R5-tropic
virus will preferentially use the CCR5 coreceptor, while the X4-tropic virus will preferentially
use the CXCR4 coreceptor. The virus is termed dual-tropic if it can use either of the coreceptors
present [26]. Understanding the specific viral tropism can enhance treatment options and
control advanced infection.

Due to its direct interaction with a coreceptor, the V3 region of gp120 is typically
sequenced when analyzing the tropic genotype of a patient’s HIV strain. The CXCR4-tropic
strains usually have a more positive charge, higher genetic diversity, and a longer sequence.
After genotyping, the “11/25 rule” is a common guideline to determine tropism. If the V3
loop mutates to a positively charged amino acid in position 11 or 25, an CXCR4-tropism

http://hivdb.stanford.edu


Viruses 2023, 15, 107 5 of 30

is suspected [27]. Because most testing simply identifies coreceptor tropism, one group
studied the genetic mutations that are associated with tropic switch. Six pairs of single-
amino acid mutational patterns and three pairs of two-amino acid mutational patterns were
found in gp120′s V3 loop that correlated with a higher likelihood for a tropic switch to the
CXCR4 coreceptor [28]. Another group used an algorithm for tropic testing and noted that
the stronger the prediction that a strain was truly R5 tropic, the more likely it would stay
R5 tropic over time. No other predictors were associated with a tropic switch [29]. Tropism
tests should be performed before adding treatment to a patient’s regimen, especially CCR5
entry inhibitor drugs.

There are patterns in the host-specific viral population that are centered around
tropism (Figure 2). R5-tropic strains are favored for transmission of the virus and are
typically found at the early stages of infection. X4-tropic strains are commonly found
at the later stages of infection, but may also be present early on in significantly smaller
numbers (Figure 2A). Around 50% of subtype B patients show a late stage dominance
of X4-tropic strains [30]. There is a widely accepted association between X4-tropic viral
emergence and disease progression, however the exact correlation is still undetermined–it
could be a cause or an effect [31]. One hypothesis suggests that there is an active selection
of R5-tropic viruses. It also suggests that the tropic switch is due to the virus evolving
throughout the course of disease [30]. Another hypothesis suggests that memory T cells
with CCR5 coreceptors are more efficiently activated, promoting replication of R5-tropic
strains. Naive T cells with the CXCR4 coreceptor exhibit comparatively less HIV replication,
but as memory T cell counts fall, X4-tropic strains become the favored type [32,33]. Yet,
another hypothesis suggests that the immune system responds to X4-tropic strains better
than R5-tropic strains. As the patient’s immune function plummets, X4-tropic strains are
now at an advantage [34,35]. One study found a causal relationship between high levels of
CD4 T-cell activation markers at the early stages of infection and the later appearance of
X4-tropic strains [31]. Regardless of the mechanistic details, the pattern is early infection
with only R5-tropic HIV, and a switch to more X4 tropism during clinical progression
toward AIDS.

Our understanding of CCR5 tropism is also based on the well-known CCR5∆32 mu-
tation carried by around 10% of humans of European ethnicity, with around 1% being
homozygous for the deletion. Heterozygous CCR5+/∆32 carriers show slowed progression
and lower viral load [36,37]. Homozygous CCR5∆32/∆32 individuals are protected from
HIV-1 infection due to the inability to attach to CCR5 coreceptor, despite their cells still
expressing CXCR4. One of the only successful HIV cures involved this mutation, the so-
called Berlin patient. This individual was receiving treatment for both HIV-1 and advanced
leukemia. After receiving a bone marrow stem cell transplant from a donor who had the
CCR5∆32/∆32 mutation, the patient’s HIV was eradicated (Figure 2B). Despite the ablation
of host R5-containing cells, any X4 virus remaining in the host was apparently unable to
infect the newly donated cells [38].

CCR5 inhibitor-based treatment, like Maraviroc, blocks R5-tropic entry. However, this
selective pressure may provide opportunity for X4-tropic entry and replication. Pre-existing
X4-tropic strains have been shown to replicate rapidly when the patient is treated with R5
blocking drugs like maraviroc (Figure 2C). Once treatment is stopped, the dominant viral
population reverts back to R5-tropic strains [31,39–41]. In most dual-tropic variants, the
X4-tropic aspect is favored due to higher replication fitness. However, X4 strains or dual-
tropic variants usually make up a small portion of the viral population when compared
to R5 strains. When a patient is receiving maraviroc treatment, X4-tropic and dual-tropic
strains have the selective advantage, promoting replication [42]. The high mutation rate of
HIV is the fundamental source of all of these described tropism adaptations.
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Figure 2. The outcome of tropic switching over time due to HIV mutation. (A). The normal pattern of
HIV infection starts with becoming infected with the R5 variant which attacks the CCR5 receptor. The
virus then mutates and becomes X4-tropic, gaining entry via the CXCR4 receptor, also correlating with
the progression to AIDS. (B). The Berlin patient received a bone marrow transplant from a donor with
the CCR5∆32/∆32 mutation, however the patient was cleared of both R5-tropic and X4-tropic HIV, a rare
and unusual cure. (C). Treatment with CCR5 inhibitors like Maraviroc quickly induces a tropic switch to
X4 variants. Viral load remains low due to other components that would be used in combination.
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2.4. Vaccine and Prevention Strategies

Stopping HIV infection before it begins would be ideal. Several strategies are discussed
in this section. During vaccine trials, the human immune system sometimes creates a
strongly protective antibody response when it produces broadly neutralizing antibodies
(bNAbs). Passive antibody transfers of bNAbs have also been attempted. Pre-exposure
prophylaxis (PrEP) using treatment drugs in pre-exposure settings will likely prevent many
new infections. Novel future technologies include mRNA vaccines that may encourage
both the production of bNAbs and a strong T cell response, and CRISPR gene editing that
may reduce or eliminate latent reservoirs of cells carrying integrated HIV genomes.

2.4.1. Vaccine Trials and bNAbs

All vaccine trials have failed thus far due to immune-escape mutations in HIV. How-
ever, through trial and error, the path towards a successful vaccine or treatment is becoming
clearer. Broadly neutralizing antibodies (bNAbs) bind to gp120 or gp41 (Figure 3) and have
the potential to match the mutational speed of HIV, maintaining inhibition of attachment
to CD4 receptors. Due to this ability, the production of bNAbs is the current gold-standard
in HIV vaccinology, although this standard has not yet been reached at a large scale.
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Figure 3. bNAb binding sites. Individual monomers are shown in orange, green, and purple and
form the trimeric gp120. Yellow, pink, and neon green depict monomers within the trimeric gp41. The
bNAb binding sites are indicated with arrows: the CD4 binding site, gp120/gp41 interface, V1/V2,
V3, and MPER. Drawn from PDB ID: 6VRW [43–47].

Over the course of HIV-1 infections, individuals will develop neutralizing antibodies
that work with only a narrow range of strains. Broadly neutralizing antibodies are highly
potent antibodies that work by binding to one of several key sites on gp160 (Figure 3).
Affinity maturation (due to B cells’ somatic hypermutation) yields antibodies that contin-
ually adjust to changing antigens resulting from HIV-1′s prolific replication errors [48].
First generation bNAbs were initially isolated from blood and found to bind at gp120′s
V3 loop, the CD4 binding site (CD4bs), and gp41′s membrane-proximal external region
(MPER). The new generation of laboratory-generated monoclonal antibodies bind at new
sites–the gp120-gp41 interface, the “silent face” of gp120, and the V1V2 apex–in addition to
the sites bound by the first generation. The new generation also has a monumental increase
in potency and coverage [49].

Two antibody-mediated prevention trials hoped to find success in passive administra-
tion of a broadly neutralizing monoclonal antibody. Intravenously administered VRC01
was delivered in increments over the course of 20 months in trials HVTN704 and HVTN703
(Figure 4). Unfortunately, the antibody did not sufficiently prevent HIV-1 infection in
participants. The majority of HIV strains in newly infected individuals were found to be in-
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sensitive to the VRC01 monoclonal antibody. When this single antibody was administered,
HIV was also able to quickly outmaneuver it. With each injection, selection pressure led to
a high amount of VRC01-resistant strains [50].
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Figure 4. HIV-1 vaccine trial history. Arrows indicate spans of time and are color coded based on
their progress. The number of participants and vaccine descriptions are noted. Starting at the left, the
RV144 trial (2003–2006, monitoring until 2009) showed a modest 31% efficacy result [51]. The STEP
study (2004–2007, monitoring until 2009) found that vaccinated participants were at a higher probability
of HIV-1 infection if they had prior high levels of antibodies against the vector, adenovirus serotype
5 [52]. HVTN503, also known as the Phambili trial (2007, monitoring until 2012), used a MRKad5
gag/pol/nef HIV-1 subtype B vaccine, similar to the STEP trial. It was stopped within a few months,
due to the STEP results. Although similar to the STEP trial, it did not result in an increased risk of
HIV infection [53,54]. The HVTN505 trial (2009–2013, monitoring until 2017) was stopped due to a
lack of efficacy. This trial looked at the efficacy of a DNA vaccine with clade B Gag, Pol, and Nef
proteins and clade A, B, and C’s Env proteins. There was also a booster administered using a rAd5
vector that expressed clade B Gag-Pol fusion protein and clades A, B, and C’s Env glycoproteins [55].
The HVTN100 study (2015–2018) was the smallest clinical vaccine trial [56]. HVTN702, the Uhambo
trial (2016–2021), utilized two priming immunizations of subtype C envelope ALVAC-HIV and four
boosters of a subtype C bivalent gp120 protein adjuvanted by MF59 [57]. The HVTN703, or AMP trial
(2016–2021), tested an intravenous antibody (VRC01). There were ten different infusions over the course
of 72 total weeks [54]. In HVTN704 (2016–2020), AMP participants received the same treatment as
the HVTN703 trial [50]. For the HVTN705, or Imbokodo trial (2017–2022), a priming vaccination of
Ad26.Mos4.HIV was administered at four different time periods with boosting adjuvanted vaccinations
of Clade C gp140 protein administered twice [58]. The HVTN706 or Mosaico trial (2019–2024, expected)
has a similar experimental design to HVTN705. This study administered the priming vaccinations of
Ad26.Mos4.HIV at four different time periods with boosting vaccinations of Clade C and Mosaic gp140
protein administered twice [58].

Vaccine trials (Figure 4) will be discussed briefly, emphasizing that the mutation of HIV
promotes vaccine failure or escape. The RV144 clinical trial used a canarypox virus-based
vector encoded with HIV-1 subtype B’s Gag protein and Pro protein inserts along with the
Env protein from the subtype circulating recombinant form (CRF) 01_AE, administered at
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zero, one, three, and six months. At three and six months, the trial also administered gp120
proteins from subtype B (isolate MN) and CRF01_AE (isolate A244). The trial, conducted
between 2003 and 2006 with 16,402 patients, resulted in moderate vaccine efficacy (31%),
leading to the end of the trial [51]. A follow-up study was done to evaluate the long-term
effects of the RV144 vaccine clinical trials in the placebo group compared to the vaccine
group after participants became infected with HIV-1. In the placebo group it showed that
there were more effective responses to IgG3 and gp120 specificity. This long-term reaction
juxtaposed that of the vaccination group, where there was decreased IgG3 binding to Env,
increased IgG2 and IgG4 binding to Env, and increased V1V2-specific binding by IgG1. The
vaccination group also saw a lack of bNAbs developed after infection but an increase in
Fc-mediated effector functions. This indicates that B cells were primed to have very specific
antibody responses with prevalence given to V2 antibodies which lacked neutralizing
capabilities [59]. With the inevitable mutations of HIV-1, hyper-specific binding sites, as
seen with vaccination but not natural infection, are not effective or efficient in terms of
immune response.

The specificity seen in vaccinated participants post-infection hindered the develop-
ment of bNAbs and also supported a sieve analysis that showed V2-specific responses to
vaccination. The analysis looked at breakthrough HIV-1 genome sequences from the vaccine
group and the placebo group. The 936 different genomes showed a significant distinction
between the two groups’ immune responses associated with amino acid positions 169 and
181 (Figure 3). The residue at 169, a common target for bNAbs and RV144-derived antibod-
ies, had the greatest vaccine-induced immune response when patients’ viruses matched
that of the vaccine they received. Amino acid site 181 showed the greatest vaccine-induced
immune responses when viruses were different from that of the vaccine, suggesting a
limitation due to the vaccine [44].

In the RV305 trial, there was a promising reaction to boosters in uninfected participants
that were previously vaccinated in the RV144 trial. Receiving a booster eleven years after
receiving the treatments in the RV144 trial showed an increase in somatic hypermutation.
This is significant to develop bNAbs and respond to the rampant mutations in the HIV-1
virus [60]. The RV144 vaccine trial showed that vaccine-induced immune responses work
well when specifically binding to V2 sites, but HIV-1 mutations still pose a problem with
vaccine efficacy and subsequent bNAb development. The commonly supported solution to
this is increased somatic hypermutation of the HIV-specific antibody repertoire, matching
bNAb mutations with HIV-1 mutations.

The STEP trial recruited 3000 HIV-1 negative subjects in the US and Latin America.
Subjects received three injections of three rAD5 vectors with each vector expressing Ad5-gag,
Ad5-pol, and Ad5-nef [61]. The goal of the vaccine was to induce T cell immunity to HIV
for a reduced viral load in breakthrough infections. The trial was stopped midway because
there was not adequate vaccine efficacy to prevent HIV infection. Furthermore, the trial did
not show a reduced viral load post-infection compared to placebo for those that became
infected during the trial. Out of 741 vaccinated participants, 24 presented with breakthrough
HIV-1 infections, compared to 21 out of 762 in the placebo group. Results from this study
suggested that some vaccinated participants had pre-existing high levels of antibodies against
adenovirus serotype 5 before vaccination. It was concluded that participants were at a higher
probability of HIV-1 infection because of those pre-existing antibodies [62]. This trial shows
that using a vector that the body has not been exposed to may be necessary for an HIV-1
vector vaccine. As with most vaccine attempts, this early trial showed that the static protein
antigens the immune system targets become an ineffective representation of the mutable
protein antigens presented by the changing HIV-1 virus.

HVTN 702 is a vaccine trial that utilized a recombinant canarypox vector with subtype
C envelope ALVAC-HIV and a subtype C bivalent gp120 protein adjuvanted by MF59 [57].
The addition of MF59 to create stronger binding and higher concentrations of neutralizing
antibodies [63] was thought to enhance antibody development where the RV144 trial saw
deficiencies. This trial in South Africa from 2016 to 2019 saw no difference in the viral
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load of breakthrough HIV infections between vaccinated individuals and the placebo group
participants. Because this trial used subtype C, it is possible that the lacking results are due to
the great genetic diversity of this subtype when compared to RV144′s use of subtype B [57].

Newer trials HVTN705 (Imbokodo) and HVTN706 (Mosaico) are expected to end
within the next two years. They use a priming vaccination of Ad26.Mos4.HIV at four
different time periods with boosting adjuvanted vaccinations of Clade C gp140 protein
administered twice, with the Mosaico trial adding a mosaic gp140 protein. The results from
these trials are eagerly awaited. It is hoped that bNAbs will be generated in a way that the
virus cannot avoid through mutational escape.

2.4.2. mRNA Vaccines

mRNA vaccines promote the cell-mediated immunity required to kill virally infected
cells and also lead to a specific antibody response. HIV-1 mRNA vaccine research utilizes
either non-amplifying mRNA vaccines or self-amplifying mRNA vaccines. Non-amplifying
mRNA vaccines encode only the immunogen. They yield a finite immune activation,
limited by the amount of mRNA transcripts in the vaccine. Because of this limitation,
efficacy and the amount of mRNA are directly correlated. In the case of self-amplifying
mRNA vaccines, both the immunogen and the parts needed to replicate it are encoded,
but without creating infective viral particles. They require a smaller dose and are more
effective at enhancing immune responses [64,65]. A self-amplifying RNA vaccine study
in nonhuman primates found evidence of eliciting both cellular and humoral immune
responses, even at low doses [66]. Due to the success of messenger RNA vaccine technology
with SARS-CoV-2, there is promise for a successful HIV-1 mRNA vaccine. In 2021, a Phase 1
study for an HIV-1 mRNA vaccine was announced [67]. The hypothesis is that this method
will induce the development of bNAbs in the participant, which are the only known hope
to combat HIV-1′s mutations.

2.4.3. Preventative and Post-Exposure Treatments

Classic prevention strategies include avoiding exposure and effective vaccines. In the
absence of these, the novel ability to use preventative medications is an important step to re-
duce risk of infection. Several recent drugs have been introduced. Preexposure prophylaxis
for HIV provides at-risk groups with a preventative safety net. It has significantly lowered
the probability of being infected with HIV among these groups. There are currently two
drugs used for PrEP, emtricitabine and tenofovir.

The most common mutations seen with HIV also contribute to PrEP resistance. Re-
sistance to tenofovir (M184I/V mutation) and resistance to emtricitabine (K65R mutation)
have shown to be the most common drug-resistant mutations in HIV-1 infections [68]. A
study was done to see which PrEP-associated mutations were present before and after
breakthrough HIV-1 infection. Four of the cases suggest resistance mutations K65R, K70E,
and/or M184I/V. These participants had all started taking PrEP while they had an acute
HIV infection. Acute infections have a high replication rate and therefore high rates of
mutations due to the notorious errors made by HIV. The ultimate findings from this study
reported that at six, twelve, and twenty-four months after participants stopped taking PrEP,
all PrEP-related mutations were undetectable. The development of resistance to PrEP is
low but can occur if PrEP is taken while acutely infected. One patient in the study had no
history of PrEP, but showed M184 mutations in their viral load, suggesting transmitted
drug resistance. In the case of acquired resistance, cessation of PrEP is necessary to remove
selection pressure and stop the replication of drug-resistant mutations [69].

Consistently following the recommended medication usage is necessary to prevent
infection with HIV [69]. Traditionally, PrEP is taken daily. However, there is a new
secondary strategy for the oral PrEP pill called 2-1-1 dosing. Preference to this strategy
is seen in people with low rates of sexual encounters, people seeking reduction in cost,
people who forget to stick to a daily regimen, and people willing to reduce side effects.
This design incorporates taking two tablets 2–24 h before a sexual encounter, followed by
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two tablets taken separately between 24–48 h after the initial dosing of two tablets [70,71].
Taking PrEP daily could potentially contribute to drug resistance, whereas the 2-1-1 dosing
and other new PrEP strategies could prevent that possibility [72].

An alternative version of PrEP, Cabenuva (cabotegravir extended-release injectable sus-
pension; rilpivirine extended-release injectable suspension), was approved by the US FDA
in 2021. This injectable medication is only administered once a month. Efficacy trials in-
cluding 591 participants found no difference in the effectiveness of daily, oral PrEP and
the once-a-month injectable Cabenuva. However, six participants from the trial had break-
through infections that presented with drug resistance mutations. Similarly to PrEP, once
treatment with Cabenuva was replaced with a treatment medication, these mutations became
undetectable in the participants. Because missed doses are less likely to happen with this
once-a-month alternative to PrEP, drug-resistance mutations are suspected to decline [73].

Similar to PrEP, post-exposure prophylaxis (PEP) is another form of preventative
treatment for people who have been potentially exposed to HIV, especially in the workplace.
PEP includes tenofovir and emtricitabine treatment, as well as raltegravir or dolutegravir
for 28 days. Similar to PreP, drug resistance is seen when the treatment regimen is not
followed and when the individual is infected with an already drug-resistant virus [74].

2.4.4. CRISPR

Although we can suppress replication, infected cells contain the integrated viral
genome. This provirus must be removed to cure the infection from the human body. The
use of clustered regularly interspaced short palindromic repeat (CRISPR) technology can be
adapted to target these latent reservoirs, suppress replication, and prevent transmission [75].
Inactivation of the proviral DNA in latent reservoirs with CRISPR could lead to an HIV-1
cure. In studies evaluating the efficacy of CRISPR/Cas9 edits of integrated HIV genomic
targets, sustainable viral inhibition was achieved when the target sequence was well
conserved in HIV-1. However, because of HIV-1′s rapid evolution, escape mutations at
the cleavage site occur in response to Cas9 [76,77]. When targeting human genes instead
of viral genes, CRISPR/Cas9 inactivation of CCR5 is an attractive strategy, however this
could potentially lead to Env mutations that allow the HIV-1 strain to use CXCR4 instead.
CRISPR/Cas13a cleaves RNA in order to inhibit new virus production and latent reservoirs.
Cas13a was found to reduce the amount of newly synthesized viral RNA and dismantled
viral RNA within capsids [78]. However, because Cas13a works only on RNA, not DNA, a
theoretical HIV cure cannot be found with Cas13a alone. Because these findings are only
seen in a laboratory setting, more research in humans is needed to evaluate efficacy.

Preventatives such as a safe, highly effective, and accessible HIV vaccine will be signif-
icant contributors to the interruption of the chain of transmission of HIV. Well-conceived
HIV immunization strategies could reach populations where other interventions are not suf-
ficiently effective. In combination with antiretroviral therapies, preventatives will decrease
the cost of treatment and increase long-term efficacy. To be effective, a robust immune
reaction, such as the production of bNAbs, is required. Preventatives face the challenge of
mutation, the same challenge that faces current treatments, as discussed below.

3. Replication Cycle

In addition to the person-to-person transmission discussed above, HIV transmits from
cell to cell. The replication cycle of HIV in individual cells consists of several main steps:
attachment, entry, reverse transcription, integration, biosynthesis, assembly, release, and
maturation due to protease activity. Blocking some basic steps can be accomplished with
therapeutic drugs, however, HIV is a rapidly mutating virus. Therefore, HIV naturally
develops mutations to prevent drug inhibition. Although a widely-use centralized database
of mutations exists that collects mutation data for research and clinical use [1–7], not all
cases are treated, and not all treatment-escape cases are sequenced to determine why
treatment failed. Information is a powerful tool for staying ahead of treatment associated
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mutations. Replication cycle steps will be discussed and related to drug inhibitors and
drug-escape mutations (Figure 5).
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. Upon uncoating, the HIV RNA is released and converted
to HIV DNA through reverse transcription. Nucleoside reverse transcriptase inhibitors (NRTI) and
non-nucleoside reverse transcriptase inhibitors (NNRTI) directly block reverse transcription.
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. Inside the released virus,
protease acts on the immature HIV particle to create the mature infectious virus. Protease inhibitors (PI)
block protease and prevent the formation of mature infectious particles.
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3.1. Attachment and Entry

The attachment of the virion is initiated by the fusion protein, gp160 (Figure 5, step 1).
This protein is trimerized and then cleaved, producing three copies of each gp120/gp41
subunit. The HIV particle will attach to a host cell’s CD4 receptor with gp120, prompting a
conformational change of this glycoprotein. This change enables gp120 to also bind to one
of two coreceptors, CCR5 or CXCR4. Next, the N-terminal fusion peptide gp41 moves and
pierces the host cell membrane, exposing gp41′s C-terminal peptide. From here, three gp41
molecules fold to bring both fusion peptides together to form a six-helix bundle that brings
the membranes even closer, creating a fusion pore through which the virion reaches the
host cytoplasm. The cone-shaped capsid then releases the viral genome [24,79–81].

There are currently four FDA approved drugs that are involved in the attachment
and entry step; Enfuvirtide, Maraviroc, Fostemsavir, and Ibalizumab (Table 1). Enfuvirtide
(T20) was the first FDA approved peptide-based HIV entry inhibitor. Starting in 2003, this
fusion inhibitor was used by patients faced with virologic failure. It acts like the gp41
C-terminal peptide to encourage N-terminal peptide binding, but then blocks the folding
mechanism. This prevents the formation of the six-helix bundle and subsequent fusion
pore. Enfuvirtide is currently only recommended for patients facing multidrug resistance
and is conservatively prescribed [82,83]. Maraviroc (MVC) is currently the only approved
CCR5 antagonist that inhibits the secondary coreceptor binding step needed for viral entry.
R5-tropic strains treated with MVC are unable to infect the cells, similar to people with the
CCR5∆32/∆32 mutation. Inhibition is suspected to only work if the individual does not have
active X4-tropic or dual-tropic viruses [84]. Due to this, a viral tropism test is necessary
prior to treatment [85]. A recently approved inhibitor, Fostemsavir, competes with the CD4
receptor and prevents initial attachment of the virus. There is currently no known cross-
resistance with other ART treatments, making it highly suitable for patients with multidrug
resistance [86]. Additionally, affecting entry, Ibalizumab was FDA approved in 2018 for
multi-drug resistant HIV and used in combination with ART. Ibalizumab is a humanized
monoclonal antibody that does not prevent the initial attachment of the CD4 receptor, but
does interact with the CD4-gp41 complex, preventing coreceptor engagement [86].

Table 1. Attachment and entry inhibitors.

Drug Class Name Trade Name Use FDA Approval

Fusion Inhibitor Enfuvirtide (T20) Fuzeon
Patients who are treatment

experienced and who currently
have virological failure.

13 March 2003

Attachment Inhibitor Fostemsavir (FTR) Rukobia

Patients who are treatment
experienced, have multi-drug

resistant HIV, and who
currently have

virological failure.

2 July 2020

Post-Attachment
Inhibitors Ibalizumab (IBA) Trogarzo

Patients who are treatment
experienced, have multi-drug

resistant HIV, and who
currently have

virological failure.

6 March 2018

CCR5 Antagonist Maraviroc (MVC) Selzentry
Patients who have CCR5-tropic
infection, given in combination

with other medicines.
6 August 2007

Patterns of drug resistance for these novel attachment and entry inhibitors are emerg-
ing (Figure 6; Table 2). Enfuvirtide mutations are generally found in the highly conserved
gp41 [87]. There are mutations that can increase CD4 cell count or decrease CD4 cell count
with no significant changes to viremia [88]. Drug-resistant mutations that are associated
with Maraviroc have generally been found to cause a strain-specific change within the V3
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loop of gp120 [89]. In vitro research also found resistance mutations in the C4 region of
gp120 from a subtype A virus. The results suggest that an N425K mutation may impact
CD4 interactions, reducing susceptibility to MVC. In association with the high replicative
fitness cost of N425K, a common group of mutations are thought to provide stability to
the structure; E33G, R117Q, Q290K, L/G396V, and D461E [90]. Other mutations in the
V3 loop are necessary for extensive replication, necessary for competitive resistance, and
enhance viral fitness. T199K mutation is uniquely found in the C2 region and enhances viral
fitness [91]. Fostemsavir mutations are found in gp120 and associated with reduced drug
susceptibility such as S375 and M426. Generally, any non-M genotype strain of HIV-1 has
natural resistance to the drug [92–94]. The most common substitution mutation found was
S375T, however, this mutation does not have a strong effect on resistance [93,94]. Deletion
of a potential N-linked glycosylation site (PNGS) in gp120′s V5 loop is most often attributed
to Ibalizumab resistance. When paired with the absent site, the length of the V2 loop can
cause varying degrees of resistance strength. Two mutations have been found to disrupt
the PNGS and are thought to be associated with this deletion [95].

Viruses 2023, 15, x FOR PEER REVIEW 15 of 32 
 

 

I318V in V3 Necessary for extensive replication 

F312W, T314A, E317D in V3 Necessary for noncompetitive resistance 

I304V in V3 Enhances viral fitness 

 

Figure 6. HIV receptor interactions. gp120 (green) interacts with both CD4 (orange) and CCR5 (pur-

ple). In the top half, the V3 loop is highlighted in magenta. The 11/25 rule, a common guideline to 

determine tropism, is associated with the locations noted in the V3 loop. The V3 loop’s crown is a 

crucial location for binding and is highlighted in white. In the lower half, the C4 region of gp120 is 

shown with its treatment-associated mutations. Based on PDB 6MEO [45–47,96]. 

3.2. Reverse Transcription 

Reverse transcription is a unique process that occurs in the retroviridae family of vi-

ruses, where a ssRNA genome becomes a dsDNA copy (Figure 5, step 2). In HIV, reverse 

transcriptase takes place in newly infected cells. The two main enzymatic activities, found 

in a single enzyme, are DNA polymerase activity (due to the RT domain) and RNase H 

activity (due to the RNase H domain). The RT domain has 3 subdomains named using a 

hand analogy. The template slides through the palm, which contains the enzyme’s cata-

lytic center, guided by the fingers and thumb at either side (Figure 7). A heterodimer of 

RT (p51) and RT plus RNase H (p66) form the holoenzyme, where p51 plays a role in 

structural support and p66 performs all catalytic functions [97]. 
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(purple). In the top half, the V3 loop is highlighted in magenta. The 11/25 rule, a common guideline
to determine tropism, is associated with the locations noted in the V3 loop. The V3 loop’s crown is a
crucial location for binding and is highlighted in white. In the lower half, the C4 region of gp120 is
shown with its treatment-associated mutations. Based on PDB 6MEO [45–47,96].
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Table 2. Mutation patterns that result from attachment and entry inhibitor use.

Name Significant Mutations Effect of Mutations

Enfuvirtide

N126K, E137K, S138A Reduced viral susceptibility and increased viral fusion
R46K/M on gp41 Potential resistance

L44M on gp41 Major resistance (1.8 fold)
V38A/E/K/M on gp41 Increase in CD4 cell count without significant viremia

Q40H/K/P/T CD4 loss without significant viremia
L45Q/M CD4 loss without significant viremia

E560K/D/G Escape peptide inhibitors

Fostemsavir

S375H/I/M/N/T in gp120 Reduced viral susceptibility and may reduce binding of the drug
M426L/P in gp120 Reduced viral susceptibility and may reduce binding of the drug
M434I/K in gp120 Reduced viral susceptibility

M475I in gp120 Reduced viral susceptibility
L116P Reduced viral susceptibility

Ibalizumab
N460Q Disrupts PNGS in V5 loop
N464Q Disrupts PNGS in V5 loop

Maraviroc

N425K May impact CD4 interactions; primary resistance mutation
E33G, R117Q, Q290K, L/G396V, D461E May work to stabilize N425K mutation

T199K in C2 region Enhances viral fitness
I318V in V3 Necessary for extensive replication

F312W, T314A, E317D in V3 Necessary for noncompetitive resistance
I304V in V3 Enhances viral fitness

3.2. Reverse Transcription

Reverse transcription is a unique process that occurs in the retroviridae family of
viruses, where a ssRNA genome becomes a dsDNA copy (Figure 5, step 2). In HIV, reverse
transcriptase takes place in newly infected cells. The two main enzymatic activities, found
in a single enzyme, are DNA polymerase activity (due to the RT domain) and RNase H
activity (due to the RNase H domain). The RT domain has 3 subdomains named using a
hand analogy. The template slides through the palm, which contains the enzyme’s catalytic
center, guided by the fingers and thumb at either side (Figure 7). A heterodimer of RT (p51)
and RT plus RNase H (p66) form the holoenzyme, where p51 plays a role in structural
support and p66 performs all catalytic functions [97].

DNA polymerase’s function is to copy either an RNA or a DNA template. RNase
H’s function is to degrade RNA that is part of an RNA-DNA duplex. During reverse
transcription (in the case of HIV-1) the host tRNA primer is Lys3. The template viral RNA
contains long terminal repeats (LTR), whose repeated segments allow for several strand
transfer reactions. A partial negative strand is made first at the 5′ LTR, then translocated to
the 3′ LTR for full strand synthesis. The RNase H activity follows, degrading the 5′ end of
the viral RNA and exposing the new negative strand DNA. DNA synthesis continues down
the length of the genome, but the polypurine tract is resistant to RNase H and remains
intact to act as a primer for positive strand DNA synthesis. The reverse transcriptase then
copies the negative strand as well as the first eighteen nucleotides of the tRNA host primer.
Reverse transcriptase then cleaves the tRNA one nucleotide away from the 3′ end leaving a
single A ribonucleotide at the 5′ end of the negative strand. A full length dsDNA genome
copy is thus made [99].

There are currently two types of drugs that target reverse transcription, nucleoside
reverse transcriptase inhibitors (NRTI) and non-nucleoside reverse transcriptase inhibitors
(NNRTI), with FDA-approved inhibitors listed in Table 3. The NRTIs are competitive in-
hibitors that function as prodrugs, after metabolizing the drug (usually by phosphorylation
to a triphosphate nucleotide) it becomes a pharmacologically active drug. The NRTIs are
then incorporated into the viral DNA using reverse transcription. The usual mechanism is
chain termination, as NRTIs tend to lack a 3′ hydroxyl group. The names given to NRTI
mutations can either be nucleoside/nucleotide associated mutations (NAMs) or thymidine
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analog mutations (TAMs). NNRTIs are non-competitive inhibitors that bind to the active
site and form hydrophobic pockets adjacent to the active site. The mutation common with
NNRTIs is a change in the amino acid sequence resulting in unfavorable binding sites for
the NNRTIs. The degree to which these mutations decrease drug binding is quantified in
Figure 8; the most common mutations are listed in Table 4.
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Mutational hotspots (yellow) are all found in or near the fingers and palm subdomains. In the center
of the palm lies the active site residues that catalyze reverse transcription (red). The RNase H domain
contains a DEDD box active site that cleaves template RNA [98]. Nucleotide strand position indicated
in green.

Table 3. Reverse transcription inhibitors.

Drug Class Name Trade Name Use FDA Approval

NRTI Abacavir (ABC) Ziagen As part of initial regimen, given in combination with
other medicines. Cannot have HLA-B*5701 allele. 17 December 1998

NRTI Emtricitabine (FTC) Emtriva As part of initial regimen, given in combination with
other medicines. 2 July 2003

NRTI Lamivudine (3TC) Epivir As part of initial regimen, given in combination with
other medicines. 17 November 1995

NRTI Tenofovir (TDF) Viread As part of initial regimen. 26 October 2001

NRTI Zidovudine (AZT) Retrovir No longer used/rarely prescribed. 19 March 1987

NNRTI Doravirine Pifeltro As part of initial regimen, given in combination with
other medicines. 30 August 2018

NNRTI Efavirenz (EFV) Sustiva As part of initial regimen, given in combination with
other medicines. 17 September 1998

NNRTI Etravirine (ETR) Intelence For treatment-experienced patients, given in
combination with other medicines. 18 January 2008

NNRTI Nevirapine (NVP Viramune Given in combination with other medicines. 21 June 1996

NNRTI Rilpivirine Edurant For treatment-naive patients, given in combination
with other medicines. 20 May 2011
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Figure 8. HIV RT-inhibitor resistance mutation scores. These resistance scores, when shown in
aggregate, can reflect hotspots in the HIV genome which confers resistance to several drugs. Colors
represent different drugs, with occurrence rates combined additively. Any negative value represents
that HIV had increased susceptibility (instead of resistance) to that drug. NRTI (A) and NNRTI (C)
mutations are shown. Combinations of mutations are also shown (B,D) that usually include primary
mutations that allow drug escape plus compensatory mutations that reduce fitness costs.
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Table 4. Mutation patterns commonly found due to NRTI and NNRTI use.

Mutation Drug Inhibition Response/Resistance Increase Susceptibility

M184V/I 3TC, FTC Reduces viral replication in vitro and
in vivo AZT, d4T, TDF

K65R TDF, ABC, ddl, 3TC, FTC AZT

M41L and T215Y AZT, d4T, ABC, ddL, TDF High resistance: AZT, d4T
Low resistance: ABC, ddI, TDF

D67N AZT, d4T

K70R AZT, d4T, TDF Intermediate Resistance: AZT
Low resistance: d4T, TDF

L210W, M41L, and T215Y AZT, d4T, ABC, ddI, TDF
High resistance: AZT, d4T

Intermediate Resistance: ABC,
ddI, TDF

T215Y/F AZT, d4T, ABC, ddI, TDF Intermediate resistance: AZT, d4T
Low resistance: ABC, ddI, TDF

K219Q/E AZT, d4T

K70G/Q/E/T/N/S D4T, ABC, TDF, 3TC/FTC, Low resistance: 3TC/FTC AZT

L74V/I and M184V ABC, ddl AZT, TDF

Y115F ABC, TDF

G151M with either A62V, V75I,
F77L, and F116Y 3TC/FTC, TDF Intermediate resistance:

3TC/FTC, TDF

G151M AZT, d4T, ddI, ABC,
3TC/FTC, TDF

High resistance: AZT, d4T, ddI, ABC
Low resistance: 3TC/FTC, TDF

T69D/N/G Ddl, d4T

T69D/N/G and TAMS AZT

V75T/M/A/S D4T, ddl

N348I AZT, NVP, EFV Reduces rate of RNA
template degradation

3.3. Integration

After entry, uncoating, and reverse transcription take place, the resulting double-
stranded viral DNA must be inserted into the host genome (Figure 5, step 3). Integration is
a necessary step in the viral replication cycle that happens in all RNA retroviruses [100]
and is catalyzed by the viral integrase enzyme (IN). IN is a 280-residue protein with three
active-site amino acids (D64, D116, E152) that coordinate Mg2+ and allow catalytic activity,
found in the core domain (Figure 9). The IN monomer also consists of an N-terminal Zn-
binding domain and a C-terminal DNA binding domain, which promote the interactions
and assembly of components that make integration possible.

Prior to integration in the cytoplasm, viral DNA is associated at either end with dimers
of the viral integrase (IN) enzyme. The IN enzyme itself is only part of a larger complex
of proteins, called the pre-integration complex, that includes viral dsDNA, IN, Vpr, and
matrix proteins; host proteins BANF1 and LEDGF/p75 are also associated [106,107]. The
host factor TRIM5α is known to interfere with uncoating prior to integration in some
non-human primates, however, the human TRIM5α gene is not able to do so [108]. Human
genes that are required for integration represent an interesting mechanism for the future of
HIV replication inhibition.

The pre-integration complex forms in the cytoplasm and removes two nucleotides from
only the 3′-ends, preparing these sticky ends for insertion into a host chromosome [109]. The
matrix protein contains the nuclear localization signals that direct the pre-integration complex
to enter the nucleus [110] where IN catalyzes the strand transfer reaction. Recombination of
viral and host DNA always occurs at the same site in the viral genome, the 5′ and 3′ LTRs,
but can occur almost anywhere in the host genome. There is a preference for transcriptionally
active sites, likely to keep HIV gene expression active after integration [111].
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Figure 9. HIV integrase structure, two-dimensional monomer map. Two dimers of this protein
bind either end of the HIV genome during integration. The active site is considered to be the
essential Asp64, Asp116, and Glu152 (the D,D-35-E motif) [101]. His12, His16, Cys40, and Cys43
bind Zn2+ [102]. The sequence of each domain from PDB files 1WJA [103], 1IHV [101], and 1BIS [104].
Multimer structure based on [105]. In the multimer image (lower left), the red DNA (host) and green
DNA (virus) represent that these strands will be recombined.

Integrase strand transfer inhibitors (INSTIs) came into use in 2007 and are a mainstay
in current treatment options (Table 5). They are well tolerated and commonly used in
combination with NRTIs. All INSTIs have the same basic function, acting as competitive
inhibitors of the active site of the integrase enzyme. Chemically, they are diketo acids with
multiple ring structures that chelate away the Mg2+ ions, also binding to the IN active site
when in complex with viral DNA [112,113]. First generation drugs RAL and EVG led to
escape mutations, usually initiating at Y143, Q148, or N155 and commonly with additional
mutations [114,115]. Due to lower rates of virological escape mutants, DTG and BIC are
current first-line therapies in combination with NRTIs. Long-lasting injections with CAB
make it a drug of choice, but mutations occurred at G140 and Q148 during clinical trials
and in additional sites in vivo [116,117].



Viruses 2023, 15, 107 20 of 30

Table 5. Integrase strand-transfer inhibitors. (INSTI).

Drug Class Name Trade Name Use FDA Approval

INSTI Cabotegravir (CAB) Vocabria

For patients who will miss planned
cabenuva injection, in combination

with rilpivirine, or as short-term
pre-exposure prophylaxis.

22 January 2021

INSTI Dolutegravir (DTG) Tivicay As part of initial regimen, given in
combination with other medicines. 12 August 2013

INSTI Raltegravir (RAL) Isentress As part of initial regimen;
post-exposure prophylaxis. 12 October 2007

INSTI treatment-associated mutations occur most commonly in the core domain (Figure 9,
light blue circle), adjacent to active-site residues. Most mutants that confer resistance are in
an unstructured loop spanning positions E138 to S153, where mutations likely block drug
disruptions. For example, a mechanism of resistance at Q148 has been described, where the
substitution displaces a critical water molecule that helps coordinate both D116 and E152
active site residues; this in turn changes the charge and interaction with the critical Mg2+ ion,
allowing catalysis despite the presence of inhibitors [118]. Substitutions at E138 and G140 may
disrupt networks of hydrogen bonds in this area that allow escape [119]. Outside the IN core
domain, mutations that confer resistance can occur in the DNA-binding domain (Figure 9,
light green circle). RAL and EVG binding sites are modeled to occur near DNA-binding sites
such as R263. The most common INSTI-resistance mutations are listed in Table 6.

Table 6. Mutation patterns commonly found due to use of INSTIs.

Significant Mutations Drug Inhibitions Response/Resistance

T66A/I/K BIC, DTG, EVG, RAL
High: EVG

Intermediate: RAL
Low: DTG

E92Q/G/V BIC, DTG, EVG, RAL
High: EVG

Intermediate: RAL
Low: DTG

G118R BIC, DTG, EVG, RAL Intermediate: RAL, EVG, DTG
Low: BIC

E138KAT with Q148 BIC, DTG, EVG, RAL High: RAL, EVG
Intermediate: DTG

G140SAC with Q148H/R/K BIC, DTG, EVG, RAL High: RAL
Intermediate DTG

Y143C/R with T97A RAL High: RAL
S147G EVG Intermediate: EVG

Q148H/R/K/N with G140S/A or E138K BIC, DTG, EVG, RAL High: RAL, EVG
Intermediate: DTG, BIC

N155H/S/T/D BIC, DTG, EVG, RAL High: EVG
Intermediate: RAL

R263K BIC, DTG, EVG, RAL Intermediate: BIC, DTG, EVG

Additionally, of note, the aromatic rings of INSTIs may interact directly with DNA
nucleotides, not just protein, and disrupt the multimeric complex [119,120]. Indeed, INSTIs
interact preferentially with DNA-bound complexes, implying drug effect at a complex level
and not a monomer level [121]. These direct interactions with DNA have been observed
specifically with DTG, where mutations in DNA nucleotides at the 3′ polypurine tract led
to virological escape [122,123].

After integration, the HIV-1 genome acts as a transcriptionally active genetic element,
a provirus. Expression of viral mRNA is driven by strong promoters in the long terminal
repeats (LTR) at either end of the genome. Like host mRNA, HIV mRNA becomes capped
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and polyadenylated and contains a single start codon and stop codon. The production of
these viral components will lead to release of new HIV particles.

3.4. Assembly and Release

Viral components will form new viral particles during assembly and release steps.
Because these steps are essential, assembly and/or release inhibitors may be excellent
targets for drug inhibition. However, these steps have not yet been successfully targeted by
therapeutics (Figure 5, step 4). While this process is included here for a complete view of
the cycle, it is likely that only natural mutations, and not drug-induced mutations, play a
role in these steps. During assembly and release, the Env glycoprotein, Gag polyprotein,
and Gag-Pol polyprotein, along with a variety of host factors, all converge along with the
HIV genome near the cell surface and new particles are released by budding [124].

The target for Gag protein-related drugs are aimed at viral maturation and budding.
Areas of promise include the small-molecule capsid inhibitors of capsid function and
maturation inhibitors which inhibit the final steps of the Gag process. Bevirimat is not
currently approved, but was first studied as a maturation inhibitor. This drug works by
binding immature particles at Gag’s capsid-spacer peptide 1 (CA-SP1) junction, preventing
maturation. Mutations were observed at this specific junction after being exposed to the
drug [125]. Another studied drug, PF96, works by a similar mechanism as bevirimat. There
were shared mutation sites to bevirimat, but additional mutations also found upstream from
this site, at the capsid major homology region, that stabilized the virion’s structure [126].

Although these drugs are not in current use, the resulting information provides insight
into the maturation process and important components of it. Drug-associated mutations will
continue to be a hurdle for HIV treatment, including future assembly and release inhibitors.

3.5. Maturation and Protease Activity

Maturation of the virus occurs after new particles are released from an infected cell,
due to the activity of protease (Figure 5, step 5). Maturation turns Gag and Gag-Pol
polyproteins into functional cleaved units [124]. The resulting protein cleavage products
become viral structural proteins (matrix, capsid, and nucleocapsid) and enzymatic proteins
(protease, reverse transcriptase, and integrase). Protease also cleaves Nef and Vif [127–129].
Additionally, HIV protease cleaves host factors EIF4GI and PABP1 which skews translation
in favor of HIV protein production [130]. The highest protease activity levels occur as part
of particle maturation during budding, just before release from the cell [131].

Protease is a small 99-amino acid protein that forms a homodimer (Figure 10). At
the interface of the dimers, several active-site residues are associated with protein targets.
A beta strand forms a hinged flap region, keeping the target protein near the active site.
Cleavage sites on target proteins are non-homologous and based on shape more than
sequence [132], but are usually between Tyr-Pro or Phe-Pro. Drug design against protease
used this knowledge to identify peptide mimics that would bind the active site competi-
tively [133]. Protease inhibitors (PIs) were the second class of antiretroviral drugs developed
(after RT inhibitors), and were first US FDA approved in the mid 1990′s, beginning the era
of combination HAART therapies.

PIs bind competitively to the active site, D25-T26-G27 in HIV-1, which is also found in
functionally related peptidases [135]. Drugs also interact with the larger substrate-binding
cleft and the flap region (Figure 10, green residues and blue region, respectively). Currently,
there are ten protease inhibitors approved by the US FDA (Table 7). Only DRV/r and ATV/r
are recommended for initial use in some patients. The “/r” referred to in drug coding
refers to the use of ritonavir as a pharmacological booster, where it is used in combination
with other protease inhibitors since it slows their being metabolized, thus accentuating
other drugs’ activity [136]. Among the three common PIs, DRV/r has the highest barrier to
resistance, followed by LPV/r, and then ATV/r [1].
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Figure 10. HIV protease structure, two-dimensional monomer map. Protease functions as a dimer
and targets various host and viral proteins. HIV polyproteins are cleaved into functional units,
most importantly inside maturing capsids. Several drugs interact with the active site and other
coordinating amino acids such as I50 in a competitive manner, but mutations may arise that allow for
continued function despite drug intervention. Based on sequence from PDB 1AID [134].

Table 7. Protease inhibitors.

Drug Class Name Trade Name Use FDA Approval

PI Atazanavir (ATV) Reyataz Given in combination with
other medicines. 20 June 2003

PI Darunavir (DRV) Prezista Given in combination with
other medicines. 23 June 2006

PI Fosamprenavir Lexiva Given in combination with
other medicines. 20 October 2003

PI Ritonavir (RTV) Norvir Given in combination with
other medicines. 1 March 1996

PI Tipranavir (TPV) Aptivus
For treatment-experienced

patients, given in combination
with other medicines.

22 June 2005

Years of experience with PI therapy, treatment escape, and subsequent sequencing
have revealed patterns in drug resistance mutations. It is well established that PI resistance
requires multiple mutations in order to stop PIs’ inhibitory functions. Most drug inhibition
begins with a single mutation at the active site which reduces competitive binding (primary
mutation or inhibition), and confers strong resistance only with compensatory secondary
mutations that affect enzyme shape by changing hydrogen bonding and recovering fit-
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ness [137]. For example, DRV/r is susceptible to resistance when the virus exhibits a V32I
non-active site substitution, but V32I happens more readily if the virus already has I54M
and I84V substitutions (note that I84 is in the active site) [138].

There are 13 major mutants that confer resistance to PIs when mutated (Table 8). Seven
are near the active site (D30, V32, I47, G48, I50, V82, I84) in regions that fold together
to form the substrate-binding cleft (Figure 10). V82 substitutions such as threonine were
shown to alter the hydrophobicity of this binding cleft [139]. With this in mind, LPV/r was
specifically designed to not cause V82 mutants [140] although V82 mutation does confer
resistance to LPV/r. Two additional major mutations, M46 and I54, are in the flap region
(Figure 10, positions 46–56), which engages with the active site upon substrate binding.
Three other resistance-associated mutations are outside the cleft and flap: L76, N88, L90.
These are usually explained as compensatory secondary mutations or those that alter
interactions with cleavage sites, where they bind to the so-called substrate envelope [132].

Table 8. Protease inhibitor mutation patterns that result due to PI use.

Mutations Drug Inhibitions Response/Resistance Increased Susceptibility

D30N NFV High: NFV N/A

V32I with I47V/A IDV, FPV, LPV, DRV, ATV, LPV,
NFV, TPV

High: LPV
Intermediate: DRV N/A

L33F with other PI-resistance mutations DRV, FPV, LPV, NFV, TPV N/A N/A
M46I/L/V alone or in combination with V32I,

I47V, I84V, L90M, I54V, or V82A IDV, NFV, FPV, ATV, LPV, TPV N/A N/A

I47V/A alone or with V32I IDV, FPV, LPV, DRV, NFV, TPV
High: LPV, FPV

Low/intermediate: IDV, DRV,
NFV, TPV

SQV

G48V/M/A/S/T/Q SQV, IDV, LPV, NFV, ATV
High: SQV

Intermediate: ATV
Low: NFV, IDV, LPV

N/A

I50V/L FPV, LPV, DRV, ATV High: ATV TPV

I54V/T/A/L/M IDV, LPV, FPV, DRV, ATV, NFV,
SQV, TPV N/A N/A

L76V IDV, LPV, DRV, FPV N/A ATV, SQV, TPV

V82A/T/S/F/L/M/C IDV, LPV, ATV, NFV, SQV, FPV,
TPV, DRV N/A N/A

I84V/A/C IDV, LPV, DRV, SQV, TPV, FPV,
NFV, ATV

High: IDV, LPV, DRV, SQV, TPV, FPV,
NFV, ATV N/A

N88DS NFV, ATV, IDV, SQV N/A FPV
L90M SQV, NFV, IDV, LPV, ATV, FPV N/A N/A

As mentioned above, cross-resistance can occur and yield treatment-associated mu-
tations that confer resistance to multiple drugs, and this is also the case with PIs, such as
LPV/r and ATV/r [141]. Cross-resistance can also work in reverse. In cross-susceptibility,
other drugs work better after the virus mutates to resist initial treatment. The main ex-
ample of cross-susceptibility for PIs occurs when atazanavir resistance occurs with a I50L
mutation, which is usually accompanied with a fitness compensating A71V mutation [142].
This I50L/A71V mutation actually increases binding by other protease inhibitors by 2- to
10-fold, increasing their activity [143]. Although protease inhibitors are not included in
initiating therapy and they are always used in combination, their continued use in the
many second-line regimens contributes to the overall resistance of HIV and must continue
to be monitored.

4. Conclusions

The disease-causing virus HIV is an agent that suffers from a disease itself-it mutates
rapidly. Because of this, RNA viruses such as HIV exist as populations of quasispecies,
even within a single host. Yet, HIV moves past the loss of less competent virions, because
of the renewal provided by drug-resistant mutants. Therefore, our efforts to prevent and
control HIV infections are outsmarted by the simplest of nature’s tools: natural selection.

In 2021, 1.5 million people became newly infected with HIV, spreading the virus from
host to host [58]. Transmission can be controlled by preventatives such as PrEP, but mutations
undermine their effectiveness. Transmitted drug resistance can rapidly progress the transition
to AIDS if it is not quickly suppressed by ART. Although effective treatment options exist,
mutations can render them ineffective and new treatment plans must be implemented.
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Several questions remain. It is known that resistance mutations are generally found
in the genes that are targeted by the antiretroviral treatment, but sometimes resistance is
attributed to other mutated genes that are not the specific target of drugs. Although rare,
these mutations can arise and should be studied further, although this would require full
genome analysis, instead of only sequencing specific regions [144]. If mutations lead to
escape, perhaps too much mutation could promote lethal mutagenesis, such as may be
induced by favipiravir and molnupiravir that utilize viral error catastrophe. More research
should be done to address concerns of genotoxicity and carcinogenic risks to the host over
a long period of time [145,146]. Means of removing latent HIV reservoirs are elusive. These
reservoirs are the main reason that a complete cure for HIV has not been found. Though
ART can cause undetectable viral loads, latently infected cells have a half-life of 44 months
and can reactivate infection. Further research on reservoir formation, persistence, and
reactivation are needed to take the next step in finding a cure [147–149].

What lessons have we learned? Multiple targets work better than single targets, as seen
in combination therapies and broadly neutralizing antibodies—both of which reduce escape
mutation rates. Combination therapies are the best option because drug resistant mutations
arise at or near the site of drug interference. For patients with multidrug resistance,
attachment and entry inhibitors are often utilized. While treatments are advancing, only
perfect drug adherence would ensure complete viral suppression of drug-resistant mutants.
Once a patient has acquired HIV, frequent testing and early intervention are established
ways to monitor and combat drug-resistance.

However, “multiple targets” could also describe the coordinated efforts of government,
pharmaceutical, scientific, and healthcare agencies, along with the community and the
individual. To increase awareness, campaigns can provide education, testing, and treat-
ment. When HIV-positive status is known, immediate access to treatment and education is
critical. Monitoring overall patient health, not just HIV progression, will improve health
outcomes. These testing and monitoring efforts can inform patient care for patients and
their sexual or needle-sharing contacts over time. Because knowledge is power, sharing risk
data, care data, and treatment best practices can be expanded and standardized. Databases
of mutations and sequencing efforts have reduced time wasted on ineffective treatments
in more developed countries, but individuals in low and middle-income countries lack
the resources to keep up with effective treatment plans, which can lead to an increase in
transmitted-drug resistance. Research will continue to support new therapeutics, preven-
tatives, and vaccine candidates, funded by many levels of philanthropy and government
investment. Addressing misinformation and healthcare mistrust will continue to be impor-
tant. These multifaceted strategies can match the overwhelming speed of viral replication
and the subsequent mutations. Coordinated efforts are required at many levels to achieve
successful results, but will eventually lead to a cure.

Author Contributions: Conceptualization—D.N.C., writing—original draft preparation, M.M.J., C.E.J.
and D.N.C.; writing—review and editing, M.M.J. and D.N.C. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: The authors wish to thank the following for information gathering: Hunter
Branch, Daniel D. Bronson, Megan N. Conroy, Taylor Demler, Chelsea L. Gibson, Natalie B. Gilbert,
Aubrey Nielsen, Connor D. Kendrick, Nicholas B. Padilla, Mariah E. Palter, Nicole A. Skalka-Stank,
Jackson M. Wininger, Sydney Yeargain.

Conflicts of Interest: The authors declare no conflict of interest.



Viruses 2023, 15, 107 25 of 30

References
1. Clutter, D.S.; Jordan, M.R.; Bertagnolio, S.; Shafer, R.W. HIV-1 Drug Resistance and Resistance Testing. Infect. Genet. Evol. J. Mol.

Epidemiol. Evol. Genet. Infect. Dis. 2016, 46, 292–307. [CrossRef]
2. Gifford, R.J.; Liu, T.F.; Rhee, S.-Y.; Kiuchi, M.; Hue, S.; Pillay, D.; Shafer, R.W. The Calibrated Population Resistance Tool:

Standardized Genotypic Estimation of Transmitted HIV-1 Drug Resistance. Bioinformatics 2009, 25, 1197–1198. [CrossRef]
[PubMed]

3. Liu, T.F.; Shafer, R.W. Web Resources for HIV Type 1 Genotypic-Resistance Test Interpretation. Clin. Infect. Dis. Off. Publ. Infect.
Dis. Soc. Am. 2006, 42, 1608–1618. [CrossRef] [PubMed]

4. Rhee, S.-Y.; Gonzales, M.J.; Kantor, R.; Betts, B.J.; Ravela, J.; Shafer, R.W. Human Immunodeficiency Virus Reverse Transcriptase
and Protease Sequence Database. Nucleic Acids Res. 2003, 31, 298–303. [CrossRef] [PubMed]

5. Rhee, S.-Y.; Kantor, R.; Katzenstein, D.A.; Camacho, R.; Morris, L.; Sirivichayakul, S.; Jorgensen, L.; Brigido, L.F.; Schapiro, J.M.;
Shafer, R.W.; et al. HIV-1 Pol Mutation Frequency by Subtype and Treatment Experience: Extension of the HIVseq Program to
Seven Non-B Subtypes. AIDS 2006, 20, 643–651. [CrossRef] [PubMed]

6. Shafer, R.W.; Jung, D.R.; Betts, B.J. Human Immunodeficiency Virus Type 1 Reverse Transcriptase and Protease Mutation Search
Engine for Queries. Nat. Med. 2000, 6, 1290–1292. [CrossRef]

7. Shafer, R.W. Rationale and Uses of a Public HIV Drug-Resistance Database. J. Infect. Dis. 2006, 194 (Suppl. S1), S51–S58. [CrossRef]
8. Kawashima, Y.; Pfafferott, K.; Frater, J.; Matthews, P.; Payne, R.; Addo, M.; Gatanaga, H.; Fujiwara, M.; Hachiya, A.; Koizumi, H.; et al.

Adaptation of HIV-1 to Human Leukocyte Antigen Class I. Nature 2009, 458, 641–645. [CrossRef]
9. Klein, J.S.; Bjorkman, P.J. Few and Far between: How HIV May Be Evading Antibody Avidity. PLoS Pathog. 2010, 6, e1000908.

[CrossRef]
10. Gupta, R.K.; Hill, A.; Sawyer, A.W.; Cozzi-Lepri, A.; von Wyl, V.; Yerly, S.; Lima, V.D.; Günthard, H.F.; Gilks, C.; Pillay, D.

Virological Monitoring and Resistance to First-Line Highly Active Antiretroviral Therapy in Adults Infected with HIV-1 Treated
under WHO Guidelines: A Systematic Review and Meta-Analysis. Lancet Infect. Dis. 2009, 9, 409–417. [CrossRef]

11. Atta, M.G.; De Seigneux, S.; Lucas, G.M. Clinical Pharmacology in HIV Therapy. Clin. J. Am. Soc. Nephrol. CJASN 2019, 14,
435–444. [CrossRef] [PubMed]

12. Le, T.; Chiarella, J.; Simen, B.B.; Hanczaruk, B.; Egholm, M.; Landry, M.L.; Dieckhaus, K.; Rosen, M.I.; Kozal, M.J. Low-Abundance
HIV Drug-Resistant Viral Variants in Treatment-Experienced Persons Correlate with Historical Antiretroviral Use. PLoS ONE
2009, 4, e6079. [CrossRef] [PubMed]

13. Simen, B.B.; Simons, J.F.; Hullsiek, K.H.; Novak, R.M.; Macarthur, R.D.; Baxter, J.D.; Huang, C.; Lubeski, C.; Turenchalk, G.S.;
Braverman, M.S.; et al. Low-Abundance Drug-Resistant Viral Variants in Chronically HIV-Infected, Antiretroviral Treatment-
Naive Patients Significantly Impact Treatment Outcomes. J. Infect. Dis. 2009, 199, 693–701. [CrossRef]

14. Svarovskaia, E.S.; Margot, N.A.; Bae, A.S.; Waters, J.M.; Goodman, D.; Zhong, L.; Borroto-Esoda, K.; Miller, M.D. Low-Level
K65R Mutation in HIV-1 Reverse Transcriptase of Treatment-Experienced Patients Exposed to Abacavir or Didanosine. J. Acquir.
Immune Defic. Syndr. 1999 2007, 46, 174–180. [CrossRef] [PubMed]

15. Castro, H.; Pillay, D.; Cane, P.; Asboe, D.; Cambiano, V.; Phillips, A.; Dunn, D.T. UK Collaborative Group on HIV Drug Resistance
Persistence of HIV-1 Transmitted Drug Resistance Mutations. J. Infect. Dis. 2013, 208, 1459–1463. [CrossRef]

16. Guo, C.; Wu, Y.; Zhang, Y.; Liu, X.; Li, A.; Gao, M.; Zhang, T.; Wu, H.; Chen, G.; Huang, X. Transmitted Drug Resistance in
Antiretroviral Therapy-Naive Persons With Acute/Early/Primary HIV Infection: A Systematic Review and Meta-Analysis. Front.
Pharmacol. 2021, 12, 718763. [CrossRef] [PubMed]

17. Rhee, S.-Y.; Blanco, J.L.; Jordan, M.R.; Taylor, J.; Lemey, P.; Varghese, V.; Hamers, R.L.; Bertagnolio, S.; Rinke de Wit, T.F.; Aghokeng,
A.F.; et al. Geographic and Temporal Trends in the Molecular Epidemiology and Genetic Mechanisms of Transmitted HIV-1 Drug
Resistance: An Individual-Patient- and Sequence-Level Meta-Analysis. PLoS Med. 2015, 12, e1001810. [CrossRef]

18. Ávila-Ríos, S.; Parkin, N.; Swanstrom, R.; Paredes, R.; Shafer, R.; Ji, H.; Kantor, R. Next-Generation Sequencing for HIV Drug
Resistance Testing: Laboratory, Clinical, and Implementation Considerations. Viruses 2020, 12, 617. [CrossRef]

19. Lee, E.R.; Parkin, N.; Jennings, C.; Brumme, C.J.; Enns, E.; Casadellà, M.; Howison, M.; Coetzer, M.; Avila-Rios, S.; Capina, R.; et al.
Performance Comparison of next Generation Sequencing Analysis Pipelines for HIV-1 Drug Resistance Testing. Sci. Rep. 2020, 10, 1634.
[CrossRef]

20. King, M.S.; Rode, R.; Cohen-Codar, I.; Calvez, V.; Marcelin, A.-G.; Hanna, G.J.; Kempf, D.J. Predictive Genotypic Algorithm for
Virologic Response to Lopinavir-Ritonavir in Protease Inhibitor-Experienced Patients. Antimicrob. Agents Chemother. 2007, 51,
3067–3074. [CrossRef]

21. Miller, M.D.; Margot, N.; Lu, B.; Zhong, L.; Chen, S.-S.; Cheng, A.; Wulfsohn, M. Genotypic and Phenotypic Predictors of the
Magnitude of Response to Tenofovir Disoproxil Fumarate Treatment in Antiretroviral-Experienced Patients. J. Infect. Dis. 2004,
189, 837–846. [CrossRef] [PubMed]

22. Little, S.J.; Holte, S.; Routy, J.-P.; Daar, E.S.; Markowitz, M.; Collier, A.C.; Koup, R.A.; Mellors, J.W.; Connick, E.; Conway, B.; et al.
Antiretroviral-Drug Resistance among Patients Recently Infected with HIV. N. Engl. J. Med. 2002, 347, 385–394. [CrossRef] [PubMed]

23. Bronze, M.; Steegen, K.; Wallis, C.L.; De Wolf, H.; Papathanasopoulos, M.A.; Van Houtte, M.; Stevens, W.S.; de Wit, T.R.; Stuyver,
L.J. ART-A Consortium HIV-1 Phenotypic Reverse Transcriptase Inhibitor Drug Resistance Test Interpretation Is Not Dependent
on the Subtype of the Virus Backbone. PLoS ONE 2012, 7, e34708. [CrossRef] [PubMed]

http://doi.org/10.1016/j.meegid.2016.08.031
http://doi.org/10.1093/bioinformatics/btp134
http://www.ncbi.nlm.nih.gov/pubmed/19304876
http://doi.org/10.1086/503914
http://www.ncbi.nlm.nih.gov/pubmed/16652319
http://doi.org/10.1093/nar/gkg100
http://www.ncbi.nlm.nih.gov/pubmed/12520007
http://doi.org/10.1097/01.aids.0000216363.36786.2b
http://www.ncbi.nlm.nih.gov/pubmed/16514293
http://doi.org/10.1038/81407
http://doi.org/10.1086/505356
http://doi.org/10.1038/nature07746
http://doi.org/10.1371/journal.ppat.1000908
http://doi.org/10.1016/S1473-3099(09)70136-7
http://doi.org/10.2215/CJN.02240218
http://www.ncbi.nlm.nih.gov/pubmed/29844056
http://doi.org/10.1371/journal.pone.0006079
http://www.ncbi.nlm.nih.gov/pubmed/19562031
http://doi.org/10.1086/596736
http://doi.org/10.1097/QAI.0b013e31814258c0
http://www.ncbi.nlm.nih.gov/pubmed/17667333
http://doi.org/10.1093/infdis/jit345
http://doi.org/10.3389/fphar.2021.718763
http://www.ncbi.nlm.nih.gov/pubmed/34899288
http://doi.org/10.1371/journal.pmed.1001810
http://doi.org/10.3390/v12060617
http://doi.org/10.1038/s41598-020-58544-z
http://doi.org/10.1128/AAC.00388-07
http://doi.org/10.1086/381784
http://www.ncbi.nlm.nih.gov/pubmed/14976601
http://doi.org/10.1056/NEJMoa013552
http://www.ncbi.nlm.nih.gov/pubmed/12167680
http://doi.org/10.1371/journal.pone.0034708
http://www.ncbi.nlm.nih.gov/pubmed/22496845


Viruses 2023, 15, 107 26 of 30

24. Tremblay, C.; Hardy, I.; Lalonde, R.; Trottier, B.; Tsarevsky, I.; Vézina, L.-P.; Roger, M.; Wainberg, M.; Baril, J.-G. HIV-1 Tropism
Testing and Clinical Management of CCR5 Antagonists: Quebec Review and Recommendations. Can. J. Infect. Dis. Med. Microbiol.
J. Can. Mal. Infect. Microbiol. Med. 2013, 24, 202–208. [CrossRef] [PubMed]

25. Rosen, O.; Sharon, M.; Quadt-Akabayov, S.R.; Anglister, J. Molecular Switch for Alternative Conformations of the HIV-1 V3
Region: Implications for Phenotype Conversion. Proc. Natl. Acad. Sci. USA 2006, 103, 13950–13955. [CrossRef]

26. Joseph, S.B.; Swanstrom, R. The Evolution of HIV-1 Entry Phenotypes as a Guide to Changing Target Cells. J. Leukoc. Biol. 2018,
103, 421–431. [CrossRef]

27. Chandramouli, B.; Chillemi, G.; Abbate, I.; Capobianchi, M.R.; Rozera, G.; Desideri, A. Importance of V3 Loop Flexibility and Net
Charge in the Context of Co-Receptor Recognition. A Molecular Dynamics Study on HIV Gp120. J. Biomol. Struct. Dyn. 2012, 29,
879–891. [CrossRef]

28. Shen, H.-S.; Yin, J.; Leng, F.; Teng, R.-F.; Xu, C.; Xia, X.-Y.; Pan, X.-M. HIV Coreceptor Tropism Determination and Mutational
Pattern Identification. Sci. Rep. 2016, 6, 21280. [CrossRef]

29. Arif, M.S.; Hunter, J.; Léda, A.R.; Zukurov, J.P.L.; Samer, S.; Camargo, M.; Galinskas, J.; Kallás, E.G.; Komninakis, S.V.; Janini,
L.M.; et al. Pace of Coreceptor Tropism Switch in HIV-1-Infected Individuals after Recent Infection. J. Virol. 2017, 91, e00793-17.
[CrossRef]

30. Regoes, R.R.; Bonhoeffer, S. The HIV Coreceptor Switch: A Population Dynamical Perspective. Trends Microbiol. 2005, 13, 269–277.
[CrossRef]

31. Connell, B.J.; Hermans, L.E.; Wensing, A.M.J.; Schellens, I.; Schipper, P.J.; van Ham, P.M.; de Jong, D.T.C.M.; Otto, S.; Mathe, T.;
Moraba, R.; et al. Immune Activation Correlates with and Predicts CXCR4 Co-Receptor Tropism Switch in HIV-1 Infection. Sci.
Rep. 2020, 10, 15866. [CrossRef] [PubMed]

32. Cayota, A.; Vuillier, F.; Scott-Algara, D.; Dighiero, G. Preferential Replication of HIV-1 in Memory CD4+ Subpopulation. Lancet
Lond. Engl. 1990, 336, 941. [CrossRef] [PubMed]

33. Riley, J.L.; Levine, B.L.; Craighead, N.; Francomano, T.; Kim, D.; Carroll, R.G.; June, C.H. Naive and Memory CD4 T Cells Differ
in Their Susceptibilities to Human Immunodeficiency Virus Type 1 Infection Following CD28 Costimulation: Implicatip6s for
Transmission and Pathogenesis. J. Virol. 1998, 72, 8273–8280. [CrossRef] [PubMed]

34. Cornelissen, M.; Mulder-Kampinga, G.; Veenstra, J.; Zorgdrager, F.; Kuiken, C.; Hartman, S.; Dekker, J.; van der Hoek, L.;
Sol, C.; Coutinho, R. Syncytium-Inducing (SI) Phenotype Suppression at Seroconversion after Intramuscular Inoculation of a
Non-Syncytium-Inducing/SI Phenotypically Mixed Human Immunodeficiency Virus Population. J. Virol. 1995, 69, 1810–1818.
[CrossRef] [PubMed]

35. Groenink, M.; Moore, J.P.; Broersen, S.; Schuitemaker, H. Equal Levels of Gp120 Retention and Neutralization Resistance of
Phenotypically Distinct Primary Human Immunodeficiency Virus Type 1 Variants upon Soluble CD4 Treatment. J. Virol. 1995, 69,
523–527. [CrossRef]

36. Liu, R.; Paxton, W.A.; Choe, S.; Ceradini, D.; Martin, S.R.; Horuk, R.; MacDonald, M.E.; Stuhlmann, H.; Koup, R.A.; Landau, N.R.
Homozygous Defect in HIV-1 Coreceptor Accounts for Resistance of Some Multiply-Exposed Individuals to HIV-1 Infection. Cell
1996, 86, 367–377. [CrossRef]

37. Michael, N.L.; Louie, L.G.; Rohrbaugh, A.L.; Schultz, K.A.; Dayhoff, D.E.; Wang, C.E.; Sheppard, H.W. The Role of CCR5 and
CCR2 Polymorphisms in HIV-1 Transmission and Disease Progression. Nat. Med. 1997, 3, 1160–1162. [CrossRef]

38. Brown, T.R. I Am the Berlin Patient: A Personal Reflection. AIDS Res. Hum. Retroviruses 2015, 31, 2–3. [CrossRef]
39. McGovern, R.A.; Symons, J.; Poon, A.F.Y.; Harrigan, P.R.; van Lelyveld, S.F.L.; Hoepelman, A.I.M.; van Ham, P.M.; Dong,

W.; Wensing, A.M.J.; Nijhuis, M. Maraviroc Treatment in Non-R5-HIV-1-Infected Patients Results in the Selection of Extreme
CXCR4-Using Variants with Limited Effect on the Total Viral Setpoint. J. Antimicrob. Chemother. 2013, 68, 2007–2014. [CrossRef]

40. Tsibris, A.M.N.; Korber, B.; Arnaout, R.; Russ, C.; Lo, C.-C.; Leitner, T.; Gaschen, B.; Theiler, J.; Paredes, R.; Su, Z.; et al.
Quantitative Deep Sequencing Reveals Dynamic HIV-1 Escape and Large Population Shifts during CCR5 Antagonist Therapy in
Vivo. PLoS ONE 2009, 4, e5683. [CrossRef]

41. Westby, M.; Lewis, M.; Whitcomb, J.; Youle, M.; Pozniak, A.L.; James, I.T.; Jenkins, T.M.; Perros, M.; van der Ryst, E. Emergence
of CXCR4-Using Human Immunodeficiency Virus Type 1 (HIV-1) Variants in a Minority of HIV-1-Infected Patients Following
Treatment with the CCR5 Antagonist Maraviroc Is from a Pretreatment CXCR4-Using Virus Reservoir. J. Virol. 2006, 80, 4909–4920.
[CrossRef] [PubMed]

42. Nankya, I.L.; Tebit, D.M.; Abraha, A.; Kyeyune, F.; Gibson, R.; Jegede, O.; Nickel, G.; Arts, E.J. Defining the Fitness of HIV-1
Isolates with Dual/Mixed Co-Receptor Usage. AIDS Res. Ther. 2015, 12, 34. [CrossRef]

43. Gorman, J.; Chuang, G.-Y.; Lai, Y.-T.; Shen, C.-H.; Boyington, J.C.; Druz, A.; Geng, H.; Louder, M.K.; McKee, K.; Rawi, R.; et al.
Structure of Super-Potent Antibody CAP256-VRC26.25 in Complex with HIV-1 Envelope Reveals a Combined Mode of Trimer-Apex
Recognition. Cell Rep. 2020, 31, 107488. [CrossRef] [PubMed]

44. Rolland, M.; Edlefsen, P.T.; Larsen, B.B.; Tovanabutra, S.; Sanders-Buell, E.; Hertz, T.; deCamp, A.C.; Carrico, C.; Menis, S.;
Magaret, C.A.; et al. Increased HIV-1 Vaccine Efficacy against Viruses with Genetic Signatures in Env V2. Nature 2012, 490,
417–420. [CrossRef] [PubMed]

45. Berman, H.; Henrick, K.; Nakamura, H. Announcing the Worldwide Protein Data Bank. Nat. Struct. Biol. 2003, 10, 980. [CrossRef] [PubMed]
46. Berman, H.M.; Westbrook, J.; Feng, Z.; Gilliland, G.; Bhat, T.N.; Weissig, H.; Shindyalov, I.N.; Bourne, P.E. The Protein Data Bank.

Nucleic Acids Res. 2000, 28, 235–242. [CrossRef]

http://doi.org/10.1155/2013/982759
http://www.ncbi.nlm.nih.gov/pubmed/24489562
http://doi.org/10.1073/pnas.0606312103
http://doi.org/10.1002/JLB.2RI0517-200R
http://doi.org/10.1080/07391102.2012.10507416
http://doi.org/10.1038/srep21280
http://doi.org/10.1128/JVI.00793-17
http://doi.org/10.1016/j.tim.2005.04.005
http://doi.org/10.1038/s41598-020-71699-z
http://www.ncbi.nlm.nih.gov/pubmed/32985522
http://doi.org/10.1016/0140-6736(90)92311-5
http://www.ncbi.nlm.nih.gov/pubmed/1976951
http://doi.org/10.1128/JVI.72.10.8273-8280.1998
http://www.ncbi.nlm.nih.gov/pubmed/9733871
http://doi.org/10.1128/jvi.69.3.1810-1818.1995
http://www.ncbi.nlm.nih.gov/pubmed/7853521
http://doi.org/10.1128/jvi.69.1.523-527.1995
http://doi.org/10.1016/S0092-8674(00)80110-5
http://doi.org/10.1038/nm1097-1160
http://doi.org/10.1089/aid.2014.0224
http://doi.org/10.1093/jac/dkt153
http://doi.org/10.1371/journal.pone.0005683
http://doi.org/10.1128/JVI.80.10.4909-4920.2006
http://www.ncbi.nlm.nih.gov/pubmed/16641282
http://doi.org/10.1186/s12981-015-0066-7
http://doi.org/10.1016/j.celrep.2020.03.052
http://www.ncbi.nlm.nih.gov/pubmed/32268107
http://doi.org/10.1038/nature11519
http://www.ncbi.nlm.nih.gov/pubmed/22960785
http://doi.org/10.1038/nsb1203-980
http://www.ncbi.nlm.nih.gov/pubmed/14634627
http://doi.org/10.1093/nar/28.1.235


Viruses 2023, 15, 107 27 of 30

47. Sehnal, D.; Bittrich, S.; Deshpande, M.; Svobodová, R.; Berka, K.; Bazgier, V.; Velankar, S.; Burley, S.K.; Koča, J.; Rose, A.S. Mol*
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