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Abstract

During human immunodeficiency virus (HIV-1) entry into target cells, binding of the virus to host
receptors, CD4 and CCR5/CXCRA4, triggers serial conformational changes in the envelope
glycoprotein (Env) trimer that result in the fusion of the viral and cell membranes. Recent
discoveries have refined our knowledge of Env conformational states, allowing characterization of
the targets of small-molecule HIV-1 entry inhibitors and neutralizing antibodies, and identifying a
novel off-pathway conformation (State 2A). Here, we provide an overview of the current
understanding of these conformational states, focusing on: 1) the events during HIV-1 entry; 2)
conformational preferences of HIV-1 Env ligands; 3) evasion of the host antibody response; 4) and
potential implications for therapy and prevention of HIV-1 infection.
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. General overview of Env

Discovered in 1981, human immunodeficiency virus (HIV-1) represents a major threat to
human health, infecting ~75 million people and causing ~32 million deaths since the start of
the epidemic [1]. HIV-1 is a member of the lentivirus subfamily of retroviruses; lentiviruses
can establish persistent infections in immunocompetent hosts. In contrast to the

unprecedented pace of development of antiretroviral therapies that can control HIV-1
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infection and delay disease progression, prophylaxis of HIV-1 transmission has been less
successful. Despite decades of effort, a protective vaccine has not been developed. As the
only HIV-1 protein on the surface of infected cells and virions, the envelope glycoprotein
(Env) trimer is the sole target of host antibodies that mediate virus neutralization or
antibody-dependent cellular cytotoxicity (ADCC) [2, 3]. In monkey models of HIV-1
infection, protection strongly correlates with the levels of serum antibodies that can
neutralize the challenge virus [4-9].

In the infected cell, Env is produced and processed in the secretory pathway. The env gene
encodes an ~850-residue precursor that is cotranslationally inserted into the endoplasmic
reticulum (ER) membrane, trimerizes and is modified by high-mannose glycans [10]. After
transport from the ER to the Golgi, the gp160 precursor is incompletely modified by
complex glycans and proteolytically cleaved by a cellular furin protease into the surface unit
(gp120) and the transmembrane unit (gp41) [11, 12]. Three gp120-gp41 heterodimers form a
functional trimer spike on the surface of the infected cell; the non-covalent association of
gp120 with the Env trimer results in shedding of gp120 from a subset of Envs. Some of the
mature Env trimers are incorporated into budding viruses. A fully infectious virion displays
approximately 10-14 spikes per particle [13]. This relatively low level of Envs may help the
virus evade the immune response.

HIV-1 naturally infects T lymphocytes, as well as monocytes, macrophages, dendritic cells
and, in the central nervous system, microglia. These cells express receptors for HIV-1, CD4
and a coreceptor, either CCR5 or CXCR4. Upon binding these receptors, HIV-1 Env
mediates the fusion of the viral and target cell membranes, resulting in the delivery of the
viral core into the cytoplasm of the cell [14, 15]. Both cell-free virus spread and the highly
efficient cell-cell transmission of HIV-1 across virological synapses require Envs that are
competent for receptor binding and membrane fusion [16, 17].

Untreated HIV-1-infected individuals experience a progressive decrease in their CD4* T
lymphocytes, which ultimately leads to life-threatening acquired immunodeficiency
syndrome (AIDS). Direct viral cytopathic effects, which include syncytium formation and
the lysis of single cells, are mediated by Env and contribute to T-lymphocyte depletion [18,
19]. Surface-displayed HIV-1 Envs can fuse the infected cell with uninfected, receptor-
bearing cells, resulting in lethal multinucleated syncytia [20, 21]. Intracellularly, Envs and
receptors in the secretory pathway can interact, leading to membrane-damaging fusion
events and single-cell lysis [22, 23]. Host immune effectors, including cytotoxic T
lymphocytes and ADCC-mediating natural killer cells, could potentially destroy infected
cells and innocent bystander CD4"* cells that have captured shed gp120, respectively [18,
24].

Lentiviruses like HIV-1 establish persistent infections in their hosts, continuing to replicate
in the face of the antiviral immune response. As the sole virus-specific protein on the surface
of HIV-1 virions, Env has evolved features that diminish the elicitation and impact of
antibodies that could potentially neutralize HIV-1 or destroy infected cells by ADCC. These
Env features include: 1) a high degree of glycosylation, with more than half of the molecular
mass of gp120 composed of N-linked carbohydrates [25]; 2) extensive variation among
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HIV-1 strains, with five hypervariable gp120 regions (V1-V5) interspersed among more
constant regions (C1-C5); 3) conformational masking of antibody epitopes (described
below). As a consequence of these Env features, syncytium formation and infection of most
primary, clinical HIV-1 variants (“Tier 2” or “Tier 3” viruses) are not effectively inhibited by
the high-titer anti-Env antibodies elicited during natural infection [20, 25]. Antibody binding
to any Env surface can lead to neutralization, so this resistance to a polyclonal, diverse set of
antibodies is a remarkable testament to the effectiveness of Env’s defenses. Some of the
easily elicited, poorly neutralizing antibodies can mediate potent ADCC against HIV-1-
infected cells [28, 29]; as will be discussed below, HIV-1 has evolved strategies to minimize
the antiviral impact of these antibodies. Here, we review current understanding of HIV-1 Env
conformations and discuss the implications for HIV-1 therapy and prophylaxis.

Il. Conformational changes associated with HIV-1 entry

The HIV-1 Env trimer is a receptor-activated, membrane-fusing molecular machine [2, 14].
Unlike many proteins that fold into a low-energy ground state, the Env trimer is trapped
during its folding in a local energy well. The potential energy stored in the pretriggered
(State-1) conformation of the Env trimer is used to drive the fusion of the viral and target
cell membranes. The implied tension and compression in the metastable State-1 Env trimer
is relaxed in a graduated manner by receptor binding. The conformational transitions in the
HIV-1 Env resulting from CD4 binding have been studied by single-molecule fluorescence
resonance energy transfer (smFRET) [30, 31] (Figure 1). CD4 engagement triggers the
transition of Env from State 1 to an intermediate conformation, State 2. When one protomer
of the Env trimer binds CD4, the other two protomers assume State-2 conformations [31].
Additional CD4 binding transforms Env into the full CD4-bound (State-3) conformation. In
State 3, gp120 assumes a conformation that is competent for CCR5/CXCR4 interaction,
with the V3 variable region exposed and the bridging sheet formed. The heptad repeat 1
(HR1) region in gp41 forms a trimeric helical coiled coil in the State-3 Env. The binding of
gp120 to the coreceptor, either CCR5 or CXCRA4, leads to additional Env conformational
transitions [2, 14, 15]. During the process of receptor binding, the hydrophobic fusion
peptide at the N terminus of gp41 inserts into the target cell membrane. Subsequently, the
heptad repeat 2 (HR2) region of gp41, which is located near the viral membrane, binds in an
anti-parallel manner to the hydrophobic groove on the HR1 trimeric coiled coil. This results
in the formation of an energetically stable six-helix bundle (6HB), driving the viral and
target cell membranes into proximity. Some studies have suggested that a small number of
Env spikes are needed for HIV-1 entry, a model consistent with the low spike density on
HIV-1 virion particles [13, 32].

CD4-induced transitions of HIV-1 Env from State-1 to State-2 conformations have been
targeted by small-molecule entry inhibitors. Conformational blockers, the prototype of
which is BMS-806, inhibit CD4-induced formation/exposure of the gp41 HR1 coiled coil; at
higher concentrations, BMS-806 can interfere with gp120-CD4 interaction [33-37]. CD4-
mimetic compounds (CD4mcs) bind near the CD4-binding site of gp120, competitively
inhibit CD4 binding, and prematurely trigger conformational changes in Env similar to those
induced by CD4 [38-40]. Envs bound to two or three CD4mcs are inactivated, with a
functional half-life of approximately 5 minutes at 37°C [41, 42]. At lower stoichiometry,
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CD4mcs facilitate the exposure of CD4-induced epitopes on the Env spike, sensitizing virus
particles to neutralization and infected cells to ADCC by otherwise ineffectual antibodies
[43, 44].

The unliganded, pretriggered Env of most primary HIV-1 strains is in a State-1 conformation
[30, 31]. However, changes in specific gp120 and gp41 amino acid residues can destabilize
State 1, disrupting its closed, pretriggered conformation; these amino acids have been
termed “restraining residues” because they are postulated to help maintain the Env trimer in
a State-1 conformation [45-50]. Their conservation among HIV-1 strains suggests that the
State-1 Env conformations of most HIV-1 variants share common features. Intriguingly,
many HIV-1 Envs with alterations in restraining residues spontaneously assume downstream
conformations on the virus entry pathway. Some Env mutants become completely
independent of CD4 and can support HIV-1 entry into CD4-negative cells expressing CCR5
or CXCR4; these mutants are thought to sample State-3-like conformations spontaneously
[50-52]. More often, viruses with altered Env restraining residues remain CD4-dependent,
but can infect cells with lower levels of CD4, compared with the parental wild-type virus.
These mutants exhibit greater sensitivity to inhibition by soluble CD4, CD4mcs and many
poorly neutralizing antibodies [47-49]. In some cases, these viruses are less readily
neutralized by State-1-preferring ligands, such as broadly neutralizing antibodies and
conformational blockers like BMS-806 [45, 46]. The identification of the State-2
intermediate and the documentation that Env mutants with altered restraining residues
exhibit greater occupancy of State 2 provided a satisfying explanation of the observed viral
phenotypes [45, 46]. Because multiple diverse amino acid changes in Env result in viruses
with similar phenotypes, we suggest that State 2 represents a partially open default Env
trimer conformation readily derived when the metastable State-1 conformation is disrupted.
T cell line-adapted (TCLA) HIV-1 variants exhibit Tier-1 neutralization sensitivity
phenotypes similar to those of HIV-1 mutants with altered restraining residues; indeed, Envs
from some TCLA viruses have been shown to sample State-2 conformations more
frequently than Envs from most primary HIV-1 strains [30]. The propensity of HIV-1 Envs
to leave State 1 and move into downstream conformations (States 2 and 3) is dictated by the
activation barrier separating these states; the “intrinsic reactivity” or “triggerability” of Env
is inversely proportionate to the height of this activation barrier [50, 51]. Destabilization of
State 1 results in Envs that are readily triggered by, and thus globally sensitive to, multiple
State 2/3-preferring ligands such as soluble CD4, CD4mcs, and many antibodies; such Envs
are also inactivated by exposure to the cold. Although most naturally occurring HIV-1
strains, including transmitted/founder viruses, are relatively resistant to antibody
neutralization, they can exhibit a range of sensitivities to soluble CD4 and cold; thus, the
activation barriers for each of these stimuli can be regulated independently by changes in
Env [49, 53-55]. Alteration of the particular activation barriers between State-1 and State-2
Env conformations can affect HIV-1 requirements for target cell levels of CD4, susceptibility
to small-molecule virus entry inhibitors, and sensitivity to neutralization or ADCC by
antibodies. Thus, the existence of an intermediate (State-2) conformation between the
pretriggered (State-1) and full CD4-bound (State-3) Env conformations equips HIV-1 with
the flexibility to adjust to the specific requirements imposed by the local environment.
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lll. Interactions of HIV-1 Env ligands with particular conformational states

The host antibody response imposes major selective pressure on the HIV-1 Env (Figure 2).
Any antibody that binds the functional Env trimer can potentially neutralize the virus [56],
so avoiding the binding of antibodies is a requirement for HIV-1 to survive in the host. High
titers of non-neutralizing or poorly neutralizing antibodies directed against Env are elicited
early during the course of natural HIV-1 infection. Many of these antibodies recognize
epitopes that are exposed on the Env trimer only after CD4 binding. These epitopes include
structures in the gp120 V2 and V3 variable loops at the trimer apex, the highly conserved
gp120 binding site for the CCR5 or CXCR4 coreceptor, the Cluster A gp120 element, and
the gp41 ectodomain. Once the viral Env spike engages CD4 on the target cell membrane,
most of these epitopes are sterically inaccessible to antibodies [57]. Of interest, Fab
fragments of these non-neutralizing antibodies can inhibit HIV-1 infection, implicating steric
hindrance in the lack of efficacy of the full antibody.

Although more reactive (triggerable) Envs might be advantageous with respect to the
efficiency of HIV-1 entry, they are counterselected by the poorly neutralizing antibodies.
Therefore, most primary viruses maintain a “closed” State-1 Env conformation that resists
the binding of readily elicted anti-Env antibodies. SmFRET studies indicate that at least one
protomer of the Env trimer spontaneously samples downstream conformations beyond State
1 [30, 31]. However, primary HIV-1 can resist prolonged exposure to poorly neutralizing
antibodies, suggesting that the availability of the cognate epitopes is at best transient [58].
Presumably, an antibody that binds the Env trimer and subsequently departs will fail to
neutralize the virus. Such an event can result in the mild enhancement of primary HIV-1
infection that has been seen for some poorly neutralizing antibodies [59]. Of course, for the
more reactive/triggerable HIV-1 Envs like those found in the Tier-1 T cell line-adapted
viruses, poorly neutralizing antibodies may access their epitopes and inhibit virus infection
[53].

Some readily elicited antibodies that recognize the coreceptor-binding site (anti-CoRBS) or
Cluster A epitopes on gp120 can mediate ADCC against HIV-1-infected cells [60, 61]. The
CD4-induced epitopes that overlap the CCR5/CXCR4-binding site encompass the bridging
sheet and the base of the V3 loop [62—64]. Cluster A epitopes are located in the gp120 inner
domain (seven-stranded B-sandwich, Layers 1 and 2, and N- and C-termini) [65, 66]. The
binding of anti-CoRBS antibodies, anti-Cluster A antibodies and CD4mc stabilizes a novel
“open” Env conformation designated State 2A [61]. Interestingly, membrane-bound CD4
can engage Env in the infected cell, inducing a State-2A conformation [61]. Although both
anti-CoRBS antibodies and anti-Cluster A antibodies recognize State-2A Envs, only the
anti-Cluster A antibodies mediate potent ADCC [61]. It has been suggested that differences
in ADCC activity among antibodies belonging to the same family are due to the angle of
approach; this angle can affect the orientation of the Fc portion recognized by FCYR on the
effector cells [60]. Another factor that might contribute to variable antibody effectiveness at
mediating ADCC is the differential rate of antibody-induced internalization of Env bound to
antibodies targeting State-1 versus State-2/3 conformations [67]. Antibodies that recognize
the highly conserved Cluster A epitopes on the State 2A Env conformation meet the multiple
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requirements for efficient ADCC and are the most potent mediators of this adaptive immune
response.

After several years of infection, about 10-15% of HIV-1-infected individuals produce
antibodies that can neutralize a large percentage (40-99%) of naturally occurring HIV-1
Group M strains [68, 69]. Broadly neutralizing antibodies (bNAbs) typically exhibit
extensive somatic hypermutation compared with their germline precursors; long
complementarity-determining region (CDR) loops often allow these antibodies to access
recessed structures or to bind glycans on the HIV-1 Env trimer [70-73]. Several HIV-1 Env
bNADb epitopes have been characterized (see Table 1) [70-74]. All bNAbs have the ability to
bind the State-1 Env conformation represented by the mature HIV-1 Envs on the surface of
expressing cells and on virions [30]. Most bNAbs also retain the ability to recognize more
reactive Envs that sample State 2 conformations. This promiscuity with respect to Env
conformation contributes to the breadth of the bNAbs: thus, most bNAbs neutralize Tier 1,
laboratory-adapted viruses that exhibit propensities to occupy State 2/3 Env conformations.

Nonetheless, some bNAbs have demonstrated a preference for particular HIV-1 Env
conformations [Table 1]. The V2 quaternary antibodies and VRCO01, VRCO03 and 3BNC117
CD4-binding site antibodies exhibit lower neutralization potency against HIV-1 Env mutants
with changes that destabilize State 1 [45]. PGT151, which targets the gp120-gp41 interface,
initially recognizes State-1 Env, but induces an asymmetric, State-2-like conformation [75,
76]. Most bNADbs against the gp41 MPER recognize CD4-bound conformations more
efficiently than the pretriggered Env [77, 78]. Thus, although achieving neutralization
breadth requires that bNAbs tolerate Env conformational changes to an extent, the affinity of
some bNAbs can be influenced by the conformational state of the Env trimer.

Small-molecule and peptide inhibitors of HIV-1 entry also exhibit preferences for specific
Env conformations. One group of small-molecule conformational blockers includes
BMS-806, BMS-806 analogues, 484 and 18A [33-35, 46]. These conformational blockers
bind State-1 Envs and inhibit transitions to downstream conformations. These compounds
target a hydrophobic pocket between the a1 helix and the $20-p21 loop of gp120, near the
CD4-binding site [35, 79]. At an effective antiviral concentration, the conformational
blockers interfere with CD4-induced changes such as exposure of the gp41 HR1 coiled coil;
at higher concentrations, these compounds decrease CD4 binding [36, 37, 46]. Incubation of
some membrane Envs that spontaneously occupy States 2 or 3 with BMS-806 analogues
results in a shift back to a State-1-like conformation, underscoring the State-1 preference of
these compounds and suggesting their potential utility for structural studies of State 1 [75].
This State-1 preference means that BMS-806 analogues can bind the functional Env trimer
with only minimal induction of conformational change, allowing high binding affinities and
significant antiviral potency to be achieved in many cases.

Another class of HIV-1 entry inhibitors includes the CD4-mimetic compounds (CD4mcs),
exemplified by BNM-I111-170 or MCG-1V-210 [38-40, 80]. CD4mcs target the gp120 Phe 43
cavity, which is formed in State-3 Envs as CD4 binds [40, 62, 81]. The Phe 43 cavity is a
highly conserved pocket between the gp120 inner and outer domains, the entrance to which
is plugged by phenylalanine 43 of CD4 as Env engages its receptor [62]. CD4mcs penetrate
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deeper into the Phe 43 cavity than CD4, competitively blocking CD4 binding and
prematurely inducing short-lived State 2/3 Env conformations [40-42]. The requirement to
induce significant conformational changes upon binding Env lowers the affinity and antiviral
potency of CD4mcs, compared with the conformational blockers. HIV-1 Env changes that
raise or lower the activation barrier separating State 1 and States 2/3 can decrease or
increase, respectively, HIV-1 sensitivity to CD4mcs [41, 45-47]. The consequences of
CD4mc binding depend upon the stoichiometry of Env trimer occupancy: trimers with all
three sites occupied by CD4mcs can be irreversibly inactivated, whereas trimers with only
one occupied protomer may remain functional but are “opened,” sensitized to the binding of
otherwise poorly neutralizing antibodies [41, 43]. Likewise, CD4mcs can render HIV-1-
infected cells susceptible to ADCC mediated by CD4-induced antibodies [44, 61, 82].
Finally, CD4-mimetic proteins like eCD4-1g, which mimics both CD4 and the CCR5 N-
terminus, can also induce State 2/3 Env conformations, inactivate virus, and enhance the
susceptibility of infected cells to ADCC [83-85].

Enfuvirtide (T20, Fuzeon) is a peptide corresponding to the HR2 region of gp41 that inhibits
HIV-1 Env function by acting as a dominant-negative inhibitor of six-helix bundle formation
[86, 87]. Enfuvirtide binds the gp41 HR1 coiled coil, which only becomes available after
CD4 binding, in a State-3 Env [37]. Several studies have suggested that the Kinetics with
which State 3 proceeds to the six-helix bundle can influence HIV-1 sensitivity to enfuvirtide
[88, 89].

IV. Evasion of the host antibody response

Preclinical studies in animal models have demonstrated the abilities of passively infused
bNADbs to prevent HIV-1 or SHIV infection or to suppress viremia in a therapeutic setting
[4-9, 90-93]. Clinical trials using similar bNAbs for immunotherapy of HIV-1-infected
individuals have shown transient reduction in viral loads or delay in the rebound of the virus
after analytical treatment interruption [94-100]. In a humanized mouse model, a
combination of up to five bNAbs was found to suppress HIV-1 viremia in a greater
percentage of animals than a 3-bNAb regimen [92]. In HIV-1-infected humans who make
bNADbs, the virus has been shown to be resistant to the bNADb; often the Env epitope is intact,
but Env changes distant from the antibody-binding site can determine escape [101-103].
Presumably, modulating Env conformations provides another means to evade host
antibodies. For example, an E658K change in the gp41 HR2 region altered the neutralization
sensitivity of the parental SHIV to PGT121, a bNADb that targets a VV3-glycan epitope in the
gp120 outer domain [104]. Another study examined a large panel of HIV-1 Env variants for
resistance to the PGT151 bNAb, which recognizes a quaternary gp120-gp41 epitope [76,
105]. Changes in the epitope identified previously were confirmed to allow virus escape, but
additional novel changes in amino acid residues distant from the defined epitope also led to
PGT151 resistance [76, 105].

Antibody-dependent cell cytotoxicity (ADCC) has been implicated in slowing the rate of
AIDS disease progression in HIV-1-infected individuals [106-108], and in the modest level
of protection observed in the RV144 HIV-1 vaccine trial in Thailand [109, 110]. Both bNAbs
and non-nAbs have been reported to mediate ADCC functions [111-115]. HIV-1 has
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evolved several mechanisms to limit ADCC responses (Figure 2). One strategy consists of
downregulating CD4 from the cell surface, an activity mediated by the Nef and Vpu
accessory proteins [66, 116-118]. Nef downregulates CD4 from the plasma membrane by
directing the receptor to the lysosome for degradation [116]. Vpu, on the other hand,
interacts with newly-synthesized CD4 through endoplasmic-reticulum-associated protein
degradation (ERAD) [117]. The action of VVpu liberates Env from CD4-dependent retention
in the ER, allowing trafficking of Env in its unliganded form to the plasma membrane [118].
Limited CD4 expression at the cell surface precludes interaction with Env, thereby avoiding
the exposure of Env in the “open” State-2A conformation [61].

A significant effort is being made to devise vaccine immunogens that will consistently elicit
bNADs against HIV-1 in humans (Figure 3). Many current immunization strategies employ
stabilized versions of soluble HIV-1 Env trimers [119, 120]. Soluble gp140 SOSIP.664 Env
trimers are stabilized by an 1559P change in gp41, by an artificial disulfide bond linking
gp120 and gp41, and by a truncation of the gp41 ectodomain at residue 664 [119]. Soluble
gp140 SOSIP.664 trimers are recognized by most bNAbs and are inefficiently recognized by
most poorly neutralizing antibodies [9, 119]. One exception to the latter point is the efficient
binding of soluble gp140 SOSIP.664 trimers by non-neutralizing antibodies directed against
the gp120 V3 loop [119, 120]. Soluble gp140 SOSIP.664 trimers also bind peptides such as
enfuvirtide (T20) corresponding to the gp41 HR2 region [121]. Antibodies against the V3
loops and enfuvirtide (T20) typically bind native membrane Envs only after CD4 binding, so
the binding of these ligands suggest that not all elements of soluble gp140 SOSIP.664
trimers are in a State-1 conformation. Nonetheless, these soluble Env trimers have been
extremely valuable in mapping the epitopes recognized by bNAbs [73, 74]. In immunized
animals, soluble gp140 SOSIP.664 trimers raised only autologous (strain-restricted)
neutralizing antibodies, and failed to elicit heterologous bNAbs against primary Tier-2
viruses [122-128]. Some heterologous neutralizing antibodies have been raised in rabbits by
repeated immunization with soluble Env trimers stabilized in a slightly different fashion
from the soluble gp140 SOSIP.664 trimers [130]. Occasional monkeys immunized with
gp41 fusion peptides and soluble Env trimers generate neutralizing antibodies that cross-
react with a small number of heterologous HIV-1 strains [131]. The results of animal
immunizations with stabilized soluble gp140 SOSIP.664 Env trimers indicate that the
elicitation of bNAbs in humans will likely be very inefficient.

Recent studies shed light on the difficulties of eliciting bNAbs with currently available Env
formulations and suggest ways to improve immunogens to achieve this elusive goal.
Analyses of membrane HIV-1 Envs indicate that some of the changes that have been used to
stabilize soluble gp140 trimers disrupt the antigenicity and function of native Envs [120,
132-134]. Moreover, some of the predictions of Env structural models based on sgp140
SOSIP.664 trimers were not borne out by mutagenic studies of functional Envs [41, 47].
Single-molecule FRET (SmFRET) studies revealed that soluble gp140 SOSIP.664 trimers
predominantly sample a State-2-like conformation [75]. Although the soluble gp140
SOSIP.664 trimers could be driven into State 3 by soluble CD4, State-1-preferring ligands
were unable to return these soluble trimers to pretriggered, State-1 conformations [75]. A
detergent-solubilized membrane Env trimer purified in a complex with the Fabs of a bNADb,
PGT151, was also found to be in a State-2 conformation [75, 135]. This is consistent with

Trendss Microbiol. Author manuscript; available in PMC 2021 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al.

Page 9

the similarity of the structures of these Env trimers [135, 138]. Crosslinking/mass
spectrometry (XL/MS) studies of gp140 SOSIP.664 and mature Env trimers on cell surfaces
indicate that differences in the gp120 trimer association domain (V1, V2 and V3 variable
regions) and in the gp41 ectodomain exist between these Envs [121]. Collectively, these
studies indicate that the detailed structure of the State-1 Env conformation that is targeted by
most bNADs is currently unknown. Recent attempts to use V2 quaternary antibody Fabs to
purify HIV-1 Envs from membranes yielded structures similar to those of the soluble gp140
SOSIP.664 trimers [139, 140]. Presumably, all of these detailed structures represent State-2-
like conformations, helping us to understand the nature of this intermediate.

The consistency with which soluble or detergent-solubilized Env trimers occupy a State-2-
like conformation suggests that this state represents a preferred, default conformation readily
sampled when State-1 Env is destabilized. This model explains the observation that changes
in multiple, distantly situated residues of a primary HIV-1 Env result in a similar State-2-
associated set of phenotypes, i.e., increased sensitivity to soluble CD4, CD4mcs, cold
exposure and poorly neutralizing antibodies [45, 46]. These properties are also associated
with laboratory-adapted (TCLA) HIV-1, which have been shown to sample State 2 more
frequently than their primary HIV-1 counterparts [30]. The structures of soluble or
detergent-solubilized Env trimers may provide insights into laboratory adaptation of HIV-1,
which typically allows the virus to replicate efficiently on target cells with lower levels of
CD4 [141, 142].

Having a functional, State-1 Env that is highly unstable and easily devolves into a State-2
conformation represents a useful adaptation for a persistent virus like HIV-1. The high titers
of non-neutralizing, State 2/3-directed antibodies that arise during natural HIV-1 infection or
following vaccination may be a consequence of this strategy. The antibodies raised in the
natural primate hosts for the simian and human immunodeficiency viruses against State 2/3
Env conformations encounter steric barriers to binding these intermediates on the virus entry
pathway [57]. Of interest, more broadly neutralizing antibodies can be elicited in cows by
sgp140 SOSIP.664 immunization [143]. These cow bNAbs have been shown to induce a
State-2 conformation in the viral Env [75]. As one might expect, the State-2-like gp140
SOSIP.664 trimers elicit antibodies that prefer this conformation. Presumably because of the
extremely long complementarity-determining region of bovine immunoglobulins [144],
these antibodies can access functional HIV-1 Envs to some extent. Such a fortuitous
outcome is much less likely in primates, which lack this unusual antibody feature.
Generating State 1-directed antibodies with breadth in humans may benefit from Env
immunogens stabilized in State 1, allowing this normally immunorecessive conformation to
be presented to the immune system. An understanding of State 1 and the ligands and Env
changes that stabilize this conformation should assist these efforts.

In addition to attempts to raise bNAbs, might the high titers of largely ineffectual anti-Env
antibodies that are directed against States 2/3 be utilized for prevention or treatment of
HIV-1 infections? For these purposes, we can take advantage of the ability of CD4mcs to
trigger conformational changes in State-1 Envs, opening them to State-2/3 conformations
and sensitizing HIV-1 to antibodies that target downstream states [43, 44, 61]. Non-
neutralizing antibodies elicited by HIV-1 gp120 protected monkeys from a stringent mucosal
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challenge with a heterologous Tier-2 SHIV, provided the virus encountered a CD4mc at the
time of challenge [82]. The ADCC activity of HIV-1 Env-specific antibodies can also
contribute to protection against infection or, in a therapeutic setting, to a reduction in the
burden of infected cells [106-110]. ADCC-mediating antibodies preferentially target open
Envs, particularly those in a State-2A conformation [28, 29, 44, 66, 111-114, 145]. In the
presence of a CD4mc, the CD4i antibody 17b is able to bind Env, rendering infected cells
susceptible to ADCC by State 2A-recognizing antibodies like A32 [29, 44, 61]. Thus, by
binding Env and modifying its conformation, CD4mc could unleash the virus-neutralizing
and ADCC-mediating potential of the abundant antibodies targeting State 2 and State 3.

V. Concluding Remarks

To date, five conformational states of HIV-1 Env have been identified by SmFRET and
structural analyses. During virus entry, HIV-1 Env undergoes a series of conformational
transitions triggered by its interaction with CD4 and the CCR5/CXCR4 coreceptor. The
pretriggered State 1 readily transitions into the default intermediate State 2, and CD4 further
pushes the Env into the CD4-bound (State-3) conformation. Coreceptor interaction drives
the formation of the six-helix bundle conformation, a stable, low-energy form. Off-pathway
asymmetric conformations like State 2A can be induced in Env by CD4mc and antibodies,
potentially rendering infected cells vulnerable to ADCC. HIV-1 has evolved strategies based
on Env conformation to evade host antibodies. An understanding of these strategies could
lead to novel therapeutic and prophylactic approaches to HIV-1 infection.
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Retrovirus
enveloped viruses that reverse transcribe their RNA genomes into a DNA copy, which
becomes integrated into the host cellular DNA, allowing stable infection of the cell.

Lentivirus
a subfamily of retroviruses that establishes persistent infections in their hosts; HIV-1 is a
member of the lentivirus subfamily.

Envelope
the membrane, viral envelope glycoproteins, and any incorporated host membrane proteins.

Envelope glycoproteins

for HIV-1, a trimeric spike on the viral membrane that consists of three gp120 exterior
envelope glycoproteins and three gp41 transmembrane envelope glycoproteins; the mature
Env results from the proteolytic cleavage of a trimeric gp160 precursor in the Golgi.
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Conformation or conformational state

the shape of a protein that is determined by its amino acid sequence, its secondary and
tertiary (domain) structures, and its quaternary interactions with other subunits on the
oligomeric complex.

Metastable
describes a molecule not in its lowest-energy (most stable) conformation.

Glycoprotein
a protein that is modified by carbohydrate moieties (glycans); HIV-1 Env is extensively
glycosylated, which is thought to facilitate its evasion of the host immune response.

Receptor

a molecule on the host cell membrane that binds the viral Env spikes and thereby facilitates
the entry of the virus; HIV-1 uses two receptors sequentially, first CD4 and then one of two
chemokine receptors, either CCR5 or CXCR4.

Coreceptor binding site (CoRBS)
a highly conserved gp120 region involved in binding the coreceptors, CCR5 or CXCR4. The
CoRBS becomes exposed upon the interaction of gp120 with CD4.

Epitope
the region on a molecule recognized by an antibody. Some epitopes on the envelope
glycoproteins are conserved among HIV-1 strains, whereas others are extremely variable.

Broadly neutralizing antibodies (bNAbs)
antibodies that target conserved epitopes on the Env trimer and thereby inhibit multiple
HIV-1 strains.

CD4-induced epitope (CD4i epitope)
an epitope that is usually occluded in the unbound Env trimer but becomes exposed upon
CD4 binding.

Small CD4-mimetic compounds (CD4mcs)
small molecules that, like CD4, interact with the conserved gp120 Phe 43 cavity and induce
conformational transitions to more “open” Env conformations.

Single-molecule fluorescence resonance energy transfer (SmFRET)

an advancement of the biophysical technique of fluorescence resonance energy transfer
(FRET) that allows measurement of dynamic conformational transitions within single
molecules.

Soluble gp140 (sgp140) SOSIP.664

a soluble and stable gp140 Env trimer widely used for structural studies and as a vaccine
immunogen. Soluble gp140 (sgp140) glycoproteins were produced by truncation of the
transmembrane region and cytoplasmic tail of the gp41 envelope glycoprotein. Stabilized
sgp140 trimers were obtained by incorporating a disulfide link between the gp120 (A501C)
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and the gp41 (T605C), by introducing a proline at isoleucine 559 (I1559P), and truncating the
gp41l ectodomain at residue 664.
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Outstanding Questions

. What does the functional, pretriggered State-1 conformation of HIV-1 Env
look like? How similar are the State-1 conformations of natural HIV-1
variants? How do these State-1 Env conformations differ from State-2 Env?

. How many sub-states are encompassed by each of the major conformations of
HIV-1 Env?

. What are the energetic relationships among the states?

. Can individual Env conformations be stabilized? Do particular Env

conformations (e.g., State 1) have an advantage as an immunogen?

. How do small-molecule entry inhibitors interact with specific Env
conformations to stabilize or destabilize these states? Can this information be
used to improve the potency and breadth of the inhibitors?
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Highlights

. In primary HIV-1, Env exists in a metastable pretriggered state (State 1).
Broadly neutralizing antibodies predominantly target this conformation.
Receptor binding drives Env from State 1 to downstream conformations on
the virus entry pathway.

. A recently discovered off-pathway Env conformation (State 2A) is recognized
by antibodies against Env epitopes induced by CD4 binding that efficiently
mediate antibody-dependent killing of HIV-1-infected cells.

. Current soluble Env trimers are stabilized in State-2 default conformations.
Characterizing the structure of State-1 Envs and testing immunogens
stabilized in State 1 are worthy goals.

. The efficacy of CD4-mimetic compounds (CD4mcs) in protecting gp120-
vaccinated monkeys from simian-human immunodeficiency virus (SHIV)
infection highlights the potential of modulating Env conformation for
prevention approaches.
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Figure 1. Env conformational states during HIV-1 entry into cells.
The figure schematically depicts the HIV-1 Env conformational states relevant to the virus

entry process. (A) The pretriggered (State-1) conformation resists the binding of all

Cellmembrane

Viralmembrane

Trends in Microbiology

antibodies, except for most bNAbs and autologous (strain-restricted) neutralizing antibodies.
(B) Binding to a single CD4 receptor triggers a transformation of the State-1 Env to a default

intermediate, partially “open” conformation (State 2). (C) In the full CD4-bound
conformation (State 3), the gp41 heptad repeat (HR1) region coiled coil is formed and
exposed. This pre-hairpin intermediate is competent for interaction with the CCR5
coreceptor, which promotes additional conformational changes in Env. (D) As a result, the
hydrophobic fusion peptide at the N-terminus of gp41 is inserted into the target cell
membrane and the energetically stable six-helix bundle (6HB) is formed, driving the fusion
of the viral and cell membranes.
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Figure 2. Antibody-mediated antiviral mechanisms and HIV-1 evasion strategies.
(A) Antiviral mechanisms involving antibodies against Env are depicted. State-1 Envs on the

surface of primary HIV-1 can be bound by bNAbs, resulting in virus neutralization. Non-
neutralizing antibodies (Non-NAbs) can bind and neutralize HIV-1 only if Env samples
downstream conformations. Tier 1 Envs spontaneously sample these conformations.
Alternatively, membrane-bound CD4 or CD4mc can stabilize these more “open”
conformations. Various scenarios leading to the elimination of infected cells by ADCC are
depicted. The binding of some bNADbs to cell-surface Env can result in ADCC. The Cluster
A epitope on the gp120 inner domain is a target for potent ADCC-mediating antibodies and
is displayed in an asymmetric, “partially open” Env conformation (State 2A). State 2A can
be induced by a combination of a CD4mc and a CD4i (anti-CoRBS) antibody, or by the
interaction of Env and CD4 on the same membrane. (B) Strategies used by HIV-1 to evade
inhibition by antibodies are depicted. Viruses accumulate changes in Env sequence, allowing
escape from bNADs. HIV-1 accessory proteins decrease the effectiveness of ADCC. Nef
prevents the expression of NKG2D ligands (NKG2DL), thus inhibiting NK cell activation.
CD4 expression is reduced by Vpu, Nef and Env; as a result, the CDA4i epitopes of Env are
no longer triggered by membrane-bound CD4 and the infected cells remain resistant to
ADCC mediated by CD4i Abs. Vpu also protects infected cells from ADCC responses by
allowing efficient viral release, thus diminishing the number of Env antigens on the cell
surface.
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Figure 3. Env conformation: implications for HIV-1 prophylaxis.
(A) Envs on primary HIV-1 viral particles are predominantly in a State-1 conformation,

which presumably elicits bNAbs in approximately 10% of HIV-1-infected humans. (B,C)
Soluble gp140 SOSIP.664 trimers are stabilized in a State-2 conformation, and induce
autologous Tier-2 neutralizing Abs in guinea pigs, rabbits and monkeys. They also elicit
cross-reactive Tier-2 neutralizing Abs in cows. (D) Methods to stabilize Env in State-1 may
potentially increase the efficiency of bNADb generation in humans. One such method of
stabilizing State-1 conformations is the use of small-molecule conformational blockers like
BMS-806. (E) CD4mcs, such as BNM-I11-170, induce State 2/3 Env conformations. State
2/3 Env immunogens could raise antibodies that neutralize viral particles exposed to CD4mc
and mediate ADCC against CD4mc-treated, HIV-1-infected cells in the course of treatment
or prophylaxis.
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Conformational preferences of HIV-1 Env ligands
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HIV-1 Env ligands Epitope/Binding site Conformational preference
PG9
PGT145 gp120 V2 quaternary State 1
PG16
PGT128
10-1074 gp120 V3 glycan State 1
VRCO01
3BNC117 gp120 CD4-binding site (CD4BS) State 1
VRCO03
Human bNAbs PGT151 State 2
gp120-gp41 interface
35022 No state preference
SF12 “Silent face” of gp120 outer domain No state preference?
VRC-PGO5 9p P '
VRC34 gp41 fusion peptide/gp120 glycan State 2
4E10 State 2
gp41 MPER
10E8 No state preference
Cow bNAb NC-Cow9 gp120 CD4-binding site State 2
BMS-806 ) ]
Conformational blockers BMS-529 A hydrophobic gp120 pocket between the alpha-1 helix and $20- State 1
484 p21 loop
18A
CD4mc BNM-IM-170 gp120 Phe 43 cavity State 2/3
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