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Abstract

HIV gp41 is a metastable protein whose native conformation is maintained in the form of a
heterodimer with gp120. The non-covalently associated gp41/gp120 complex forms a trimer on
the virus surface. As gp120 engages with HIV’s receptor, CD4, and coreceptor, CXCR4 or CCR5,
gp41 undergoes several conformational changes resulting in fusion between the viral and cellular
membranes. Several lipophilic and amphiphilic domains have been shown to be critical in that
process. While the obvious function of gp41 in viral entry is well-established its role in cellular
membrane fusion and the link with pathogenesis are only now beginning to appear. Recent
targeting of gp41 via fusion inhibitors has revealed an important role of this protein not only in
viral entry but also in bystander apoptosis and HIV pathogenesis. Studies by our group and others
have shown that the phenomenon of gp41-mediated hemifusion initiates apoptosis in bystander
cells and correlates with virus pathogenesis. More interestingly, recent clinical evidence suggests
that gp41 mutants arising after Enfuvirtide therapy are associated with CD4 cell increase and
immunological benefits. This has in turn been correlated to a decrease in bystander apoptosis in
our in vitro as well as in vivo assays. Although a great deal of work has been done to unravel
HIV-1 gp41-mediated fusion mechanisms, the factors that regulate gp41-mediated fusion versus
hemifusion and the mechanism by which hemifusion initiates bystander apoptosis are not fully
understood. Further insight into these issues will open new avenues for drug development making
gp41l a critical anti-HIV target both for neutralization and virus attenuation.

Envelope glycoprotein structure and function

Env glycoprotein heterotrimer decorates the surface of virion particles as well as infected
cells. The primary function of the Env glycoprotein complex is to mediate entry of virus into
cells via fusion of viral and cellular membranes in a complex sequence of events. Each
monomer is composed of a surface unit, gp120 that facilitates binding of the virus to the
receptor, CD4, and a coreceptor, CXCR4/CCRS5. The transmembrane subunit, gp41, then
mediates the fusion of viral and cellular membranes post receptor/coreceptor binding. The
complex sequence of events that are involved in the fusion process (Figure 1) have been
elucidated by the use of numerous drugs and peptides that inhibit this process at different
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steps as well as numerous mutational studies [1]. Generally speaking, binding of the gp120
subunit to CD4 and CXCR4/CCRS5 initiates a conformational change in the Env complex
that exposes the fusion peptide of gp41 that inserts into the opposing membrane. This is
followed by the refolding of the gp41 protein along the coiled coil domains pulling the
membranes in close apposition to mediate fusion. Understanding of the fusion process
mediated by gp41 has largely been a result of inhibition studies using peptides that mimic N-
or C-terminal coiled coil domains and inhibit the formation of intermediate conformations of
gp4l. While the primary purpose of the Env glycoprotein is to mediate virus entry, its role in
HIV pathogenesis is now becoming evident [2, 3].

Envelope Expression and Processing

The HIV envelope proteins are expressed as a precursor protein, gpl160, in the endoplasmic
reticulum. The precursor then transits the Golgi apparatus where glycosylation takes place.
The precursor is cleaved in the trans-Golgi by the cellular protease, furin, into two proteins,
gp120 and gp41l. These proteins are present on the cell surface as the envelope complex, a
mushroom-shaped trimer of heterodimers of gp120 and gp41, incorporated into the virus
envelope through the transmembrane region of gp41 as virus particles bud from the cell
surface [Adamson et al for detailed review] [4].

Functional Domains of gp41

HIV gp41 can be divided into 3 major domains: 1) the extracellular domain or ectodomain
(residues 512-683 by standard HIV-1 HXB2 gp160 numbering), 2) the transmembrane
domain (MSD, 683-707) and 3) the cytoplasmic domain (708-856). The major functions of
the gp41 protein are mediated by the extracellular domain which can be further subdivided
into the following five functional regions: a fusion peptide (FP, 512-534) followed by the
N-terminal heptad repeat (NHR/HR1, 542-591), the loop region (593-622) and the C-
terminal heptad repeat (CHR/HR2, 623-661) and finally the membrane proximal external
region (MPER 662-683) (Figure 2). The NHR can further be subdivided into a pocket-
forming domain (PFD) and a heptad repeat sequence (HR). The CHR similar to NHR
contains an Heptad repeat region consisting of repeating amino acids which can a form a
coiled-coil structure as has been detailed in the atom-level structures of the gp41 ectodomain
as described below.

Structural Information on gp41l

Several cryo-electron tomography studies have produced alternative structures of the gp41
portion of the envelope complex in the native state [5-8]. Some of these studies suggest that
the native structure is that of a mushroom shape with a stalk-like structure protruding from
the viral membrane [5, 7]. The stalk-structure presumably represents the electron density of
gp41 which is then covered by a globular three-lobed structure representing gp120 electron
density [5, 7]. Whereas some of the studies have suggested that the gp41 electron density is
in a tripod-shaped structure with space between the three legs proximal to the membrane [6,
8]. An interesting study was published recently suggesting that the reason for these apparent
discrepancies could be that there are strain-dependent variations in the quaternary structure
of the envelope complex on the surface [9].

At the atomic level, three important crystal structures were reported in 1997 [10-12]. These
three structures are each of the central core of what is described as the six-helix bundle of
HIV gp41. This structure is presumed to be the post-fusion conformation of gp41 because of
its high thermostability [13, 14]. In addition, an NMR structure of the Simian
Immunodeficiency Virus (SIV) gp41 was reported that includes the central immunogenic
loop region and which extends further into the helical regions toward the N- and C- termini
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of the protein [15]. All of the atomic-level (x-ray and NMR) structures to date are limited to
the post-fusion conformation of gp41.

Lipophilic and amphiphilic domains of gp41

The gp41 transmembrane protein plays a critical role in the complex fusion process. The
lipophillic and amphiphilic nature of multiple gp41 regions along with the complex
conformational changes that conclude the fusion process have prompted a number of
mutational and inhibition studies to better understand this process.

Fusion peptide

gp4lisaclass 1 fusion protein that results from the cleavage by furin of a longer precursor,
gp160. Adjacent to the processing site resides a long hydrophobic stretch of amino acids that
forms the N-terminus of gp41 after cleavage. Mutations performed within this domain like
polar substitutions of hydrophobic amino acids [16], or deletions [17] result in a dramatic
decrease in the ability of the virus to fuse with target cells. Multiple studies have therefore
aimed at understanding the unique features of this 23 AA long hydrophobic portion of gp41
termed the “fusion peptide.” Although experimentally not proven so far, the fusion peptide
is believed to insert into the target cell membrane during the conformational reorganization
of gp41. At this stage, gp41 would be in an extended conformation physically linking the
viral membrane and the target membrane. Studies using the complete gp41 protein
demonstrate the importance of the hydrophobic nature of this domain and the importance of
specific amino acids notably within the highly conserved FLGFLG sequence [18]. However,
the overall hydrophobicity of gp41 makes it particularly difficult to handle as a whole
protein [19]. Most of the functional and structural studies performed with synthesized fusion
peptides and model membranes have shown that this portion of gp41, on its own, has the
ability to destabilize liposomes, induce lipid mixing, and leakage of vesicular contents [20].
A V2E mutation, in the fusion peptide has been shown within the context of the whole
envelope to abrogate viral fusion [16]. The same substitution was associated, at the peptide
level, to an inability to induce lipid mixing and vesicular leakage [21] supporting the notion
that synthetic peptides might be able to give insights into the mechanism of action of the
entire protein. Great attention has therefore been given to decipher the structural elements
responsible for the activity of the fusion peptide. The FP has the ability to bind to lipidic
membranes and its fusogenic activity has been related to its orientation within the bilayer
[22]. This has given rise to the concept of tilted peptides [23] whereby some proteins would
rely on peptides that insert into membranes at an oblique angle close to 45° to facilitate their
function. This angle can considerably disrupt the alignment of phospholipid alkyl chains
resulting in membrane destabilization [24]. Such peptides would be shielded under normal
conditions to prevent their destabilizing effect on membranes and exposed at specific times,
like during the fusion reaction. To support this concept, they would need to acquire a helical
conformation. The conformation of gp41 fusion peptide is highly plastic as both a-helical
[25] as well as B-strand [26] were observed. This conformational transition seems to be
highly dependent on several factors such as the lipidic composition of the membrane of
insertion, the peptide concentration within the membrane and the presence of cholesterol
[27] or calcium [28]. The presence of cholesterol in the membrane specifically seems to
favor the B-sheet conformation [27]. Lower peptide concentrations on the other hand favors
a helical conformations whereas the B-sheet conformation becomes more preponderant at
higher concentrations [29]. This B-sheet conformation can lead to the formation of fibrils
giving to gp41 fusion peptide some of the properties of amyloid peptides [30]. Functional
assays indicate however that small aggregates would be more fusogenic than either
monomers or large aggregates. At similar concentrations, fusion peptide presented as trimers
can induce a 15-fold increase in fusion as compared to their monomer form and this showed
a strong correlation with the depth of insertion [26, 31].
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While the study of synthetic fusion peptides provides a lot of insight into the function of
gp41l, and the analysis of their membrane action can yield promising drugs [32] the fusion
peptide acts within the context of a larger protein that is likely to modulate its effects.
Within the 23 amino acid long fusion peptide domain of gp41, the first 16 N-terminal
residues are the most hydrophobic and are by themselves able to destabilize and induce lipid
mixing of liposomes. The following 17 amino acids are more hydrophilic but their
palmitoylation can facilitate their interaction with membranes and allow the induction of
membrane fusion independently of the presence of the hydrophobic stretch of the fusion
peptide. Put together, those two components acquire an enhanced fusogenic capability and a
propensity of self-association not present within the individual domains [33].

N Heptad (NHR) and Loop region

Adjacent to the fusion peptide domain (Figure 2) is located another highly conserved
hydrophobic region of gp41 ectodomain, the NHR domain. The NHR domain of gp41 is
known to form a coiled coil structure as it is part of the ectodomain structure that has been
solved. Peptides derived from this region have been shown to be membranotropic and are
able to induce vesicle destabilization, leakage, lipid mixing and aggregation [34]. Owing to
their positive charge, this effect is observed in negatively charged bilayers. In such a lipidic
environment, a significant shift in the conformation of those peptides from a-helical to B-
strand has been observed [35]. The outer leaflet of cells does not contain negatively charged
phospholipids that are actively maintained in the inner cytoplasmic side of the lipidic bilayer
[36, 37] Transient exposure of phosphatidyl serine PS has been observed in some extreme
conditions [38, 39] and whether this can take place upon the exposure and potential insertion
of the fusion peptides remains to be determined. Nevertheless, the activity of the fusion
peptide that was shown to be amplified by the presence of the adjacent polar amino acids
[33] is considerably increased by the presence of the full NHR domain [40].

The portion immediately adjacent to the NHR domain corresponds to the loop region
(Figure 2). Although little information is available on the relevance of this domain in the
fusion process, mutational analysis has shown its role in the association of gp41 with gp120
[14, 41]. A peptide screen of the entire ectodomain of gp41 has shown, that this portion
presented a strong interaction with membranes [42]. Further analysis of peptides from this
region revealed a high affinity binding with negatively charged membranes similar to the
positively charged NHR peptides. These peptides were also shown to be able to induce
membrane destabilization and vesicle leakage possibly due to aggregation within
membranes determined by conformational studies [34]. This region of gp41 therefore,
seems, to share some lipophilic similarity with the adjacent NHR domain.

Membrane Proximal External Region (MPER)

Adjacent to the loop domain is the C-heptad repeat (CHR) domain that terminates a long
stretch of hydrophobic segments, followed by the MPER domain. Functional studies have
shown that the MPER region of gp41 is critical for viral entry. Mutations within this region
can prevent viral entry or block it at the level of pore expansion [43]. A recent analysis
provided evidence that MPER was critical for envelope incorporation into the virion as well
as functionally for its ability to perturb membranes explaining its high level of conservation.
[44] Indeed, as is the case for the above mentioned gp41 domains, this tryptophan enriched
region is highly membranotropic. MPER can interact with membranes adopting an a-helical
conformation and induce vesicle leakage as well as lipid mixing [45]. This domain has been
further divided into two regions that harbor different membrane destabilization phenotypes
[46]. While many studies support an a-helical conformation for this domain, other
conformations have also been reported. Interestingly this region is recognized by broadly
neutralizing antibodies. Studies of the antibody epitope interaction reveal the presence of 3-
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strands as well as S shaped structure composed of perpendicular helical turns in addition to
the a-helical structure. Overall, these studies gave rise to the notion that conformational
switches within this region could be associated with its function in the HIV entry process
[47].

Membrane Spanning Domain (MSD)

Although hydrophobicity studies indicate 25 amino acids as the potential membrane
spanning domain of gp41, its precise boundaries have not been clearly defined. This portion
of gp41 has been modeled to span the membrane bilayer as a single span of a-helix
providing anchoring of the protein to the membrane. A function beyond anchoring has been
suggested by the inability of GPI-anchored mutants to induce fusion.[48, 49] The precise
nature of this involvement is not clear as the fusion capability was preserved by the
substitution of the entire spanning domain of gp41 by the one from CD22 [50]. However the
fusion capability was lost when the transmembrane domain of glycophorin A, VSVG [51] or
HA [52] was used suggesting a complex interaction between the MSD and the extracellular
domains of gp41. Detailed mutational studies indicate that the length of the transmembrane
segment is critical for proper viral function beyond anchoring and that within this domain
resides a core region of 12 amino acids, the composition of which influences the ability of
gp41l to undergo proper fusion [53, 54].

Lentiviral Lytic Peptides (LLP)

Gp41 contains an unusually long cytoplasmic domain that has been associated with a wide
variety of functions. It contains highly conserved lentiviral lytic peptides (LLPs) that are
amphipathic a-helical domains that have been shown to be inserted into the viral membrane
in the context of intact virus [55]. The precise function of these peptides is not understood
but they seem to be involved in an “inside-out” mechanism of regulation of the envelope
function. Indeed, truncation of the LLP2 peptide has been shown to result in increased
fusion efficiency while leading to the enhanced exposure of gp120 conformational epitopes
[56]. The nature of the mechanism of regulation is poorly understood. Based on epitope
exposure, the group of Dimmock has hypothesized that the cytoplasmic tail of gp41 is not
completely internal [57]. According to this notion, part of the C-terminus of the cytoplasmic
tail would therefore be able to directly interact with the ectodomain of the protein and this
would occur in a dynamic fashion with transient epitope exposure [58, 59].

The composition of gp41 is rich in domains able to interact with lipidic membranes. They
have all been shown to be critical for the proper mediation of the fusion event by gp41 and
are presumably essential for the hemifusion phenotype. Their individual study as synthetic
peptides has allowed the evaluation of their ability, on their own, to destabilize membranes,
induce vesicle leakage and actuate lipid redistribution. Care must be taken, however, to
extrapolate their function within the context of gp41 as their activity will be constrained by
the structure of the remainder of the protein and the lipid environment along the fusion
process [60, 61]. Overall, structural analyses have shown a great plasticity of the different
domains of gp41 that is likely essential for its function as a fusion protein. The complex
interplay between the different components of the protein along the fusion process will have
to be further understood notably through kinetic structural analysis in the context of the
entire protein [62—65]. Indeed, several peptides can present synergism in their action (NHR
with FP [40]) while others can have antagonist effects (CHR with FP, NHR and MPER [66],
LLP2 [56]). Heterologous and homologous interactions taking place between the different
domains of gp41 have been evidenced by the inhibitory capacity of peptides mimicking
gp41 sequence from the FP domain [32, 67, 68] the NHR domain [69] the CHR domain [70]
[69] and the MPER domain [71]. All of the lipophilic domains of gp41, considering their
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high conservation across clades, present an interesting avenue for the development of novel
therapeutics.

HIV gp41 inhibition: neutralizing antibodies, peptides, and small molecule
inhibitors
Neutralizing antibodies

The highly conserved nature of gp41 makes it an excellent target for drug development. In
fact the earliest evidence of the conserved nature of gp41 and its potential use as a vaccine/
drug target came from broadly cross reacting neutralizing antibodies (nAbs). Two of these
nAbs, 2F5 and 4E10, interact with gp41 to inhibit the fusion step of viral entry [72]. Both
antibodies bind to the MPER region which is positioned in sequence after the CHR but
which precedes the transmembrane region. This region is hydrophobic, highly conserved
and critical for fusion. However, when attempts to re-elicit this response in vivo have been
made, the antibodies have met with limited success in preventing infection and lowering
viral loads [73, 74]. This limited effectiveness is illustrative of how well-protected HIV
envelope is to immune response. Indeed, most of the epitopes to which the envelope
antibodies are directed are protected in the mature virion. We have previously reported that
escape from neutralization occurs concomitantly with resistance to the peptide inhibitors that
bind to the NHR.[64] Addition of peptide inhibitors, however, did not counteract the loss of
the 2F5/4E10 binding, suggesting that changes in exposure of these two regions occur
concomitantly but independently. Attempts to re-elicit antibody production by vaccination
with 2F5/4E10 epitopes have produced antibodies that react with the immunogen but not
with the virus [75]. Interestingly the epitope recognized by 2F5 and 4E10 is a lipid peptide
complex that has been reported to mimic cardiolipin in humans [76]. Owing to their
autoantigen binding phenotype, these antibodies were rarely seen in patients and have been
even harder to generate using conventional immunogens or peptides as vaccine strategy [77,
78]. Additional studies are needed to gain a better understanding of the native and
intermediate structures of gp41.

Peptide inhibitors

In the early 1990s, researchers discovered that peptides derived from the N-heptad repeat
region (NHR) or from the C-heptad region (CHR) of HIV gp41 inhibit viral entry in cell
culture [[79] for review]. There are two prominent peptides, C34 and T20, which are from
the same region of the CHR but are shifted by just ten amino acids in sequence in relation to
each other. The T20 sequence is located more proximal to the viral membrane than the C34
sequence. The development of these two peptides has followed different pathways and
evidence indicates that their mechanism of action may be different as well [80]. T20
progressed into pre-clinical and clinical trials and is employed in the clinic under the name
Fuzeon or Enfuvirtide. Significant problems with T20 therapy exist that appear to be
inherent in peptide therapies in general such as lack of oral bioavailability, rapid renal
clearance, a short half-life of two hours, injection site reaction and high cost. At this time,
T20 therapy is restricted to a salvage therapy for treatment-experienced patients. Peptide
C34, on the other hand, has remained a laboratory reagent and its use is widespread among
the world’s laboratories. A notable report provided evidence that the two peptides work by
different mechanisms [80]. T20 binds to a variety of binding sites and C34 binding is far
more specific. C34 binds to the pocket-forming domain and the HR sequence of the NHR,
inhibiting six-helix bundle formation and fusion. T20, on the other hand, lacking the pocket
binding domain, binds to the HR and also to the lipid membrane to inhibit fusion. The fact
that resistance to T20 can arise quite rapidly both in vitro as well as in vivo [81-85] has
prompted the development of the next generation of peptide inhibitors. The second
generation peptides developed by Trimeris Inc. include T1249 and T1144 based on activity
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against T20 resistant peptides [86]. Recently Dwyer et al have used a unique strategy
involving structural homology to gp41 rather than sequence homology to design the third
generation of anti HIV peptide T2635 with increased activity against T20 resistant viruses
[87]. Sifuvirtide is another peptide currently in clinical development for anti HIV therapy
[88, 89]. In an effort to improve upon the efficacy of peptide inhibitors, we have developed
conjugation methods by which we can target specific amino acids on gp41 and covalently
link peptide inhibitors in order to permanently trap the gp41 intermediate [90]. The linking
of anti HIV peptides to cholesterol [91] or albumin [92] are alternative strategies that have
been demonstrated to greatly enhance activity and half life of gp41 targeted anti HIV
peptides. Other advances being made in targeting the gp41 intermediate include a variation
of peptides that combine elements from both C34 and T20 [[93] for detailed review].
Sequence optimization for enhanced solubility and stability is another goal as is construction
of D-amino acid peptides in order to prevent proteolytic degradation. Phage display has been
used successfully to identify and further develop cyclic D-peptides that have inhibitory
activity against a hydrophobic pocket that is transiently exposed on gp41 during fusion [94,
95]. The most recent advancement in this type of peptide inhibitor has been identification of
a D-peptide with potency adequate for clinical development and which also showed lowered
development of resistance [96]. The identification of inhibitory D-peptides targeted to the
gp41 pocket has helped to validate this region as a promising drug target. It is interesting to
note that short gp41 N-terminal peptides which are membrane anchored but lack the critical
pocket domain are also inhibitory both in viral entry assays and in cell-cell fusion [97].
Recombinant proteins are also being constructed in order to potentially lower production
costs. A bacterially expressed fusion inhibitor was constructed combining the sequences of
C34 and T-20 and has proven to be effective in vitro and has demonstrated promising results
in microbicide development studies.[98, 99] Another recombinant inhibitor was constructed
using peptides derived from the N-terminal heptad repeat. N-terminal peptides are usually
not considered to be good candidates because of their propensity for aggregation instead of
formation of discrete coiled-coil trimers [100]. The novel protein is made up of N-peptides
that have been fused to the T4 fibritin trimerization domain, Foldon. This protein was able to
form a stable six-helix bundle with the addition of C-peptide and showed potent inhibition
against a broad spectrum of HIV strains in vitro [100].

Small Molecule Inhibitors

Gp41 has also been a target for development of numerous non peptide small molecule
inhibitors in order to circumvent the problems of peptide therapies such as the short half-life
and lack of oral bioavailability. Structural analysis of gp41 core revealed that a deep
hydrophobic pocket (Trp, Trp-lle pocket) is occupied by highly conserved W628, W631 and
1635 residues from the CHR making a potential drug target.[101] High throughput screening
methods based on computer modeling of the hydrophobic pocket combined with
biochemical assays based on disruption of NHR and CHR interaction have been developed
to facilitate the discovery of inhibitors of gp41 [102]. Some of the non peptide inhibitors
identified by these approaches include metabolic product of the cell viability dye XTT
formazan [103] and ADSJ-1 [104], Benziamide 1 series compounds [105], N substituted
pyrrole derivatives NB-2 and NB-64 [106] and N-carboxyphenylpyrrole [107] derivatives
that bind to the conserved Trp-Trp-lle domain and inhibit gp41 mediated fusion. High
throughput screening methods have also identified a number of gp41 binding compounds
notably 5M041 with activity against a wide range of HIV isolates [108]. More recently using
a competitive fluorescence inhibition assay [109], Zhou et al have designed indole
compounds with anti HIV activity with 1Cgq as low as 1uM [110]. While the inhibitory
concentration 1Csq of most of these is in the uM range and hence need improvement, the
advancements in high throughput assays in combination with molecular modeling should
help further development of small molecule inhibitors of gp41.

Curr Top Med Chem. Author manuscript; available in PMC 2012 December 1.
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Role in HIV gp41 in apoptosis

The mechanism via which HIV infections lead to a progressive depletion of CD4 cell and
AIDS development remains highly debated. The fact that natural infections of the SIV virus
in the wild in Sooty Managbeys (SM) and African Green Monkeys (AGM) does not lead to
AIDS development suggests that the virus infection per se does not cause depletion of CD4
cells [111-114]. This has led many researchers to believe that the progressive depletion of
CD4+ T cells in HIV infection may be attributed to bystander apoptosis induction via the
Env glycoprotein.[3] This hypothesis stems from the fact that 1) the number of infected cell
far exceeds the number of apoptotic cells in HIV infection. 2) The cell death is restricted to
CDA4 cells and as Env binds CD4 it is natural that it plays a role in this process. 3) Env
glycoprotein is expressed on the surface of infected cells and is a probable candidate for
induction of apoptosis in neighboring bystander cells. This was evident from studies by
Finkel. et al., in lymph node sections from HIV infected patients whereby apoptotic cells
were largely uninfected and in close proximity to productively infected cells [115]. While
the argument in favor of Env glycoprotein is strong, the mechanism via which Env
glycoprotein induces apoptosis also remains highly controversial.[2] Early studies suggested
that the binding of Env glycoprotein to CD4 receptor or the cognate co receptor CXCR4/
CCRS5 may initiate aberrant signaling leading to apoptosis [116, 117]. This is supported by
observations that blocking CD4 and/or correceptor interaction with the Env glycoprotein
inhibited Env-mediated bystander apoptosis in in vitro assays [118-120]. While these
findings are strong indicators that the gp120 subunit interactions with CD4 and CXCR4 are
essential for apoptosis, it does not provide a mechanism for apoptosis induction. Signaling
pathway inhibition downstream of CD4 as well as CXCR4 failed to inhibit the apoptosis
induction via gp120 binding to CD4 and CXCR4 [121-123]. This suggests that while
binding of the Env glycoprotein to the receptor and coreceptor is absolutely critical to
apoptosis induction these interactions are not sufficient for the process. This prompted the
search for downstream events to gp120 binding that may play a role in bystander apoptosis.
The necessary break came with the development of peptide inhibitors of gp41-mediated
fusion process like the C34 and T20 peptides [69]. Using these inhibitors, it was
demonstrated that HIV Env glycoprotein mediated apoptosis could be inhibited at the level
of gp41 [124, 125]. This suggested that although gp120 binding was essential, the
downstream events mediated by gp41 were critical for bystander apoptosis induction.

Evidence for the role of Env fusion activity in HIV pathogenesis has been supported by
other studies. Clinical studies have classified viruses as being either syncytia-inducing (SI)
or non-syncytia-inducing (NSI) based on syncytia formation in MT-2 cell culture [126]. The
likelihood of finding a syncytia-inducing phenotype in patients has been associated with
poor prognosis and progression to AIDS [127, 128]. Although broadly speaking Sl viruses
have been known to be CXCR4 (X4) utilizing and NSI viruses CCR5 (R5) utilizing [129],
the requirement of a coreceptor switch from R5 to X4 in AIDS progression is not essential.
[130] In recent studies it has been found that the R5 viruses that are associated with
progression to AIDS are more fusogenic than pre AIDS viruses, once again indicating a
strong correlation with gp41 function [131, 132].

Experimentally the role of the fusion process in AIDS development in vivo also came from
studies by Reimann, et al. [133] Using the SHIV 89.6 virus containing the HIV 89.6 env,
rev, tat and nef regions in an SIV backbone, they demonstrated that the passage of SHIV
89.6 in monkey resulted in development of a pathogenic virus termed SHIV 89.6P [134,
135]. The enhanced pathogenesis was mapped to the Env glycoprotein and an increased
fusion activity phenotype was associated with disease [136, 137]. While membrane fusion
activity was associated with the phenomenon of increased pathogenesis of SHIV 89.6P it
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remained unclear whether this was due to autofusion in infected cells or apoptosis induction
in bystander cells.

Role of gp41 fusion/hemifusion in bystander apoptosis

Although the role of gp41 in bystander apoptosis is evident, the mechanism via which this
process is regulated remained unknown. Ferri, et al., have extensively studied the events
post gp41-mediated fusion of cells. They found that syncytia formed due to Env/gp41-
mediated fusion are short lived in culture and usually die by 72 hours [138-140]. The
signaling pathway involved in this process has been shown to involve p53, MAPK and
mTOR [141, 142]. More recently the accumulation of oncosuppressor proteins, ataxia
telangiectasia mutated (ATM) and promyelomonocytic leukemia (PML) protein, in the
nuclei has been associated with apoptosis in syncytia formed as a result of HIV Env
mediated fusion [143, 144]. While these studies clearly define the fate of syncytia arising
during HIV infection and explain the role of gp41 in bystander apoptosis to some extent;
syncytia formation in vivo is probably quite limited. Furthermore, a number of investigations
suggest that the majority of cells undergoing apoptosis in Env coculture experiments are
single cells. Even in ex vivo thymic cultures it was demonstrated that apoptosis of bystander
cells required the function of gp41 and Env fusion activity [145]. Blanco, et al., used a dye
transfer assay to determine the mechanism of bystander apoptosis induction by HIV gp41.
When Env expressing cells labeled with either a lipophillic membrane dye or a cytoplasmic
dye were cocultured with target cells; apoptosis was seen in cells taking up the lipophilic
dye suggesting a hemifusion phenotype. This gave rise to the hypothesis that hemifusion
mediated by gp41 initiates apoptosis in bystander cells. The process of hemifusion mediated
by viral Env proteins is not rare and most likely an intermediate in the fusion process
(Figure 1). A GPI-anchored Influenza virus HA protein has been demonstrated to be
restricted at the hemifusion step [146]. This state is generated when only the outer leaflets of
the membranes mix followed by separation of cells. [reviewed by Chernomordik et al
[1477].

While dye transfer assays supported the notion that hemifusion correlates with bystander
apoptosis induction direct evidence supporting this hypothesis was missing. Studies by
Alizon, et al., [148] had demonstrated that certain mutations in the loop region of HIV Env
are restricted at the hemifusion state. Using this information we asked whether a hemifusion
restricted Env glycoprotein would be capable of inducing bystander apoptosis. Interestingly,
we found that the D589L mutant in the loop region was restricted at the hemifusion step and
was capable of causing bystander apoptosis similar to WT in the absence of syncytia
formation [149]. This study provided the first direct evidence that hemifusion alone was
sufficient for apoptosis induction in the absence of syncytia formation. Our studies have
revealed that apoptosis mediated by gp41 is in fact hemifusion dependent and involves early
caspase 3 activation followed by mitochondrial depolarization [150]. However, the events
that lead from hemifusion at the plasma membrane to caspase activation are uncertain and
an area open to further investigation.

Enfuvirtide resistance and virus attenuation

The evidence that HIV fusion activity regulates bystander apoptosis and pathogenesis gives
rise to the idea that altering fusion activity or targeting gp41 could alter HIV pathogenesis.
This is evident from our mutational studies of HIV gp41 whereby gp41 mutants with
reduced cell to cell fusion activity are also reduced in bystander apoptosis induction [149].
Our studies include a G36D mutation in the highly conserved GIV domain of gp41 that is
the hot spot for virus resistance against Enfuvirtide (T20), the peptide inhibitor of gp41
mediated fusion. Alongside these studies several clinical reports show that in some patients
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receiving Enfuvirtide therapy, the CD4 counts keep increasing even after virological failure.
Analysis of the resistance mutations in these patients revealed that a mutation at the V38
position, specifically V38A/E, was associated with this increase [81, 82]. These findings
were confirmed in retrospective study by Trimeris, Inc. including a large population of
samples [83]. Taken together these studies give rise to the hypothesis that not only is HIV
pathogenesis related to gp41 fusion activity but it might be possible to attenuate the virus by
targeting certain regions of gp41 like the GIV domain. We undertook an in vitro
investigation of the resistant mutations seen in patients with immunological benefits and
found that in fact a virus with VV38E mutation was severely restricted in bystander apoptosis
induction while replicating better than WT in CD4+ T cell line [151]. Recently we have
studied the lack of bystander apoptosis inducing phenomenon of the VV38E mutant in
humanized mice [152]. We find that in fact this single amino acid change can markedly
reduce both bystander apoptosis and CD4 decline in the humanized mouse model
corroborating our in vitro findings. These studies validate our hypothesis and open new
areas of investigation looking at how to manage patients on Enfuvirtide therapy as well as
developing new inhibitors of gp41 that would select for even weaker HIV gp41 mutants.

Future directions for drug development and attenuation

Studies on HIV gp41 structure and function have come a long way since the identification of
coiled coil domains in the protein and targeting of gp41 by peptide inhibitors. However, the
exact mechanistic link between hemifusion and the apoptotic processes within bystander
cells is still missing. Further research in this area should be directed towards the elucidation
of the primary factors responsible for apoptosis initiation following the interactions between
Env-expressing cells and target cells. Examination of events taking place during the
formation of the T cell synapse [153-155] may yield further insights into this phenomenon.
The interactions of gp41 segments with lipids need to be further investigated in the context
of the entire protein to better understand their role in the mode of action of gp41 and allow
the development of potent inhibitors targeting those regions. On the other hand, inhibitors of
gp41 six-helix bundle formation have already been very successful clinically. It is evident
from clinical use of Enfuvirtide that resistance to this group of drugs is bound to occur.
However, the understanding of HIV gp41 mediated bystander apoptosis opens new avenues
for drug development. For one, it is essential to determine the resistance pattern of mutants
arising during Enfivurtide therapy for most patients. An increase in CD4 counts after
virological failure may suggest beneficial mutants and could serve as a marker for virus
attenuation. New generation gp41 inhibitors should therefore be evaluated for resistance
pattern as well as the Env fusogenicity of resistant mutations before use. Some of the new
strategies being employed for the third generation fusion inhibitors are the rational design of
peptide inhibitors based on structure rather than sequence of the heptad repeats. These new
generation inhibitors, like T1144, T2365 and sifuvirtide [88, 89], are more potent and less
prone to resistance development than the previous generation. Whether the resistance pattern
with these new generation inhibitors is similar to Enfuvirtide and would it result in virus
attenuation is a matter of further investigation.
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Figure 1. A simplified diagram depicting the process of HIV entry

Top panel: The envelope protein is a trimer of heterodimers on the virus surface made up of
the transmembrane subunit, gp41, embedded in the viral membrane and the globular surface
subunit, gp120, non-covalently associated to gp41. Association between gp120 and CD4
causes conformational changes in gp120 that lead to binding to coreceptor.

Bottom panel: Coreceptor binding triggers further concerted conformational changes,
including formation of agp41 extended intermediate, that allow gp41 to initiate mixing of
the outer bilayer leaflet resulting in formation of the hemifusion state. Finally, the inner
leaflets mix resulting in membrane pore formation and injection of the virus core which is
concomitant with gp41 six-helix bundle formation.
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Figure 2. Schematic diagram of different regions of HIV gp41
NHR: N Heptad Repeat, CHR: C Heptad Repeat, MPER: Membrane Proximal Ectodomain
Region, MSD: Membrane Spanning Domain, LLP1, LLP2: Lentiviral Lytic Peptide 1 and 2.
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