Acta Pharmacologica Sinica 2005 Oct; 26 (10): 1165-1173

’ Blackwell
#) vublishing

Invited review

HIV entry inhibitors: a new generation of antiretroviral drugs

EliasKRAMBOVITIS", Filippos PORICHIS™, DemetriossA SPANDIDOS

Department of Applied Biochemistry and Immunology, Institute of Molecular Biology and Biotechnology, Vassilika Vouton, Heraklion,
Crete, Greece, Greece Department of Virology, Medical School, University of Crete, Heraklion, Crete, Greece

Key words

highly active antiretroviral therapy; HIV
receptors; HIV fusion inhibitors; HIV

3Correspondence to Prof Eliass KRAMBOVITIS.
Phn 30-81-39-1020.

Fax 30-81-39-1101.

E-mail krambo@imbb.forth.gr

Received 2005-05-15
Accepted 2005-06-27

doi: 10.1111/j.1745-7254.2005.00193.x

Abstract

AIDS is presently treatable, and patients can have a good prognosis due to the
success of highly active antiretroviral therapy (HAART), but it isstill not curable
or preventable. High toxicity of HAART, and the emergence of drug resistance
add to the imperative to continue research into new strategies and interventions.
Considerable progress in the understanding of HIV attachment and entry into
host cells has suggested new possibilities for rationally designing agents that
interfere with this process. The approval and introduction of the fusion inhibitor
enfuvirtide (Fuzeon) for clinical usesignalsanew erain AIDStherapeutics. Here
we review the crucial stepsthe virususesto achieve cel entry, which merit atten-
tion as potential targets, and the compounds at pre-clinical and clinical develop-

ment stages, reported to effectively inhibit cell entry.

Introduction

Acquired immunodeficiency syndrome (AIDS) was
recognized in 1981, and the first human immunodeficiency
virus (HIV) wasisolated 2 years|later, heralding anew erain
the fight against pathogenic viruses*3. Since then, HIV
infection has become a major public health problem
worldwide, with an estimated 39.4 million infected peopleas
at theend of 2004 (Table 1)!¥. According tothe Joint United
Nations Programme on HIV/AIDS (UNAIDS) epidemic
update, in 2004 thereweremorethan 3.1 million Al DS degths,
including 500 000 children under 15 yearsof age. Thepreva-
lence of HIV-1is greater in developing countries, and espe-
ciallyin Sub-Saharan Africa, wheretheinfrastructureto pre-
vent and treat the infection is limited®. These “hotspots’
absorb most of the attention of international committeesand
organizations, and asignificant part of thefunding for AIDS
prevention and treatment goes towards attempting to scale
up antiretroviral (ARV) therapy in devel oping and transitional
countries®.

HIV isalentinovirusthat is predominantly transmitted
by sexual contact, as virus particles can cross the mucosal
epithelium and infect specific cells§"® expressing the CD4
receptor. Cells bearing CD4 receptors on their membrane
belong to the macrophage/monocyte lineage and to a sub-
set of T-cellg*!, Initial indications were that HIV-1 used
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only CD4 toidentify and enter thetarget cdlls. Soon, however,
it became apparent that additional co-receptorswere prob-
ably required in order for the virus to complete cell entry.
Subsequently, several such potential co-receptorswere pro-
posed**3, but the CCR5 and CXCR4 chemokine receptors
aretoday considered to be the major co-receptors for HIV-1
entry™* . T-cdll tropic HIV strainsusemainly CXCR4 asa
co-receptor and are called X4 strains, whereas macrophage-

Table 1. Worldwide distribution of estimated number of people liv-
ing with HIV!,

Region Estimated number?

North America
Caribbean

1.0 million (540 000-1.6 million)
440 00 (270 000-780 000)
Latin America 1.7 million (1.3-2.2 million)
Western and Central Europe 610 000 (480 000-760 000)
Eastern Europe and Central Asia 1.4 million (920 000-2.1 million)
North Africa and Middle East 540 000 (230 000-1.5 million)
Sub-Saharan Africa 25.4 million (23.4-28.4 million)

East Asia 1.1 million (560 000-1.8 million)
South and South-East Asia 7.1 million (4.4-10.6 million)
Oceania 35 000 (25 000—48 000)

YThe ranges around the estimates define the boundaries within which
the actual numbers lie based on the best available information!*!,
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tropic strains, responsible for host-to-host transmission, use
CCRS as a co-receptor, and are referred to as R5 strains.
Thus, macrophages are the principal targets for the estab-
lishment of the infection in new individuals'®. Although it
isnot always the casd"*®, thetransition from viral isolates
that use the CCR5 receptor to isolates that use the CXCR4
receptor has been linked with the transition from the latent
asymptomatic phase to the clinical manifestations associ-
ated with AIDS**.

Themos griking featureof HIV-1infection isthegradua
depletion of circulating CD4"* T cells, which leadstoincreased
sensitivity of the patient to opportunistic and chronic infec-
tions and to oncogenesis. The cause of the CD4* T cell
depletion is till under debatd® . It is generally accepted,
however, that during the asymptomatic phasethe daily re-
plenishment rate of CD4" T cellsis much higher than the
turnover of infective virus particles for the cytopathicity
model to explain the progressive depletion of CD4" T cells
from circulation®. An alternative hypothesis proposes that
certain viral components contribute to dysfunction of avital
immunemechanism®,

Over the past 23 years, the main objectivein the field of
HIV research has been the discovery of drugsthat will com-
bat the disease. Satisfactory progress has already been made
and there are now more than 20 anti-HIV drugs approved by
the American Food and Drug Administration (FDA)®. ARV
drugs are categorized according to their mode of action into
three main groups: 1) the nucleoside reverse transcriptase
inhibitors (NRTI); 2) the non-nucleos de reverse transcriptase
inhibitors (NNRTI1)1##; and 3) the protease inhibitors (P1)).
ARV drugs from these categories are now administered in
combination (as cocktails) to produce more efficient treat-
ment'®, Thistype of therapy, termed “highly active antire-
troviral therapy” or HAART, has markedly decreased morta-
lity and morbidity in the developed world. Efforts have been
made by theWorld Health Organization (WHO) and UNAIDS
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to substantially increase the number of people on HAART
in developing and transitional countries®.

Despite the fact that current antiviral treatments have
improved prognos's, drug resistance and high toxicity are
serious limitationsto current treatmentsthat justify the con-
tinuation of research effortsfor new strategies and interven-
tions**4, Today, AIDSistreatable, and patientscan have a
good prognosis, but it isstill not curable. A new generation
of drugswas recently introduced that inhibit viral cdl entry
(to be discussed later). HIV entry inhibitors appear to be a
rational step forward in ARV therapy, because they prevent
the virusfrom infecting new host cells, and may potentially
stop or significantly limit HIV transmission®*=, In order to
rationally design effective drugs, the pathophysiology of
HIV must be better understood for ARV therapy research to
target specific eventsin the biology of the virus within the
host cel %37,

HIV entry

HIV-1 predominately infects cellsthat have the CD4 re-
ceptor on their surface membrane, although this is not al-
ways the casd®*1. Achievement of infection of these cells
involvesthree discrete steps: viral attachment, then co-re-
ceptor binding, and finally fusion (see Figure 1). Recogni-
tion of the“correct” target cell and attachment toit isprima-
rily achieved through envel ope glycoprotein gpl120, which
bindsto CD4 molecules. Gp120 is generated within thein-
fected host cell after cleavage of gpl160 by cellular proteases
into two functional proteins: gp120 and gp41. It consists of
Svariable(V1-V5) and 5 conserved (C1-C5) regions*®. Gp120
and gp41 are glycosylated in the Golgi apparatus, and then
transported to the membranethat is later incorporated in the
viral envelope during the budding of the viral particlesto
form mature viruses*. The envelope membraneis studded
with trimers of gp120-gp41 heterodimers, wheregp4l forms

2. Co-receptor Binding 3a. Fusion Peptide Insertion 3b. Six-Helix Bundle Formation

and Membrane Fusion

Figure 1. Schematic representation of the mechanism for HIV-1 cell entry.
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the cytosolic part and gp120 the extracel lular part*?.

Binding of viral gp120tohost cell CD4isachieved through
interactions of several conserved gp120 residueswith the
second complementarity-determining region (CDR2) of
CD4"*#_ Thisinteraction aloneis not sufficient to achieve
cell entry, but it is necessary in order to identify the target
cell and also to increase the affinity of other viral compo-
nents for the co-receptor molecules. Indeed, binding of
gp120 to CD4 causes conformational changestothevariable
loop regionsV1/V2 and V3 of gpl20, causing the V3 loopto
evaginate, thus becoming exposed to the co-receptors*!
(Figurel). Themgjor co-receptors that HIV-1 uses are the
CCRS5 and CXCR4 chemokine receptors. The exact mecha-
nism of interaction between the variableloop regionsV1/V2
and V3 and the chemokine receptorsis not well understood
and it merits a more detailed investigation. It has been
suggested, however, that the interaction between V3 and
CCR5isionicin nature, and results in enhancement of the
process of activation-induced cell death of responding ef-
fector CD4" T cells during antigen presentation/?#47,

Thefinal step for viral entry requires fusion of theviral
envelope components with the target surface membrane; this
is achieved with the use of gp41, which is a glycoprotein
consisting of 3 main domains: an intracellular domain
(endodomain), atransmembraneanchor and an extracellular
domain (ectodomain). The ectodomain isthe key structure
responsible for fusion and consists of a hydrophobic fusion
peptide sequence at the N-terminal, two hydrophobic hep-
tad repeats (HR1 and HR2) at the C-terminal, and a hinge
region, where a disulfide-bond loop is formed between the
two heptad repeats during fusion®®*l, On binding of gp120
to CD4 and subsequently to the co-receptor, further confor-
mational changes occur that |ead to gp41 dissociation from
gp120. Thegp4l unfolds and the hydrophobic fusion pep-
tide sequence extends out of the viral membrane towardsthe
host cell membrane. Insertion of the fusion peptide into the
hogt cdl membraneleadsgp41 tofold intoahairpin-likestruc-
ture where the two hydrophobic heptad repeats (HR1 and
HR2) lieantiparalld, forming a6-helix bundl X!, Thishair-
pin structureis believed to be responsible for the fusion of
the HIV envelope to the host cell membrane.

Enfuvirtide: the first FDA-approved fusion
inhibitor

Enfuvirtide (formerly known as T-20) is thefirst fusion
inhibitor approved by the FDA and the European Commis-

sion for the Treatment of AIDS, and isavailable under the
trade name Fuzeon (Trimeris and Roche). It isa 36 amino

acid synthetic peptide homol ogous to the HR2 region of
gp41 (residues 127-162) *>| that hasthe ability to interfere
with the fusion pathway by mimicking the HR2 domain>,
The accepted mode of action proposes that enfuvirtide tar-
gets conformational changes during fusion by binding to
theHR1 domain. Recent evidenceindicatesthat enfuvirtide
interactswith multiple sitesin gp41 and gp120™!. Thisbind-
ing prevents theformation of the 6-helix bundle by prevent-
ing HR2 from refolding antiparalld to HR1*, Thus, inhi-
bition of fusion of the viral envelopeto cell membranesis
achieved by blocking a critical step in the fusion pathway
(Figure?2).

Intheinitial stages of discovery, enfuvirtide appeared to
inhibit HIV-1 replication very effectively in various cdll types
and clinical trials proved to be very promising. Phase /1l
trials provided proof that HIV entry was inhibited after treat-
ing patientswith 100 mg enfuvirtidetwicedaily for 14d. The
levels of plasma HIV RNA after 14 d of treatment demon-
strated a 1.96 g median decling™. Phasell clinical trials
were performed on 71 HIV-infected individual s who were
treated with 50 mg enfuvirtide together with other ARV drugs
for 48 weeks. Therewasa 1.0 log,, declinefrom basdinein
HIV RNA and amedian gain of CD4 cell countsof 84.9 cell¢/
uL, with no significant toxicity™.

Furthermore, two TORO (T-20 vs Optimized Regimens
Only) Phase 11 clinical trials were performed in America
(TORO 1) andin Europeand Australia(TORO 2). Thetrids
had similar protocols: they compared the efficacy and safety
of enfuvirtide plus an optimized antiretroviral regimen with
the efficacy and safety of an optimized antiretrovira regimen
alon€®®, n both studies the least-squares mean change
from baselinein the plasmaviral |oad indicated a significant
differencein the decreasein the enfuvirtide group compared
with thecontral (P<0.01). Inthesameway, themean count
of CD4 cellg/mL was significantly greater in the enfuvirtide
group compared with the controls (P<0.01).

Further studies are currently being performed on the ex-
act metabolic pathway of enfuvirtide, potential drug resis-
tance problems, and identification of synergisticinteractions
with other drugs. Several reports concluded that enfuvirtide
does not appear tointerfere with the activities of cytochrome
PA50, probably because it is a peptide and is easily hydro-
lyzed in the body'®®, Enfuvirtide was found to act syner-
gistically with other potential entry inhibitorsin vitro, such
as AMD3100 and PRO542, producing results that encour-
aged the use of combinations of entry inhibitors as part of a
new generation of ARV strategies®®. However, HIV resis-
tance has been reported in patients treated with enfuvirtide,
indi cating ahotspot from codons 36 to 38 of the HR1 domain!®,
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aswedll as other sitesin gp41®*1. Additionally, primary
resistance has been reported, which appears to be more fre-
quent than predicted™, indicating that more research is
needed in thisfield.

Enfuvirtide obtained accel erated approval by theFDA in
2003 and becamethe 17th licensed ARV drug and thefirst to
inhibit HIV entry. Thedrugissupplied asalyophilized pow-
der in single-dosevials containing 108 mg of the drug. Re-
constitution of the powder in 1.1 mL sterile water for injec-
tion produces a single dose of 90 mg/mL!™ that isinjected
subcutaneoudly. Enfuvirtide has two currently known ma-
jor drawbacks. First, being apeptide, it can only beadminis-
tered by injection and not orally. This makes usage more
difficult, because patients must be educated for self-
administration. Second, the cost of enfuvirtideis high, be-
cause it is a synthetic peptide that is manufactured by a
highly complicated processinvolving large amounts of raw
materials™*™., It is estimated that the annual cost of
enfuvirtidetherapy is approximately US$20 000 per patient,
and if taken in combination with other ARV drugs then the
cost of therapy could approach US$30 000.

Potential drugs targeting entry and fusion

Attachment inhibitors Current novel antiretrovira drugs
aim to interfere with the crucial HIV entry steps: viral
attachment, co-receptor binding and fusion. One approach
for interfering with viral attachment involves the use of a
tetravalent fusion protein construct, consisting of a human
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Figure 2. Mechanism of inhibition of
HIV fusion to the cell membrane by
enfuvirtide.

1gG2 in which the Fv portions of both the heavy and light
chains have been replaced with the D1 and D2 domains of
human CD4"*™. This CD4-immunoglobulin fusion
construct, called PRO 542, is suggested to bind to the viral
gp120 and thus prevent the virusfrom interacting with CD4-
bearing host cdls. Phasel clinical trialsindicated that PRO
542 hasa half-life of 3-4 d when arelatively high dose was
used (10 mg/kg), and no dose-limiting toxicities were ob-
served™. Inaddition, in phasell clinical trials, 12 HIV-in-
fected patientswere treated with 25 mg/kg single-dose PRO
542. The drug was well tolerated and the acute reduction
caused in the HIV-1 RNA was statistically significant, even
in patients with advanced AIDS™.

In the same way, several other compounds target either
the gp120 or the CD4 receptor and interfere with HIV
attachment. FP-21399 is a big(disulfonapthel ene) derivative
that binds to gp120, most probably near the third variable
domain, because interactionswith antibodiesagaing theV3
loop region were blocked™. A phase| study showed that it
caused an increasein CD4 cell counts, and asignificant de-
creaseinviral load and minor sideeffectd™. BMS-378806, a
4-methoxy-7-azaindole derivative, isa compound that can
be administered orally, and was devel oped by Bristol Myers
Squibb!®®, Despite the fact that phase | and 11 studies
showed promising results, Bristol Myers Squibb decided to
investigate similar drugssuch as BM S-488043, an analogue
of BMS-378806, in order to optimizeits effectiveness®. A
series of polyanionic compounds, for example dextrin-2-
sulfate, Carraguard and PRO 2000 arein clinical trials, and
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aredesigned to betopically administered®®. Finally, TNX-
355, ahumanized anti-CD4 mAB that binds to CD4 without
interfering with its biological function, significantly de-
creased viral load and increased CD4 cell countsin aphase
I trial™®,

Co-receptor bindinginhibitors Themogt interesting tar-
get in HIV entry isthe co-receptor binding phase. Current
drug research isfocused on designing compounds that pre-
vent thevirusinteracting with the chemokinereceptors. The
CCRS receptor isthe principal target, and anumber of poten-
tial drugs are currently being studied. SCH-C isasmall mo-
lecule that inhibitsthe binding of gp120 to CCR5, and initial
in vitro experiments have indicated good inhibitory activity
against R5 viruses aswell as synergistic effectswith several
ARV drugs, including enfuvirtidd® . Although it can be
administered orally and clinical studies showed decreased
viral loads, electrocardiographic anomalies due to arrhy-
thmiaswerereported at high dosages®. Another compound,
SCH-D, has been found to have greater in vitro and in vivo
antiviral properties, with no apparent side effects. Clinical
studies for this drug are till ongoing®®. Interetingly, it
was recently reported that VV 3-like peptides from X4 strains
with more dectropoditive V3 domai ns wer e effective antago-
nists and potential infectivity blockers of R5 variantd®.

TAK-779 was thefirst non-peptidic molecule found to
inhibit co-receptor attachment by binding to CCRS5 at trans-
membranehelices 1, 2, 3, and 714, It hasthe disadvantage
of intravenous administration and because of irritations ob-
served at theinjection Ste, its devel opment was discontinued.
It was replaced by another compound, T-220, which can be
adminigered orally, and shows promising anti-R5 HIV acti-
vity®™, Similarly, UK-427,857 isanovel CCR5inhibitor that
has acceptabl e pharmacokinetic and metabalic ratesin mice,
rats, dogs and humans, and can be administered orallyl.
Finally, PRO 140 is one of the few monoclonal antibodiesthat
has been used as an entry inhibitor and has been reported to
block co-receptor attachment without down-modulating or
inducing signaling of the CCR5 chemokine receptor®97,

CXCR4, the second major HIV co-receptor, isalso atar-
get for current drug research. AMD-3100, one of the first
entry inhibitors, wasfound to inhibit viral entry well before
the discovery of co-receptor usageby HIV®. Itisabicyclam
compound of low molecular weight that inhibitsthe electro-
static interaction between CXCR4 and gp120 by ionic bind-
ing to the second extracel lular 1oop (ECL2) and the adjacent
membrane-spanning domain (TM4) of the CX CR4 receptor(®.
Despitethefact that in phasel and Il clinical trials, intrave-
nous administration of AMD-3100 significantly reduced the

viral load™™, it was |ater replaced by an orally available
compound, AMD-070. A non-peptidiccompound, KRH-1636,
which is absorbed through the duodenum, had similar effi-
caciesto AMD-3100%Y, Finally, T-22 and ALX40-4C are
positively charged peptides that occupy the V3 region and
competitively inhibit binding of gp120 to the negatively
charged amino acid residues on CXCR4M#2%4,

In conclusion, therole of the V3 region in the mechanism
of cell attachment and entry in relation to the major co-recep-
torsis being actively pursued. In addition to biological
studies, physicochemical studieson theinteracting protein
domains are being carried out in an attempt to decipher the
interface conformations between the virus and the cel 1'%,

Fusion inhibitors Understanding the mechanism of fu-
sion of the viral envelope with the host membrane played a
crucial rolein thedevelopment of new generation ARV drugs.
This became apparent when enfuvirtide was licensed asthe
first viral entry inhibitor, and it iscurrently used in HAART.
Resistance to enfuvirtide has been reported, which has led
to the design of a second generation HR2 mimetic peptide.
T-1249 isa39-L-amino acid synthetic peptide that containsa
pocket-binding sequencethat makesthe HR1 and HR2 inter-
action more stable. Studies on T-1249 showed that it has
greater efficacy and longer half-life than enfuvirtide.
Additionally, efficacy against enfuvirtide-resistant viruses
has been reported, indicating that this second generation
fusion inhibitor is a step forward™®*, However, Roche
and Trimerisdecided to halt clinical development dueto for-
mul ation concerns'®.,

5-Helix isanewly designed recombinant C-peptide that
consists of 5 of the 6 helices that are formed during the
fuson phase. A CHR domain ismissingfor the6-hdix bundle
formation, and thusthereis one exposed groove. Thisgroove
bindsto a CHR domain in gp41 and inhibits fusion of the
viral membrane to the host membrane™™, Becauseit isa
recombinant peptide, it has amuch lower cost of production
compared with the syntheticenfuvirtide. Initial studiesdem-
onstrated potent antiretroviral activity, with 1C, valuesin
thelow nanomolar range™™.

Finally, N-peptides represent another group of peptides
with potential inhibitory effects against HIV entry. Initia
studies have indicated that they are weaker inhibitors than
the C-peptides, with | Cy, values in the micromolar range.
However, chimeric molecules composed of soluble trimeric
coiled coils have shown promising results. IQN17 isone of
the first such peptides with potent inhibitory effects, and
the current most potent chimeric N-peptide, IQN23, isre-
ported to have an | C, value of 15 nmol/L™.
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Conclusion

Antiretroviral chemotherapy has recently acquired a new
“weapon” in thefight against AIDS. Enfuvirtideisthefirst
HIV entry inhibitor that was approved by FDA, and it is
currently used in combination with other ARV drugs. Re-
sultsfrom clinical trialsindicated that it had potent activity
against HIV strainsthat are resistant to other ARV drugs,
although some resistance to enfuvirtide has been reported.
Thedesgn of other entry inhibitors has moved forward, and
every phase of HIV entry is actively pursued as atarget for
potential inhibitors. Probably the most exciting prospect is
potential interference with co-receptor usage, particularly
that of CCR5.

ARV drug devel opment aims to produce drugs with po-
tent antiretroviral activity, with |Cg, valuesin the nanomolar
range, with no or limited toxicity and that can be adminis-
tered orally. Severa compoundsarecurrentlyin clinical trials,
and we are optimigtic that new, more effective drugswill be
added tothe ARV armory.
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