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Enfuvirtide, the First Fusion Inhibitor to Treat HIV Infection
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Abstract

Entry inhibitors are a new class of drugs for the treatment of HIV infection. Enfuvirtide is the first
compound of this family to be approved for clinical use. It blocks HIV fusion to host cells. It is a
synthetic peptide that mimics an HR2 fragment of gp41, blocking the formation of a six-helix bundle
structure which is critical in the fusion process. Enfuvirtide is a good therapeutic option as rescue
therapy in combination with other active antiretrovirals and works against different HIV-1 variants,
including all group M subtypes and group O. However, it is not active against HIV-2. The main mech-
anism of resistance to enfuvirtide depends of the selection of changes in a 10-amino acid domain
between residues 36 to 45 in the HR1 region of gp41. Single and double mutations in this region
have been shown to result in high-level resistance to enfuvirtide. A negative impact of enfuvirtide-
resistance mutations on viral fitness has been postulated, since resistance mutations tend to disap-
pear soon after drug discontinuation and because immunologic benefits have been noticed despite

virologic failure in patients undergoing enfuvirtide treatment. (AIDS Reviews 2005;7:139-47)
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|ntroduction

Highly active antiretroviral therapy (HAART) has dra-
matically changed the prognosis of HIV-infected indi-
viduals in the developed world'. However, given that
HIV cannot be eradicated, most patients select drug
resistance over time and need a change in their treat-
ment combination. Ultimately, a growing proportion of
subjects accumulate multiple resistance mutations,
which is a major obstacle for the indefinite control of
viral replication?. This fact validates the continuous
need for new drugs, particularly compounds belonging
to new classes which target different steps of the HIV

Viral entry is currently one of the most important
targets in the search for new drugs to treat HIV infec-
tion. Advances achieved in the knowledge of the mo-
lecular mechanisms involved in the different stages of
the entry process have enabled the production of mol-
ecules which block each step: i) attachment of the viral
gp 120 to the CD4 cell receptor; ii) binding of gp120 to
CCR5 or CXCR4 coreceptors; and iii) fusion of the viral
and cellular membranes. Entry inhibitors are the latest
family of antiretroviral compounds, the first of which to
be approved has been enfuvirtide (Fuzeon®), a fusion
inhibitor®4. Many other entry inhibitors are currently in
clinical development, and hopefully will soon be part
of the therapeutic armamentarium against HIV. This
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brane protein that is generated as a polyprotein pre-
cursor (160 kDa) named gp160. In the Golgi compart-
ment, after cleavage by a cellular protease, the mature
envelope protein is generated. A non-covalent asso-
ciation links its two components: gp120 and gp41 gly-
coproteins®. The mature envelope is found in the viral
membrane forming trimers.

The first step in the viral entry process is the attach-
ment of the viral gp120 to the CD4 receptor present in
the cell surface. It is mainly driven by electrostatic
forces between the positive charge of the CD4 mole-
cule and the negative charge of the gp120 cavity. Van
der Walls’ forces and hydrogen bonds help to stabi-
lize the initial CD4/gp120 interaction. Only amino acid
Phe 43 in the CD4 receptor accounts for 23% of the
binding with HIV-1 gp120. After CD4/gp120 binding,
gp120 experiences conformational changes allowing a
subsequent interaction with chemokine coreceptors
CCR5 or CXCR4, present on the cell surface. This is
the second step in the viral entry process. The HIV-1
gp120 V3 loop is the main domain involved in this in-
teraction and V3 amino acid sequences largely deter-
mine the use of CCR5 or CXCR4 by HIV in the entry
process into the cells. Accordingly, HIV isolates may be
classified as R5, X4, or R5/X4 strains, depending on
their coreceptor use.

Finally, another conformational change in the enve-
lope follows the interaction of the CD4/gp120 complex
with the coreceptor. The result is a shift from a non-
fusional to a fusional state, in such a way that gp41,
which is constituted by repeat regions 1 (HR1) and
2 (HR2), drive the subsequent fusion process. The
N-terminus domain of gp41 is exposed and inserted
through the fusion peptide (FP) into the cellular mem-
brane, allowing viral and cellular membrane fusion.
Thereafter, the viral capsid enters into the cyto-
plasm®7.

The fusion mechanism

The HR1 region is rich in leucines and during the
fusion process adopts a coiled-coil structure through
the formation of a leucine zipper. The HR2 region is
rich in tryptophans, as is the transmembrane domain
(TM) which is close to the C-terminus extreme of gp41.
Between the HR1 and HR2 regions there is a five-
amino acid hydrophilic loop, defined by two cysteine
residues (CC)81° (Fig. 2).

During the fusion process, gp41 experiences a struc-
tural reorganization that provokes the interaction between
HR1 and HR2, forming a thermostable, six-helix bundle
structure, which is critical for the viral and cellular mem-
brane fusion'. An inner trimer of the coiled-coil HR1
structure and an outer trimer of HR2 form the six-helix
bundle structure. The HR2 regions fold in an anti-parallel
manner towards the HR1 regions through the hydropho-
bic grooves’'?. The hydrophobic interactions between
HR1 and HR2 offer a high stability to the six-helix struc-
ture. The change in free energy associated with the for-
mation of the six-helix bundle provides the force needed
for the formation of the fusion pore, throughout which the
viral capsid enters within the target cell'® (Fig. 3).

This model of fusion is not unique for HIV and has also
been described for the influenza virus, and more recently
for other agents such as the coronavirus responsible for
the severe acute respiratory syndrome (SARS-CoV)'415,

Mechanism of action of fusion inhibitors

Since the early 1990s it has been known that pep-
tides synthesized on the basis of the amino acid se-
quence of HR1 and HR2 of gp41 may show antiviral
properties against HIV'®18 The first HIV peptide in-
hibitor described was DP106, which mimicked a frag-
ment of the HR1 amino acid sequence'®. In 1993, the
in vitro potency of another peptide, DP-178, which was
synthesized on the basis of the amino acid sequence
of HR2, was demonstrated. This molecule was re-
named enfuvirtide or T-20'°, and moved to clinical de-
velopment soon thereafter. Enfuvirtide is a synthetic
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Figure 1. Cross-sectional view of the six-helix bundle structure of HIV, formed by an inner trimer of HR1 and an outer trimer of HR2.

The most accepted hypothesis for understanding the
molecular basis for the inhibition of HIV entry using these
synthetic peptides is the “dominant-negative inhibition
model"?22 According to this, the mode of action of
enfuvirtide, which mimics HR2, is by inhibitory competi-
tion with HR2. Both peptides have an affinity for binding
to the HR1 region of gp41. Using enfuvirtide, the forma-
tion of the six-helix bundle structure, which is critical for
the formation of fusion pore, does not occur.

Clinical use of enfuvirtid

The clinical efficacy and sa&?y%[ce)n ul\%rcagedwgr b@gi@g@ﬁﬁl

demonstrated in the T-20 vs. Qptimized, Regimen Onl
(TORO) 1 and 2 studies, M &ufcﬂilé tfiald Qly
enfuvirtide that enrolled almost 1000 patients in the
USA, Brazil, Europe, and Australia. Th@é Eh@e
proved the virologic and immunologic benefit of add-

h \ehi

approved enfuvirtide for the treatment of infection in
March 2003%4, and soon thereafter it was also ap-
proved by the EMEA.

Enfuvirtide has been licensed for the treatment of
patients suffering failure to prior therapies. The pep-
tidic nature of enfuvirtide does not permit its oral ad-
ministration. Therefore the drug is administrated by
subcutaneous injection with an approved adult dose of
90 mg twice daily. The mode of administration is its

NOepal’t Of thlS pubziiir(:a{ziqyﬁptﬂj]aaeydb@al injection site reactions

are the most common adverse events, which appear

tients?®.

rials revealed that the greatest

virologic success was obtained in patients in whom
i ifEde pﬁ@&%&&b@@ along with two or more

active drugs in the optimized regimen?®. In fact, the
¢E,t|’df@ffe drug is only transient in patients in whom

the drug is used as the single active antiretroviral
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Figure 2. Scheme of the gp41 lineal structure and enfuvirtide and T-1249 sequences that mimic HR2. FP: fusion peptide; CC: cysteine-
cysteine; TM: transmembrane domain.
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Figure 3. Scheme of the fusion process driven by gp41. A: gp41 trimer formed by the hepta-repeat regions HR1 and HR2; B: six-helix
bundle structure formed by an inner HR1 trimer and an outer HR2 trimer; and C: viral and cellular membrane fusion through the fusion pore
formation.
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virtide, in most cases a single mutation is selected and
brings resistance to enfuvirtide. Genotypic and pheno-
typic correlates of resistance to enfuvirtide are avail-
able and summarized in table 127:32.3435,

Mutations selected at the time of enfuvirtide failure
may persist throughout the whole period of enfu-
virtide therapy. However, a genetic evolution within
the 36-45 amino acid domain is observed during en-
fuvirtide therapy in most patients, which may reflect the
acquisition of further changes leading to higher levels
of enfuvirtide resistance?®’. Alternatively, these chang-
es may be compensatory and restore the lower repli-
cative capacity of viruses carrying the initial resis-
tance mutation®,

There is a wide range of susceptibility to enfuvirtide
in viral isolates derived from enfuvirtide-naive patients,
as well as from individuals undergoing enfuvirtide ther-
apy, even for viruses apparently carrying the same
resistance mutations in HR127:3257 (Table 1). The de-
terminants of this variability are unknown, but polymor-
phisms in the HR2 region of gp41 and changes in HR2
selected during enfuvirtide therapy might explain this
variability®®. In patients on long-term enfuvirtide thera-
py, changes in HR2 have been noticed. However, they
do not follow a recognizable pattern and therefore it is
difficult to establish whether they may influence enfu-
virtide susceptibility?”°. Alternatively, changes in HR2
could represent compensatory mutations selected in
an attempt to restore the impaired fitness of viruses
with some mutations in HR13,

Other regions of the viral envelope involved in the
fusion process might also influence the susceptibil-
ity to enfuvirtide. Early in vitro studies suggested that
the tropism of viral strains for the chemokine recep-
tors CCR5 and CXCR4 might influence enfuvirtide
susceptibility. Viruses using CCR5 to enter the cells
could be more resistant to enfuvirtide than those
using CXCR4%%41, However, in vivo studies have not
confirmed these differences in enfuvirtide suscepti-
bility when comparing patients harboring R5 or X4
strajns ‘2, No part o%'

Besides viral factors, host determinants may also

influence the susceptibility to enﬁ@?}i?@d ﬁ@@@fh@r

between the level of coreceptor expression on target

Impact of enfuvirtide-resistance mutations
on viral fitness

It is well known that the accumulation of specific
resistant mutations in the HIV protease (D30N) and
reverse transcriptase (M184V, K65R) have been par-
ticularly associated with a reduced viral replicative fit-
ness*47. Consequently, those viruses bearing these
resistance mutations seem to be less pathogenic, and
several clinical studies have demonstrated a virologic
and immunologic benefit of the antiretroviral treatment
in patients harboring multidrug-resistant viruses*.

Several in vitro studies have examined the impact of
enfuvirtide-resistance mutations on viral fitness, with
discordant results. While some authors have recognized
that viruses harboring mutations within the 36-45 region
have a lower replicative capacity than wild-type iso-
lates*®%0, others have not confirmed these findings.
The preexistence of some genetic polymorphisms, or
selection of compensatory mutations at other regions of
the env gene, could explain these discordances®’.
Moreover, differences in methodologies between these
studies could also contribute to explain their disparity.

In spite of the conflicting in vitro studies, clinical
observations seem to be coincident. Patients who dis-
continue enfuvirtide therapy after virologic failure uni-
formly show a disappearance of gp41 resistance muta-
tions and reversion to wild-type within 12-24 weeks.
This observation supports that these mutations nega-
tively impact on the virus replicative capacity®”:%2,

Immunologic benefit using enfuvirtide
despite virologic failure

Despite sustained high levels of viral replication,
some individuals harboring multidrug-resistant viruses
have shown to keep stable or even raise CD4 counts.
This discordant viro-immunological outcome has been
explained in some cases by the presence of viruses
with a reduced replicative capacity. This possibility has

thIS pUb’H@ﬁtﬂ@ﬂ pm@yfcb@olates harboring specific

resistance mutations against reverse transcriptase

F alallo] such as proD30N, rtKe5R and
gm@ﬁﬁ@@g&i@g it is believed that viruses with

cells and fusion kinetics has-%zen fo%qﬂiéw such a@ imfﬁ{éd reverse transcriptase and/or protease activi-
that the presence of higWJa | C %n Ftnel - V\{|E IQ q@%&m%&é&G and result in less CD4+

lular surface results in more rapid membrane fusion,
reducing the time in which gp41 could be@fg§
enfuvirtide. Thus, individuals carrying A32-CCR5, who
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als under long-term enfuvirtide therapy, harboring vi-
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Table 1. Relationship between genotypic and phenotypic resistance to enfuvirtide

Phenotype
Authors Study Range of baseline  Mutations gp41 IC,; (ug/ml) Susceptibility Methodology
susceptibility (ug/ml) aa 36-45 folds decrease
Greenberg, et al. Enfuvirtide - Site-directed
200434 phase |l mutagenesis
clinical trials
G36D 0.091 8
G36S 0.088 7
V38A 0.188 16
Q40H 0.256 21
N42T 0.045 4
N43D 0.210 18
L44M 0.021 2
L45M 0.017 1
G36S+L44M 0.181 15
N42T+N43K 0.388 32
V38A+N42T 1.782 149
Sista, et al. Enfuvirtide 0.001-0.480 Virus isolates
2004% phase |l from patients
clinical trials under enfuvirtide
G36D 0.242 17
G36S 0.499 12
Q40H 0.536 19
L44M/L 2.034 36
N43D 0.996 249
G36S+L44M 3.791 632
N42T+N43K 1.762 252
Menzo, et al. TORO 2 0.001-0.033 Gp41-
2004% study recombinant viruses
V38A 4.6 255
V38M 3.2 80
N43D 1.1 1100
G36D+N42T 12.8 1829
N42T+L45M 5.6 207
V38A+L44M 3.4 283
Poveda, et al. Enfuvirtide- 0.02-0.40 Phenoscript
2005%7 treated (Viralliance)
patients
G36D 5.22 44
G36V 3.87 194
G36G/V 4.77 239
N43N/D 4.39 24
N43D > 10 > 83
G36D+L44V 8.9 445

virus replicative capacity has been hypothesized, it is is not the case when endocytosis occurs in CD4+

intriguing that viral loads weld @ar)p@ﬁ’[n @)f‘nihlﬁesp L D bieisnbbgtes. mlafyt%J@anre unable to produce vi-

patients. A residual activity of enfuvirtide in these cases, ral particles. Enfuvirtide blocks the HIV entry by fusion

as well as a shift in the main so i : endocytosis pathway. Although
HIV from lymphocytes to monooyﬁgrpiggjé&?iﬁr geﬁs@gquyjﬁgate this effect, any residual ac-
contribute to explain these observations (Table 2). - tivity ,of the drug, along-with an impaired replicative

In support of the IatestW!)ﬁh@‘elt ﬂ;:]@o r(/la% V\égbﬁtmfpe% gr]tl $§JQQ could explain a relative
from Schaeffer, et al.>4, which suggested that an inhibi- CD4 preservation in the case of high levels of virus
tion of HIV entry into the cells using the fusiol p'E]fh@ap Uéblit‘_éh)e [driven by the release of viral particles from
is uniformly associated with a compensatory increase infected macrophages. These findings could support

556 etmaner Pubeatons 1010
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Table 2. Possible mechanisms involved in the immunologic benefit in patients experiencing virologic failure under enfuvirtide

- Impaired replicative capacity of viruses with enfuvirtide-resistance mutations.
- Shift in the main source of cells producing HIV from lymphocytes to macrophages.
- Reduced immune activation with less destruction of T-lymphocytes.

Another explanation for the discordant viro-immuno-
logical response in patients on enfuvirtide relies on a
reduced immune activation despite high levels of vire-
mia. An ameliorated T-cell activation, with low levels of
T-cell turnover and cytotoxic T-lymphocytes (CTL) have
been recognized in patients under enfuvirtide therapy
with sustained high levels of viremia and preserved
CD4 counts, compared with untreated patients with
similar viral-load levels®. A low immune activation
could reduce the confinement of CD4+ T-cells into the
lymphoid tissue and might permit their redistribution,
thereby increasing their absolute number in the blood-
stream®. Furthermore, low CTL responses seen in en-
fuvirtide-treated patients might account for a lower
T-cell destruction in the periphery. The high plasma
viremia and the low T-cell activation observed in these
patients might reflect an increased production of viral
particles from sources other than CD4+ T-lymphocytes,
as previously discussed.

In experimental models, Rhesus monkeys infected
with highly pathogenic SIV developed a complete de-
pletion of CD4+ T-cells while plasma viremia was sus-
tained, mainly by tissue macrophage®. In nature, in-
fection of sooty mangabeys with SIV provides a similar
model, in which high levels of viral replication do not
result in CD4+ T-cell depletion®”%8, apparently due to
a lack of the exaggerated immune activation which is
characteristic of HIV-1 infection in humans®®. Clearly,
further studies are needed to demonstrate the impact
of these observations in patients treated with enfu-
virtide.

Enfuvirtide against different HIV variants

sible for the AIDS epidemics. Therefore, it is crucial to
know the activity of any new antiretroviral drug coming
onto the market against the distinct HIV variants.

Genetic analyses of gp41 sequences from different
HIV-1 group M non-B subtypes have not found amino
acids which could be related with resistance to enfu-
virtide®86, Phenotypic studies, although scarce, have
confirmed the susceptibility of most non-B subtypes to
enfuvirtide®78,

HIV-1 group O shows a highly genetically diverse
gp41 compared to HIV-1 group M, with one change
within the 36-45 aa domain (N42D) which might
compromise the antiviral effect of enfuvirtide®. Nev-
ertheless, the antiviral efficacy of enfuvirtide against
HIV-1 group O seems to be preserved both in vitro
as well as in vivo’™®. In contrast, enfuvirtide does not
work against HIV-2. Preliminary in vitro studies dem-
onstrated a diminished activity of the drug against
HIV-2 isolates in comparison with HIV-11% and this
has been recently confirmed’'. Genetic analyses
have shown a high variability in the transmembrane
protein (gp36) of HIV-2 compared to the correspond-
ing gp41 of HIV-1, with changes (N42Q and N43Q)
inside the critical domain involved in enfuvirtide re-
sistance®.

Conclusions

The introduction of enfuvirtide, the first fusion inhibi-
tor, as part of the HIV armamentarium represents the
beginning of a new period in the story of HIV chemo-
therapy. Enfuvirtide is active against different HIV-1
variants (group M and O) and is a good option for

No part of this pubHeetiepemneay daens. as long es itis com-

Enfuvirtide was originally designed based on the

bined with other active compounds. The selection of

HR2 region from HIV-1 ,, a su (!H %f)é : ? gﬁ i QS, o acid domain within the HR1
potent antiviral activity was derr?é?d@aﬁg mi'('ear y@tu -r eg|r£§1(t§?ggl e@j]lg in high-level resistance to the

ies conducted with this laborator -ac{a ted strain!’,
Although HIV-1 subtyb/é/@'ikdké
circulating variant in developed countries, non-B vari-
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ants are on the rise, spreading rapidly in t@fUEh @wcp Ltb)}d;ﬁth@l’clinical development will follow in the steps
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