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Studies of retroviruses have led to many extraordinary discoveries that have advanced our
understanding of not only human diseases, but also molecular biology as a whole. The
most recognizable human retrovirus, human immunodeficiency virus type 1 (HIV-1), is the
causative agent of the global AIDS epidemic and has been extensively studied. Other
human retroviruses, such as human immunodeficiency virus type 2 (HIV-2) and human T-
cell leukemia virus type 1 (HTLV-1), have received less attention, and many of the
assumptions about the replication and biology of these viruses are based on
knowledge of HIV-1. Existing comparative studies on human retroviruses, however,
have revealed that key differences between these viruses exist that affect evolution,
diversification, and potentially pathogenicity. In this review, we examine current insights on
disparities in the replication of pathogenic human retroviruses, with a particular focus on
the determinants of structural and genetic diversity amongst HIVs and HTLV.
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PATHOGENIC HUMAN RETROVIRUSES

Human Immunodeficiency Viruses

Human immunodeficiency virus (HIV) is the etiologic agent of acquired immunodeficiency
syndrome (AIDS) (1, 2). Nearly 40 years after its discovery, HIV remains a chronic global public
health concern. Since its emergence in the human population, HIV has infected approximately 75
million people and is responsible for the deaths of almost 32 million individuals (3). As of 2018, an
estimated 38 million people are infected with HIV around the world (4). Despite advancements in
the understanding of viral transmission and antiviral drug development, approximately 1.7 million
new infections and 770,000 HIV-related deaths still occur annually (4).

Most HIV infections are caused by HIV type 1 (HIV-1), which is the primary driver of the
pandemic. A much smaller subset of HIV infections are caused by HIV type 2 (HIV-2), which
accounts for only about 1 to 2 million infections and is almost exclusively geographically
constrained to West Africa (5). Both HIV-1 and HIV-2 belong to the Retroviridae family of
viruses. Retroviruses are a unique class of viruses that challenge the central dogma of biology, such
that their RNA genomes are first reverse transcribed into DNA. The DNA copy of the viral genome
is then integrated into the host DNA, which contributes to lifelong, persistent infections. Messenger
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RNA (mRNA) and viral genomic RNA (VRNA) are both
transcribed from the integrated genome, which allows for
sustained propagation of viral progeny so long as the host
cell survives.

Both HIV-1 and HIV-2 infect immune cells that express the
CD4 molecule on their surface, namely CD4+ T cells and
macrophages. During the acute stage, which represents the first
weeks of infection, CD4+ T cells are robustly depleted from the
lymphoid system. This is driven by both direct targeting of
virally-infected cells as well as the activation-induced death of
bystander T cells (6). Infected individuals may experience
mononucleosis-like symptoms, such as fever, headache, and
muscle pains. These symptoms may be so mild that many
individuals do not realize they are infected. The acute stage of
infection is followed by a long period of clinical latency, known
as the asymptomatic phase, which typically lasts about 6 to 8
years (7). During this time, the concentration of CD4+ T cell
continues to decline and viremia increases. When CD4+ T cell
counts drop below 500 cells/uL, patients enter the symptomatic
phase of infection, at which point viremia rapidly increases and
progression to AIDS (defined as CD4+ T cell concentration <200
cells/uL) typically occurs within a couple of years (7). Left
untreated, 52% of patients will die within 2 years of
progression to AIDS and 82% will die within 6 years (8).

Compared with HIV-1, HIV-2 exhibits a significantly
attenuated disease phenotype, characterized by lower viral
loads within individuals, lower rates of both vertical and sexual
transmissibility, and a slower progression to AIDS (9-14). In
areas where HIV-2 has historically been endemic, rates of HIV-2
infection are decreasing while the prevalence of HIV-1 is on the
rise (15-17). For example, in Guinea-Bissau, the prevalence of
HIV-1 rose from 0.5% in 1990 to 3.6% in 2007, whereas HIV-2
prevalence dropped from 8.3% to 4.7% in the same timeframe
(17). Even in the absence of antiretrovirals, the prognosis for
HIV-2-infected individuals is better than for HIV-1-infected
individuals. A study of women with HIV-1 and HIV-2
infections from 1985 to 1993 found that the 5-year AIDS-free
survival rate for HIV-1-infected women was 67% compared with
100% for HIV-2-infected women (14).

The reason for the attenuated disease progression of HIV-2
compared with HIV-1 remains unclear. Humanized mice studies
in HIV-2 are lacking, and no head-to-head comparisons have been
done, but preliminary studies suggest that viral loads in HIV-2-
infected humanized mice are an order of magnitude lower than
those of HIV-1-infected humanized mice during the first several
months of infection (18, 19). Studies of HIV-1 elite controllers and
long-term non-progressors (i.e., those individuals who maintain
high CD4+ T-cell counts in the absence of treatment) have found
that these patients have lower levels of proviral DNA and smaller
pools of latently infected cells compared with viremic individuals
(20-22). However, results comparing HIV-1 and HIV-2 long-term
non-progressors have been conflicting. One study found that
differences in proviral loads between HIV-1- and HIV-2-
infected individuals may explain disparities in viremia and
disease progression (23). However, another group demonstrated
that low plasma viral load was independent of proviral load in

HIV-2-infected individuals, which were comparable with proviral
loads for HIV-1-infected individuals at similar disease states (24).

Human T-Cell Leukemia Virus Type 1

Human T cell leukemia virus type 1 (HTLV-1) represents the
other major pathogenic human retrovirus. HTLV-1 was the first
human retrovirus discovered, laying the groundwork for much of
the work that has been done to understand HIV-1 infection (25,
26). HTLV-1 is in the deltaretrovirus genus, whereas HIV-1 and
HIV-2 are in the lentivirus genus. Like HIV-1 and HIV-2,
HTLV-1 predominantly infects CD4+ T cells, but also infects a
wide variety of other immune cells, endothelial cells, myeloid
cells, and fibroblasts (27-31). Although HTLV-1 is also
characterized by relatively low rates of transmission between
individuals, an estimated 5 to 10 million people are infected
worldwide, and the seroprevalence may reach as high as 40% in
endemic regions such as Japan, the Caribbean, central Africa,
Brazil, parts of the Middle East, and the Pacific Islands, including
Australia (32, 33).

While most HTLV-1 infections remain asymptomatic, there
is a 0.25% to 3% lifetime risk for pathogenicity for infected
individuals (32). In these individuals, the disease may manifest as
a lymphoproliferative adult T cell leukemia/lymphoma (ATL) or
as a collection of neurological disorders, namely HTLV-1-
associated myelopathy/tropical spastic paraparesis (HAM/TSP)
(25, 34-36). HTLV-1 is also associated with a number of other
inflammatory disorders, including bronchiectasis. A recent study
found that in Indigenous adults in central Australia, HTLV-1
proviral loads are 8-fold higher in patients with bronchiectasis
compared with healthy controls, and patients with an HTLV-1
proviral load greater than 1000 copies per 100,000 peripheral
blood leukocytes were over 12-times more likely to develop
bronchiectasis (37).

Compared with HIV-1, both HIV-2 and HTLV-1 have been
significantly understudied. A search of the online PubMed
database performed December 2021 yields over 100,000 results
using the search terms “HIV-1” or “human immunodeficiency
virus type-1”, compared with approximately 6,300 results for
“HIV-2” or “human immunodeficiency virus type-2” and 6,600
to 8,500 results for “HTLV-1” or “human T cell leukemia virus
type-1”. Although the viruses share many similarities, it is
important to consider both HIV-2 and HTLV-1 independently,
as there are key differences that distinguish these viruses from
HIV-1 that have important implications for replication, disease
pathogenesis, and treatment.

THE RETROVIRAL LIFECYCLE
HIV-1, HIV-2, and HTLV-1 Genomes

At the most basic level, retroviral genomes consist of at least 3
core genes which are encoded in a 5’-gag-pol-env-3’ structure.
The proteins encoded by these genes facilitate the fundamental
steps in viral replication: attachment/entry, genome replication,
particle assembly, and egress. All 3 major human retroviruses
also encode a set of auxiliary genes, known as accessory genes,
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which are dispensable for replication in certain in vitro cell
culture systems (Figure 1). The proteins encoded by these genes
play a variety of important roles within the host system and help
facilitate transmission and replication. Two identical copies of
the single-stranded RNA genome are packaged into viral
particles and serve as the templates for the generation of a
single proviral genome, which is integrated into the host DNA.

The HIV-1 genome is approximately 9,200 to 9,600
nucleotides and is flanked at both ends by long terminal repeat
(LTR) sequences. There are 9 protein-coding viral genes encoded
by overlapping reading frames: gag, pol, vif, vpr, tat, rev, vpu, env,
and nef. The RNA genome also contains a number of highly
structured elements that regulate replication, including the 5
trans-activation response (TAR) element, primer binding site
(PBS), dimerization initiation sequence (DIS), and the Rev
response element (RRE) (38).

The HIV-2 genome is structurally very similar to the HIV-1
genome and is approximately 9,800 nucleotides in length. The
most prominent difference between them is the absence of vpu,
which is replaced instead with vpx. At the sequence level,
however, HIV-1 and HIV-2 are highly divergent. The viruses
emerged in the human population via distinct zoonotic
transmissions of simian immunodeficiency viruses (SIVs) from
either chimpanzees or gorillas (HIV-1) or sooty mangabeys
(HIV-2) (39). As result, HIV-1 and HIV-2 share
approximately 60% identity at the amino acid level and just
48% identity at the nucleotide level (40).

The HTLV-1 genome is approximately 9,000 nucleotides in
length and, similarly to HIV-1 and HIV-2, is flanked by LTR
sequences. In addition to the 3 core genes, HTLV-1 also contains
a regulatory pX region, which encodes the viral accessory
proteins Tax-1, Rex, p8/pl12, pl3, p30, and HBZ (encoded in
the antisense direction) (41). Several of these unique accessory

factors, namely Tax and HBZ, have been implicated in
oncogenesis and serve to partly explain the distinct disease
pathogeneses of HTLV-1 from HIVs (42). HTLV-1 is
genetically distinct from both HIV-1 and HIV-2 and is the
result of multiple zoonotic transmissions of simian T-
lymphotropic virus type 1 (STLV-1) from apes to humans.
Whereas this transmission is thought to have occurred
relatively recently for HIV-1 and HIV-2, likely sometime
between 1920 and 1940 (43, 44), HTLV-1 is thought to be a
much older human pathogen, with some transmission events
estimated to have occurred as early as the Paleolithic period (45,
46). Indeed, preserved HTLV-1 proviral DNA has been
identified in 1500-year-old Andean mummies (47). Even in the
most conserved structural regions of the genome, such as the
capsid (CA) domain of the Gag protein, HTLV-1 shares only
about 50% amino acid identity with HIV-1 (48).

Attachment, Fusion, and Entry

Viral entry into target cells is facilitated by the envelope
glycoprotein (Env) on the surface of the viral particle
(Figure 2A) . Env is initially translated as a polyprotein
precursor which is subsequently cleaved into the surface
protein (SU) and a transmembrane protein (TM), the latter of
which is anchored within the lipid membrane of the viral
envelope. The mature Env protein consists of a trimer of the
SU-TM heterodimers that is heavily glycosylated during protein
trafficking to the plasma membrane of the host cell (49-51). The
SU protein binds to a series of receptors on the host cell which
facilitate viral uptake. For both HIV-1 and HIV-2, the primary
cellular receptor is CD4. CD4 is abundantly expressed on the
surface of CD4+ T cells but is also expressed on a number of
other immune cell types, including hematopoietic progenitor
cells (52). Subsequent interaction with a coreceptor on the cell
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FIGURE 1 | Schematic representation of the typical structure of the HIV-1, HIV-2, and HTLV-1 proviral genomes. All retroviruses encode a core set of genes in a 5'-
gag-pol-env-3’ structure flanked by long-terminal repeats (LTRs) that facilitate replication and integration within the genome. HIV-1, HIV-2, and HTLV-1 also encode a
unique set of accessory genes, shown in pink, lime green, and yellow, that help facilitate genomic replication and immune evasion and counteract cellular defense
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FIGURE 2 | The lifecycle of human retroviruses. The major steps of the retroviral lifecycle are shown. Viral proteins are colored according to those used in the
genomic structure diagram in Figure 1. (A) The retroviral lifecycle begins when the envelope proteins of a mature, infectious virion attach to the appropriate receptor
(for HIV-1, CD4) and co-receptor (CCR5 or CXRC4) on the surface of the cell, which facilitates viral membrane fusion with the plasma membrane. Following release
into the cytoplasm (B), the intact (or near intact) capsid core is trafficked to nuclear pore complexes (NPCs) on the nuclear envelope. During or shortly after nuclear
import (C), capsid uncoating and reverse transcription occur (D) (see Figure 3 for more details on reverse transcription). The double-stranded DNA product is
subsequently integrated into the host genome by integrase (E). Host machinery transcribes the proviral genome (F) into both the viral genomic RNA (vRNA) and
mRNA, which templates the translation of viral proteins both in the cytosol and on the surface of the ER, with co-translational insertion of the transmembrane Env
protein occurring in the ER (G). A milieu of viral and host proteins traffics along with vRNA to the plasma membrane where they are packaged into nascent budding
particles (H). Following the budding (I) and release of the particle from the plasma membrane (J), the viral protease cleaves Gag resulting in the formation of a

mature, infectious particle (K).

surface, namely one of the chemokine receptors CCR5 or
CXCR4, triggers a conformational change within Env which
results in the fusion of the viral and cellular membranes
mediated by the TM protein. The process is similar for HTLV-
1, except that HTLV-1 SU first interacts with heparin sulfate
proteoglycans (HSPGs), followed by neuropilin-1 (NRP-1), and
finally glucose transporter 1 (GLUTI1). Binding to NRP-1
induces a conformational change within SU which allows for
interaction with GLUT1 which subsequently facilitates fusion of
the viral and cellular membranes (53).

Reverse Transcription and Integration

Following membrane fusion, the viral capsid core is released into
the cytoplasm of the cell along with a host of viral and cellular
proteins, including reverse transcriptase (RT), integrase (IN),
and cellular proviral and restriction factors (Figure 2B). The
early stages of genomic replication within the cell have remained
a topic of debate. Reverse transcription is intimately linked to the

dissociation of the capsid core structure, known as uncoating,
and perturbation of uncoating kinetics can disrupt reverse
transcription events (54-58). While it was historically believed
that capsid core uncoating and reverse transcription occurred in
the cytoplasm, recent evidence suggests that capsid cores remain
largely intact until they reach nuclear pore complexes (NPCs) on
the nuclear envelope (59-63). Recent reports suggest that these
cores are subsequently trafficked through the NPC in an intact
state, and that both uncoating and reverse transcription occur in
the nucleus (59-61). Others, however, suggest that capsid
remodeling or partial uncoating occur at the NPC, and that
the early formation of viral DNA products occurs at or near the
nuclear envelope (Figures 2C, D) (62, 63). Such studies, which
have reshaped our understanding of the timing of capsid
uncoating and reverse transcription, have been aided by
advancements in molecular imaging techniques. Further
improvements in live cell imaging microscopy will allow for
deeper insights into the relationship between uncoating and
reverse transcription, as well as the timing of these processes.
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The details of reverse transcription are shown in Figure 3.
Cellular tRNAs serve as the primer for initiation of reverse
transcription (tRNA" for HIV-1 and HIV-2, tRNA"™ for
HTLV-1), which bind to the PBS at the 5 end of the RNA
genome (64). From this primer, the RT enzyme begins synthesis
of the negative-sense strand of single-stranded DNA (-ssDNA)
in a 5’-to-3’ direction. As RT proceeds with DNA synthesis, the
RNase H domain of the enzyme degrades the RNA genome
behind it. RT proceeds through the unique 5° (U5) and repeated
(R) regions of the 5" leader sequence of the RNA genome, at
which point the first strand transfer occurs. The R region is
thusly named as it is repeated at both ends of the genome,
allowing for binding of the newly synthesized ssDNA to the 3’
end of the genome. DNA elongation continues through the
unique 3’ (U3) region, generating the first of the LTRs. As
synthesis of the -ssDNA continues, RNase H continues to
degrade the viral RNA genome, until it reaches the centrally
located polypurine tract (PPT). This portion of the RNA is
resistant to RNase H cleavage and serves as the template for
generation of the positive-sense single-stranded DNA (+ssDNA).

R U5 PBS PPT U3 R
5 - ¥ 3
BT RN primer
(-) Strand Initiation
PPT U3 R

_ RUS PBS
r - ssDNA

(-) Strand Synthesis

PPT_U3 R
PBS ;—R Us
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Ny PPT U3 R
D
PBS Y
U3 R US
(-) Strand Synthesis ppT  *+SSDNA
[ -
P{g Us R U5
(+) Strand Synthesis

PBS .
por -
U3 R U5 PBS
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U3 R U5 PBS

Strand Displacement and (+)
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uz R us  UsDNA U3 R Us
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T R U5 s R s
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FIGURE 3 | Reverse transcription. The virally encoded reverse transcriptase
(RT) converts the viral genomic RNA (VRNA) into double-stranded DNA. As
replication occurs, the RNaseH activity of RT degrades the vVRNA template
(dashed lines). Following completion of plus-strand synthesis, the double-
stranded DNA product is integrated into the host genome by integrase to
form a transcriptionally active provirus (not shown).

As synthesis of the -ssDNA continues, +ssDNA elongation
proceeds to the 3’ end of the genome through U3, R, and U5.
The second strand transfer occurs, in which the PBS from both
ssDNA molecules hybridize. Both strands are allowed to
complete synthesis using one another as templates and the
dsDNA genome is completed.

Within the nucleus, the dsDNA product exists as a
ribonucleotide complex made up of viral and cellular proteins,
known as the pre-integration complex (PIC). Included within the
PIC is IN, which acts to catalyze the integration of the viral
dsDNA into the host genome, forming a completed provirus
(Figure 2E). Integration of retroviral genomes occurs in a semi-
random fashion. Research suggests that both HIV-1 and HIV-2
preferentially integrate within or adjacent to protein-coding
regions and in CpG-rich regions (65-70). One study found
that during in vitro infection of peripheral blood mononuclear
cells, 82% of HIV-2 integrations occurred within annotated
genes (68). On the other hand, HTLV-1 does not exhibit a
preference for integration within open reading frames (71, 72).
According to one analysis of integration sites in cells from
HTLV-1-infected individuals, HTLV-1 proviruses integrate
within gene transcriptional units at a frequency similar to what
is expected based on random chance (71). Although specific
genomic hotspots have not been identified, research suggests that
HTLV-1 may preferentially integrate at palindromic targets near
transcription start sites (72).

Retroviral transcription from integrated proviruses is driven
by promoter and enhancer elements within the LTR (73, 74). A
number of structures and sequences are included within the
LTRs that promote viral gene transcription, including the TATA
box, the 5° trans-activating response (TAR) element, and a
collection of host transcription factor binding sites. Together,
these factors recruit the cellular RNA polymerase II, which
catalyzes the transcription of viral mRNAs as well as genomic
RNA starting at the U3 region of the LTR (73). Because HIV-1
and HIV-2 integrate near or within transcriptionally active
regions of the genome, enhancement of transcription from the
proviral LTRs can also affect the gene expression profile of
infected cells (75). Additionally, some of the cellular factors
recruited to the proviral LTR, including NF-xB and CBF-1,
also recruit histone deacetylases (HDACs) that suppress viral
gene transcription and help establish viral latency (76-78).

Assembly, Budding, and Maturation

Viral particle assembly occurs as the VRNA and transcribed
proteins (Figure 2G), including Gag, Gag-Pol, Env, and a
collection of accessory proteins (Figure 2F), traffic to the
plasma membrane (Figure 2H). A key step in this process is
the oligomerization of Gag proteins, which promotes the
formation of the immature Gag lattice of the viral particle. For
HIV-1, Gag oligomerization is driven by interactions between
the C-terminal domains within the CA region of different Gag
proteins (79). In contrast, HTLV-1 Gag oligomerization is driven
by a variety of Gag-Gag interactions across the full length of the
protein, including in the N-terminal domain of CA as well as in
the matrix (MA) and nucleocapsid (NC) domains (80, 81). In the
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case of HIV-1 infection, Gag oligomers form primarily in the
cytoplasm before trafficking to the plasma membrane (82).
HTLV-1 Gag is instead thought to traffic to the plasma
membrane as a monomer before oligomerizing on the inner
leaflet of the plasma membrane (82). The MA domain of Gag is
responsible for the membrane-binding activity of the protein,
which anchors the protein within lipid rafts at the plasma
membrane (83-87). For both HIV-1 and HTLV-1, electrostatic
interactions between the highly basic region of MA and
phosphatidylinositol 4,5-bisphosphate [PI(4,5)P,] are key
regulators of membrane binding, though recent research
suggests that co-translational myristoylation of the G2 position
in MA is the primary driver of HTLV-1 Gag membrane binding
(88, 89).

Although NC is thought to be the main driver of Gag vVRNA-
binding activity, MA can bind to VRNA as well (90-93). It is
currently unknown whether HIV-1 and HTLV-1 Gag proteins
bind to VRNA within the cytoplasm of the cell and traffic to the
membrane together, or whether VRNA reaches sites of particle
assembly via transient diffusion (94-96). Preliminary evidence
from in vitro biophysical studies suggests that ribonucleoprotein
complexes, including Gag-RNA complexes, may be partially
excluded from the plasma membrane-adjacent space via the
actin cortex, which may act as a steric hinderance to particle
assembly (97). Although the biological implications of these
observations remain to be elucidated, these results suggest that
the actin cortex may serve as a physical determinant of particle
assembly sites on the plasma membrane.

The curvature of the Gag lattice at the plasma membrane
causes the formation of a roughly spherical particle, the budding
and release of which is catalyzed by host proteins including the
ESCRT machinery (98-102). During or shortly after virus
particle release, the viral PR cleaves Gag, triggering the
maturation of the immature virus particle (Figures 2I-K). The
mature particle contains MA embedded along the inner surface
of the viral envelope; a CA core surrounding the viral genomic
RNA, which is studded with NC, RT, and IN proteins; and a
myriad of host and viral accessory proteins within the tegument
of the particle. The maturation process is the final step in the
development of an infectious viral particle that contains all the
necessary factors to infect a naive target cell (95, 103).

MORPHOLOGICAL DIVERSITY IN HUMAN
RETROVIRUS PARTICLES

Mature HIV-1 and HIV-2 particles exhibit an iconic conical
capsid core structure (104, 105). Lentiviral core structure is
unique among retroviruses, though, and the Retroviridae
family exhibits a great deal of structural diversity, both among
mature and immature particles (106, 107). Similar to other
retroviruses, including murine leukemia virus (MLV), Rous
sarcoma virus (RSV), and foamy viruses, HTLV-1 mature
particles have been found to be roughly polygonal in nature
(108-111). However, in analyses of HTLV-1 mature core

morphology using chronically infected T cell lines, populations
of particles with distinct morphologies have been identified (111,
112). In these analyses, particles with a distinct core-like
structure accounted for just 10% to 15% of particles observed,
and an additional 5% to 20% contained what were termed
“partially mature” capsid cores, in which the capsid structure
appeared incomplete. Still another 60% to 70% exhibited
uniform electron density within the viral particle, with no
discernable core-like structure observed (111, 112). The large
proportion of HTLV-1 particles lacking CA organization and
containing partially mature CA cores provides a plausible
hypothesis to explain the decreased transmissibility and
infectivity of HTLV-1 particles in a cell-free environment,
though further research is needed to define this relationship.

Significant structural diversity has also been observed in
immature particle structure across different human and animal
retroviral species. In a comprehensive analysis of the structure of
immature retroviral particles, it was determined that immature
HTLV-1 particles are distinct among all retroviruses,
characterized by discontinuous Gag lattices and flat regions of
multimerized CA that appear disconnected from the plasma
membrane (106, 113). The retroviral Gag lattice is the most
prominent feature in both mature and immature particles, and
the complex arrangement of these lattices is dictated by
intermolecular protein interactions located primarily within
the CA domain (79-81). While the structural determinants of
HIV-1 Gag oligomerization have been extensively studied in
authentic particles (114-116), virus-like particles (117-119), and
in vitro assemblies of purified CA proteins (120), high resolution
of the structure of the HTLV-1 has been limited to nuclear
magnetic resonance (NMR) studies of the HTLV-1 CA domain
(121). Comparative studies probing residues within CA have
identified many of the key interaction interfaces required for
maintaining replication and morphology of HIV-1 (122, 123),
HIV-2 (124), and HTLV-1 (81), including those that dictate the
formation of structural features such as the six-helix bundle of
CA-SP1 and the two- and three-fold CA interfaces. Recent
determination of the structure of the HIV-2 immature lattice
demonstrates a similar hexameric organization to that of HIV-1
(125), further emphasizing the unique nature of HTLV-1 among
human retroviruses.

Understanding structural diversity, and its impact on
infectivity, in retroviruses is important, as form dictates
function. As Moshe Safdie wrote in his 1970 novel Beyond
Habitat, “nature makes form, and form is a by-product of
evolution.” Using point mutations introduced into the HIV-1
CA protein that either increase or decrease the stability of the CA
core structure, research has demonstrated that core stability and
disassembly are finely tuned processes, and that structural
abnormalities that disrupt their kinetics in either direction
inhibit viral replication (56, 58). This is likely due to the
observation that CA core uncoating is connected to reverse
transcription kinetics; consequently, disruption of core
disassembly may perturb replication of the viral genome (126,
127). There is therefore a need to better understand the structural
diversity within retroviruses, and particularly within HTLV-1,
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and how this relates to viral replication and infectivity. In
addition, more quantitative analyses identifying the differences
in viral and host protein incorporation into particles, properties
of Gag oligomerization, and maturation dynamics are critical to
support the next generation of comparative studies of human
retroviral particles.

GENETIC DIVERSITY IN HUMAN
RETROVIRUSES

A high rate of viral evolution is a hallmark feature of HIV-1 that
drives the rapid diversification of viral genomes, both within and
between hosts. The genetic diversity of HIV-1 within a single
infected individual is comparable with the genetic diversity
observed in influenza sequences circulating around the globe
within a given year (128). The genetic diversity of the virus has
led to the classification of HIV-1 into groups, subtypes, and sub-
subtypes (Figure 4A). HIV-1 can be classified as group M, N, O,
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FIGURE 4 | Classification of HIV-1, HIV-2 and HTLV-1. (A) Classification of
HIV-1 and HIV-2 groups, subtypes, and sub-subtypes. (B) Classification of
HTLV-1 subtypes and subgroups.

or P; group M consists of subtypes A, B, C, D, F, G, H, ], and K,
and subtypes A and F can be further classified into sub-subtypes
Al, A2, A3, A4, F1, and F2 (129). The genetic variability between
subtypes generally ranges from about 25% to 35%, and within
subtype variability can be as high as 20% (130). The various HIV-
1 groups are thought to have originated via distinct zoonotic
transmission events, with the further diversification of HIV-1
group M driven by a high rate of viral mutation.

The genetic diversity of HIV-1 has important consequences
for the clinical progression of disease. A diverse pool of viral
genomes promotes immune evasion, cell tropism changes, and
the emergence of antiretroviral drug resistance (131). The rapid
evolution of HIV-1 has necessitated a shift in the HIV-1
treatment paradigm towards combination active antiretroviral
therapy (cART, or simply ART), which uses a customized
combination of different classes of antiretrovirals to suppress
HIV replication. The use of ART has significantly increased the
proportion of people living with HIV who remain progression-
free and can delay the progression to AIDS by 85% and the risk
for AIDS-related death by 98% (132, 133). However, resistance to
ART has already started emerging globally. In 2019, the World
Health Organization reported that more than 10% of adults
infected with HIV in 12 countries in Africa, Asia, and Central
and South America have developed drug resistance to efavirenz
and nevirapine, two non-nucleoside analog reverse transcriptase
inhibitors that form the backbone of many ART regimens. In
sub-Saharan Africa, the prevalence of ART resistance is
especially high, with approximately 50% of newly diagnosed
infants within the region being infected with a strain of HIV that
is resistant to one or both of these drugs (134).

Like HIV-1, HIV-2 is further characterized into groups A through
H (Figure 4A). Preliminary research suggested that the genetic
diversity between these groups may reach as high as 25% (135), but
these data are nearly 3 decades old and do not reflect the potential
genetic diversity in newly identified HIV-2 groups. In addition to the
sparsity of research, a clear understanding of HIV-2 diversification
has been confounded by conflicting results from in vivo studies of
HIV-2 evolution. Ina 2007 study of env gene evolution among 8 HIV-
2-infected individuals from Senegal over approximately 10 years,
HIV-2 evolution was found to be significantly slower than that of
HIV-1 sequences over a similar time period (136). In contrast, a
similar study published in 2010, which compared HIV-1 and HIV-2
env sequence evolution among 22 Swedish and Portuguese patients,
reported significantly faster rates of genetic evolution for HIV-2
compared with HIV-1 over up to 13 years of follow up (137). In a
more recent study exploring the selective pressure of the immune
system on HIV-1 and HIV-2, HIV-2 was found to be under greater
purifying selection than HIV-1, suggestive of stronger constraints on
viral evolution (138). The discrepancies in results may be related to
the regions of the env gene sequenced, as HIV-2 evolution has been
found to vary significantly across various regions of env (139).
Similarly incongruent results have been observed in in vitro studies
of HIV-1 and HIV-2 RT fidelity and kinetics (140, 141). However,
single-cycle replication studies suggest that HIV-2 accumulates
significantly fewer mutations during a single round of replication
than does HIV-1 (142, 143).
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HTLV-1 is divided into 7 subtypes (1a through 1g), of which
subtype la is further characterized into subgroups A through E
(Figure 4B). The diversity between these subtypes is
considerably lower than is observed for HIV-1 or HIV-2, with
one study estimating less than 1% genetic divergence between
isolates of HTLV-1 subtypes (144). This diversity represents the
result of thousands of years of evolution within the human
population, underscoring the extremely low rate of HTLV-1
evolution (45-47). Studies estimate that substitutions accumulate
within the HTLV-1 genome at a frequency of approximately 1%
per thousand years (145, 146).

Research on the determinants of viral mutagenesis and evolution
suggest that the diversification of retroviruses is driven by a complex
interplay of internal and external factors. For example, while the
error rate of HTLV-1 RT has been found to be several orders of
magnitude lower than that of HIV-1 RT (147, 148), studies
analyzing virus replication suggest that the substitution rate of
HTLV-1 is comparable with those observed in HIV-1 and HIV-2
(137, 139, 149, 150). These results suggest that human retroviral
evolution is driven by multiple factors beyond intrinsic replication
errors alone. Indeed, retroviral evolution is thought to be driven by a
combination of viral mutation, the pace of viral replication, the
longevity of infection, and the size of the replicating viral population
(131). The relative contribution of these factors has been found to
vary considerable between retroviruses. For example, while HTLV-
1 diversification is thought to be driven primarily by clonal
expansion of infected cells (33), a high viral mutation rate and
rapid replication of the virus are thought to be key contributors to
viral evolution of HIV-1. Historical studies have estimated that the
HIV-1 mutation rate is between 1.4 and 3.4 x 10" mutations per
base pair (mut/bp), although more recent studies have estimated
that the mutation rate may be closer to 4.1 x 10~ mut/bp per cell in
vivo (151-155).

The occurrence of multiple zoonotic transmission events of
SIVs are also thought to contribute to the genetic diversity of
HIV-1 and HIV-2. While most strains of HIV-1 exhibit the
highest level of similarity to SIVs from chimpanzees, group O
viruses are more closely related to SIVs isolated from gorillas,
indicating distinct transmission events that have contributed to
the pool of circulating HIV-1. Additionally, phylogenetic
analyses demonstrate that HIV-2 isolates are genetically
interspersed with SIV strains from sooty mangabey monkeys,
suggesting multiple cross-species transmissions (156). Zoonotic
transmission events are undoubtedly an important earlier driver
of the genetic diversity of human retroviruses, as adaptive
mutations have been found to coincide with cross-species
transmission events (157).

MOLECULAR DETERMINANTS OF
RETROVIRAL MUTAGENESIS

Reverse Transcriptase
The error-prone RT encoded by the virus is thought to be the
primary driver of HIV-1 mutagenesis (158). In vitro studies

suggest that the error rate of the HIV-1 group M RT (subtype B)
is approximately 0.6 to 2.0 x 10™* mut/bp, nearly 100- to 1000-
times greater than cellular DNA polymerases (148). The
extremely high error rates associated with HIV-1 and other
retroviral polymerases are due in part to a lack of intrinsic
proofreading ability, which corrects up to 99% of mistakes
encoded by cellular DNA polymerases (159). Instead,
polymerase errors become fixed within the retroviral genome
and contribute to viral diversification.

A variety of intrinsic and extrinsic factors can modulate the
fidelity of retroviral polymerases. Mutations within the pol gene
that encode for drug resistance-associated mutations, for
example, can significantly increase or decrease the fidelity of
RT. The M184V mutation in HIV-1, which confers resistance to
the nucleoside analogue reverse transcriptase inhibitors (NRTIs)
lamivudine (3TC) and emtricitabine (FTC), is associated with a
20% reduction in the relative HIV-1 mutant frequency (160). In
contrast, the K65R mutation, which confers resistance to the
NRTIs 3TC, abacavir (ABC), and tenofovir disoproxil fumarate
(TDF) in both HIV-1 and HIV-2, increases the mutant frequency
of HIV-2 by approximately 10% compared with WT (141, 161).
Small molecules and NRTIs themselves can also affect viral
mutagenesis and can be used to increase the viral mutation
rate above a theoretical error threshold to promote viral
population collapse (a novel therapeutic strategy known as
lethal mutagenesis) (160, 162-165). Retroviral polymerases are
also prone to “slipping” and “jumping”, which often occur at
runs of repeated nucleotides and can result in deletions and
frameshift mutations (166).

The fidelity of retroviral polymerases can also be affected by
cellular concentrations of deoxynucleoside triphosphates (ANTPs),
which are needed for generation of viral genomic DNA products
(167). The mutation rate of HIV-1 has been found to differ by up to
30% between macrophages and T cells, which have drastically
different dNTP concentrations based on their dividing status
(168). In the absence of dNTPs, ribonucleotides are frequently
incorporated during HIV-1 replication in macrophages, which can
result in viral mutation if unrepaired (169). Indeed, recent research
suggests that perturbations of dNTP pools within macrophages
results in a 20% to 30% increase in the viral mutant frequency (170).
However, the misincorporation of ribonucleotides during retroviral
replication in macrophages is reduced following expression of the
HIV-2/SIV accessory protein viral protein X (Vpx) (171). Vpx
counteracts the cellular HIV-restriction factor SAMHDI (sterile
alpha motif and HD domain-containing protein 1), which acts as a
deoxynucleoside triphosphohydrolase in non-dividing myeloid-
lineage cells and depletes cellular ANTP pools (172). Collectively,
these results suggest that depletion of dNTPs within macrophages
by SAMHDI contributes to HIV mutagenesis, but direct evidence
of this effect remains to be observed. However, in further support of
this activity, SAMHD1 expression is associated with perturbations
in ANTP levels similar to those observed with the ribonucleoside
reductase inhibitors, which have been shown to increase the HIV-1
mutagenic properties of nucleoside analogs (173-175).

The retroviral polymerase, RT, is also highly prone to
recombination, which further promotes diversification.
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Retroviruses, including HIV-1, HIV-2, and HTLV-1, are
considered pseudodiploid, meaning that viral particles each
contain two complete copies of the viral genomic RNA. During
replication of the viral genome and synthesis of the DNA provirus,
template switching may occur, in which the viral RT enzyme
“jumps” between RNA copies to complete reverse transcription
(176). When identical copies of the RNA genome are packaged, no
effect is observed. However, mutations can arise when genetically
distinct copies of the RNA genome are packaged, either as a result
of superinfection (infection of the host cell with more than one
virus) or, much less frequently, errors resulting from host DNA
polymerases (176). Recombination itself can also lead to mutations.
One study demonstrated that 15% to 20% of all mutations that
occur during reverse transcription in cell culture are associated with
recombination events (177).

In endemic regions where individuals may be repeatedly exposed
to HIV, recombination can occur between HIV subtypes within the
context of host superinfection, resulting in the formation of
recombinant forms of the virus (178). As of June 2021, 102
circulating recombinant forms (CRFs) of HIV-1 have been
identified in the Los Alamos National Laboratory HIV sequence
database (179). Recombination between subtypes of HIV-2,
however, is much less common, and only one HIV-2 CRF has
been identified to date (179, 180). Recombination between HTLV-1
strains has been observed similarly infrequently (33, 181).

Recombination is an essential process in retroviral replication
and occurs frequently during the course of infection. Early in
vitro studies estimated that over 20% of proviruses within a
population are the result of recombination events after as little as
15 days (182). Blocking recombination results in a reduction in
HIV-1 viral titers and significant deletions within genomes that
are able to propagate, indicating that recombination is essential
for maintaining genomic integrity (183). Studies of HIV-1
suggest that retroviral recombination is dependent on regions
of high sequence similarity between templates as well as RNA
secondary structures (40, 184-186). Low levels of cellular ANTP
pools may also promote recombination, as macrophages have
been found to have recombination rates up to 4-fold higher than
observed in T cells, and HIV-1 template switching in
macrophages is reduced to T cell levels following degradation
of SAMHDI1 via Vpx (168, 187).

APOBECS3 Proteins

Host cellular factors, including the APOBEC3 (apolipoprotein B
mRNA editing-enzyme catalytic polypeptide-like 3; A3) family
of restriction factors, also contribute to viral mutagenesis
(Figure 5). These proteins are a family of cytosine deaminases
that catalyze the deamination of cytosine (C) to uracil (U) within
ssDNA substrates (188, 189). During reverse transcription, these
C-to-U mutations template the improper insertion of adenine
(A) in place of guanine (G) in the complimentary DNA strand,
effectively catalyzing G-to-A mutations within the positive-sense
DNA strand (188, 190). Of the 7 APOBECS3 proteins encoded
within the human genome (A3A-D, A3F-H), A3D, A3F, A3G,
and A3H (haplotypes II, V, and VII) have been shown to restrict
HIV-1 infection via the introduction of G-to-A mutations during

reverse transcription (191-195). Editing by APOBEC3 proteins
is dependent on both DNA structure and sequence, with A3G
preferentially targeting cytosines within a 5-CC-3’ (5-GG-3’)
context and all other A3 proteins more potently mutagenizing
cytosines within a 5-TC-3" (5-GA-3’) context (189, 196-200).
APOBECS3 proteins, particularly A3G, can introduce several G-
to-A mutations within an HIV-1 genome during a single round
of replication, a phenomenon termed hypermutation. One study
found that up to 10% of plus-strand guanines in the HIV-1 viral
genome were converted to adenines by A3G during a single
round of replication; some individual base pairs were especially
prone to mutagenesis, being changed to adenines at frequencies
ranging from 33% to 100% (196). APOBEC3-induced G-to-A
mutations are often lethal, as a G-to-A transition within a 5-
TGG-3’ context results in the generation of any one of the 3
translational stop codons (TAG, TAA, or TGA). In an analysis of
the HIV-1 gag gene, it was found that over 80% of proviruses
contained stop codons introduced by A3G editing within a cell
culture system (196).

HIV-1 escapes restriction by APOBEC3 proteins via
expression of the Vif (viral infectivity factor) protein. In viral
producer cells, Vif interacts with the cellular cofactor CBF- to
catalyze the formation of an active E3 ubiquitin ligase complex,
comprised of CUL5, ELOB, ELOC, and RBXI, to promote the
ubiquitination and subsequent proteasomal degradation of
APOBEC3 proteins (188, 201-205). In the absence of Vif,
APOBECS3 proteins are packaged into budding particles along
with viral proteins and genomic RNA. Following infection of a
target cell, they exert their antiviral activity by deaminating
cytosines within the nascent ssDNA. Targeting of the
APOBECS3 proteins for degradation within the producer cell by
Vif prevents their incorporation into viral particles and allows
the virus to circumvent APOBEC3-mediated restriction.

However, even in the presence of Vif expression, sublethal
levels of G-to-A mutations are observed within the HIV-1
genome, indicating that suppression of APOBEC3-mediated
restriction is incomplete (142, 143, 158, 206, 207). These
mutations have important implications within the context of
viral infection, and have been linked to changes in coreceptor
usage, immune evasion, and the failure of ART (208-214). One
study found that incomplete neutralization of A3G and A3F was
associated with a significant increase in the presence of CXCR4-
tropic viruses in the population, a shift that has previously been
found to correlate with cell tropism changes, disease progression,
and a more rapid decline in CD4+ T cell counts in HIV-1
infected individuals (209, 215). In a study of 88 Indian HIV-1-
positive patients (87 infected with subtype C, 1 infected with a
recombinant A1C strain), 11.4% exhibited evidence of A3G-
mediated hypermutation within proviral sequences, and patients
failing ART were nearly 5-times more likely to exhibit evidence
of lethal G-to-A hypermutation than treatment naive patients
(214). Collectively with other in vitro and in vivo studies, these
results suggest that, despite their relatively minor contribution to
the HIV-1 mutation rate (158), G-to-A mutations resulting from
sublethal APOBEC3-mediated mutagenesis are important
drivers of HIV-1 diversification and evolution.
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G-to-A mutations can be observed in HIV-1 proviruses.

The restrictive activity of APOBEC3 proteins against other
human retroviruses has remained largely uncharacterized
relative to HIV-1. Studies on the anti-HIV-2 activity of
APOBECS3 proteins have largely been conducted in a piecewise
fashion, primarily as an evolutionary comparator with HIV-1
and SIV (216-218). However, one study demonstrated that HIV-
1 and HIV-2 Vif proteins interact with A3G and A3F via
disparate moieties in both the Vif and APOBEC3 proteins
(218). Additionally, our group has demonstrated that HIV-2 is
characterized by a relative lack of G-to-A mutations, and
specifically hypermutations, relative to HIV-1 (142, 143).
Consistent with these observations, restriction of HIV-2 was
found to be mediated by a smaller subset of APOBEC3 proteins
than HIV-1 (A3F, A3G, and A3H), with only A3F and A3G
serving as potent mutagens of HIV-2 (219). Collectively, these
results indicate that APOBEC3-mediated restriction of HIV-2 is
distinct from that of HIV-1.

The effects of APOBEC3 proteins on HTLV-1 have been
studied, but with somewhat inconclusive results. In a single cell
culture study, A3A and A3B were found to restrict HTLV-1
infection in a deaminase-dependent manner (220). A3G and
A3H (haplotype II) have also been found to restrict HTLV-1
infection in vitro, though these proteins are thought to act in a
deaminase-independent manner and the exact mechanisms
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FIGURE 5 | Mutagenesis by APOBEC3 proteins results in G-to-A transition mutations in HIV-1 proviruses. Four APOBEC3 proteins (A3D, A3F, A3G, and A3H) are
known to restrict HIV-1 infection by catalyzing the deamination of cytosine in single-stranded DNA (ssDNA) into a uracil (red) during reverse transcription. This
templates the improver insertion of an adenine (orange) in place of a guanine, resulting in a G-to-A mutation in the positive-sense DNA strand of the resulting
provirus. These mutations preferentially occur in a 5’-GG-3’ or 5’-GA-3’ dinucleotide context. APOBECS activity is inhibited by the viral accessory protein Vif (shown
in pink box), which targets APOBECS3 proteins for degradation by the proteasome. Vif suppression of APOBECS activity is incomplete, though, and sublethal levels of

remain to be established (220, 221). However, two studies
independently examined proviral sequences obtained from the
blood of HTLV-1-infected individuals to determine the effects of
APOBECS3 editing in vivo. While one study found no evidence of
G-to-A hypermutation within HTLV-1 proviruses (222), the
other reported extensive editing of proviral sequences within
dinucleotide contexts suggestive of APOBEC3-mediated
mutagenesis (220). A more recent study examining the
evolutionary footprint of APOBEC3 proteins within the
genome of human viruses found that the HBZ-encoding region
of the HTLV-1 genome is relatively depleted of 5-NTC-3
codons, indicative of historic APOBEC3-mediated editing
throughout the evolution of the virus (223). More research is
needed to fully understand the effects of the HTLV-1-restrictive
activity of APOBECS3, but studies have been confounded by
difficulties propagating the virus in cell culture (224-226).

ADAR Proteins

Host ADAR (adenosine deaminases acting on RNA) proteins
have also been implicated as potential sources of mutation
during HIV-1 replication (Figure 6A). ADAR proteins are
RNA-editing enzymes that catalyze the deamination of
adenosine into the purine nucleoside inosine (I) in double-
stranded RNA structures (227, 228). During splicing and
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FIGURE 6 | Potential effects of ADAR activity during HIV-1, HIV-2, and HTLV-1 infection. (A) Adenosine deamination reactions by ADAR proteins during retroviral
replication are thought to induce A-to-I mutations within structured RNA elements from both the incoming vVRNA genome and transcribed mRNA products. When
these mutations occur during reverse transcription, it may lead to the introduction of A-to-G mutations in the integrated provirus. (B) Proposed RNA editing-
dependent enzymatic activities of ADAR during retroviral infection have reported pro- and antiviral effects on protein synthesis, viral gene expression and replication,
rates of protein synthesis, and RNA-splicing. (C) Proposed RNA editing-independent effects include inhibition of PKR.

translation events, cellular machinery treat inosine as
guanosine, resulting in changes to both splicing patterns and
protein amino acid sequences (228-230). This also results in
the introduction of A-to-G mutations in proviral DNA when
these editing events occur during reverse transcription (154,
231). A-to-G, and U-to-C, hypermutation have been observed
in many negative-sense RNA viruses but are observed relatively
infrequently in retroviruses such as HIV-1 and HIV-2 (142,
154, 207, 232, 233).

Research on the effects of ADAR editing on HIV-1
infectivity has yielded conflicting results (Figure 6B). Several
studies have demonstrated that ADAR1 and ADAR?2, the two
ADAR proteins expressed throughout the body, serve as
proviral factors for HIV-1 (and HTLV-1) infection (234-
238). Studies of ADARI overexpression in HIV-1 producer
cells have demonstrated that editing by ADARI in the 5UTR,
as well as the env, rev, and tat genes, results in enhanced
expression of the viral genome and increased protein
production (234, 236). Experimental evidence using both
HIV-1 and HTLV-1 suggest that the proviral activity of

ADARI is also mediated by ADARI1-induced inhibition of
PKR (protein kinase RNA activated), an antiviral protein that
inhibits translational initiation of viral RNAs (Figure 6C) (235,
238). However, although ADARI has been shown to facilitate
HIV-1 replication in CD4+ T cells (238), it has been found to
inhibit HIV-1 replication in human alveolar macrophages
(233). In these cells, overexpression of ADARI inhibited viral
replication, but did not affect transcription of viral genes,
suggesting the antiviral activity may be regulated post-
transcriptionally (233). This hypothesis is supported by
evidence from a variety of cell lines (293T, HelLa, Jurkat T,
and primary CD4+ T cells), which found that ADAR1-induced
A-to-G mutations in highly structured regions of the genome
(i.e., rev, env, and the RRE) inhibited viral protein synthesis, but
not viral RNA synthesis (239). The conflicting results observed
in existing studies, as well as the lack of research on the effects
of ADAR1 and ADAR2 on HIV-2 replication, highlight the
need for further research on the cellular sources of genetic
diversity within human retroviruses, and their effects on
viral replication.
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CONCLUSION

Much of our current knowledge on the biology of human
retroviruses is based on studies of HIV-1, the most prominent
and deadly of the human pathogenic Retroviridae. However,
comparative studies demonstrate key genetic, morphological, and
physiologic differences between HIV-1 and other retroviruses
including HIV-2 and HTLV-1. Historically, assumptions about
these viruses, particularly HIV-2, have been made based on what
is known about HIV-1. Indeed, even clinical guidelines for the
treatment of HIV-2-infected individuals are based on extrapolation
of data from the treatment of HIV-1, as clinical trials and formal
studies in HIV-2 patients are lacking (240). As indicated in this
review, the available research demonstrates that significant diversity
exists among human retroviruses, and each should be studied
independently for a complete understanding of their biology,
including the cellular and molecular determinants of replication
and mutagenesis. Comparative analysis among the human
retroviruses can be powerful in understanding their replication,
evolution, persistence, and pathogenicity.
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