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Abstract

The discovery of chemokine receptors as essential cofactors for HIV-1 entry into
target cells, as well as the publication of crystal structures of viral molecules
involved in the entry process, has stimulated the development of a broad
spectrum of novel antiviral substances targeting this initial step in the virus
replication cycle. The aim of this article is to review the antiviral compounds
targeting different steps during HIV-1 entry: 1) attachment inhibitors, which block
the initial binding of the virus to the cell, 2) compounds interfering with
subsequent coreceptor binding, and 3) fusion inhibitors, which prevent the fusion
process between viral and cellular membranes. Some of these compounds have
already entered clinical phase I/l trials and are promising drugs due to their mode
of action, i.e. inhibition of de novo infection of cells and their potent antiviral
activity. Thus, new therapeutic options will be available to be used in combination
with highly active antiretroviral therapy (HAART) to treat drug-naive, but also
drug-experienced, HIV-positive persons. Furthermore, insights into the process of
HIV-1 entry also stimulate new approaches for vaccine development.
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Fig. 1. Therapeutic approaches against HIV-1: current treatment options are based on the combination of drugs targeting reverse
transcriptase (RT)(1) and the viral protease(2) to achieve highly active antiretroviral therapy (HAART). A new class of therapeutic
drugs is emerging, which target viral entry(3) by interfering with attachment, receptor binding or fusion.

tion of cells, they should limit the spread of the virus
in the body very efficiently and be active against
drug-naive viruses as well as against variants resis-
tant for RT and protease inhibitors.

HIV-1 entry into target cells

Entry of HIV-1 into target cells is a multi-step
process involving the timely and locally ordered ex-
posure of previously occluded entry domains within
the viral glycoproteins gp120 and gp41 (reviewed
in'314 Fig. 2). HIV-1 has probably evolved this com-
plex mechanism of entry to protect the functionally
important and necessarily conserved entry do-

mains from the attack of the immune system. The
gradual exposure of entry domains results from
conformational changes within the viral glycopro-
teins, which are triggered by multiple receptor inter-
actions. By this mechanism, the crucial entry epi-
topes are only exposed when the virus is already
close enough to the cell membrane to initiate entry,
thus minimising exposure of these domains to anti-
bodies.

Infection of cells by HIV-1 begins with the inter-
action of the viral surface glycoprotein gp120 with
specific receptors on the target cells, thereby lim-
iting the host range of the virus to the cells bear-
ing these receptors. The main receptor for HIV-1,
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and the first recognized as such, is the CD4 re-
ceptor present on T4-lymphocytes and mono-
cytes/macrophages'®'®. The interaction between
gp120 and CD4 is necessary to trigger conforma-
tional changes within gp120, resulting in the expo-
sure of previously occluded, conserved epitopes,
which then bind to a second receptor belonging to
the large family of chemokine receptors, a subclass
of G-protein coupled receptors (reviewed in'"18),
Although many chemokine receptors are known,
and a substantial amount of those are known to bind
HIV or the simian immunodeficiency virus SIV in
vitro, mainly two chemokine receptors, CCR5 and
CXCR4, are relevant for infection in vivo'®?'. CCR5
is the main receptor for non-syncytium inducing
(NSI) HIV-1 variants (today referred to as R5) in the
early phase of the infection and, therefore, is the es-
sential receptor during primary HIV-1 infection. Syn-
cytium inducing (SI) virus variants appearing later
during the course of the disease use CXCR4 (R4)%.
After coreceptor binding, additional conformational
changes within gp120 lead to exposure of the fu-
sion peptide of the viral transmembrane protein
gp41 and to the activation of gp41 from a pre-fuso-
genic into a fusogenic conformation, which ulti-
mately mediates fusion between the viral and cellu-
lar membranes.

Ursula Dietrich: HIV-1 Entry Inhibitors

The sequential exposure of highly conserved env
domains critical for the HIV-1 entry process offers
multiple opportunities for therapeutic intervention,
as all structural intermediates represent potential
targets for antiviral drugs aiming at interfering with
HIV-1 entry (Fig. 2, table 1).

1. Attachment inhibitors

Polyanionic substances

The interaction of the viral glycoprotein gp120
with the CD4 receptor can be inhibited by polyan-
ionic substances such as polysulphates, poly-
sulphonates or polycarboxylates?>?5. On the other
hand, polyanionic cell surface heparans are known
to be involved in the attachment process between
virus and cell before the specific interaction with the
receptors®2’. Polyanionic molecules probably ex-
ert their antiviral activity by neutralizing positively
charged amino acids within gp120, which are neces-
sary for receptor binding. Consequently, resistance
development to one such compound, dextran sul-
phate, is associated with single amino acid substitu-
tions within gp120%. The inhibitory effect of polyan-
ionic molecules increases with molecular weight
and the degree of sulphation. Sulphated polysac-

Table 1. Antiviral substances targeting HIV-1 entry
Compounds Characteristics Clinical status References
1. Attachment inhibitors
polysulfates interaction with under consideration as 23, 24,25, 29
polysulfonates viral envelope; vaginal microbicides 34,35
polycarboxylates mainly against R4 HIV-1
PRO 2000 naphtalene sulfonate polymergel formulation in phase | 36, 37,38
Cyanovirin-N 11 kDa protein from pre-clinical 51-54
Cyanobacterium, interacts with sugars in Env
PRO 542 soluble CD4-1gG phase | 47-50
2. Coreceptor interference
Met-RANTES RANTES derivatives mostly pre-clinical 61
L-RANTES blocking interaction of 60
AOP-RANTES gp120 with CCR5 62
NNY-RANTES 63
3-68 RANTES . . s 64
S58RANTES No part of this publication may be =
TAK-779 0.5 Da small molegule inhibitor, targets poﬂ(et pre-clinical 66, 67
ek pid(eere €0 O PNOTOCO pying
Schering-C small molecule CCR5 antagonist re=clinica 68
AMD3100 -b_'tc clam, CXCR4 antagonist : phase 2 - . 78,79
T22, T134, T140 Vi satallmeats xR0 [ written Omeaiticeb SION s1-83
ALX40-4C selected as Tat/TAR pre-clinical 86
CGP64222 inhibitors, inhibit C. | 85, 87
Gt the publisher
3. Fusion inhibitors
[] []
T20 = -peptide hiadi -helice 4 e 96-
C34 eGCp' tendi he potket o i |Ca ellnS D-9
N36 Nipep linical 90-9
Cyclic D-AA-peptides target pocket inN-helices pre-clinical 99
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charides are able to block HIV-1 replication in vitro
at concentrations as low as 0.1 to 0.01 pg/mL®.
However, the inhibitory effect is mainly restricted to
CXCR4 using HIV-1 isolates due to their increased
basic charge in the V3 loop. In contrast, infection of
macrophages by CCR5 using HIV-1 isolates can
even be enhanced by high molecular weight dex-
tran sulphate®.

Clinical trials of polyanionic compounds did not
result in remarkable antiviral effects, probably due
to low bioavailability and the fact that in vivo CCR5
using HIV-1 isolates predominate, which can hardly
be inhibited®'-33, However, some substances are un-
der consideration as vaginal microbicides, espe-
cially since their antiviral effect is not limited to HIV-1,
but also includes other viruses like herpes viruses
CMV or HSV/3435,

PRO 2000, a naphthalene sulphonate polymer, is
a promising candidate for antiviral vaginal microbi-
cides®. This substance was able to completely
block proviral formation in vitro® and in ectocervical
explants exposed to HIV-1BAL and three other pri-
mary HIV-1 strains at a concentration of 100
ug/mL?". A gel formulation of PRO 2000 was tested
in a clinical phase | trial in healthy women, showing
good tolerance®,

Soluble CD4 and derivatives

Another possibility to interfere with the binding of
gp120 to cell-bound CD4 is the use of soluble CD4
receptor preparations (sCD4). The obligatory inter-
action of primary HIV-1 isolates with CD4 has made
this molecule an attractive antiviral target since the
late eighties. Recombinant sCD4 was shown to in-
hibit infection of T-cell lines with laboratory HIV-1
strains at concentrations of 2-10 pg/mL34°. How-
ever, primary HIV-1 strains require a much higher
dose of sCD4 than laboratory HIV-1 strains in order
to be neutralized, the 90% inhibitory dose (ID,) be-
ing 200- to 2700-fold higher for the patients’ iso-
lates*'. Clinical trials showed sCD4 to be pharma-
cologically safe; however, the plasma half-life of
sCD4 was only 45 minutes and peak plasma levels
of only 300 ng/mL were achieved at the highest
dose (30 mg per day)*#4, This was too low by far to
neutralize patients HIV-1 isolates.

Thus, the pharmacokinetic properties of sCD4
had to be modified in order to achieve a rpore stable
and prolonged production(of q@saﬂl et%ldrfet
engineering of cells in vitro for the continuous pro-
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through multimerisation. PRO 542 is a recombinant,
antibody-like fusion protein, whereﬁ
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monomeric sCD4, PRO 542 has demonstrated 100-
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fold greater activity against primary HIV-1 iso-
lates*®49. The concentration required to achieve
90% reduction in viral infectivity in vitro (ICy,) was
20 pg/ml. in vivo, serum concentrations of > 500
pg/mL were obtained after administration of a single
dose (10 mg/kg) of PRO 542 and concentrations re-
mained above the in vitro ICy, for longer than one
week®. One subject showed >2-log reduction in
plasma viral load 1 to 2 weeks after a single-dose
intravenous administration of PRO 542. Further an-
tiviral activities of this promising compound have to
be tested in phase 2 clinical trials.

Other substances

Cyanovirin-N is an 11-kDa protein isolated from
the cyanobacterium Nostoc ellipsosporum  with
broad neutralizing activity against HIV-1 and HIV-2,
and also other enveloped viruses like the feline im-
munodeficiency virus FIV, human herpesvirus HHV6
and measles virus®'. The inhibiting mechanism of
Cyanovirin-N is not very clear. The molecule is
known to bind to a conserved region of gp120, in-
hibiting binding to CD4%. However, Cyanovirin-N
also seems to act at later stages during coreceptor
binding and membrane fusion®. The broad antiviral
effect may be due to interactions of Cyanovirin-N
with high-mannose oligosaccharides present on
Env proteins®4.

2. Compounds interfering with coreceptor
binding of HIV-1

The family of chemokine receptors, which are G-
protein coupled 7-transmembrane receptors, and
their ligands (chemokines), are involved in the traf-
ficking of leukocytes in immune surveillance and in-
flammation (for review see'”'8). As such, chemokine
receptors play an important role in the pathophysi-
ology of inflammatory and allergic diseases, but
also in hematopoiesis, angiogenesis, differentiation
and development and become an attractive thera-
peutic target in a variety of diseases like asthma,
autoimmune diseases, etc.%®. Some chemokine re-
ceptors are used by intracellular pathogens like
Plasmodium vivax®® or HIV-118 for entry and trans-
mission and, thus, represent novel anti-parasitic

d antiviral targets.
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that individuals with a 32-basepair deletion in the
CCRS5 gene, which results in premature termination
of the protein and the lack of expression at the cell
surface, are highly resistant to infection with HIV-1
(however these people are infectable by rare virus
variants able to use CXCR4 during primary infec-
tion), proves an essential role of CCR5 for primary
HIV-1 infection®%,

As the absence of CCR5 from the cell surface in
these individuals does not impair their health, block-
ing of CCR5 by receptor antagonists should also
signify the absence of drastic side effects upon
therapeutic treatment. For this reason, CCR5 is par-
ticularly interesting as an antiviral target.

Agents targeting CCR5
Chemokine derivatives

The easiest way to produce CCR5 antagonists is
by modification of the natural chemokine ligands for
CCR5. For RANTES, the chemokine with the highest
affinity for CCR5, it was shown that antiviral activi-
ties could be uncoupled from signalling functions.
This opens new perspectives for the development
of chemokine-based therapeutic approaches
against HIV-1 in the absence of inflammatory side
effects®. A number of amino-terminal RANTES
modifications, which show antiviral activity against
HIV-1, have been developed. Met-RANTES®" and L-
RANTES® differ from natural RANTES by the addi-
tion of an extra methionine or leucine at the N-termi-
nus of the protein. AOP-RANTES was produced by
chemical coupling of an alkyl chain (aminooxypen-
tan) to the amino terminal serine of RANTES®2, NNY-
RANTES (N-nonanoyl) is a nonanoic acid derivative
of RANTES®2, Other variants resulted from deletions
of 2 (3-68 RANTES®Y) and 8 amino acids (9-68
RANTES®) at the N-terminus of RANTES. In C1.C5-
RANTES, serine 1 and 5 of RANTES were substi-
tuted with cysteines. Although AOP-RANTES
showed the best antiviral activity in vitro, with an
IC,, about 10-fold lower than natural RANTES, this
molecule behaved as a CCR5 agonist; i.e. it also
activated the receptor in terms of intracellular cal-
cium mobilization®®. C1.C5-RANTES was the best
receptor antagonist, mediating good antiviral activ-
ity (IC,, 5-fold lower than RANTES) without activat-
ing CCR5 and thus may represent a good Iead
compound for HIV- spe |i 1% %
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The compound inhibits infection of target cells
with HIV-1 isolates using CCR5 as coreceptor and
also inhibits ligand-induced signalling. The IC,, val-
ues in peripheral blood mononuclear cells range
from 10 to 100 nM, depending on the HIV-1 isolates
used. Interestingly, TAK-779 blocks the interaction
between viral gp120 and CCR5 by binding to a
pocket located between transmembrane helices 1,
2, 3 and 7 of CCR5%. Probably, the molecule inter-
acts first with the extracellular domains of CCR5 by
its hydrophilic part dictating the coreceptor speci-
ficity, and then inserts its hydrophobic moiety into
the transmembrane pocket. Nothing is known yet
about the pharmacological properties of TAK-779.

Schering-C is another small molecule antagonist
for CCR5 having sub-nM activity in HIV-1 entry as-
says®. This compound and others have been iso-
lated in high-throughput screenings for CCR5 an-
tagonists.

In addition, a number of monoclonal antibodies
against CCR5, which inhibit HIV-1 infection of target
cells by CCR5-using HIV-1 isolates®7, are known.
Although these antibodies are not directly useful as
therapeutic agents, they are extremely valuable to
identify the domains in CCR5 involved in HIV-1
binding”! and, consequently, for the development of
small molecule inhibitors targeting these sites.

Agents targeting CXCR4
Chemokine derivatives

Antiviral agents targeting CXCR4 will be useful to
inhibit infection of cells with the more pathogenic
CXCR4 using HIV-1 strains often found at later
stages of disease progression, but also to be given
in combination with CCR5 blocking agents in order
to avoid a coreceptor shift towards CXCR4. The nat-
ural ligand for CXCR4 is stromal cell derived factor
SDF-1a, which inhibits infection of X4 HIV-1 strains
both by receptor blocking and internalization”®73.
As CXCR4, besides acting as coreceptor for HIV-1,
plays an important role in the development of B-cell
and myeloid lineages and in T-cell homing™, it is
particularly important to dissociate the signalling
and the antiviral properties of SDF-1a for specific
therapeutic_intervention against HIV-1. By synthe-
sizing overlapping 13 amino acids, long peptides
correspondmg to SDF- 1(1 an N-terminal peptide,
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bicyclams, which were known to inhibit HIV-1 long
before the identification of CXCR4 as coreceptor for
HIV-1. AMD3100 has been shown to reduce HIV-1
viral load in the SCID-hu mouse model and in phase
| clinical trials”. The substance is currently in phase
[l clinical trials involving intravenous administration.
Bioavailability is poor and the substance also in-
hibits binding of SDF-1a. to CXCR4.

In addition, several peptidic antagonists of
CXCR4, which inhibit X4 HIV-1 with IC.s of 2-50
nM®, are in pre-clinical development. The most ac-
tive peptides are T22 (an 18 amino acids analogue
of polyhemusin 11)81, T13482 and T1408.

Unexpectedly, two additional cationic peptides
have been shown to be CXCR4 antagonists, al-
though they were originally selected as peptides
binding to TAR, the Tat-responsive region in the viral
m-RNA48 - A X40-4C is a 9 amino acid peptide,
which mimics the basic domain of the viral transac-
tivator protein Tat and inhibits binding of gp120 and
SDF-1a. to CXCR4%. The same dual mechanism of
action could be demonstrated for the peptoid
CGP64222, which also inhibits Tat/TAR and
gp120/CXCR4 interaction®”:85,

3. Fusion inhibitors

The viral glycoprotein gp41 is responsible for the
fusion of viral and cellular membranes to finally al-
low the virus entry into the target cell. In free virus
particles in the plasma, the highly conserved gp41
fusion domains are buried in the interior of the env
trimers on the viral surface and are thus protected
from the immune system. It is only after the sequen-
tial conformational changes in gp120 induced by
the previously described receptor and coreceptor

interactions, that these functionally important do-
mains are exposed, once the virus is close enough
to the cell membrane (Fig. 2). After the conforma-
tional changes in gp120 leading to gp41 exposure,
gp41 itself undergoes conformational changes,
switching from a prefusogenic into an active fuso-
genic state. During this conformational change, the
C-terminal region of gp41 (C34) contacts a hy-
drophobic groove in the N-terminal trimeric domain
of gp41 (N36) to create a six-helix bundle (hairpin-
structure). The formation of the six-helix bundle
structure facilitates approximation between viral
and cellular membranes and finally leads to the in-
sertion of the fusogenic peptide at the very N-termi-
nus of gp41 into the target cell membrane and the
formation of the fusion pore in a highly cooperative
manner. The interaction of the fusogenic peptide
with the target cell membrane may be facilitated by
specific interaction with heparan sulphate on the cell
surface®. It is during this time, from the exposure of
the gp41 pre-hairpin structure to the formation of the
fusogenic state, that the virus is vulnerable to antivi-
ral molecules targeting the structural intermediates.

Peptides inhibiting HIV-1 fusion

A number of peptides are available today that are
derived from the a-helical regions at the N-terminus
(N-peptides) and C-terminus (C-peptides) of gp41,
mediating potent antiviral activity in the nM range
against HIV-1 (for review see®, Fig. 3). C-peptides,
which are more potent inhibitors than N-peptides,
interact with the groove in the N-terminal heptad of
gp41 and viceversa®?, C34 tightly packs into the
grooves of the N36 coiled coil, thereby inhibiting
binding of the natural gp41 C34 region from doing
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so. The X-ray crystal structure of the N36-C34 com-
plexes shows a large hydrophobic groove in the
N36 trimer, which is contacted by the C34 he-
lices®19394 A pocket at the end of the groove ac-
commodates three hydrophobic amino acids of C34
(1635, W631 and W628). C-peptides that extend into
the pocket-like C34 have more potent antiviral activ-
ity and cause less resistance in vitro than peptides
exclusively targeting the groove, like T20%. T20
(also called DP178)% has been shown in phase I/lI
clinical trials to reduce viral load in HIV-1 positive in-
dividuals by about 2 log after intravenous applica-
tion®”. However, large amounts of peptide are re-
quired to achieve the antiviral effect and peptides
have a short half-life. Therefore, gene-therapeutic
approaches are underway in order to express the
inhibitory peptide in the target cells®.

Currently, new smaller fusion inhibitors are being
developed, which target the pocket in the N-terminal
heptad. Cyclic D-amino acid peptides fitting into the
pocket were identified in a phage display approach
starting with a soluble N36 target; however, antiviral
activity was less efficient than for C34%. Screening of
combinatorial chemical libraries is expected to result
in non-peptidic molecules with better fitting into the
pocket and consequently with better antiviral activi-
ties. Besides the pocket, amino acids in the middle
and at the N-terminus of the N-terminal heptad seem
to be important for binding of the C-terminal heptad,
as the NEQE and the WNWF amino acid motifs in the
C-peptides (middle and at the C-terminus of the C-
heptad) are important for antiviral activity%1%,

Outlook

The structural intermediates in the multi-step
process of HIV-1 entry into target cells offer various
opportunities for therapeutic interventions. The fact
that different steps during entry can be targeted
also allows the combination of classes of drugs in-
terfering at different levels, like, for example, core-
ceptor binding and fusion. This may result in syner-
gistic effects. The combination of the CXCR4
blocker AMD3100 and the fusion inhibitor T20 has
already been shown to have synergistic effects in
vitro'®'. Clinical trials have to show if this is reflected
in clinical benefits in vivo.

Furthermore, the different classes of entry in-
hibitors offer new opportunities for combinatjon with
HAART. Due to their ¢ @e@adﬂi’ﬁe@ﬂb’%b& &

action, these drugs are active against viruses resis-

tant for RT or protease inhibitor t fécﬂe 1997; 94: 12303-8; ‘ .
opportunities for the treatmeﬁ[é;?ﬁ?@g&@g@ (ér plb @i&@@rpy Hé}@n A, Harrison S, Skehel J, Wiley D.
S

HIV-1 positive persons. Furthermore, as entry in-
hibitors prevent the d W i ﬁ rgstcells,
viral dissemination in Wbody sq(')El)Jrlg e@liﬁgﬂf

However, the development of resistance will also

be a problem for entry inhibitors, and th earrpu

ance of resistant viruses in vitro has already bee

described_for some of these drugs. On the other
hand, e S unctionall er

and th may Qm}aﬁ ;ﬁrr: to es-u
cape frofTdrug preSsure, espéciall erent'en-

try steps are targeted in combination.

Ursula Dietrich: HIV-1 Entry Inhibitors

There may also be an additional entry target, for
which no drugs are yet available. This is the domain
in the viral gp120, which interacts with coreceptors
after activation by CD4. Structural information on
this conserved domain is available from the crystal
structure of gp120° and from studies that identified
contact amino acids for neutralizing antibodies
known to bind to CD4-induced epitopes'®. These
CD4-induced epitopes are also interesting for vac-
cine development, as immunization with these
structures is expected to induce broadly neutraliz-
ing antibodies. In fact, immunization of mice with
whole cell fusion-competent vaccines representing
transient Env- CD4-coreceptor fusion intermediates
elicited antibodies neutralizing 23 of 24 primary
HIV-1 isolates'®. This proved the principle of such
immunizations and has to be proven with pure im-
munogens corresponding to these structures, once
they are ultimately identified.
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