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HIV-1 generates remarkable intra- and inter-host viral diversity during infection.
In the response to the dynamic selective pressures of the host's environment,
HIV-1 evolves distinct phenotypes—biological features that provide fitness
advantages. The transmitted form of HIV-1 has been shown to require a high
density of CD4 on the target cell surface (as found on CD4™ T cells) and typically
uses C-C chemokine receptor type 5 (CCRS5) as a coreceptor during entry. This
phenotype is referred to as R5T cell-tropic (or R5 T-tropic); however, HIV-1 can
switch to a secondary coreceptor, C—X-C chemokine receptor type 4 (CXCR4),
resulting in a X4T cell-tropic phenotype. Macrophage-tropic (or M-tropic) HIV-1
can evolve to efficiently enter cells expressing low densities of CD4 on their
surface (such as macrophages/microglia). So far only CCR5-using M-tropic
viruses have been found. M-tropic HIV-1 is most frequently found within the
central nervous system (CNS), and infection of the CNS has been associated with
neurologic impairment. It has been shown that interferon-resistant phenotypes
have a selective advantage during transmission, but the underlying mechanism of
this is still unclear. During untreated infection, HIV-1 evolves under selective
pressure from both the humoral/antibody response and CD8" T-cell killing.
Sufficiently potent antiviral therapy can suppress viral replication, but if the
antiviral drugs are not powerful enough to stop replication, then the
replicating virus will evolve drug resistance. HIV-1 phenotypes are highly
relevant to treatment efforts, clinical outcomes, vaccine studies, and cure
strategies. Therefore, it is critical to understand the dynamics of the host
environment that drive these phenotypes and how they affect HIV-1
pathogenesis. This review will provide a comprehensive discussion of HIV-1
entry and transmission, and drug-resistant phenotypes. Finally, we will assess the
methods used in previous and current research to characterize
these phenotypes.
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1 Introduction

Viruses exist in two states: the extracellular virus particle and
the intracellular replicating virus. The diversity of viral replication
schemes and the myriad of ways that viruses manipulate the host
while replicating in the cell are fascinating topics and constitute
surprisingly rich novel concepts given the deceptively small size of
the typical viral genome. In this review we will focus on the virus
particle, specifically the HIV-1 particle. The details of the particle
are becoming well known. HIV-1 shares the genes for the structural
protein precursors (gag/Gag, env/Env) and the encoded enzymes
(pro/PR, pol/RT, IN) with all retroviruses (and extending back to
retrotransposons such as Ty3, with the exception of env) (1). While
the basic replication scheme and essential viral proteins are
common among retroviruses, evolution has resulted in diversity
even in these essential genes. For example, retroviruses display high
levels of diversity in the host cell receptor that is used to identify
their target cells (2). The details of the role of each of these viral
proteins in viral replication, and their locations in the assembled
virion, can be found in many reviews and virology textbooks.

Our goal in this review is not to describe HIV-1 in the context of
what all retroviruses do. Rather, our goal is to describe the biological
diversity that evolves within HIV-1 populations. HIV-1 represents
what may be the most evolutionary dynamic genetic system in all of
biology. The capacity of this virus to evolve existed long before we
started selecting for drug resistance, which fully revealed its
potential for rapid evolution. A goal is to see the diversity in viral
phenotypes as a means of changing virus-host interactions.
Specifically, we will review the changes in viral phenotypes over
the course of the infection as a result of relentless viral replication,
which in turn drives changes in the host (to which the virus
responds through evolution toward a new optimum for viral
replication). Fortunately, virus evolution ends once suppressive
antiviral therapy is initiated. However, lots goes on if therapy is
started late. Evolutionary events before the initiation of therapy are
important considerations as we try to understand the nature of the
latent reservoir that persists on therapy.

The virus goes through a predictable set of changes in
phenotype if an infection progresses to depletion of CD4" T cells.
This predictable set of changes occurs because the same changes
occur in the host, and the virus represents a large, rapidly
replicating population that always finds its way to the improved
version given the changed host (3). These changes are most
dramatic in what we will call the “entry” phenotype, where
changes occur in the use of the viral receptor (CD4) and
coreceptor [C-C chemokine receptor type 5 (CCR5) or C-X-C
chemokine receptor type 4 (CXCR4)] as the virus changes it target
cell for infection. Although the virus can do this almost every time
over the course of an infection, variation in the host population (i.e.,
humans) is very different. HIV-1 entered humans about 100 years
ago (4-6) and less than 1% of the population has been infected (7).
Thus, there has not been enough time and/or selective pressure for
the human population to evolve, so variation in the host that affects
the outcome of infection is due to pre-existing features of a human’s
genetic variability. A few of these features become reflected in viral
phenotypes and will be mentioned.
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Untreated HIV-1 infection leads to immunodeficiency and
death. Potent, suppressive therapies have been developed that
stop disease progression. In addition, we must all be advocates for
the equitable distribution of these life-saving therapies and to
reduce the stigma associated with these infections. We must also
form partnerships with people at risk of HIV-1 to slow the rate of
new infections. This review will largely focus on the virus, but we
would be remiss not to acknowledge both the suffering caused by
the virus and the heroic role many people living with HIV have
played in their participation as partners in research to generate the
information that is discussed below. While we have used a light
touch in the way we discuss this topic, our ultimate goal is to
provide an accurate view of HIV-1 that can help guide the next
generation of questions as our field moves forward.

1.1 HIV-1 phenotypes

Much of the evolution of human intellectual history can be
traced to the misunderstanding of the true nature of something due
to the available tools at the time that give an incomplete view of
reality. For example, in the future people will look back at us in
bewilderment as we struggle to understand the nature of dark
matter (even though it makes up a majority of the mass in our
universe). The HIV-1 entry phenotype story has had its own
journey on the road that caused the “wild-type” form of the HIV-
1 entry phenotype initially to be overlooked. We will briefly review
the history of the evolving understanding of entry that has now
largely been corrected. However, some of the downstream
implications of the initially missing phenotypic form still appear
in the discussions and conceptualizations of pathogenesis. Thus, a
major goal for us is to make these phenotypes unambiguous, so that
readers will be able to recognize whenever downstream concepts
need to be challenged with a more appropriate framework of entry
phenotype, and, by implication, the target cell for replication. The
viral env gene encodes the Env protein on the surface of the viral
particle, and it is this protein that is responsible for the interaction
with the viral receptors. Thus, the discussion of entry phenotype is
largely a discussion of the evolution of the viral Env protein.

Most of this review will focus on the three entry phenotypes that
HIV-1 can display and why and how these phenotypes evolve.
These three phenotypes and how they relate to each other are
shown in Figure 1. The important point is that wild-type HIV-1 is
called R5T cell-tropic, and the two evolutionary variants that evolve
during increasing immunodeficiency are X4T cell-tropic and
macrophage (M)-tropic. These three phenotypes reflect the
changing interactions with the viral primary receptor CD4 or the
change in the choice of coreceptor, that is, the coreceptor switch
from using CCR5 to using CXCR4. Most of the review will focus on
these three phenotypic variants that are associated with cell entry,
with each variant defining a different target cell. There are reports of
HIV-1 and SIVs using different coreceptors, but this will not be
discussed as most of the biology of these viruses appears to be
explained by CD4, CCR5, and CXCR4. We will discuss several
settings where selective pressure changes the apparent fitness of the
virus. Although we may discuss the virus as being less fit, it is
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FIGURE 1

Change of HIV-1 virus entry phenotypes that are related to cell-type tropism and coreceptor tropism.

important to remember that fitness is maximized in the presence of
the selective pressure that the virus is experiencing. For example,
drug-resistant variants may be less fit than the wild-type virus in the
absence of the drug but more fit in the presence of the drug (8, 9).

1.2 Why phenotypes are important
to study?

The Rosetta Stone was created around 200 BCE in Egypt to
allow for the translation between Egyptian hieroglyphics and
ancient Greek. All HIV-1 variants look the same when they are
grown in primary CD4+ T cells; however, when these variants (or
their genes and gene products) are put into laboratory assays it is
found that there are phenotypic variants. These assays become the
Rosetta Stone that allows us to read the changing environment in
the host that gave rise to the variant. The simple case is drug
resistance where there is selection for a phenotypic variant that
allows replication in the presence of the drug. This same concept
can be applied to phenotypic variation that is the result of changes
in the host environment. While drug resistance has the practical
outcome of affecting therapy, other variants tell us about the biology
of the host and the virus-host interaction. Phenotypic variation is
important because it gives us insights into important features such
as transmission and pathogenesis. Our understanding of viral
pathogenesis must explain the associated viral phenotypes; if
pathogenesis and viral phenotypes do not reinforce each other in
our understanding, then, at a minimum, our understanding is
incomplete and, in some cases, potentially wrong.

2 Entry phenotypes
2.1 Discovery of the entry phenotypes
If we had quickly come to understand the three HIV-1 entry

phenotypes there would not be much of a history to tell. However,
our understanding of the entry phenotypes is a story that spans 20+
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years. The original isolation of HIV-1 was done using cultures of
peripheral blood nuclear cells (PBMCs)(10), and it is fair to say that
all isolates of HIV-1 will grow in PBMCs. An important discovery
was that HIV-1 uses CD4 as its key component of the receptor (11).
However, at that time there was no understanding (or precedent)
that HIV-1 might use two receptors. To make growing HIV-1 in the
laboratory more convenient, there was a concerted effort to find
continuous cell lines that would support viral replication. It soon
became possible to grow some strains of HIV-1 in CD4+ T cell lines
(derived from T-cell cancers). However, only some viral isolates
would grow in these cell lines, but when the virus did grow the effect
was visually distinctive (12). As shown in Figure 2, the right
combination of virus and cell line would lead to infected cells
with the viral Env protein on the surface of the cell fusing with
nearby uninfected cells to cause multinucleated cells, or syncytia.
The isolates that could grow in these cells were labeled syncytium
inducing (SI), whereas those that did not induce syncytia (because
they did not grow in the cells) were called non-syncytium inducing
(NSI) (13). Further work showed that the SI viruses were associated
with advancing immunodeficiency (14-16). Given the growth in the
T-cell lines, these SI viruses were also called T cell-tropic (or more
accurately T-cell-line-tropic). We now understand that these T-cell
lines only expressed CXCR4 and not CCR5; however, this was not
yet part of the HIV-1 story.

Early on a virus isolate was generated after passage on
macrophages, thus securing the idea that HIV-1 could infect
macrophages as well as CD4+ T cells (17). This led to a test of
NSI viruses, which could not grow in T-cell lines, to see if as a group
they could infect macrophages, which they could although with
widely varying efficiency. Thus, the NSI viruses as a group became
macrophage-tropic (13, 18).

The inability of all HIV-1 isolates to infect any cell that
expressed CD4 indicated thar something was missing in our
understanding of HIV-1 infectivity. This gap in our
understanding was filled with the discovery that HIV-1 required a
coreceptor, with CXCR4 being discovered first (19), which was then
followed quickly by the discovery that CCR5 functioned as the
coreceptor for most isolates (20-22). This quickly led to the insight
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CEM174 cell line before (A) and after (B) HIV-1 infection in vitro, indicating the formation of syncytium.

that most T-cell lines express CXCR4 but not CCR5. Adding the
coreceptor specificity to the isolate name gave rise to X4T cell-tropic
(or X4T cell line-tropic) isolates. That left the viruses using CCR5 as
the NSI viruses and now the R5 macrophage-tropic viruses. It is
important to note that this gives rise to two HIV-1 entry
phenotypes, not the three that we presented at the very beginning.

In the absence of antiviral treatment, which was the case early in
the epidemic, most people progressed to “AIDS-defining illnesses”.
One of these conditions was HIV-associated dementia (HAD) (23—
26). This led to an interest in a “neurotropic” form of HIV-1 that
could account for the dramatic clinical state of HAD. The viral
genomes recovered from brain tissue at autopsy from some people,
who had suffered neurocognitive impairment prior to death had a
distinctive property, could infect cells with a low density of CD4 on
the cell surface (such as macrophages) more efficiently than the
viruses found in the blood (27-32). Both types of viruses used CCR5
but, given the right assay, there were clearly two distinct phenotypic
groups of viruses, that is, the ones that could efficiently infect
macrophages (appropriately called M-tropic) and the ones that only
poorly infected macrophages and for which there was no name.
Although many people working with virus from the blood
continued to think of the non-X4 viruses as the R5 M-tropic
virus, those working with virus from the brain came to
understand that the virus in the blood was not M-tropic relative
to the virus that had evolved in the central nervous system (CNS)
environment of a subset of people.

It took the development of two tools to clearly place this
unnamed form of HIV-1 as the wild-type form of the virus, that
is, the virus using CCR5 and requiring a high density of CD4 for
efficient entry (as found on CD4+ T cells). The first tool was the
development of methods to monitor the efficiency of infection as a
function of CD4 density. As noted above, all “NSI” viruses can
infect macrophages at some level, but it is hard to account for
differences in the efficiency between the different virus isolates. The
ability to manipulate the level of CD4 on the cell surface either
through transient transfection (33, 34) or by creating cell lines with
different levels of CD4 (35-37) became an important tool for
defining the two entry phenotypes based on the cell surface
density of CD4. The second tool was the application of end-point
dilution PCR, also called single-genome sequencing (SGS) or single-
genome amplification (SGA), to amplify individual viral genomes
or genes to get copies of genes without needing to culture the virus,
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that is, to get genes as they existed in vivo. When this technique was
applied to the viral env gene (38), it became possible to isolate both
types of phenotypic variants from the same person, thus
demonstrating that one was the evolutionary variant of the other
(30). In retrospect we can point to such isolates being created first
by molecular cloning (39-41); however, their true place in HIV-1
biology had to await the ability to use the more convenient PCR to
get a large enough database to create generalizations. Today the
most convenient entry assay is to use a cell line called Affinofile (31,
42), which will be described below. The effect of this work was to
define the third phenotypic variant, which we have called R5T cell-
tropic and which in reality is the wild-type form of HIV-1. The
three phenotypic variants and their use of the receptor and
coreceptor are listed in Table 1. The corollary of the three
phenotypes is that if you cannot demonstrate the presence of a
virus with the M-tropic phenotype, then it is unlikely that the
infection of macrophages (or monocytes or microglia) is a
significant feature of the viral biology you are trying to
understand. It is this concept that has been slow to spread
through all of our beliefs of viral pathogenesis and latency. In
Figure 3, a structure of the Env trimer binding to CD4 (bottom,
pink) and CCR5 (right, pink). (43) is demonstrated. The CD4
binding site is shown in blue, and the partial V3 loop is shown in
purple, with rest of the Env in green.

2.2 Assay to detect the entry phenotypes

2.2.1 Assay for entry dependency on CD4 density

We have used target cell names to identify different entry
phenotypes, that is, T-tropic and M-tropic. We would argue that
from the point of view of viral evolution this is appropriate; in each
case this is the cell type that the virus is best adapted to. It is also
true that while M-tropic viruses are adapted to entry using a low
density of CD4, nothing keeps the virus from infecting cells with a
high density of CD4, that is, CD4+ T cells. Should M-tropic viruses
be called dual-tropic for macrophages and T cells? We would argue
no, because it is the evolutionary step that the virus has undergone
to use a low density of CD4 that defines its most salient feature.
Conversely, the early confusion about macrophage tropism
centered on the fact that all CCR5-using viruses could infect
culture-differentiated monocyte-derived macrophages (MDM:s)
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TABLE 1 HIV-1 entry phenotypes by cell-type tropism and coreceptor
tropism.

Target cell type/CD4 tropism

CD4+ T cell—high Macrophage/microglia—

CD4 density low CD4 density

‘ CCR5 ‘ R5T cell-tropic R5 macrophage-tropic

Coreceptor

tropism ‘ CXCR4 ‘ X4T cell-tropic None

with at least some detectable level of infection. When we compared
paired T-tropic and M-tropic viruses from the person we found
that, on average, there was a 25-fold difference in the efficiency of
infection of MDMs between the M- and T-tropic viruses (44).
Again, it is this evolutionary step that defines the M-tropic variant.
However, using MDMs is not the most convenient infection system
where quantification is important for comparisons of infection
efficiency. As the basis for the M-tropic phenotype is the
efficiency of CD4 use, the alternative to MDMs is to have a
system where other variables are controlled and only the density
of CD4 is manipulated to be able to assess infection efficiency at
different CD4 levels. An initial approach used transfection to
express CD4 at different levels. An alternative approach was to
create stable cell lines that expressed different levels of CD4. We
have found a cell system that has regulatable levels of surface CD4
to be a robust system to measure the macrophage
tropism phenotype.

Ben-Hur Lee and his colleagues created a cell line that has both
regulatable CD4 and CCR5, using different inducible transcription
expression systems for each protein (42, 45). The cell line, called
Affinofile (for affinity profiling) has been especially useful for its
inducible CD4 levels. At the highest induced level, the surface

10.3389/fviro.2023.1291996

density of CD4 is slightly lower than that found on CD4+ T cells
(“high”), whereas the uninduced basil level is slightly lower than
that found on MDMs (“low”) (31, 46). It is possible to look at a
dose-response of infectivity as a function of CD4 density; however,
a simpler assay is to look at the ratio of infectivity at high CD4
density to that at low CD4 density. A typical T-tropic virus will have
a residual infectivity at a low CD4 density, which is 1%-2% of that
observed at the high CD4 density. In contrast, an M-tropic virus will
have a residual infectivity at a low CD4 density ranging from 10% to
40%of that of the infectivity observed at high CD4 density (31). It is
relatively rare to find viruses with infectivities between 2% and 10%
(47), which is a phenotype that we call intermediate M tropism, and
these viruses deserve more study as to whether they are
intermediates in the evolution of M tropism or that they have
some other biological meaning. However, classifying viruses as T-
and M-tropic using this system provides a robust phenotypic
readout for most viruses. In this description we have referred to
“viruses”, when in reality this assay is most conveniently done using
env gene expression vectors of viral env genes generated by end-
point dilution PCR from in vivo material in a pseudotype strategy of
a reporter virus genome (31).

There are two other points to mention about the evolution of
the M-tropic virus. The first point is that the Env protein on the
surface of these viruses is especially sensitive to inactivation/
neutralization with soluble CD4, which is a property that must
ultimately be accounted for in understanding the mechanistic basis
of M tropism (44). The second point is that, while there is strong
evidence that the viral Env protein has new properties that allow the
efficient infection of macrophages, we do not know very much
about how other viral proteins (or cis-acting genomic regions) may
evolve to accommodate the change in target cell from T cells
to macrophages.

FIGURE 3

A structure of the HIV-1 Env trimer binding to CD4 and CCR5. CD4 is shown in pink at the bottom. CCR5 is shown in pink to the right. The CD4
binding site on the Env is shown in blue, and the partial V3 loop is shown in purple. Of note, in this structure, only half of the V3 loop is solved.
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2.2.2 Assay for coreceptor tropism

There are three ways that viruses are assessed to determine their
coreceptor use: (1) ability to infect cells that express CD4 and either
CCR5 or CXCR4; (2) infecting cells that express CD4 and both
CCR5 and CXCR4 and then testing the sensitivity of the infection to
the inhibitors maraviroc and/or AMD-3100; and (3) genotyping.

The coreceptor tropism can be determined using phenotypic or
genotypic approaches. The phenotypic assays often involve PCR
amplification of the env gene, molecular cloning, and in vitro
culture of the pseudotyped virus. The MT-2 assay was the initial
method to distinguish “SI” (X4) and “NSI” (R5) phenotypes.
Patient-derived cells or viral isolates are co-cultured with the MT-
2 cells, which express only CXCR4. The presence of X4 cells were
determined by the forming of syncytia (48). This assay lacks a
CCR5-only cell control; therefore, it cannot distinguish true-
negative results (i.e., the R5 virus) from other factors preventing
the infection of the MT-2 cells. Several other recombinant or
pseudovirus phenotypic assays were later developed to replace the
MT-2 assays. In these assays, partial or the whole env genome is
amplified via PCR from viral RNA or DNA, which is then followed
by molecular cloning to make recombinant or pseudotyped viruses.
These viruses are tested in CD4+ cells lines expressing either CCR5
or CXCR4 to determine the coreceptor phenotypes. Several of these
assays have been used in clinical practice, such as the Trofile® assay
(49). A more sophisticated phenotypic assay is to use SGA/SGS
instead of bulk PCR to amplify the HIV-1 env gene, followed by
molecular cloning of each single genome isolated. Pseudotyped
viruses can be tested in the presence of the CCR5 inhibitor
maraviroc (50) and/or the CXCR4 inhibitor AMD3100 (51) to
determine the coreceptor tropism (52). The viruses that can be
suppressed by the CXCR4 inhibitor are considered as an X4 virus.
The viruses that can be suppressed in the presence of the CCR5
inhibitor are considered as an R5 virus. The viruses that can only be
suppressed when both CCR5 and CXCR4 inhibitors are present in
the cell culture are considered as dual-tropic. However, because
SGA/SGS and molecular cloning are labor intensive, this approach
is reserved for research only (53).

In the same way that drug resistance to HIV-1 therapeutics is
monitored by sequence analysis, the X4/R5 designation can be
predicted through genotyping assays. The binding of gp120 and
CD4 displaces the variable loop V1V2 and exposes the V3 loop,
creating the coreceptor binding site. Thus, the V3 loop is the major
determinant for the coreceptor tropism. However, in contrast with
HIV-1 drug-resistant variants, the genetic determination of HIV-1
coreceptor tropism cannot be simply explained by a few point
mutations of the V3 sequence. Therefore, several bioinformatic
approaches were developed to predict coreceptor tropisms based on
the V3 sequences. The 11/25 charge rule is the simplest algorithm
based on the amino acid change to basic amino acids at positions 11
and/or 25 of the V3 loop. However, this assay had only a moderate
correlation with the results from the phenotypic assays (54), with an
Arg residue at position 25 being the least predictive. The position-
specific scoring matrix (PSSM) assesses entire V3 sequences and
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forecasts X4 variants by evaluating the scoring of each amino acid
residue within the V3 loop (55). The geno2pheno algorithm (56)
also analyzes the entire V3 sequence and provides a quantitative
score [i.e., false-positive rate (FPR)] as the probability of predicting
a R5 variant as a X4 variant by mistake. The FPR value ranges from
0% (has to be X4) to 100% (must be R5). The geno2pheno algorithm
has gained increasing popularity among clinicians and researches in
recent years, and it has been assessed in several clinical trials (57—
61). This algorithm requires a preset FPR cut-off value for calling X4
variants, which is usually determined by data from the CCR5
inhibitor maraviroc clinical trials. However, the actual coreceptor
tropism of variants with different FPR values has not been widely
examined using phenotypic assays. Our data have shown that FPR
values below 2% were reliably X4, whereas those above an FPR of
10% were reliably R5. However, for env genes with FPR scores
between 2% and 10%, about half were X4 and half were R5, as
evaluated by phenotypic assessment (52). This study had a relatively
small sample size so the assessment of 50% is a rough estimate, but
it does show the significant limitation of picking a single FPR value
to distinguish R5 and X4 viruses.

There is a curious feature of X4 T-tropic viruses, most of them
can use either CCR5 or CXCR4 for entry; for this reason, this group
of viruses are often called dual-tropic. However, when we tested
sensitivity to a CCR5 inhibitor for this group of viruses we found
that they became increasingly sensitive (52). We interpreted this
result to mean that as viruses evolve to use CXCR4, they are
becoming less efficient at interacting with CCR5 (and thus more
sensitive to competition to binding CCR5 by maraviroc). The X4
variants with the residual ability to use CCR5 just means that there
has not yet been a mutation that enhances interaction with CXCR4
at the expense of any interaction with CCR5. From this perspective,
the viruses that start using CXCR4 are doing so because of a lack of
selective pressure to continue to use CCR5. For this reason, we
regard the capacity to use CXCR4 as an indicator for an X4 virus,
signifying its progression toward CXCR4 utilization with or without
fixation of mutations that preclude CCR5 utilization. We believe
that the X4 viruses will all require a high density of CD4 for efficient
entry, marking CD4+/CXCR4+ T cells as their target. However, the
importance of CD4 density for X4 viruses needs to be examined
with a larger sample size of isolates to be able to substantiate
this point.

2.3 Biology of viruses with different
entry tropism

In our view, viruses with different entry phenotypic properties
appear because of a changing environment in the host, which in turn
generates new selective pressures. Understanding what the phenotypic
properties represent in terms of the changing selective pressures thus
allows one to use the phenotypic properties of the virus to gauge the
state of the host environment. For this discussion we will focus on M-
tropic R5 T-tropic virus, then R5 T-tropic X4 T-tropic virus.
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2.3.1 When and where are different HIV-1
phenotypes observed?

2.3.1.1 Transmission properties of M-tropic HIV-1 versus
T-tropic HIV-1

To be transmitted the virus has to be present in genital
secretions (most HIV-1 transmission events occur through sexual
acts), and it must be able to establish and sustain a new infection in
the recipient, initially at a mucosal site.

As noted above, the field of HIV-1 virology struggled with the
concept of M-tropic versus R5 T-tropic virus as two different
evolutionary states. As these two variants have become better
understood and studied, it has become possible to distinguish
between them in different settings. Two studies carried out
surveys of transmitted/founder (T/F) viruses and failed to find
any T/F M-tropic viruses, in one case using infection of
macrophages to characterize subtype B T/F viruses (62) and in
the other case using Affinofile cells to characterize subtype C T/F
viruses (63). In all cases, the T/F viruses were poor at infecting the
macrophages or poor at infecting cells that have a low density of
CDA4. This leads to the conclusion that M-tropic viruses are rarely (if
ever) transmitted.

Why are M-tropic viruses not transmitted? As noted below, M-
tropic viruses are rarely found outside the CNS, and, therefore, are
unlikely to be present in genital secretions would preclude them
from being transmitted. While “unlikely” is an appropriate term, it
does not mean never; we observed a highly compartmentalized
virus in the semen of one man (ie., a different genetic lineage
compared with the virus in this person’s blood) and it turned out
that this was an M-tropic virus (64). Although M/T tropism of the
virus in semen and vaginal secretions has not been surveyed in the
same way as T/F viruses, it seems likely that this one case is
the exception that proves the rule, that is, that M-tropic viruses
are unlikely to be transmitted because they, in general, do not evolve
in the genital tract.

The infection of macrophages in mucosal tissue at the site of
transmission in the recipient is a topic of some interest. There is
much that we do not know about initial infections that ultimately
lead to a transmission event. Most of the time the infection is
initiated by a single variant, as viewed by the initial virus in the
blood (62, 63, 65). Are multiple cells infected at the site of
transmission but the virus in one cell “wins out” to become the
dominant virus that is transmitted? Are macrophages fortuitously
infected by R5 T-tropic viruses that are otherwise inefficient at
infecting cells at a low CD4 density? Is the initial infection of a CD4
+ T cell specifically required to establish the subsequent systemic
infection or can the initial infection of a macrophage establish the
systemic infection alternatively? These are questions that continue
to be debated and studied. Finally, even if an M-tropic virus was
transmitted, it is possible that the selective pressures that cause an
R5 T-tropic virus to predominate in a systemic infection of
lymphoid tissue would in turn cause the M-tropic virus to revert
to a virus that requires a high density of CD4 for efficient infection,
that is, to target CD4+ T cells.
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2.3.1.2 Transmission properties of X4 T-tropic HIV-1
versus R5 T-tropic HIV-1

Although there is no evidence for the transmission of M-tropic
HIV-1, there are numerous reports of transmission of X4 T-tropic
viruses. However, while there is significant interest in knowing the
frequency with which X4 T-tropic viruses are transmitted in the
population, there is an important methodological limitation in how
we define X4 viruses. This limitation impacts the quality of the
transmission estimates that have been made.

Several studies have estimated the frequency of transmission of
X4 viruses by examining T/F viral sequences. In one study (62) the
phenotypic assessment was on a large number of env genes from T/
F viruses, which gave a value of 2% of T/F viruses being classified as
X4; a geno2pheno assessment of the sequences from these T/F
viruses showed these phenotypically X4 T/F viruses all had a
geno2pheno FPR less than 2% (52). In another study (66), a total
of 539 recently diagnosed HIV-1-positive individuals were
genotyped for their coreceptor tropism. Using two FPR cut-off
values at 5.75% and 10%, a total of 12% and 19% participants were
considered as having the X4 virus, respectively. It has to be pointed
out that the study population in this report was recently diagnosed
individuals, many of whom could already have been at a relatively
late stage of infection. Moreover, the use of these higher FPR values
likely overestimated the true prevalence of X4 viruses in these
samples. While there are other studies similar to these, the main
point is that X4 viruses can be transmitted, although the available
data do not reveal whether they are transmitted at the frequency
with which they appear in genital secretions or if they are
transmitted with a lower efficiency than R5T cell-tropic viruses.

2.3.1.3 Presence of M-tropic HIV-1 versus T-tropic HIV-1
during asymptomatic infection

Little is known about how or when M-tropic viruses start to
evolve. M-tropic viruses have been detected most often in the CNS,
including when they are being shed into the CSF. We examined
people within the first 2 years of infection and found that a small
number (10%) had compartmentalized virus in the CSF that had the
ability to use a low density of CD4 marginally better than the virus
in the blood (47). We have referred to this type of virus as having an
intermediate M-tropic phenotype. However, this study did not
include longitudinal data to see if these intermediate viruses were
direct precursors to the M-tropic viruses.

It is a reasonable assumption that the evolution of M-tropic
viruses requires four features of the host: (1) a reduced immune
surveillance, such as in the CNS; (2) an immunodeficiency that
further compromises immune surveillance; (3) an absence of CD4+
T cells as the favored target of replication (again a feature of the
CNS); and (4) the presence of myeloid cells that express at least a
low level of CD4 on the surface. The CNS has reduced immune
surveillance, plenty of the myeloid cells (microglia and perivascular
macrophages) and, in the absence of pleocytosis (i.e., an influx of
inflammatory cells from the periphery to the CNS), only modest
numbers of CD4+ T cells to support viral replication. It is likely that
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replication in terminally differentiated myeloid cells is slower/more
difficult than in activated CD4+ T cells such that even a modest
level of immunocompetence is able to suppress replication and thus
preclude evolution of the M-tropic virus. However, as a person
approaches immunodeficiency, virus replication could take hold in
myeloid cells and the evolutionary process would begin to increase
entry efficiency with low CD4 density. There is a need for a large
cross-sectional analysis of CSF from viremic people over the course
of their asymptomatic infection to assess how often and when M-
tropic viruses evolve. As a corollary, it seems likely that detection of
M-tropic viruses in the periphery will be infrequent, and, thus,
anecdotal and is probably linked to the advanced states
of immunodeficiency.

2.3.1.4 Presence of X4-tropic HIV-1 versus R5 T-tropic
HIV-1 during asymptomatic infection

Most CD4+ T cells have CXCR4, while only a subset has CCR5
(46, 67). Thus, it seems odd that the virus, which is capable of using
CXCR4 as a coreceptor, spends most of its time targeting CCR5 as
the coreceptor. However, CCR5 has been reported to be a marker of
activated T cells (20); therefore, making it the better choice of a
coreceptor if the goal is to replicate in a metabolically active cell. In
this view, it is the loss of CD4+ CCR5+ T cells with advancing
immunodeficiency that allows selection for replication in CD4+ T
cells using CXCR4 as the coreceptor. As noted above, early work
with HIV-1 isolates fortuitously used transformed T-cell lines that
expressed CD4 and CXCR4 but not CCR5. The X4 viruses that grew
in these cells would induce syncytia and were called syncytia-
inducing viruses (SI). The presence of these variants in people
with decreasing numbers of CD4+ T cells (16) links the appearance
of X4 variants being associated with increasing immunodeficiency.

As noted above, the X4 viruses can be observed as the
transmitted virus. It is not clear if there is accelerated disease
progression in people who are initially infected with an X4 virus
or even if the virus reverts to an R5 virus, as would normally be seen
during the early phases of an infection. Another feature of the
appearance of X4 variants is that they appear as distinct lineages
that can co-exist with lineages of the R5 viruses (52). It is possible
that the X4 viruses are coming from local environments (e.g.,
individual lymph nodes) where the CCR5+ CD4+ T cells were
lost to a greater degree than other lymphoid tissues that are still
producing R5 T-tropic viruses.

There is evidence that the frequency of X4 viruses varies in the
different subtype lineages. It may be that the appearance of the X4
viruses, compared with the subtype B lineage, is less frequent in the
subtype C lineage and more frequent in the subtype D lineage (68,
69). This would be counterintuitive if the appearance of the X4
viruses were solely a function of advancing immunodeficiency of
the host (and loss of CCR5+ CD4+ T cells in the host), as we would
assume that the lineages are mostly similar to each other in terms of
their potential to induce pathogenesis. If these differences in the
appearance of the X4 lineages truly exist, then it may be a difference
in the virus that is a determinant. In looking for X4 viruses in
subtype C variants we noted that they often include small deletions
in the Env protein V3 loop, that is, the portion of the Env protein
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that interacts with the coreceptor (70). It may be that the V3 loop
conformation, which can interact with CXCR4, is more difficult to
adopt in the subtype C virus Env protein, requiring a deletion in V3.
Conversely, the subtype D Env protein V3 loop may be in a
conformation (or may shift between conformations) that
fortuitously allows interaction with CXCR4 while normally using
CCR5 (71). In this case it would be much easier to evolve CXCR4
tropism for subtype D lineage viruses.

2.3.2 How do these entry phenotypes correlate
with disease progression?

It is one thing to note that these variants can evolve to infect
new cell types during the course of advancing immunodeficiency;
however, it is something else to ask the question of whether or not
these variants contribute to disease progression. We will try to
address this question below.

2.3.2.1 Pathogenesis associated with M-tropic HIV-1
versus T-tropic HIV-1

There is a clear case to be made for the evolution of M-tropic
viruses and CNS pathogenesis. Often the virus in the CSF is present
at 1%-10% of the viral load in the blood and the two populations
are well mixed (47, 72). We consider this to be a default state of the
virus in the CNS, that is, the release of virus from infected T cells
that have strayed into the CNS. There is no evidence that this
equilibrated viral population is undergoing any replication in the
CNS, and thus is likely to be of little consequence to inducing
pathogenesis in the CNS, as the virus is not adapted to enter
myeloid cells that become the target in the CNS (47). The one
exception to this model is where there is pleocytosis (73). When this
happens the viral load in the CSF can increase, but, again, this is
likely to be due to the presence of infected T cells migrating into the
CNS, although there is the possibility of amplification of the virus in
the population of CD4+ T cells that entered the CNS as part of an
inflammatory response. While pleocytosis is elevated in its
frequency in untreated people with HIV-1, it is not the normal
state thus making the impact of R5T cell-tropic viruses on the CNS
likely to be transitory.

In contrast to R5 T-cell-tropic viruses and the influx of
inflammatory cells into the CNS, the M-tropic virus evolves to
replicate within the CNS compartment. Little is known about how
this process starts. We have observed the presence of
compartmentalized viruses with an intermediate phenotype in the
CSF in a subset of people during early infection (47). However, we
do not know if these people are uniquely able to support an evolving
M-tropic virus infection in the brain or if these early
compartmentalized viruses disappear and the true M-tropic virus
lineages only appear later on.

The most common place to find M-tropic viruses is in the CNS
late in disease. The end-point diseases in the CNS are viral
encephalitis and HIV-associated dementia (HAD). When we
examined the virus in the CSF of people diagnosed with HAD we
found that about one-half of them had T-tropic virus and the other
half had M-tropic virus (30). It is unclear if the T-tropic virus was
due to pleocytosis and was hiding an M-tropic virus infection

frontiersin.org


https://doi.org/10.3389/fviro.2023.1291996
https://www.frontiersin.org/journals/virology
https://www.frontiersin.org

Zhou et al.

deeper in the brain, which could make a link between the M-tropic
virus in the CNS and the apparent disease. It is also possible that
there are pleocytosis/inflammatory paths to the CNS pathology that
are distinct from M-tropic virus infection of brain macrophage/
microglia as a pathogenic process. It is also not known what level of
infection is needed to induce a CNS disease state. It is possible that
the initial evolution of the M-tropic virus in the CNS by itself does
not induce a disease state but that this happens when the CNS
infection reaches some point of a threshold level.

2.3.2.2 Pathogenesis associated with X4 T-tropic HIV-1
versus R5 T-tropic HIV-1

Does disease progression accelerate because X4 viruses evolve,
or does the appearance of X4 viruses simply represent reaching a
certain stage of advanced immunodeficiency? This question has
persisted since the earliest association of X4 viruses with increasing
immunodeficiency. Presumably the selective pressure for the
appearance of X4 viruses is the disappearance of CCR5+ CD4+ T
cells. CXCR4 is much more widely distributed among CD4+ T cells
than is CCR5. This implies that the virus has an advantage when
replicating in CCR5+ CD4+ T cells, otherwise it would just be an X4
virus all the time. Thus, we can infer that replication in CXCR4+
CD4+ T cells is suboptimal and is selected against when there are
CCR5+ CD4+ T cells available. To be provocative, this could mean
that infection of non-CCR5+ T cells is less pathogenic, with slower
viral replication properties. This interpretation would favor a model
where the X4 viruses are a marker for immunodeficiency and
accelerated disease progression, not causal. About 1% of northern
Europeans carry a deletion in both alleles of the CCR5 gene, which
makes them resistant to infection with an R5 virus (74). However,
such people can be infected with an X4 virus. When we studied one
such person who was infected early in the epidemic, we noted that
disease progression had been typical for an HIV-1 infection (75). It
will be interesting to see if people infected with an X4 virus at
transmission maintain that phenotype or revert to an R5 virus as the
phenotype of the virus that replicates best when CCR5+ CD4+ T
cells are available. In a study of two individuals, one with CCR5*"*
and the other with CCR5*****2, who were infected with two X4
founder viruses, after approximately 4 years of infection, the HIV-1
population in the CCR5™™" individual reverted from being 100%
X4 to being approximately 60% R5, but in the CCR5**/43
individual, the viral population remained as an X4 virus over the
disease course (76).

3 Phenotypes associated with
transmitted/founder viruses

3.1 Usually a single viral particle will
establish an infection

HIV-1 is primarily transmitted through sexual contact. This
process is largely influenced by the physical barriers present during
sexual transmission, which significantly limits the total number of
viruses and genetic diversity of the viral population transmitted
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from the donor to the recipient (62, 63, 65). Understanding the
virological determinants that influence the success of HIV-1
transmission is important to understand for the development of
successful prevention strategies.

It is not possible to study the exact virus present during a
transmission event that leads to a systemic infection. The alternative
approach is to look at the earliest detectable virus (usually in the
blood) and infer what its properties were at the time of
transmission. In a study of 102 participants infected with subtype
B HIV-1, sequence diversity in the viral env increased as a function
of time from transmission (62). Extrapolating back to the time of
transmission indicated that, in most cases, a single virus established
the infection. Phenotyping experiments using pseudotypes of these
Env sequences revealed that most of these viruses were R5 T-tropic,
but a few R5/X4 dual-tropic viruses were identified as well. The
assessment of R5 T-tropic was based on the fact that the viruses
infected macrophages very poorly.

3.2 Features of the particle and
viral genome

Two minor phenotypes have been linked to T/F viruses. First,
T/F viruses appear to be modestly under-glycosylated in the viral
Env protein (63, 65). Typically, this protein has around 30 N-linked
glycosylation sites. The average number of sites among a population
of T/F viruses is slightly below this, although the significance of this
observation is not known. Second, another feature of the T/F virus
that has been reported is that the virus is closer to the consensus
sequence of the viral clade than is the diversity of the sequences seen
in the donor viral population (77). This observation implies that
there is a selection for fitness at some point in the transmission
process, although whether this occurs in the donor in the genital
tract or in the recipient during the first few rounds of replication is
not known.

3.3 Interferon resistance

The T/F viruses have the intriguing property of being interferon
resistant relative to the virus in the later stages of the infection. This
observation was initially made using virus isolates (78) and then
extended to molecular clones of viral genomes made from
longitudinal samples (79). A longitudinal study in 26 HIV-
infected individuals characterized IFN resistance over the course
of infection (80). The study showed that, during untreated infection,
IFN resistance is highly dynamic, with the highest levels of
resistance occurring during early/acute infection and also late-
stage disease progression was associated with lower CD4 T-cell
counts. Following the suppression of viral replication via
antiretroviral therapy (ART), a treatment interruption study
showed that viruses that successfully rebounded displayed
equivalently heightened levels of resistance to type I IFNs than
viruses present during an early acute infection. Together, these data
demonstrate that HIV-1 variants with heightened resistance to type
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I IFNs and increased fitness may have a selective advantage during
transmission events, may be more frequently transmitted, or be
more able to efficiently replicate during periods where the host
antiviral capacity is at its highest.

One point that is not yet clear is whether the observed IFN-
resistant phenotype is a specific adaptation, or an indirect effect of
the result of increased replicative fitness (78, 81). More recent data
from in vitro IFN resistance selection experiments have
demonstrated that it is possible for T/F-like viruses (i.e., similar
to those isolated from donor genital tracts) to evolve IFN alpha 2
(IFNa2) resistance independently of increased replicative capacity
(79). This observation was only seen with selection experiments
against IFN alpha 2, not interferon beta (IFNf). Thus, the nature of
IFN resistance remains a complex question but an important one in
understanding the phenotype of the viruses that most readily
establish a new infection. Of note is that all these studies were
based on R5 T-tropic viruses. The viruses in the brain may be under
significantly different selective pressure adapting to replication in
myeloid cells and under reduced humoral and T-cell killing
surveillance, although features of innate immunity may
be prominent.

3.4 Phenotypic variation of T/F viruses
to a broadly neutralizing antibody: the
AMP trials

Reducing the transmission of HIV-1 is an important field of
study predicated on blocking the T/F variant from establishing an
infection. Antivirals have been shown to be effective in pre-exposure
prophylaxis (82-85). However, these multidrug therapies are
frequently taken as a daily regimen. Immune-based prevention
using broadly neutralizing antibodies (bnAbs) present a potential
longer-acting alternative to a daily oral regimens of antivirals.
Previous work has demonstrated that people with HIV-1 can
develop bnAbs to the viral Env protein, although their own virus
is resistant through escape via evolution. These bnAbs cluster in
their binding to a limited number of sites on the viral Env protein.
Recently, an IgG1 bnAb targeting the CD4 binding site, VRC01, was
tested as a way of preventing transmission when given
intravenously in the Antibody Mediated Prevention (AMP) trials
(86). The primary end point of the trial showed no difference in
accrual of infections in the placebo arm or in either of the arms with
two different doses of VRC01. However, a more nuanced analysis of
the data revealed several important lessons. The first was that there
was significant heterogeneity in the population of transmitted
viruses across people who got infected with respect to sensitivity
to VRCO1. The second was that, although heterogeneity had been
anticipated, the levels of VRC01 needed to provide broad protection
were significantly underestimated; the assay measuring viral
neutralization with VRCOl made the antibody appear more
potent than what it was capable of being in vivo. Third, when the
shift in apparent sensitivity was accounted for, then it was possible
to observe that VRCO1 did block the transmission of the most
sensitive variants in the treated arms relative to the control arms,
with a reduced frequency of incidence with a sensitive virus from
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30% to 9%. Viral load was also lower at first detection in VRCO1
treatment groups than in the placebo group. Although VRCO01 did
not lower overall incidence of infection, compared with the control
groups in the AMP trials, it neutralized viruses that were
appropriately sensitive to it in vivo and significantly influenced
the population of T/F viruses that could establish infection. Overall,
the AMP trial demonstrated that antibody-based prevention can
effectively neutralize T/F viruses, but also highlighted the inherent
difficulties of assessing the amount of antibody needed to neutralize
viruses in vivo and accounting for HIV-1 diversity.

4 HIV-1 phenotypes related to
treatment-/resistance-associated
mutations

4.1 The development of HIV-1 drug
resistance phenotypes

After the discovery of HIV-1, several small-molecule
nucleotide/nucleoside analogs were developed in the 1980s to
treat the infection. Zidovudine [ZDV; also known as
azidothymidine (AZT)] was the first approved antiviral therapy
for HIV-1 infection. AZT showed efficacy in the suppression of viral
replication and restoration of CD4+ T-cell counts. However,
resistant phenotypes against AZT quickly emerged in patients
with prolonged therapy (87). Soon, resistant phenotypes against
other antiretroviral drugs were discovered in in vitro cell culture
and in viruses present in people taking the drugs. Treating patients
with only one antiviral drug often led to treatment failure with
drug-resistant viral phenotypes. The strategy of using multiple
antiviral drugs acting on different viral targets, that is, highly
active antiviral therapy (HAART), which was introduced in the
mid-1990s and drastically changed the HIV-1 treatment strategies
(88). Successful HAART completely suppresses the viral replication,
eliminates the chance of the virus to develop drug-resistant
phenotypes, restores the CD4+ T-cell numbers and function,
prevents opportunistic infections, and greatly prolongs the life
expectancy of people living with HIV-1 (89-91).

Combination therapy significantly diminishes the likelihood of
drug resistance evolving. First, a HAART regimen is typically
composed of drugs that target different proteins involved in the
HIV-1 replication cycle. Thus, multiple mechanisms must
simultaneously fail for the resistance to emerge against all the drugs
in the treatment regimen. Furthermore, combination therapy has the
capacity to completely suppress viral replication. When viral replication
is halted, the generation of new variants is also effectively prevented.
However, drug-resistant variants can still occur with combination
therapy due to the insufficient level of drug exposure, often from
poor adherence to HAART (92). HIV-1 displays extensive genetic
diversity due to several factors including the error-prone viral reverse
transcriptase, a short viral replication cycle, selective pressure from the
host’s immune system, and viral recombination when two or more
viruses co-infect the same cell (93-97). HIV-1 shows a dynamic change
in the genetic diversity within individual hosts as infection progresses,
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allowing for the selection of variants exhibiting resistant phenotypes
against HIV-1 treatment. Insufficient levels of antivirals can select
variants that confers an advantage in the presence of the drug, and
these variants are more likely to persist and become dominant if the
selective pressure from the drug continues. Eventually, the intra-host
viral population becomes increasingly resistant to the therapy, resulting
in treatment failure of the therapy (98). In addition, if the individuals
carrying these variants transmit the virus to others, the recipient can
become infected with a founder variant that already carries the
resistance mutation(s) (99, 100).

Recent studies have showed that certain polymorphisms on the
HIV-1 Env protein may reduce the viral susceptibility to certain
antivirals, including dolutegravir (DTG), without any resistance
mutations on the pol gene after selection in vitro (101, 102).
Alternative mechanisms of drug resistance beyond the target
genes are still being studied. The prevalence of these mutations in
people receiving ART, and their contribution to resistance and
treatment failure, needs to be carefully assessed.

4.2 HIV-1 resistance testing

HIV-1 resistance testing was initially conducted using phenotyping
assays. Phenotyping assays require in vitro isolation of the virus from the
patient samples, molecular cloning of the HIV-1 genomes, and culturing
pseudotyped virus in the presence of different antiviral drugs to test their
replicative abilities (103). However, this procedure is usually time
consuming and labor intensive. The genetic determinants of resistance
were later discovered for the resistant variants against different antiviral
drugs. In addition, prediction algorithms have been developed to predict
drug-resistant phenotypes given the viral sequence using tools such as
the Stanford HIV-1 Drug Resistance Database (104). Maraviroc
represents a special case, as it only inhibits R5 viruses and is ineffective
against the X4 viruses. There are several genotype-to-phenotype
prediction algorithms for X4 coreceptor tropism (discussed above),
but none of them have 100% accuracy. Thus, clinical testing of
maraviroc resistance (i.e., coreceptor tropism) sometimes needs to be
confirmed by a phenotyping assay (105). However, identifying resistance
phenotypes is still relevant in the development of new antiretroviral
drugs, as the genetic determinants are unknown. Researchers often
combine the selection of resistant variants and viral genomic sequencing
to identify the genetic determinants and potential resistance pathways to
certain antivirals (106).

4.3 Fitness cost of the resistance variants

Patients who failed antiviral therapy often have drug-resistant
variants in the viral population. When HAART is discontinued in
the face of virus replication and drug resistance, it has been observed
that the wild-type virus can replace the variants that were resistant to
the previous HAART regimen. This is evidence that the drug-resistant
variants are less fit than the wild type in the absence of therapy. It was
seen after 16 weeks when a protease inhibitor (PI)-based regimen was
discontinued and variants that were resistant to the PI were replaced by
wild-type variants that were sensitive to the previous antivirals (9). In
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another study, wild-type virus replaced resistant variants against
reserve transcriptase (RT) inhibitors and PI 2-8 weeks after the
treatment interruption (8). These findings suggest that variants with
drug resistance mutations are associated with decreased viral
replication fitness when the selective pressure from the treatment is
removed. Viral fitness is the ability to survive and replicate in a given
environment (107). Multiple studies have shown that the majority of
the resistance mutations against HIV-1 antivirals are associated with
reduced viral fitness, whereas for some the presence of a subset of
mutations allow the virus to maintain high levels of fitness (108-110). It
was also observed that secondary/compensatory mutations could occur
to variants with certain resistance mutations, particularly against PIs,
increasing the viral fitness. Moreover, the variants with resistance and
compensatory mutations could persist without the selective pressure
from the previous PIs (111). These data suggest that HIV-1 often
develops resistance mutations in vitro and in vivo against antivirals at
the cost of viral fitness. The decrease in the level of viral fitness caused
by specific drug resistance mutations could be leveraged in the
development of HAART strategies.

Variants with the K65R mutation on RT exhibit resistance to
several nucleoside/nucleotide RT inhibitors (NRTIs), including
tenofovir (TFV) and abacavir (112-114). However, variants with
K65R have reduced viral fitness, and, more importantly, increased
susceptibility to AZT (115). Thus, AZT could become a treatment
option for those patients who develop a K65R mutation. Another
example is the RT mutation M18V. M184V is associated with the use
of lamivudine (3TC) and emtricitabine (FTC). M184V reduces the viral
susceptibility to 3TC/FT'C by more than 200-fold (116, 117). However,
M184YV is associated with reduced viral fitness both in vitro and in vivo,
and it increases the susceptibility to AZT and TFV by twofold. In a
randomized study, participants with the M184V mutation received
3TC monotherapy or complete treatment interruption (TT) for 48
weeks. The recovery of viral fitness was observed in the TI group after
week 24, but not in the 3TC group. The deselection of the M184V
mutation was observed starting from week 12, only in the TI group.
Moreover, despite the continuing replication of HIV-1, participants in
the 3TC group had better clinical and immunology outcomes than
those in the TI group (118, 119). This result strongly suggests that HIV-
1 variants with low levels of viral fitness were also less pathogenic.
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