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Enfuvirtide (also known as Fuzeon, T-20, or DP-178) is an antiretroviral fusion inhibitor which prevents
human immunodeficiency virus type 1 (HIV-1) from entering host cells. This linear 36-mer synthetic peptide
is indicated, in combination with other antiretroviral agents, for the treatment of HIV-1-infected individuals
and AIDS patients with multidrug-resistant HIV infections. Although enfuvirtide is an efficient anti-HIV-1
drug, its clinical use is limited by a short plasma half-life, i.e., approximately 2 h, which requires twice-daily
subcutaneous injections, often resulting in skin sensitivity reaction side effects at the injection sites. Ultimately,
80% of patients stop enfuvirtide treatment within 6 months because of these side effects. We report on the
development of long-lasting enfuvirtide conjugates by the use of the site-specific conjugation of enfuvirtide to
an antithrombin-binding carrier pentasaccharide (CP) through polyethylene glycol (PEG) linkers of various
lengths. These conjugates showed consistent and broad anti-HIV-1 activity in the nanomolar range. The
coupling of the CP to enfuvirtide only moderately affected the in vitro anti-HIV-1 activity in the presence of
antithrombin. Most importantly, one of these conjugates, enfuvirtide-PEG,,-CP (EP40111), exhibited a pro-
longed elimination half-life of more than 10 h in rat plasma compared to the half-life of native enfuvirtide,
which was 2.8 h. On the basis of the pharmacokinetic properties of antithrombin-binding pentasaccharides, the
anticipated half-life of EP40111 in humans would putatively be about 120 h, which would allow subcutaneous
injection once a week instead of twice daily. In conclusion, EP40111 is a promising compound with strong

potency as a novel long-lasting anti-HIV-1 drug.

Enfuvirtide (also known as Fuzeon, T-20, or DP-178) is a
well-described antiviral fusion inhibitor which prevents human
immunodeficiency virus type 1 (HIV-1) from entering host
cells (28, 38, 57). This linear 36-mer synthetic peptide is indi-
cated, in combination with other antiretroviral agents, for the
treatment of HIV-1-infected individuals and AIDS patients
with multidrug-resistant HIV infections who no longer respond
to current highly active antiretroviral therapies (i.e., HIV re-
verse transcriptase and protease inhibitors). Because enfuvirtide
interferes with an earlier stage of infection than highly active
antiretroviral therapies, no development of cross-resistance to
existing antiretroviral drugs is expected, given their distinct
mechanisms of action (9, 31, 32, 35, 43). Recently, the small
molecule maraviroc (Selzentry/Celsentry; Pfizer), which acts as
a chemokine receptor 5 (CCRYS) antagonist, was the second
HIV entry inhibitor to receive approval from the U.S. FDA
(16, 19).

The entry of HIV-1 into target cells is mediated by the viral
envelope, which is a trimer consisting of three surface gp120
glycoproteins noncovalently associated with three transmem-
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brane gp4l subunits (17, 20, 26). The extracellular domain
(ectodomain) of gp41 is the key structure responsible for fu-
sion and consists of a hydrophobic fusion peptide at the N
terminus, an N-terminal heptad repeat (NHR or HR1), a C-
terminal heptad repeat (CHR or HR2), and a tryptophan-rich
region. The precise mechanism of the viral entry process re-
mains unclear; but in the current model, the first step of in-
fection is initiated by the binding of gp120 to CD4, the primary
receptor of HIV on the target cell (11). The binding of gp120
to CD4 causes conformational changes of the V1, V2, and
V3 variable loop regions of gp120, resulting in the subsequent
interaction with the chemokine receptors CCRS and/or CXCR4.
The viral gp120-gp41 complex then undergoes further confor-
mational changes, exposing the N-terminal domain of gp4l
and allowing the fusion peptide sequence to insert into the
membrane of the host cell. At this stage of fusion, gp41 adopts
an extended prehairpin intermediate conformation that bridges
both the viral and the cellular membranes. This transient in-
termediate can last for several minutes, but ultimately, gp41
folds into a hairpin-like structure in which the two hydrophobic
heptad repeats (NHR and CHR) lie antiparallel and form a
six-helix bundle, thus bringing the viral and host cell mem-
branes into close proximity. This allows the fusion of the two
membranes, and the viral content is expelled into the host cell.

The prehairpin intermediate state of gp41 is the target for
the peptide enfuvirtide, which derives from the gp4l CHR
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region (corresponding to HIV-1 ITIB/LAI gp41 residues 127 to
162) and which binds to the viral gp41 NHR region, preventing
the formation of the six-helix bundle required for membrane
fusion (15, 28).

Despite its therapeutic efficacy, the clinical use of enfuvirtide
is limited by a short plasma half-life, i.e., approximately 2 h (28,
29, 31, 48, 58), which requires twice-daily subcutaneous injec-
tions of 90 mg drug product, which often result in skin sensi-
tivity side effects at the injection sites (3, 37, 39, 56). Thus,
improvement of the pharmacokinetic (PK) properties of this
type of molecule is highly desired to facilitate its therapeutic
use and to bring medical benefit to patients.

Several technologies have been developed to improve the
PK and pharmacodynamics (PD) of polypeptides and proteins
(7). For instance, (bio)chemical modification (e.g., pegylation
[52], acylation [22], or glycosylation [47]) and fusion with or
binding to plasma proteins (e.g., albumin [13], transferrin [2],
or immunoglobulin Fc fragments [34]) have yielded numerous
clinical protein candidates with improved PK-PD profiles. Pe-
gylation, the covalent attachment of polyethylene glycol (PEG)
polymers to compounds, is some 20 years old and has become
one of the best-validated methods for the development of
long-acting peptide/protein analogs (33, 44, 55). The PEG
polymer is added to therapeutic peptides/proteins in order to
prolong their absorption, decrease their renal clearance, retard
their enzymatic degradation, increase their elimination half-
life, and reduce their immunogenicity (25). A pegylated ver-
sion of enfuvirtide was patented (2a), but up to now, there are
still no long-acting enfuvirtide derivatives on the market or
even in late-stage clinical development. Recently, Stoddart et
al. (49) reported on the conjugation of the C34 anti-HIV fu-
sion peptide with human serum albumin that resulted in an
albumin-conjugated C34 peptide with improved PK properties.
Therefore, the goal of the present study was to develop an
enfuvirtide-based molecule with sustained in vitro and in vivo
anti-HIV efficacy and a prolonged in vivo half-life, which would
eventually allow reduction of the injection frequency and, thus,
increase patient convenience and compliance.

Our strategy exploits the properties of a synthetic pentasac-
charide (42) that reversibly binds with a high affinity to anti-
thrombin, a 60-kDa plasma protein with a half-life of approx-
imately 3 days that circulates at a relatively high concentration
(2.5 pM) in blood and which regulates the activity of blood-
clotting proteinases (8, 23). The plasma half-life of synthetic
pentasaccharides that bind to antithrombin is governed by their
affinity for the protein (50). For instance, the anticoagulant
pentasaccharidic drugs idraparinux and fondaparinux are syn-
thetic factor Xa inhibitors that reversibly bind with a high
affinity to antithrombin. Due to its increased sulfation, idrapa-
rinux exhibits a 30-fold higher binding affinity to antithrombin
than fondaparinux does (53). As a result, idraparinux exhibits
a significantly longer half-life in humans of about 120 h com-
pared to that of fondaparinux, which is 17 h (27, 36, 54).
Therefore, this novel approach takes advantage of the long
plasma half-life of such a high-affinity pentasaccharide to en-
hance the PK-PD properties of therapeutic peptides and pro-
teins, as was previously described for a-NAPAP, a peptidomi-
metic anticoagulant drug (10), and insulin (14). The purpose of
this study was to investigate whether this approach could be
applied to the peptide enfuvirtide. The acquired half-lives of
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these novel enfuvirtide derivatives should be close to that of
the pentasaccharide (which has a chemical structure similar to
but different from that of idraparinux), i.e., up to 120 h in
humans, which is about 60 times the half-life of the original
peptide (i.e., 2 h).

We report here on the development of long-lasting enfu-
virtide conjugates by the use of the site-specific conjugation of
enfuvirtide to an antithrombin-binding carrier pentasaccharide
(CP) through PEG linkers of various lengths. These conjugates
showed consistent and broad anti-HIV-1 activities in the nano-
molar range, and the length of the PEG linker did not signif-
icantly influence their antiviral activities. Coupling of the CP to
enfuvirtide through a PEG linker only moderately affected its
in vitro anti-HIV-1 activity in the presence of antithrombin.
The most potent compound, enfuvirtide-PEG,,-CP (EP40111),
exhibited in vivo a prolonged elimination half-life compared to
that of native enfuvirtide.

While the present work was in progress, a report on the
proof of principle of this technology applied to insulin ap-
peared in the literature (14).

MATERIALS AND METHODS

Materials. Unless stated otherwise, all chemicals were purchased from Sigma-
Aldrich. The heterobifunctional PEG linkers, succinimidyl-[(N-maleimidopro-
pionamido)-polyethyleneglycol] ester, were purchased from Pierce (NHS-PEG,-
Mal and NHS-PEG,-Mal), Nektar (NHS-PEG-Mal-3,400, which corresponds to
NHS-PEG;-Mal), and Polypure (NHS-PEG,4-Mal). The chromatographic Q-
Sepharose resin, Superdex Peptide 10/300, and Superdex 200 10/300 GL columns
were supplied by GE Healthcare. The N-terminal cysteine analogue of enfu-
virtide, = Ac-CYTSLIHSLIEESQNQQEKNEQELLELDKWASLWNWF-NH,
(where Ac is acetyl), and the '3C,'N-labeled enfuvirtide peptide Ac-YTSLIHS
LIEESONQQEKNEQELLELDKWASLWNWF-NH, containing one [C,
5N]asparagine-labeled residue (highlighted in boldface) were prepared by 9-flu-
orenylmethoxycarbonyl (Fmoc)/tert-butyl (fBu) solid-phase chemistry and were
subsequently purified by reversed-phase high-pressure liquid chromatography
(HPLC) by the Almac Group Ltd., United Kingdom. Optical rotations were
measured on a 243 automatic polarimeter (Perkin-Elmer, Brussels, Belgium) by
using a sodium lamp (N = 365 nm) with a standard cell (10 cm/1 ml). Native
enfuvirtide used in this study was the commercial drug (Fuzeon; Roche, Swit-
zerland). Human antithrombin was purchased from Hyphen BioMed, France.

Viruses. The HIV-1 I1IB strain was provided by R. C. Gallo (at that time at the
National Institutes of Health, Bethesda, MD, and currently at the Institute of
Human Virology, University of Maryland, Baltimore, MD), the HIV-1 LAI
strain was provided by F. Barré-Sinoussi (Institut Pasteur, Paris, France), and the
HIV-2 ROD strain was provided by L. Montagnier (at that time at Institut
Pasteur, Paris, France). The CXCR4-using (X4) HIV-1 NL-4.3 strain was ob-
tained from the AIDS Reagent Program, NIAID, National Institutes of Health.
The CCRS5-using (R5) HIV-1 Ba-L strain was obtained from the Medical Re-
search Council AIDS Reagent Project (Herts, United Kingdom). It should be
noted that strains HIV-1 IIIB (21) and LAI (formerly named LAV and then
BRU) (6) derived from the same original strain and are therefore considered to
be the same strain in this study. Hence, for the clarity of the work described
herein, these viruses are named HIV-1 IIIB/LAI. HIV-1 NL4.3 is actually a
chimeric recombinant virus engineered in laboratory (1). The 3’ half of the
proviral DNA coding for the viral envelope was cloned from HIV-1 LAI (the 5’
half, which encodes the gag and pol genes, was cloned from HIV-1 NY5).
Infectious HIV-1 NL4.3 particles were obtained upon transfection in mammalian
cells. These three HIV-1 laboratory strains, IIIB, LAI, and NLA4.3, are therefore
identical at the level of the viral envelope glycoproteins gp120 and gp41, with
gp41 being the target of the enfuvirtide conjugates.

The primary clinical isolates included in this study were 1-2496 (clade A, R5),
UG273 (clade A, RS), US2 (clade B, R5), BZ167 (clade B, X4), ETH2220 (clade
C, R5), and DJ259 (clade C, R5). All these viruses were kindly provided by J. L.
Lathey, who was then at Biotech Research Laboratories Inc. (Gaithersburg,
MD). The coreceptor specificity (RS or X4) of these isolates was determined on
the astroglioma U87.CD4 cell line expressing either CCRS or CXCR4 (5).

Synthesis of enfuvirtide-PEG,-CP. For the chemoselective ligation of enfu-
virtide to the maleimide (Mal)-functionalized Mal-PEG,,-CP (i.e., a maleimide-
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functionalized PEG linker of n ethylene glycol units chemically attached to the
antithrombin-binding pentasaccharide), a cysteine residue was introduced at the
N terminus of enfuvirtide by using standard Fmoc/fBu solid-phase peptide chem-
istry to give cysteine-containing enfuvirtide.

(i) General procedure. An aqueous solution of the maleimide-functionalized
Mal-PEG,,-CP (1.5 equivalents) was added dropwise to 1 equivalent of the
Cys-enfuvirtide peptide (molecular mass, 4,595 Da) dissolved in 4 ml of a mixture
(1/1, vol/vol) of phosphate buffer (100 mM, pH 7.2) and acetonitrile. The reac-
tion mixture was stirred under an argon atmosphere at room temperature over-
night and was then lyophilized. The freeze-dried product was then dissolved in
water and subjected to gel filtration chromatography (Superdex Peptide or Su-
perdex 200 10/300 GL chromatography) to remove the Mal-PEG,,-CP and un-
modified enfuvirtide. The column was eluted with H,O and the elution was
followed by measurement of the absorbance at 280 nm. The product-containing
fraction was subjected to freeze-drying to obtain enfuvirtide-PEG,,-CP. Electro-
spray ionization (ESI)-quadrupole time-of-flight (Q-TOF) mass spectrometry
(MS) analysis confirmed the predicted molecular masses of the maleimide-
functionalized Mal-PEG,,-CP moieties as well as those of conjugates EP40111
and EP40112. Matrix-assisted laser desorption-ionization time-of-flight
(MALDI-TOF) MS analysis confirmed the predicted molecular masses of the
EP40113 and EP40114 conjugates, which could not be determined by ESI-Q-
TOF MS. The purities of the final products were estimated to be >80%, as
judged by the use of silver-stained sodium dodecyl sulfate-polyacrylamide gels
and high-field '"H-nuclear magnetic resonance spectroscopy.

(ii) Enfuvirtide-PEG,-CP (EP40114). Mal-PEG,-CP (741 pl from a 2.2 mM
stock solution in H,O, 1.6 wmol) was conjugated to Cys-enfuvirtide (5 mg, 1.1
pmol) and purified according to the general procedure to give enfuvirtide-
PEG,-CP as a white powder (3.4 mg, 46%). MALDI-TOF MS, [M] calculated
for Cye4H300N55NagO;,,Sg: 6,733. Found: 6,421 [M-3SO;Na].

(i) Enfuvirtide-PEG,,-CP (EP40111). Mal-PEG ,-CP (2.5 ml from a 2.9 mM
stock solution in H,O, 7.2 wmol) was conjugated to Cys-enfuvirtide (22 mg, 4.8
pmol) and purified according to the general procedure to give enfuvirtide-
PEG,,-CP as a white powder (32.6 mg, 96%). ESI-Q-TOF MS, positive mode,
Q-Star, [M] calculated for C,50H,45,N55NagO,6Ss: 7,086. Found: 7,084.

(iv) Enfuvirtide-PEG,5-CP (EP40112). Mal-PEG,4-CP (1.0 ml from a 5.2 mM
stock solution in H,O, 5.5 wmol) was conjugated to Cys-enfuvirtide (17 mg, 3.7
pmol) and purified according to the general procedure to give enfuvirtide-
PEG,4-CP as a white powder (21.7 mg, 76%). ESI-Q-TOF MS, positive mode,
Q-Star, [M] calculated for C;,,H,56N55NagO45Sg: 7,791. Found: 7,592 [M-9Na].

(v) Enfuvirtide-PEG,,-CP (EP40113). Mal-PEG,(-CP (950 pl from a 4.5 mM
stock solution in H,O, 4.3 wmol) was conjugated to Cys-enfuvirtide (13.2 mg, 2.9
pmol) and purified according to the general procedure to give enfuvirtide-
PEG,,-CP as a white powder (22 mg, 80%). MALDI-TOF MS, [M] calculated
for C;393H4sNs3NagO,5,Sg: 9,571, Found: 9,583.

Factor Xa inhibition-based bioassay. Anti-factor Xa activity was determined
with a Stachrom HP kit and an STA compact automated device (Diagnostica
Stago, France). The test compound was mixed with bovine antithrombin (2.5
M) in Tris-EDTA buffer (50 mM, pH 8.4), and the mixture was incubated with
bovine factor Xa (3.5 nkat/ml) for 1 min at 37°C. During this incubation, factor
Xa was neutralized by the complex formed between antithrombin and the pen-
tasaccharide part of the test compound. A factor Xa chromogenic substrate (CBS
31.39, CH;3SO,-D-Leu-Gly-Arg-para-nitroaniline) was then added (final con-
centration,] mM), and the release of para-nitroaniline was immediately mea-
sured by spectrophotometry detection at 405 nm. The 50% inhibitory concen-
tration (ICs,) was obtained by plotting the percentage of the remaining
anti-factor Xa activity as a function of the test compound concentrations.

Anti-HIV activity in CEM cells. CEM cells (4.5 X 10° cells per ml) were
suspended in fresh culture medium and were infected either with HIV-1 IIIB/
LAI or HIV-2 ROD at 100 50% cell culture infective doses per ml of cell
suspension. Then, 100-ul aliquots of the infected cell suspension were trans-
ferred to microplate wells, 100 ul of the appropriate dilutions of the test com-
pounds was added to the wells, and the plates were further incubated at 37°C.
After 4 to 5 days, the level of giant cell formation in the CEM cell cultures was
scored microscopically. The 50% effective concentration (ECs) corresponds to
the compound concentration required to prevent giant cell formation by 50% in
the HIV-1- or HIV-2-infected CEM cell cultures.

Cell-cell fusion (syncytium formation) assay. The inhibition of envelope-
mediated cell-cell fusion by enfuvirtide and the conjugates was evaluated in
persistently HIV-1-infected HUT-78 cells (designated HUT-78/HIV-1 I1IB/LAI
cells) cocultured with the SupT1 CD4" T-cell line. The first syncytia arose after
about 6 h of cocultivation at 37°C in a humidified 5% CO, atmosphere. After 16
to 20 h of coculture, marked syncytium formation was noted, and the number of
syncytia was determined by optical microscopy, as previously described in detail
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(4). The ECs corresponds to the compound concentration required to prevent
syncytium formation by 50%.

Anti-HIV activity in PBMCs. Testing of the activities of the conjugates against
various HIV-1 isolates in peripheral blood mononuclear cells (PBMCs) was
performed as follows: PBMCs from healthy donors were isolated by density
gradient centrifugation and were stimulated with phytohemagglutinin (PHA) at
2 pg/ml (Sigma, Bornem, Belgium) for 3 days at 37°C. The PHA-stimulated
blasts were washed twice with phosphate-buffered saline and counted after they
were stained with trypan blue. The cells were then seeded at 0.5 X 10° cells per
well into a 48-well plate in duplicate with various concentrations of compound in
cell culture medium (RPMI 1640) containing 10% fetal calf serum and interleu-
kin-2 (25 U/ml; R&D Systems Europe, Abingdon, United Kingdom). The virus
stocks were diluted in medium and added at a final dose of 250 pg/ml p24, as
determined by use of a specific p24 core antigen enzyme-linked immunosorbent
assay (ELISA) kit (Perkin-Elmer). The cell supernatant was collected on day 12,
and the level of HIV-1 p24 core antigen was quantified by use of the p24 ELISA
kit. The ECs, corresponds to the compound concentration required to inhibit
virus replication by 50%, as assessed by the level of p24 antigen in the culture
medium.

Anti-HIV activity in the presence of antithrombin. The influence of antithrom-
bin on the anti-HIV-1 activities of the enfuvirtide conjugates was tested by using
an assay similar to the one mentioned above and as described previously (45),
except that human PBMCs were infected with HIV-1 IIIB/LAI in the presence
(or the absence, as a control) of 2.5 uM antithrombin.

Cell viability assay. The potential cytotoxicity induced by the conjugates was
assessed by the in situ reduction of the tetrazolium salt 3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) by a
CellTiter 96 AQ,0,s One Solution cell proliferation assay (Promega, Madison,
WI). The absorbance at 490 nm was then measured spectrophotometrically with
a 96-well plate reader (Molecular Devices, Sunnyvale, CA) and was compared to
the absorbance of four cell control replicates (cells without drugs).

Half-life determination. Female Wistar rats (weight, ~200 g; Elevage Janvier,
France) cannulated in the jugular vein were anesthetized, and then EP40111 or
enfuvirtide (dose, 4 mg/kg of body weight) was injected intravenously via the
cannula (two rats were used for each compound). After administration, blood
samples were collected from the cannula at several time points (5, 15, and 30 min
and 1, 2, 4, 8, 24, and 48 h after drug injection) and placed in citrate-containing
tubes.

The concentrations of EP40111 and enfuvirtide in rat plasma (ng com-
pound/ml plasma) was determined by liquid chromatography (LC)-tandem MS
(LC-MS/MY) after trypsin digestion of the plasma samples, as described below.

The plasma compound concentrations were determined as a function of time,
and the half-life was then calculated by regression of the semilogarithmic con-
centration-versus-time data by using the PK Functions for Microsoft Excel pro-
gram (J. L. Usansky, A. Desai, and D. Tang-Liu, Department of Pharmacoki-
netics and Drug Metabolism, Allergan, Irvine, CA [http://www.boomer.org/pkin
/soft.html]).

Animal studies were conducted in full compliance with the good practice
principles set forth by the European Ethical Guidelines of Animal Experimen-
tation and according to European Directive 86/609/EEC and Additional Protocol
ETS 123.

LC-MS/MS quantification of EP40111 and enfuvirtide in rat plasma. Rat
plasma samples (50 wl) were spiked with the isotopic internal standard, ['3C,
5NJasparagine-labeled enfuvirtide (250 wg/ml, 5 pl). Protein precipitation was
then carried out by addition of 1 M HCI (20 wl) and acetonitrile (200 wul). The
samples were vortexed, centrifuged, and vacuum dried; and the resulting pellets
were reconstituted in 100 pl of an acetonitrile-water mixture (5/95, vol/vol) and
subjected to reduction for 10 min by addition of ammonium bicarbonate (50 mM,
70 wl) and dithiothreitol (50 mM, 10 pl) and then to alkylation for 45 min by
adding iodoacetamide (75 mM, 20 pl). The samples were then treated with
trypsin (2.5 mg/ml, 20 wl) overnight at 37°C and analyzed by LC-MS/MS.

LC-MS/MS analysis was performed with a system consisting of an HP 1100
series HPLC device (Agilent Technologies, Waldbronn, Germany) coupled to an
API 2000 triple quadrupole (Applied Biosystems/MDS Analytical Technologies,
Foster City, CA) equipped with an ESI. The LC separation was carried out on a
Symmetry C, 4 column (Waters, Milford, MA); and the mobile phase consisted of
water (A) and acetonitrile (B), each of which contained 0.1% (vol/vol) formic
acid. The solvent flow rate was 300 pl/min; and the following linear gradient
(A/B, vol/vol) was used: at 0 to 10 min, from 95/5 to 50/50; at 10 to 11 min, from
50/50 to 0/100; and at 11 to 14 min, 0/100.

Instrument control, data acquisition, and processing were performed with the
associated Analyst 1.4.2 software. Selected reaction monitoring experiments
were performed in the positive ionization mode to detect ion transitions at m/z
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FIG. 1. Chemical structures of the enfuvirtide-CP conjugates. Compounds EP40114, EP40111, EP40112, and EP40113 correspond to
enfuvirtide-PEG,,-CP with 4, 12, 28, and 70 (labeled #) ethylene glycol units (i.e., PEG), respectively. Enfuvirtide is connected to the PEG linker
through its N terminus. The C terminus (Cter) of enfuvirtide is a carboxamide, CONH,.

615.8/244.1 and m/z 618.8/250.1, which correspond to the fragment NEQELL
ELDK of enfuvirtide (dwell time, 300 ms) and the internal standard, ['*C,
5N]asparagine-labeled enfuvirtide (dwell time, 100 ms), respectively.

RESULTS

Drug design and synthesis. The enfuvirtide-CP conjugates
were prepared by using the well-established thiomaleimide
coupling technology. A cysteine-containing enfuvirtide pep-
tide, in which a cysteine motif was added at the N terminus of
enfuvirtide, was first synthesized. This modification does not
alter the biological activity of the peptide and is well suited for
covalent conjugation (40). The enfuvirtide-CP conjugates were
synthesized by the chemoselective ligation of the cysteine-con-
taining enfuvirtide peptide to maleimide-functionalized Mal-
PEG,,-CP. Under specific conditions (CH;CN/phosphate buffer,
pH 7.2), the maleimide group of Mal-PEG,,-CP reacts with the
sulfhydryl group of the peptide to form a stable thioether bond.
The resulting compounds had a much better aqueous solubility
than native enfuvirtide.

It was anticipated that the molecular distance between en-
fuvirtide and the pentasaccharide part of the conjugates would
be a parameter critical for the retention of both the antifusion
activity mediated by enfuvirtide and the affinity to antithrom-
bin mediated by the pentasaccharide, with the latter governing
the half-life of the conjugates. Thus, four enfuvirtide-PEG,,-CP
conjugates with PEG linkers of various lengths (n = 4, 12, 28,
and 70) were synthesized (Fig. 1).

Anti-factor Xa activity. The affinities of the enfuvirtide-CP
conjugates for antithrombin were assessed by using an anti-
factor Xa bioassay. In this bioassay, the pentasaccharide-con-
taining compound binds to antithrombin and induces a
conformational change of the protein, which results in the
accelerated and selective inhibition of factor Xa. Although this
is not a method that allows the direct measurement of affinity
(K,), the anti-factor Xa activity is a reliable marker for evalu-

ation of the interaction between poly- and oligosaccharidic
anticoagulants (heparin derivatives, fondaparinux, idraparinux)
and antithrombin (42, 50). The enfuvirtide-CP conjugates in-
hibited the activity of factor Xa in a dose-dependent manner,
with the ICs,s being 93, 56, 53, and 32 nM for EP40114 (n =
4), EP40111 (n = 12), EP40112 (n = 28), and EP40113 (n =
70), respectively. These activities were lower than the activity
of the pentasaccharide alone (ICs,, 16 nM); but except maybe
for EP40114, which has the shortest PEG linker, they were still
comparable to the activity of the pentasaccharide alone.

Anti-HIV activity profile. The first series of experiments was
designed to evaluate the in vitro anti-HIV activity profiles of
the four conjugates (EP40111, EP40112, EP40113, and
EP40114) in viral infection assays with a CD4" T-cell line
(CEM) infected with reference HIV laboratory strains HIV-1
IIIB/LAI and HIV-2 ROD. All four enfuvirtide-CP conjugates
displayed potent anti-HIV-1 activity and inhibited HIV-1 IIIB/
LAI infection, with the ECss being in the low-nanomolar range
(6 to 18 nM) and with EP40111 consistently being two- to three-
fold more active than the other conjugates (Table 1). These val-
ues were comparable to the value for native enfuvirtide (ECs,, 3
nM). Like native enfuvirtide, enfuvirtide-CP conjugates were
much less active against HIV-2 ROD.

The anti-HIV-1 activities of enfuvirtide-CP conjugates EP40111,
EP40112, EP40113, and EP40114 were also evaluated in a
cell-cell fusion assay, in which persistently HIV-1-infected cells
(HUT-78/HIV-1 IIIB/LAI cells) were cocultured with unin-
fected CD4™" T cells (SupT1 cells). It was previously reported
that this system is relatively resistant to the antiviral activity of
enfuvirtide (5). In this system, the enfuvirtide-CP conjugates
were consistently about fivefold more potent than native en-
fuvirtide in preventing syncytium formation. The enfu-
virtide-CP conjugates displayed similar ECss that ranged from
51 nM to 72 nM, whereas native enfuvirtide showed an ECy, of
about 275 nM (Table 1).
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TABLE 1. Anti-HIV activities of enfuvirtide-CP conjugates in virus
infection (CEM cells infected with HIV-1 IIIB/LAI or HIV-2
ROD) and cell-cell fusion (HUT-78/HIV-1 IIIB/LAI
cocultured with SupT1 cells) assays

ECso (nM)*
No. of .
ethylene Length (A) CEM cells infected - ~
Compound  glycol of PEG with: HUITII;%TIV !
units linker -
Itured with
PEG HIV-1 HIV2  coc
(PEG) IIB/LAI  ROD SupT1
EP40114 4 25 13 =12 280 = 110 654
EP40111 12 54 63 670 %67 72 £ 15
EP40112 28 106 187 630 64 61 =0
EP40113 70 247 159 990 = 730 51*15
Enfuvirtide 3+£1 360 %46 275 + 150

“ The results represent the means = SDs of three independent experiments,
each of which was performed in triplicate.

The activities of compounds EP40111 and EP40112 against
X4 or RS laboratory strains and also against six different HIV-1
clinical isolates (two clade A, two clade B, and two clade C
viruses) were then evaluated with PBMCs from different do-
nors (Table 2). In general, EP40111 and EP40112 were some-
what less active than native enfuvirtide, but broad and consis-
tent anti-HIV-1 activity was observed. When the data obtained
with the PBMCs and the various HIV-1 strains and clades used
in these experiments are averaged, the mean ECs, of enfu-
virtide was about 20 nM, whereas the mean ECs,s of EP40111
and EP40112 were about 100 and 130 nM, respectively. The
CXCR4 antagonist AMD3100 (which is active only against X4
viruses) (46) and the CCRS5 antagonist maraviroc (which is
active only against R5 viruses) (16) were included as control
compounds and displayed antiviral activities according to the
coreceptor specificities of the HIV-1 strains/clades used in this
study. Unlike AMD3100 and maraviroc, the enfuvirtide-CP
conjugates and native enfuvirtide inhibited HIV-1 indepen-
dently of the coreceptor specificity.

It is worth noticing that none of the enfuvirtide-CP conju-
gates was cytotoxic at concentrations of up to 100 uM for
uninfected CD4 " T-cell cultures (CEM cells and PBMCs), as
determined by microscopic evaluation and as measured by the
cell viability MTS assay (data not shown).

In plasma, the conjugates will bind to antithrombin, which
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FIG. 2. Antiviral activities (ECs,s) of enfuvirtide-CP conjugates
EP40111 and EP40112 against HIV-1 IIIB/LAI infecting PBMCs in
the absence or the presence of 2.5 uM antithrombin. These results
represent the means and standard deviations of three independent
experiments, each of which was performed in triplicate.

could putatively abolish their antiviral activity by steric hin-
drance. The effect of antithrombin on the antiviral activity of
the enfuvirtide-CP conjugates was thus studied under condi-
tions mimicking the physiological situation in humans, in
whom antithrombin is present at a concentration of about 2.5
wM. The activities of enfuvirtide-CP conjugates EP40111 and
EP40112 against HIV-1 ITIB/LAI were compared to the activ-
ity of enfuvirtide in PBMCs (Fig. 2). In the presence of 2.5 uM
antithrombin, both compounds retained their anti-HIV-1 ac-
tivities, although they were lowered by a factor 3 for EP40112
and a factor 6 for EP40111 compared to their activities under
conditions without antithrombin. Nevertheless, the mean ECss
remained below 100 nM. As expected, native enfuvirtide was
not sensitive to the presence of antithrombin.

TABLE 2. Anti-HIV-1 activities of enfuvirtide-CP conjugates EP40111 and EP40112 against various X4 and RS HIV-1 strains and
clades in PBMCs

ECs, (nM)"
Compound NL4.3% Ba-L BZ167 1-2496 UG273 USs2 ETH2220 DJ259 Mtea‘.l for ‘2]“
(X4) (RS) (clade B, X4)  (clade A,RS)  (clade A, RS)  (clade B,RS) (clade C,RS) (clade C,R5) "' 3"0 F
Enfuvirtide 3.6 17.9 17.9 12.4 55.9 6.3 17.7 17.9 20
EP40111 89.4 88.9 105.7 54.8 277.6 72.7 922 9.4 100
EP40112 13.2 108.0 445.0 80.7 136.0 43.8 111.0 89.4 130
AMD3100¢ 3.6 >1,000 18.5 >1,000 >1,000 >1,000 >1,000 >1,000 NC*
Maraviroc®  >1,000 3.8 >1,000 0.4 2.6 0.3 3.6 3.7 NC*

“ Representative values from several independent set of experiments in PBMCs from different donors.

> The HIV-1 NL4.3 envelope sequence is identical to that of HIV-1 ITIB/LAL

¢ The CXCR4 antagonist (AMD3100) and the CCRS antagonist (maraviroc) (kindly provided by G. Bridger, then at AnorMED, Langley, BC, Canada) were used

as controls.

4 Mean values based on the ECs,s obtained with all virus strains and clinical isolates.

¢ NC, not calculated, since some ECsys were >1,000 nM.
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FIG. 3. PK profiles of EP40111 and enfuvirtide in rats. Both com-
pounds were administered intravenously at 4 mg/kg (i.e., 0.56 pmol/kg
of EP40111 and 0.89 pmol/kg of enfuvirtide) to rats, and blood was
sampled at the indicated times. The corresponding concentrations of
EP40111 and enfuvirtide were evaluated by LC-MS/MS by using the
13C- and "*N-labeled enfuvirtide peptide as an internal standard. These
results represent the means and standard deviations of two indepen-
dent experiments. The enfuvirtide plasma concentration at 48 h was
below the detection limit, so the point could not be indicated on this
semilogarithmic graph.

Half-life determination. EP40111 and enfuvirtide were in-
jected into rats in order to measure their respective elimination
half-lives. An LC-MS/MS detection assay was specifically de-
veloped to detect the enfuvirtide peptide within EP40111. In
this assay, isotope-labeled enfuvirtide was used as an internal
standard. This method allowed the direct comparison of EP40111
and enfuvirtide in the same study and by the same method.

The concentration of the compounds in plasma was quanti-
fied by LC-MS/MS after protein precipitation and subsequent
enzymatic cleavage with trypsin (12, 51). The time-course pro-
files of EP40111 and enfuvirtide in rat plasma after the admin-
istration of a single intravenous dose of the compounds at 4
mg/kg are presented in Fig. 3. The calculated elimination half-
lives of EP40111 and enfuvirtide were 10.4 h and 2.8 h, respec-
tively. These data clearly demonstrate that the attachment of a
carrier pentasaccharide to enfuvirtide significantly increased
its plasma half-life.

DISCUSSION

The design of the long-lasting enfuvirtide-CP conjugates
reported herein was based on the expectation that the known
long half-life of the pentasaccharide component (similar to but
different from that of idraparinux), i.e., 8.3 h in rat plasma,
would be transferred to the entire molecule. As this half-life is
mainly governed by the strong reversible interaction of the
pentasaccharide with the plasma protein antithrombin, it was
of paramount importance to design a molecular structure in
which the binding to antithrombin would be minimally per-
turbed by the appendage attached to the pentasaccharide. For
this reason we synthesized several conjugates that differed by
the lengths of their PEG,, linkers, EP40114 (n = 4), EP40111
(n = 12), EP40112 (n = 28), and EP40113 (n = 70).
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Rather than performing cumbersome binding assays, the affin-
ities of the enfuvirtide-PEG,,-CP conjugates for antithrombin
were assessed by determination of their respective anti-factor
Xa activities. Although there is no direct correlation between
the ICs, determined by the anti-factor Xa bioassay and the
affinity usually expressed by the dissociation equilibrium con-
stant (K), this bioassay is commonly used for this purpose to
evaluate the interaction between drugs and antithrombin (42,
50). The anti-factor Xa activities of the enfuvirtide-CP conju-
gates were dependent on the size of the PEG linker. The
conjugate with the shortest linker (EP40114) displayed an ICs,,
(93 nM) higher than the ICsys of the other conjugates. This
could obviously be explained by the steric hindrance brought
by the enfuvirtide peptide. The conjugate that showed the best
anti-factor Xa activity (ICs,, 32 nM) was EP40113, which has
the longest PEG linker. EP40111 and EP40112 displayed in-
termediate ICy,s of about 50 nM. Compared to the anti-factor
Xa activity of the pentasaccharide alone (ICs,, 16 nM), it could
be concluded that the conjugation of the pentasaccharide to
enfuvirtide did not significantly alter the capacities of the en-
fuvirtide-CP conjugates to bind to antithrombin, except maybe
for EP40114, which displayed the lowest anti-factor Xa activity.

As was the case for the binding to antithrombin, the anti-
HIV activity of the enfuvirtide-CP conjugates can also be af-
fected by the pentasaccharide-PEG linker appendage. Anti-
HIV activity was therefore evaluated in several virus infection
and fusion assays, in the absence and in the presence of anti-
thrombin.

In a first series of assays with laboratory strains (HIV-1
IIIB/LAI and HIV-2 ROD) and a human T-cell line (CEM),
all compounds (EP40111, EP40112, EP40113, and EP40114)
were tested in order to evaluate the impact of the length of the
PEG linker and, eventually, the structure-activity relationship
of the compounds. The enfuvirtide-CP conjugates showed con-
sistent and broad anti-HIV-1 activity in the nanomolar range.
Compared to the ECs, of native enfuvirtide (3 nM), the con-
jugates displayed two- to sixfold higher ECs in this assay with
the HIV-1 IIIB/LAI-CEM cells. EP40111 (EC,,, 6 nM) ap-
peared to be more potent than the three other conjugates,
albeit the differences are probably not statistically or function-
ally significant. However, these results were very reproducible
in several independent experiments and were confirmed in
another cellular assay with the laboratory strain HIV-1 NL-4.3
(which is identical to strain ITIB/LAI at the level of the enve-
lope) and the MT-4 T-cell line (data not shown). As expected,
like enfuvirtide, these conjugates were much less potent
against HIV-2 ROD.

Interestingly, the enfuvirtide-CP conjugates had consistently
better activity than native enfuvirtide in the cell-cell fusion
(syncytium formation) assay, in which persistently HIV-1-in-
fected cells (HUT-78/HIV-1 IIIB/LAI cells) were cocultured
with uninfected CD4™ T cells (SupT1 cells). These results were
somewhat surprising, but they were consistently observed in all
experiments. Globally, in this fusion assay all compounds dis-
played ECsys higher than those obtained in virus infection
assays. The very high ECs, of native enfuvirtide obtained in
this assay (ECs,, 275 nM) was consistent with data already
reported in the literature (5). For unobvious reasons, this sys-
tem appeared to be relatively resistant to the antiviral activity
of enfuvirtide. The fact that enfuvirtide-CP conjugates were
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more potent than native enfuvirtide in this system could not be
explained by the current models of virus-cell or cell-cell mem-
brane fusion mechanisms. Laboratories working on the field of
HIV-1 entry use either one system or the other to establish
models, which could tend toward a paradigm without making a
difference between virus-cell or cell-cell fusion (11, 15, 17, 26,
30). More mechanistic studies must be performed to figure out
the differences between the fusion process for HIV-1 entry into
CD4™" T cells and the cell-cell fusion mechanism mediated by
the HIV-1 envelope expressed at the surface of persistently
infected cells. Multiple cellular factors (e.g., receptor/corecep-
tor density, proteoglycans, and the lipid composition of mem-
branes) are clearly involved in these complex fusion processes
and could adopt different conformations or could be presented
differently at the virus or the cell surface.

In a second series of experiments, enfuvirtide-CP conjugates
were evaluated in a system closer to clinical reality by using
HIV-1 clinical isolates infecting PBMCs. At this stage of de-
velopment, only two conjugates (EP40111 and EP40112) were
further studied. EP40111 and EP40112 showed consistent and
broad activity against six HIV-1 clinical isolates from three
different clades (clades A, B, and C) independently of the
coreceptor (X4 or R5) used by the virus to enter into host cells.
However, these enfuvirtide-CP conjugates appeared to be gen-
erally less potent than native enfuvirtide. When all strains and
clades are considered together as a virus population, the mean
EC;, of enfuvirtide was about 20 nM, whereas the mean ECss
of EP40111 and EP40112 were about 100 and 130 nM, respec-
tively. Thus, overall, the enfuvirtide-CP conjugates lost activity
against HIV-1 clinical isolates by approximately five- to seven-
fold compared to the activity of native enfuvirtide. Neverthe-
less, this loss of activity is still acceptable and is incommensu-
rate with the complete lack of activity of AMD3100 (X4
specific) and maraviroc (RS specific) against viruses that are
not using the matching drug-specific coreceptor.

The ECsys for the HIV-1 clinical isolates in PBMCs ob-
tained in these experiments were relatively variable. Since the
NHR region of gp41, the target of enfuvirtide, is well con-
served among HIV-1 strains and clades, the inconsistent bind-
ing capacity of the conjugates or enfuvirtide to NHR alone
cannot explain this variability. Other intrinsic viral character-
istics (envelope sequences outside the NHR, infection and
replication rates, and the envelope density at the virus surface)
and methodological biases (interindividual variability in PBMCs,
the percentage of CD4" T lymphocytes, the level of PBMC
activation, the accuracy of the infectious doses, and the vari-
ability of the assay itself) have consequences on the level of ac-
tivity of a given drug and could explain the differences ob-
served in these experiments. Nevertheless, this variability does
not have any impact on the global antiviral activity of the
enfuvirtide-CP conjugates, as assessed in these studies.

Enfuvirtide-CP conjugates were less potent against clinical
isolates (in PBMCs) than against laboratory-adapted strains
(in T-cell lines). Native enfuvirtide also lost activity, but to a
lesser extent. The reason for this decrease in activity is unclear
but is commonly observed with entry inhibitors. One could
argue that the envelope (gp120/gp41) of clinical isolates forms
a more stable structure than that of laboratory-adapted strains
and is therefore more resistant to gp120 shedding (41). gp120
is known to be the primary component of the steric block for
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preventing macromolecules, such as neutralizing monoclonal
antibodies, from accessing gp41 (18). Enfuvirtide-CP conju-
gates EP40111 and EP40112 are obviously larger molecules
than native enfuvirtide and may have more difficulties access-
ing their target (i.e., the NHR region of gp41), due to the steric
hindrance of the pentasaccharide moiety.

The steric hindrance of enfuvirtide-CP conjugates would even-
tually be increased when the pentasaccharide moiety binds to
antithrombin. Antithrombin is a 60-kDa plasma glycoprotein
that circulates at a relatively high concentration (2.5 pM) in
human blood. The binding between the pentasaccharide moi-
ety of the enfuvirtide-CP conjugates and antithrombin is re-
versible, but it was wise to assess the potential consequence of
this interaction on the antiviral activities of the conjugates. The
results showed that, in the presence of antithrombin, EP40111
and EP40112 had lower antiviral activities against HIV-1 I1IB/
LAI in PBMCs by three- to sixfold compared to the activity
achieved under conditions without antithrombin. As antici-
pated, this decrease in activity could be explained by the ad-
ditional steric hindrance brought by antithrombin bound to the
pentasaccharide moiety of the conjugates. Nevertheless, the
mean ECy,s remained below 100 nM, which is still acceptable
to maintain interest in the further development of these com-
pounds.

Finally, the most important feature of these conjugates, i.e.,
their half-lives, was assessed in vivo in rats upon intravenous
injection. The concentrations of EP40111 and enfuvirtide in rat
plasma were determined by LC-MS/MS using isotope-labeled
enfuvirtide as an internal standard. The half-life of native en-
fuvirtide in this animal model was about 2.8 h, which was
consistent with its known half-life in rats as well as in humans
(24, 28, 29, 48). Unlike native enfuvirtide, EP40111 displayed a
much longer half-life in rat plasma, i.e., 10.4 h, in good agree-
ment with the half-life of the pentasaccharide alone (i.e.,
8.3 h). Because of the prolonged half-life of EP40111, the level
of exposure of the animals to this conjugate was also higher
than that to enfuvirtide (Fig. 3).

Allometric extrapolation of the half-life from one animal
species to another is well documented for antithrombin-bind-
ing pentasaccharides (36, 53). Fondaparinux, which displays a
half-life of 1 h in rats, shows a half-life of 17 h in humans.
Similarly, the half-life of idraparinux is approximately 10 h in
rats and 120 h in humans. On the basis of these preclinical and
clinical observations with fondaparinux and idraparinux, a ma-
jor improvement of the half-life of enfuvirtide could be pre-
dicted and expected in clinical practice.

In this first series of in vivo experiments, enfuvirtide and
EP40111 were administered intravenously instead of subcuta-
neously, which is how enfuvirtide is administered to humans,
because the primary goal of this study was to determine the
absolute half-lives of the compounds without any interference
from the absorption phase. All other pharmacokinetics param-
eters (the time to reach the maximum concentration in plasma,
the maximum concentration in plasma, the area under the
concentration-time curve, and clearance) will be assessed in a
formal PK study that will be performed by the use of both
routes of administration, intravenous and subcutaneous, and
several doses.

Potential future studies with HIV-susceptible transgenic rats
(24) would explore the in vivo anti-HIV-1 activities of these
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promising compounds and, hence, their potential for use as
long-acting anti-HIV-1 drugs. In such an animal model, the
intrinsic anticoagulant properties of the carrier pentasaccha-
ride moiety could also be addressed. Indeed, for such a con-
jugate, it is necessary to evaluate the benefit/risk ratio to bal-
ance its antiviral potency with its antithrombotic effect.

All the results described and discussed above suggest that
EP40111 may have a half-life of about 120 h in humans. This
would open the possibility for the use of subcutaneous injec-
tions much less frequently, e.g., once a week instead of twice
daily, which is the standard prescribing protocol currently ap-
plied for enfuvirtide. In addition, the conjugation of enfu-
virtide to a pentasaccharide may overcome the low solubility
limits commonly associated with this family of inhibitors, thus
rendering this peptide more amenable to subcutaneous deliv-
ery. This novel schedule of treatment with enfuvirtide-CP con-
jugates would eventually increase patient convenience and
compliance by decreasing or eliminating skin sensitivity reac-
tion side effects at the injection sites and would definitively
bring significant medical benefit to the patients.
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