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Figure 5 Total cell associated fluorescence of human umbilical vein
endothelial cell (HUVEC) after incubation with CXCR4-targeted
liposomes and control liposomes. After the HUVECs attached them-
selves to the plate, the medium was replaced with media with or with-
out 100ng/ml vascular endothelial growth factor-A (VEGF-A). After 16
hours the cells were incubated for 1 hour with fluorescently labeled
liposomes, and the total cell-associated fluorescence was measured,
Closed circles, untargeted liposomes; open circles, CXCR4-targeted
liposomes no VEGF stimulation; closed inverted triangles, CXCR4-tar-
geted liposomes after 16 hours of stimulation of HUVECs with 100ng/
ml VEGF-A

same extent as untargeted control liposomes. However, when
the cells were incubated overnight with 100ng/ml recombinant
rat VEGF164, the amount of cell-surface-associated CXCR4-
targeted liposomes increased in a dose-dependent manner. At
the highest dose of 30pumol/l lipid, CXCR4-targeted liposomes
were shown to bind ninefold more effectively than the untargeted
controls (Figure 5).

‘The combined results of fluorescence-activated cell sorting
and liposome-uptake measurements showed that the increase
in receptor-density on HUVECs (induced by VEGF) resulted
in increased cell uptake of the liposomes. This effect could not
have been caused by increased cell proliferation in response to
VEGF-stimulation, because liposomes lacking the peptide did
not bind to the cells whether VEGF was present or not (data
not shown). In addition, CXCR4-targeted liposomes were not
taken up by the cells that lacked VEGF treatment, further dem
onstrating that uptake is receptor-mediated and not caused by
non-specific binding.

VEGF-A induces CXCR4 expression on mesenteric

endothelial cells in the blood vessel organ culture

In order to test how targeted lipoplexes interact with endothelial
cells in a more biologically relevant context than conventional
cell culture, an organ culture of mesenteric rat-arteries was devel-
oped. Dissected arteries from the mesentery can be mounted on
a custom-made perfusion system and kept viable for up to 4 days.
This provides a three-dimensional model-system comprised of
an intact mesenteric artery, and it can be monitored continu-
ously using standard microscopy. Figure 6a shows a picture of
the apparatus; the ends of the dissected mesenteric arteries are
slipped over two glass cannulas inserted in a Petri-dish, Figure 6b
shows the glass cannulas, the mounted artery, and the sutures
used. Figure 6¢c-e shows Hoechst (panel ¢) and propidium iodide
(panel d) stains of a vessel that has been in culture for 4 days. The
left side of the blood vessel has been handled with forceps in order
to mount the artery on the glass cannula, and this explains the

Figure 6 Ex vivo artery culture apparatus for mesenteric rat arter

ies. The hlood vessels were mounted on cannulas and malntained
at 37 ' C for 4 days. (a) The custom-made perfusion system. (b) A
mounted artery observed under a low magnification. The artery (armow
with broken line) is mounted on the glass cannula (arrows). (c) Hoechst
nuclear stain (blue); smooth muscle cells are seen perpendicular to the
plane of the vessel, whereas endothelial cells are parallel to the plane,
(d) Propidium iodide stain (red) identifies dead cells. (e) Merged view
ofcand d.

cell-death observed at that end. Throughout the rest of the blood
vessel most of the cells remain viable,

In order to confirm that CXCR4 surface expression on endo-
similar to that observed for HUVECs, arteries were incubated
with 100ng/ml rrVEGF164 overnight and stained for CXCR4
using indirect immunohistochemistry. The results are shown in
Figure 7a-d. In the mesenteric artery culture it can be clearly seen
that CXCR4 is abundantly expressed on endothelial cells only after
incubation with VEGE, as indicated by the green fluorescence
(Figure 7d). The arteries that were not incubated with VEGF, and
the negative controls, only show diffuse green auto-fluorescence
caused by the curvature of the organ culture, and this is clearly
distinguishable from the punctuated CXCR4-positive cell stain
ing, indicated by arrows (Figure 7d).

‘These pictures show that CXCR4 surface expression is induced
by perfusing the blood vessel with VEGE- A. This method provides
an opportunity to study the interaction of targeted lipoplexes with
endothelial cells of the artery in a biologically very relevant, three-
dimensional model system.

CXCR4-targeted lipoplexes bind specifically to
mesentric endothelial cells expressing the receptor

In order to assess whether CXCR4-ligand targeted lipoplexes would
bind specifically to endothelial cells of mesenteric arteries in the
organ culture model, rhodamine-labeled transfection-complexes
were formulated with empty vector plasmid (pVC1157). After
slowly perfusing the labeled complexes through the blood vessel,
incubating for 30 minutes, and washing the artery lumen exten-
sively, red fluorescence was visualized. Again we observed similar
results as in the liposome binding study with HUVECs. Arteries
(both with and without VEGF-treatment) that had been incu-
bated with untargeted complexes displayed only a very faint back-
ground fluorescence (data not shown). Also, vessels that had not
been stimulated with rrVEGF164 overnight and incubated with
(CXCR4-targeted lipoplexes showed only faint diffuse fluorescence
(Figure 7g). This was in sharp contrast to what was observed in
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(a-d) Indirect immunohistochemical staining for CXCR4. (a, b) Bright
field pictures outlining the blood vessel. In ¢ and d, green represents
fluorescent-S-isothiocyanate stained CXCR4-positive endothelial cells.
CXCR4-receptor expression is indicated by arrows in d. (e-f) Perfusion
with fluorescent lipoplexes. (e, f) Bright field images. In g and h, red
represents thodamine-labeled lipoplexes to the endothefial cells. The
blood vessels were perfused with (a,c.e, and g) saline, or (b, d, f, and
h) 100 ng/ml nVEGF164, and incubated at 37°C overnight. At least two
independent experiments were performed for each set of conditions
Representative sections are shown. Original magnification: »200

vessels perfused with VEGF and incubated with the targeted com
plexes. In these latter vessels, endothelial cell labeling was clearly
visible as bright red fluorescence along the length of the artery
(Figure 7h),

Even with normal fluorescent microscopy it was possible to
take fluorescent micrographs of different sections of the artery
along the z-axis (ie., top, middle and bottom section; pictures
from top and bottom sections not shown), thereby clearly demon
strating the three-dimensional nature of the model

CXCR4-targeted lipoplexes transfect endothelial
cells in mesenteric arteries

l-leccpmr-medr.ued transfection of mesenteric endothelial
cells was tested using a GFP expression plasmid. For the pur-
pose of distinguishing between the endothelial cell layer and
the smooth muscle cell layer, the endothelial cells were labeled
with von Willebrand factor, a factor constitutively produced in

endothelium.”™ The protocol used for immunchistochemical
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F.1J.:lr- 8 Green Nuorescenl protein (GFP)-expression in an orgar
culture of a rat me blood vessel with CXCR4-targeted
:xe¢s. The blood vessels were perfused with (a-d) saline or
(e-1) 100ng/ml rVEGF164, and incubated at 37°C overnight before
transfection with CXCR4-targeted lipoplexes containing plasmid DNA
coding for GPF. (a, ¢, e, and g) Green filter; (b, d, f, and h) red filter;
(1) merged view of e and f, Green represents GFP-positive cells, red rep-
resents extracellular vWF. At least two independent experiments were
performed for each set of conditions. The results relating to two vessels
under each of the conditions are shown, Original magnification: =200

EC, endothalial cell layer; SMC, smooth muscle cell layer

enteric

lipople

staining did not include a permeabilization step, so that only
the von Willebrand factor associated with extracellular matrix is
stained (Figure 8), In blood vessels that had not been incubated
with rrVEGF164 (Figure 8a-d), no GFP positive cells were
detected following intra-luminal administration of peptide-
targeted lipoplexes (Figure 8a and c). In VEGF-treated vessels
(Figure 8e,f and gh), perfusion of peptide-targeted lipoplexes
resulted in production of GFP-positive endothelial cells, as

shown in Figure 8¢ and g. Only the cells of the endothelial cell
layer were transfected. No GFP-positive smooth muscle cells
were observed (Figure 8i). The infusion of non-targeted lipo
plexes into untreated or VEGF-treated vessels did not yield any

GFP-positive cells (data not shown).

DISCUSSION

Ever since the first gene therapy clinical trial in 1989, in which
Rosenberg et al. used ex vivo gene therapy with retroviruses
to treat metastatic melanomas, it has become clear that clini-
cal success depends upon several variables, one of the most
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important being the gene delivery system.” This dictates the type
of cell to which the therapeutic genes are transferred, the expres-
sion level of the therapeutic gene, and the duration of expres-
sion. The addition of targeting ligands to the surface of gene
delivery systems has been an attractive approach to establish
improved and more specific gene transfer to cells that express
the targeted receptor. A major advantage of cationic lipid-based
gene delivery systems as compared to viral systems is the rela-
tive ease with which these kinds of targeting ligands are accom-
modated on their surface with little effect on manufacturing,
Changes in viral tropism have also been achieved,” ™ but these
modifications involve alteration of viral structural proteins, and
can negatively affect the viral titer.

“The lipoplexes described in this report are engineered to tar-
get proliferating endothelial cells in tumor vasculature with the
aim of treating distant tumors, because these cells will be read-
ily available to the gene delivery system.** The binding affinity
of the ligand for its receptor is of major importance, because the
lipoplex will not only have to recognize and bind to the targeted
receptor, but will also have to compete with endogenous ligands
for the target receptor. The challenge is to identify ligands that
have sufficiently high affinity for their targets, and 1o identify
cell surface receptors that are either unique or display increased
surface density on the targeted tissue. An interesting example
of the importance of receptor density on target cells has been
reported by Park et al.”’ Their work has shown that anti-ERB2-
targeted liposomal doxorubicin readily accumulated in cells that
expressed 10° or more receptors per cell, leading to a therapeutic
effect, but not in cells that expressed only 10* receptors per cell.
On the basis of these parameters, the chemokine receptor CXCR4
was selected as a receptor to be targeted for tumor-vasculature-
specific delivery. The results presented herein show that CXCRA4
is overexpressed on endothelial cells in culture, and also on
endothelial cells in the context of an intact mesenteric artery,
when stimulated with VEGE ‘This growth factor is abundantly
expressed by a large percentage of solid tumors including brain
tumors.** Studies measuring VEGF concentrations in endo-
cavitary fluids of 45 glioma-patients have shown VEGF-levels of
90.9 £ 24.789 ng/ml, the same range that we used in our in vitro
studies (20-100ng/ml).”” Given these findings, it is anticipated
that CXCR4-expression is induced in brain tumor vasculature
in vivo. 1t is conceivable that only VEGF-stimulated endothelial
cells express CXCR4 in numbers that are high enough to overcome
the threshold. This has been observed for ERB2-targeted lipo-
somes, and the results from our in vitro study with HUVECs
and with blood vessel organ culture also support this hypothesis.
Moreover, CXCR4 is highly expressed in rat glioma cells (RG2s,
data not shown), and therefore CXCR4-targeted complexes would
not only bind to proliferating endothelial cells more efficiently,
but also to glioma cells, possibly leading to an even more pro-
found anti-tumor effect. CXCR4 expression is also observed on
stem cells, myeloid cells, and lymphocytes. However our study
clearly shows that specific delivery depends upon the cell-sur-
face density of the receptor and the ligand density on the particle,
which can be optimized for specific delivery to target tissue.

‘The lipoplexes presented in this research study are targeted with
a ligand of relatively small molecular weight (4F-benzoyl-TE14011,

a peptide-analog consisting of 14 amino acids). There are several
advantages in using short peptides rather than antibodies or intact
proteins. First, the only structural element in the ligand that we
used is the disulfide bond between cysteines 4 and 13, In the case of
intact proteins and antibodies, the secondary structure is of crucial
importance for retaining specificity and high affinity. Second. most
endogenous proteins and antibodies have more then one lysine
residue in their primary structure. Coupling such ligands to lipid
anchors through reaction of their primary amines with SATA will
most likely result in the modification of multiple amines, thereby
increasing the probability of affecting the binding affinity to the
receptor, and producing heterogeneous derivatization between var-
ious protein molecules. 4F-benzoyl-TE14011 has only one lysine
(Lys7) which will be modified with SATA. The fact that we sce
receptor-mediated binding of liposomes which are targeted with the
SATA-modified peptide indicates that modification of that single
lysine does not affect binding to CXCR4. Third, there is a potential
problem in using endogenous proteins or antibodies as targeting
ligands, namely, the risk of developing neutralizing antibodies and
forming immune complexes (even after humanization).” By con-
trast, even when the peptide 4F-benzoyl-TE14011 and its analogs
have been administered systemically, neutralizing antibodies have
not been observed to date. This makes the peptide a good candidate
for in vivo use (N, Fujii, unpublished results). Yet another major
advantage of using peptide ligands is that the binding affinity of lead
compounds can be optimized by substituting different amino-acids
and head groups. This will be especially important if the target-
ing ligand has to compete with the endogenous ligand for recep-
tor occupancy. 4F-benzoyl-TE14011 possesses a K, of 1.46 nmol/l
(estimated using the method of Cheng and Prusoff*), as compared
to a K, of 4.5nmol/l for CXCL12, the endogenous ligand."**' The
threefold difference in binding affinity favors binding of the mod-
eled ligand, especially because 4F-benzoyl-TE14011 is presented
in the context of a multivalent ligand in the lipoplex. Multivalent
ligands are hypothesized to result in increased binding affinity.
Also, the high-affinity ligand does get internalized after coupling
to the receptor, but without agonist activity. This is important when
targeting CXCR4 in the treatment of solid tumors, because it is
undesirable to exert an agonist effect on the receptor.

In summary, the results presented herein show that lipid-
based transfection complexes can be specifically targeted to cells
that express the CXC-receptor 4 (e.g., proliferating endothelial
cells and tumor cells), by using peptides with high binding affinity
to the CXCR4-receptor. Specifically, the incorporation of CXCR4
lipopeptide intothe lipoplexes enhancesthe transfection-efficiency
~1.2- to 2.5-fold in RG2s, depending on the mole percentage of
the lipopeptide. This is in sharp contrast to the outcome after the
introduction of control lipids (ie., DOPE-Cys and DOPE) into
the lipoplex, which renders the transfection complexes less active.
When the mole percentage of lipopeptide is maintained at 10%
and the DNA dose is varied, CXCR4-targeted complexes transfect
RG2s more efficiently at all dosages. Specifically, the same percent-
age of GFP-positive cells can be seen at a fivefold lower DNA dose
(40% GFP-positive at 1 pg/100,000 cells for untargeted complexes
versus 0.2 ug for CXCR4-targeted complexes). At 1pg DNA con-
centration, the amount of luciferase per well is 20-fold higher with
CXCR4-targeted complexes than with untargeted lipoplexes.
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Receptor surface expression can be induced by pathologically
relevant VEGF concentrations in HUVECs. This observation
makes the receptor an interesting target for the use of site-
specific gene-delivery, with the specific aim of transfecting pro-
liferating vasculature. Targeted liposomes are able to bind only
to those endothelial cells in culture that are induced to express
CXCR4. The developed targeted lipoplex can be of high value for
the delivery of therapeutic genes to tumor vasculature, various
solid tumors, and other tissues that express the receptor in great
numbers. Furthermore the mesenteric artery organ culture has
been shown to be a biologically relevant model in which results
relating to in vitro receptor expression, liposome binding, and
transfection have been validated. The system also allows for the
study of cerebral arteries, because unbranched arteries that are
long enough to be mounted between the cannulas can be iso-
lated from the rat brain. The endothelial cells of the intact rat
mesenteric arteries also express CXCR4 only after perfusion with
VEGE. As a result, lipoplexes with 20mol% CXCR4-lipopeptide
bind to endothelial cells only after stimulation with VEGE. GFP
transfection with CXCR4-targeted lipoplexes is greatly enhanced
in arteries treated with VEGF, as compared to those not treated
with VEGFE.

Using various cell lines and a blood vessel organ culture, this
system has been shown to work well in vitro, and is a promising
candidate for in vivo studies dealing with the targeting of prolifer-
ating endothelium and glioma cells.

MATERIALS AND METHODS

Cell cultures and reagents. The rat glioma 2 (RG2) cell line (American
type culture collection, Manassas, VA) was maintained in Dulbeccos mod-
ified Eagle’s medium with 4 mmol/l L-glutamine adjusted to contain 1.5 g/l
sodium bicarbonate and 4.5g/1 glucose, 10% fetal bovine serum and 10%
PenStrep (Cellgro, Antioch, IL) at 37°C and 5% CO,. The HUVECs were
maintained in EGM-1 Bulletkit medium composed of endothelial cell basal
medium-1 supplemented with ascorbic acid. fetal bovine serum, hydro-
cortisone, human epidermal growth factor. gentamycin sulfate (GA-1000),
and heparin, as described by the manufacturer (Cambrex, Walkersville,
MD) at 37°C and 5% CO,. HUVECs were not used after passage 10. The
cells were cultured and maintained in a 75-cm® llask (Nune, Rochester,
NY). One day before the experiment the cells were washed with 1 ml of
trypsin- EDTA (Cellgro, Antioch, IL), removed from the flask with 2ml of
trypsin-EDTA, and plated in 6- or 24-well plates (Nunc, Rochester. NY) at
a density of 0.5 = 107 or 0.05 x 10" cells per well, respectively.

Flow cytometry. Cells were grown in 6-well plates in media with and with-
out recombinant rat VEGF-164 (mVEGF164, R&D systems, Minneapolis,
MN), and removed from the plate with a cell-dissociation sol
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fluorescence was determined for 10,000 cells. Histograms recorded for
gated cells were analyzed using WINMDI 2.8 software (. Trotter; http//
facs.scripps.edu). The percentage of gated cells was compared to that in an
isotype antibody control

Derivatization of to ph jpid. 4-F-Benzoyl-TE140.11
(ref. B]mhnd!ypmﬂdedby\F md H.T. The targeting ligand was
incorporated into lipid-based vesicles by coupling the peptide covalently
to 1,2-Dioleoyl-sn-Glycero-3-Phosphoethanol N-[4-(p-maleimid

phenyl)butyramide] (DOPE-MPB). Briefly, the peptide was reacted with
a 20-fold molar excess of SATA (Pierce, Rockford, IL) in 70% ethanol at
pH = 7.6. Derivatization was confirmed using the fluorescamine assay for
primary amines, Brietly, to peptide in solution 0.5 ml of fluorescamine in
acetone (0.3mg/mi) was added. After 10 minutes, fluorescence was mea-
sured at A = 390nm and 4_ = 475nm to confirm loss of the reactive
amine (Ivsine 7). The modified pquldemwwm.dned a protected suuhy

dryl group that was deprotected using a d ction solution ¢

an excess of hydroxylamine (0.5mol/ hydmxylnmme. 0.5mol/l (N- [2

hydraxyethyl] piperazine-NV-[2-ethanesulfonic acid]) (HEPES), 25 mmol/l
EDTA, pH = 7.4). After deprotection, the reactive thiol was reacted with
equimolar amounts of DOPE-MPB to form a stable thio-ether. The progress
of the reaction was monitored by thin layer chromatography. The normal
phase plate was run in CHCl :MeOH:H 0 65:25:4, and after the reaction
was complete the lipopeptide was purified using a double extraction as
described by Folch.©

o bhalinid

Cell-associated fluorescence m The lipopeptide was Incorpo-
rated into liposomesat 20 mol%. The other liposome components consisted
of 45 mol% 1.2-dioleoyl-sn-glycero-3-phosphocholine. 30 mol% chol ol
(CHOL), and 5mol% 1,2-Dioleoyl-s- Glyl:em-l Phosphoethanolamine-
N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (DOPE-NBD) as a fluorescent
marker [all lipids from Avanti Polar Lipids (Birmingham, AL)]. After a
1-hour incubation of the liposomes with HUVECs, the cells were thor-
oughly washed with PBS, and cell-associated binding was measured by
fluorescence after fysing the cells.

Reporter gene plasmid vectors. For experiments with plasmid DNA
encoding for firefly luciferase, pLCOB8S was used.*" For experiments with
plasmid encoding for GFF, gWIZ-GFP veclor (Gene Therapy Systems,
San Diego, CA) was used. The gWIZ-GFP vector was purified using the
Qiahlter plasmid purification (Qlagen, Valencia, CA).

Preparation of lipoplexes, The lipid-based transfection reagent (Genzyme
lipid 89:Lym-X-Sorb:Vitamin E 10:89:1) was prepared aseptically by
mixing 8l of Genzyme lipid 89 (1-(N4-Spermine)-2,3-Dilaurylglycerol
Carbamate; 25mg/ml in chloroform or 0.038pmol/yl) (Genzyme,
Cambridge, MA) 7.5 pl Lym-X-Sorb (Lyso-Phosphatidylcholine:Glycerol
Monooleate:Oleic Acid 1:4:2; 138 mg/ml in chloroform or 0.365 umol/ul)
(Avanti Polar Lipids, Alabaster, AL); and 2.2l Vitamin E (5.905 mg/ml
or 0.0137 umol/pl) (Sigma, St. Louis, MO), in a clean reagent tube, Once
the lipids were thoroughly mixed, the solvent was evaporated using argon.

(Mediatech, Herndon, VA). After the cells were washed with phosphate-
buffered saline (PBS) containing 1% bovine serum albumin and 0.1%
sodium azide they were incubated with 10pug primary antibody (anti-rat
CXCR4 polyclonal; Torrey Pines Biolabs, Houston, TX.) in PBS with 1%
bovine serum albumin and 0.1% sodium azide on ice for 30 minutes.
Negative control antibodies consisted of appropriately matched isotypes
at the same concentrations as primary antibodies. The cells were washed
twice with cold PBS containing 1% bovine serum albumin and 0.1%
sodium azide and incubated with 20pg secondary antibodies conjugated
to (luorescein-5-isothiocyanate (Jackson Immunoresearch, West Grove,
PA) on ice for 30 minutes. After two more washes, the cells were analyzed
on the FACSort (BD Biosciences, San Jose, CA). The cells were gated using
forward and side scatter dot plotting to exclude debris. The intensity of
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The residual solvent was d by placing the vial under vacuum in
the desiccator for 30 minutes. The dried lipid film was hydrated with 3ml
of HEPES buffered saline (7.5mmol/l HEPES, 150mmoll NaCl). After
hydration, the transfection mixture was bath-sonicated for 5 minutes.
For experiments with fluorescently tagged lipoplexes, 0.1% Lym-X-Sorb
was switched out for 1.2-dicleoyl-sn-glycero-3-phosphoethanolamine- N-
(Lissamine Rhodamine B Sulfonyl) (DOPE-Rhodamine). For experiments
with targeted complexes, Lym-X-Sorb was switched out for purified lipo-
peptide prepared as described above.

Transfections. For transfection, 3ug of DNA was brought up to a volume
of 180l with HEPES buffered saline, and 180yl of transfection reagent
was added. This resulted in a lipid:DNA molar ratio of 2. The cells were
washed with serum-free RG2 medium. After DNA/Lipid complexation
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was complete (~15 minutes), 3ml of serum-free medium was added to the
DNA/Lipid mixture, and 1 ml of diluted transfection-complex was added
to each well [(DNA) = 1 pg per well]. After a 3-hour incubation, serum-
free medium was replaced with full medium.

Luciferase-assay. Forty-eight hours after transfection, the cells were
removed from the incubator and washed with Dulbecco’s PBS (DPRBS)
without calcium and magnesium (Cellgro, Antioch, IL). 150l of lysisbuf-
fer (0.1 mol/l potassium phosphate buffer; 1% Tx-100; 1 mmol/l dithioth-
reital; 2mmaol/l EDTA; pH = 7.8) (Sigma, St. Louis, MO) was added to each
well, and the plate was stored at ~80°C for 10 minutes or until ready to be
assayed. The cell lysate was thawed at room temperature and transferred to
microfuge tubes. The cell lysate was centrifuged at 13,200 rpm for 5 min-
utes. Forty microlilters of cell lysate was added to each well of the assay-
plate (Whatman, Clifton, NJ). One-hundred microlilter substrate-buffer
(30mmol/l tricine; 3 mmol/l ATP; 15mmol/l MgSO4; 10mmol/l dithioth-
reitol; pH 7.8} and 100 ul of 1 mmol/l D-luciferin pH = 6.2 (Sigma, St. Louis,
MO) were added to each well, and the plate was run on a luminometer
(Dynex Technologies, West Sussex, UK). A standard curve of recombinant
luciferase diluted in lysis buffer was run simultancously where 100ng of
recombi luciferase cor ded to 0.5 x 10" relative light units.

All results were normalized o total cell protein by measuring the
protein concentrations of all cell lysates using the bicinchoninic acid assay
(Pierce, Rockford, IL).

Blood vessel organ culture. Animal-procedures were carried out under the

approval of the local committee for animal experiments. Sprague Dawley

rats were killed by inhalation of an overdose of isoflurane, The mesentery

was dissected and placed in ice-cold DPBS-buffer. Mesenteric artery seg-

ments of ~10-mm length were dissected and mounted in an organ culture
em.

The CXCR4 expression on cells in the blood vessel organ culture
was determined by means of indirect immunohistochemistry. Briefly,
after incubating the arteries with medium supplemented with 100 ng/ml
rrVEGF164 overnight, 10pg rabbit anti-rat CXCR4 polyclonal antibody
was perfused through the artery in a volume of 1 ml DPBS, and incubated
for 30 minutes. After the luminal side of the arlery was washed by
perfusing 1ml cold DPBS through the arterles, 20pg poat anti-rabbit
secondary antibody conjugated to fluorescein-5-isothiocyanate (Jackson
Immunoresearch, West Grove, PA) was also perfused. and incubated for 30
minutes. After washing the arteries, fluorescent micrographs were taken.

For the experiments with the fluorescent-labeled transfection
compl empty plasmid DNA was complexed with the transfection
reagent and diluted up to 1 ml with medium. This 1 ml was perfused slowly
through the arteries and washed with 3ml of DPBS after a 30-minute
incubation. After washing, fluorescent nﬁcmgﬂphswe‘rt taken.

For the vessel trm:fectl.on experi | P g GFP
were prepared, | ug of DNA was perfused in a volurm.- of 1ml, u.nd after
3 hours the arteries were washed with DPBS. Reporter gene expression
was assessed after 48 hours.
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Exploratory Studies on Development of the Chemokine
Receptor CXCR4 Antagonists Toward Downsizing
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'Institute of Biomaterials and Bioengineering, Tokyc Medical and Dental University, Chiyoda-ku,
Tokyo 101-0062, Japan. 2Graduate School of Pharmaceutical Sciences, Kyoto University, Sakyo-ku,
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Abstract: Seven transmembrane (7TM) G-protein-coupled receptor (GPCR) families are important targets for drug discovery,
and specific antagonists for GPCR can accelerate research in the field of medicinal chemistry. The chemokine receptor
CXCR4 is a GPCR that possesses a unique ligand CXCL12/stromal cell-derived factor-1 (SDF-1). The interaction between
CXCL12 and CXCRA4 is essential for the migration of progenitor cells during embryonic development of the cardiovascu-
lar, hemopoietic and central nervous systems, and also involved in several intractable disease processes, including HIV
infection, cancer cell metastasis, progression of acute and chronic leukemias, rheumatoid arthritis and pulmonary fibrosis.
Thus, CXCR4 may be an important therapeutic target in all of these diseases, and various CXCR4 antagonists have been
proposed as potential drugs. Fourteen-mer peptides, T140 and its analogs, and downsized cyclic pentapeptides have been
developed by us as potent CXCR4 antagonists. This article describes the development of a number of specific CXCR4
antagonists in our laboratory, including downsizing.

Keywords: cancer metastasis, chemokine receptor, CXCR4 antagonist, downsizing, HIV infection, rheumatoid arthritis

Introduction
As a postgenome project, proteomics has been prosperous in life science, and selective ligands involv-
ing protein networks have been valuable and useful for studies on chemical biology. Seven transmem-
brane G-protein-coupled receptors (7TM-GPCRs) are great targets for drug discovery and chemical
biology. Thus, development of selective antagonists against each GPCR is extremely desirable (Tama-
mura and Tsutsumi, 2006). Chemokines are a chemotactic cytokine family that induces migration of
leukocytes. Receptors of chemokines, which transduce signals of the corresponding chemokines, are
classified into GPCR families. The relationships between chemokines and their receptors are highly
interconnected and complicated: in most cases, a single chemokine recognizes a plurality of receptors,
and one chemokine receptor recognizes several chemokines. Thus, most of chemokines lack receptor
selectivity. However, the chemokine CXCL12/stromal cell-derived factor-1 (SDF-1) possesses the
chemokine receptor CXCR4 as its solitary receptor (Tashiro et al. 1993; Nagasawa, Kikutani and Kishi-
moto, 1994; Oberlin et al. 1996; Bleul et al. 1996). The interaction between CXCLI12 and CXCR4 plays
a fundamental role in the migration of progenitor cells during embryonic development of the hemopoi-
etic, intestine vascular, cardiovascular and central nervous systems. Its physiological roles in adults
remain poorly disclosed. It is also known that the CXCR4-CXCL12 pair is involved in various disease
processes such as HIV infection (Feng et al. 1996), cancer cell metastasis (Koshiba et al. 2000; Gem-
inder et al. 2001 Miiller et al. 2001; Robledo et al. 2001; Sanz-Rodriguez, Hidalgo and Teixido, 2001;
Scotton et al. 2001; Bertolini et al. 2002; Kijima et al. 2002; Schrader et al. 2002; Scotton et al. 2002;
Taichman et al. 2002; Burger et al. 2003; Rubin et al. 2003; Tamamura, Hori et al. 2003; Takenaga et al.
2004; Mori et al. 2004; Piovan et al. 2005; Zannettino et al. 2005), progression of acute and chronic
leukemias (Tsukada et al. 2002; Juarez et al. 2003; Burger et al. 2005; Spoo et al. 2007) and rheumatoid
arthritis (Nanki et al. 2000) (Fig. 1).

CXCR4 was initially identified as a second receptor (co-receptor) of T cell line-tropic (X4-) HIV-1
entry through its association with the first receptor, CD4. Macrophage-tropic (R5-) HIV-1 strains, which
use the chemokine receptor CCRS as another co-receptor, are major in early stages of HIV infection
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Figure 1. Various disorders relevant to the CXCL12-CXCR4 axis, such as HIV infection (i), cancer cell is (i) and rh toid

arthritis (lif).

(Alkhatib et al. 1996; Choe et al. 1996; Deng et al.
1996; Doranz et al. 1996; Dragic et al. 1996).
However, X4 HIV-1 strains become dominant in
the late stages. Recently, it has also been reported
that CXCL12 is highly expressed in several inter-
nal organs that are the primary targets of cancer
cell metastasis, and that CXCR4 is overexpressed
on the surfaces of several types of cancer cells.
Thus, it has been shown that the CXCL12-CXCR4
axis is associated to metastasis of several types of
cancer including cancer of the pancreas, breast,

lung, kidney, and prostate and non-Hodgkin’s
lymphoma, neuroblastoma, melanoma, ovarian
cancer, multiple myeloma and malignant brain
tumors. Furthermore, this axis is also correlated to
the progression of chronic lymphocytic leukemia
(CLL) and acute lymphoblastic leukemia (ALL),
and acute myeloid leukemia (AML). In addition,
rheumatoid arthritis (RA) is caused mainly by
CD4" memory T cell accumulation in the inflamed
synovium. It was reported that CXCL12 concentra-
tion is extremely elevated in the synovium of RA
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patients, and that CXCR4 is highly expressed on
the surface of memory T cells. Further, CXCL12
stimulates migration of the memory T cells and
thereby inhibits T cell apoptosis. This indicates
that the CXCR4-CXCLI12 interaction plays an
essential role in the accumulation of T cells in the
RA synovium. Taken together, CXCR4 is an attrac-
tive therapeutic target for these diseases, and our
recent research concerning the development of
several CXCR4 antagonists including downsizing
is discussed in this review article.

Development of CXCR4 Antago-
nists as Selective Inhibitors of X4-
HIV-1 Entry

Self-defense peptides with antibacterial and anti-
viral activities, tachyplesins and polyphemusins,
have been isolated from the hemocyte debris of the
Japanese horseshoe crab (Tachypleus tridentatus)
and the American horseshoe crab (Limulus poly-
phemus), which are 17-mer and 18-mer peptides,
respectively (Fig. 2) (Nakamura et al. 1988; Miyata
et al. 1989). Our preliminary structure-activity
relationship studies of these pegtides led to the
development of T22 ([Tyr*'?, Lys’]-polyphemusin
II) (Masuda et al. 1992; Nakashima et al. 1992)
and its downsized 14-mer peptide, T140, which
possess strong anti-HIV activity (Fig. 2) (Tama-
mura et al. 1998). T22 and T140 effectively block

X4-HIV-1 entry into cells by binding specifically
to CXCR4, and inhibit Ca** mobilization caused
by CXCL12 stimulation against CXCR4 (Murakami
et al. 1997; Xuet al. 1999; Murakami et al. 1999).
In addition, a T140 analog exhibited a remarkable
and significant delaying of the appearance of drug-
resistant strains of HIV in passage experiments
using cell cultures in vitro (Kanbara et al. 2001),
and it was presumed that the T140 analogs would
be useful for its suppressive effect against drug-
resistant strains. Structural analysis revealed that
T140 forms an antiparallel f-sheet structure sup-
ported by a disulfide bridge between Cys* and
Cys'®, which is connected by a type I’ B-turn
(Tamamura, Sugioka et al. 2001). Four amino acid
residues that were contained in T140, Arg?, L-3-
(2-naphthyl)alanine (Nal)’, Tyr’ and Arg', were
identified as residues indispensable for significant
activity (Tamamura et al. 2000).

However, T140 is proven to be biologically
unstable, and biodegradable in mouse/feline serum
or in rat liver homogenate (Tamamura, Omagari
et al. 2001; Tamamura, Hiramatsu, Kusano et al.
2003?. When indispensable amino acid residues
(Arg'* in serum; Arg?, Nal® and Arg' in liver
homogenate) are deleted from the N- and the C-
termini, the efficacy of degraded peptides is dra-
matically reduced. Modification of T140 analogs
at both termini efficiently suppresses the above
biodegradations and leads to development of novel

tachyplesin |
polyphemusin Il

T22

T140

4F-benzoyl- TN14003
4F-benzoyl-TE14011

Nal = L-3-(2-naphthyl)alanine
Cit = L-citrulline

[ [ 1 |
H-Lys-Trp—Cys-Phe-Arg-Val-Cys-Tyr-Arg-81y-11e-Cys-Tyr-Arg-Arg-Cys-Arg-NHz
H-Arg-Arg-Trp-Cys-Phe-Arg-—Val-Cys-Tyr-Lys-Gly-Phe~Cys~-Tyr-Arg-Lys-Cys-Arg-H;

increase in anli-HIV activity

H-Arg-Arg-Trp—Cys-Tyr—Arg-Lys-Cys-Tyr-Lys-81y-Tyr—Cys-Tyr-Arg-Lys-Cys-Arg-Hz

U downsizing

H-Ar I;@-Ar g-Lys-0-Lys-Pro-Tyr-Arg-Ci t-G:Irs-@—OH

5 increase in anti-HIV activity and biostability

Ar ys{TyrFArg-Lys-0-Lys-Pro-Tyr-Arg-Cit-Cys
rg s{TyrFArg-Lys-0-6lu-Pro-Tyr-Arg-Cit-Cys

D = indispensable residues or pharmacophore moieties
for CXCR4 antagonistic activity

Figure 2. Structures of tachyplesin |, polyphemusin II, its analog T22, its downsized analog T140, its biostable analogs 4F-benzoyl-TN14003

and 4F-benzoyl-TE14011.
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and effective compounds that show highly CXCR4-
antagonistic activity as well as increased biological
stability. Further studies on the N-terminal modi-
fication found an electron-deficient aromatic ring
such as a 4-fluorobenzoyl moiety at the N-terminus
to constitute a novel pharmacophore for strong
anti-HIV activity. The T140 analogs, which contain
an N-terminal 4-fluorobenzoyl moiety, 4F-benzoyl-
TN14003 and 4F-benzoyl-TE14011, have anti-
HIV activity two orders of magnitude higher than
that of T140 and enhanced biostability in serum/
liver homogenates (Fig. 2) (Tamamura, Hiramatsu,
Mizumoto et al. 2003).

Cyclic Peptides with CXCR4 Antag-

onistic Activity Derived from T140
Arg?, Nal®, Tyr® and Arg'* of T140, which are
located in close proximity to each other in space,

FC131

FC401

Figure 3. Structures of cyclic pentapetides FC131, FC401 and FC802.

are indispensable to high antagonistic activity
against CXCR4 as described above. For downsiz-
ing of T140 analogs, a pharmacophore-guided
approach was performed using cyclic pentapeptide
libraries, which were composed of two L/D-Arg,
L/D-Nal and L/D-Tyr in addition to Gly as a spacer.
This approach led to FC131 [cyclo(-Arg'-Arg’-
Nal*-Gly*-D-Tyr*-)], which showed strong
CXCR4-antagonistic activity comparable to that
of T140 (Fig. 3) (Fujii etal. 2003). Structural
analysis of FC131 by NMR and simulated anneal-
ing molecular dynamics revealed the near-
symmetrical pentagonal backbone structure.

A 4-fluorophenyl moiety found as a pharma-
cophoric moiety as described in the above section
was introduced into cyclic pentapeptides. Since
replacement of the phenol group of D-Tyr’ by a
4-fluorophenyl group did not cause the mainte-
nance of high potency, the 4-fluorophenyl group

NH

FC602
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was incorporated into position 1. The resulting
compound, FC401 ([Phe(4-F)']-FC131), shows
significant CXCR4-binding activity (Fig. 3)
(Tamamura et al. 2005). Next, since a second Arg
residue is thought to be indispensable for high
potency and an aromatic residue [L/D-Phe(4-F)]
has been incorporated into yosition 1, four analogs
[L/D-Phe(4-F)', L/D-Arg’]-FC131 were synthe-
sized based on replacement of D-Tyr" by L/D-Arg’.
Among these analogs, FC602, which is [D-Phe(4-
F)', Arg’]-FC131, shows the most potent activity,
which is 10-fold greater than that of [D-Tyr', Arg’]-
FC131 (Fig. 3). Thus, FC602 is anovel lead, which
involves a pharmacophore moiety different from
the pharmacophore groups of FC131.

A Linear Type of Low Molecular
Weight CXCR4 Antagonists
Identification of a novel pharmacophore for
CXCR4 antagonism, such as a 4-fluorobenzoyl or
4-fluorophenyl moiety, prompted us to develop a
linear type of low molecular weight CXCR4
antagonists. By combining substructure units of
the T140 pharmacophore and new pharmacophore
moieties, several compounds were designed and

NH

qu\F
g™r

HaN NH

synthesized using combinatorial chemistry. As a
result, several linear compounds were found as
moderate CXCR4 antagonists, such as compounds
1-3 shown in Figure 4 (Tamamura, Tsutsumi et al.
2006). These compounds are relatively weaker than
a cyclic pentapeptide FC131. Thus, it is thought
that conformational constriction based on a cyclic
pentapeptide scaffold is critical for strong
potency.

Anthracene derivatives possessing two sets of
zinc(11)-2,2°-dipicolylamine complex were previ-
ously found as useful chemosensors that can selec-
tively bind to phosphorylated peptide surfaces
(Ojida et al. 2004). Several low molecular weight
compounds bearing the complex structure were
identified as selective CXCR4 antagonists (Tama-
mura, Ojida et al. 2006). Molecular superposition
of structures of the zinc(1I)-2,2’-dipicolylamine
complex compound 4 and the cyclic pentapeptide
FC131 was investigated as it provided the best fit
with the maintenance of local energy minimiza-
tions of both of the structures (Fig. 4). The distance
between two dipicolylamine moieties of compound
4 is estimated to be nearly equal to that between
the two Arg side chains of FC131. Thus, the dis-
tance of these functional groups is thought to be

0
}3 3! 9 N
NJ\N,N\:)L” F/d OﬁrArg-Nal-NHZ
H R (V2 o
NH
A

3

Figure 4. Structures of a linear type of low molecular weight CXCR4 antagonists.
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essential for expression of CXCR4 antagonistic
activity.

Anti-Metastasis Activity of T140
Analogs Against Breast Cancer,

Melanoma and Pancreatic Cancer
While CXCR4 and another chemokine receptor,
CCR7, are highly expressed on the surface of
human breast cancer cells, CXCL12 and a CCR7
ligand, CCL21, are highly expressed in lymph
nodes, bone marrow, lung and liver, which form
the common metastatic destinations of breast can-
cer. The CXCL12-CXCR4/CCR7-CCLI12 axis
might determine the metastatic destination of
tumor cells and cause organ-preferential metasta-
sis (Miiller et al. 2001). Metastasis of breast cancer
cells to the lung in mice was inhibited by neutral-
izing CXCR4 with anti-CXCR4 antibodies. We
evaluated the inhibitory activity of our T140 ana-
logs against the migration of breast cancer cells in
vitro and metastasis of breast cancer cells in vivo
(Tamamura, Hori et al. 2003). T140 analogs inhib-
ited in dose-dependent manners the migration of
a CXCR4-positive human breast carcinoma cell
line MDA-MB-231 induced by CXCL12. Further-
more, the inhibitory effect of a bio-stable T140
analog, 4F-benzoyl-TN14003, was confirmed
using experimental metastasis models of breast
cancer, in which MDA-MB-231 cells were injected
intravenously into the tail vein of SCID mice and
trapped in the lung to which they migrated through
the heart and the pulmonary artery. 4F-benzoyl-
TN14003 was subcutaneously injected using an
Alzet osmotic pump (DURECT Corp., Cupertino,
CA, U.S.A.), and an effective suppression of tumor
accumulation was then shown on the lung surface
as a result of MDA-MB-23 | metastasis. This sug-
gests that small molecule CXCR4 antagonists, such
as T140 analogs, can replace anti-CXCR4 antibod-
ies as neutralizers of metastasis of breast cancer.
It was reported that an excessive expression of
CXCR4 on B16 melanoma cells enhances the
metastatic accumulation of the cells in mouse lung,
and that a CXCR4 antagonist T22 blocks pulmo-
nary metastasis in mice injected with CXCR4-
transduced B16 cells (Murakami et al. 2002). We
found that T140 analogs inhibited pulmonary
metastasis in mice injected with B16 cells, which
are not transduced with CXCR4 (Takenaga et al.
2004). Poly D,L-lactic acid (PLA) microcapsules
containing a T140 analog, 4F-benzoyl-TE14011,

was subcutaneously injected in experimental
metastatic models of CXCR4-positive B16-BL6
melanoma cells. 4F-benzoyl-TE14011 is released
in a controlled fashion from the PLA microcapsules
for a long period in vivo with the maintenance of
the level of the 4F-benzoyl-TE14011 concentration
in blood. A single subcutaneous administration of
4F-benzoyl-TE14011-PLA significantly decreases
the number of colonies ascribed to pulmonary
metastasis of B16-BL6 cells. Thus, a controlled
release of CXCR4 antagonists might lead to effec-
tive suppression of cancer metastasis.

While CXCL12 mRNA is expressed in pancre-
atic cancer tissues, CXCR4 mRNA is expressed
both in pancreatic cancer tissues and in pancreatic
cancer cell lines (AsPC-1, BxPC-3, CFPAC-1,
HPAC and PANC-1) (Koshiba etal. 2000).
CXCL12 stimulates induction of both migration
and invasion of pancreatic cancer cells, AsPC-1,
PANC-1 and SUIT-2, in dose-dependent manners
in vitro. Thus, it suggests that the interaction
between CXCL12 and CXCR4 is relevant to pan-
creatic cancer cell progression and metastasis.
CXCL12-induced migration and invasion of these
cells are suppressed by T140 analogs in dose-
dependent manners (Mori et al. 2004). CXCL12
treatment of PANC-1 cells induces a drastic
increase in actin polymerization (cytoskeleton),
which causes the invasion and subsequent metas-
tasis of malignant cells into tissues. T140 analogs
effectively inhibit this phenomenon.

Furthermore, the CXCL12-CXCR4 axis is rel-
evant to metastasis of SCLC and osteolysis in
multiple myeloma. Thus, the blockade of this axis
might be an effective remedy against these diseases
(Hartmann et al. 2005; Zannettino et al. 2005).

CXCR4 is expressed in malignant cells in at
least 23 different types of cancer (Balkwill 2004),
including those discussed above. Antagonists of
CXCRA4 such as the T140 analogs might be useful
lead compounds for the development of anti-
metastatic agents in several types of cancer.

Effect of T140 Analogs Against ALL
and CLL

Growth and survival of ALL precursor B (pre-B)
cells might be caused by mutual contact with bone
marrow stromal layers through adhesive interac-
tions between leukemia cells expressing CXCR4
along with integrins and stromal cells expressing
CXCLI12 and integrin ligands. Migration of these
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cells into stromal layers is stimulated by CXCL12,
which is constitutively secreted at high levels by
marrow stromal cells, since CXCR4 is highly
expressed in the pre-B cells. T140 suppresses
CXCL12-induced chemotaxis of the cells and
attenuates their migration into bone marrow stro-
mal layers. Furthermore, since T140 analogs
enhance the cytotoxic and anti-proliferative effects
of other anti-cancer agents such as vincristine and
dexamethasone, T140 analogs might overcome cell
adhesion-mediated drug resistance (CAM-DR) in
ALL chemotherapy (Juarez et al. 2003).

On the other hand, B cell CLL, which is the
most frequent leukemia in adults in Western coun-
tries, is caused by the accumulation of long-lived,
monoclonal, malignant B cells in blood, secondary
lymphoid organs and bone marrow. CLL B cells
that highly express CXCR4 are activated by
CXCLI12 released from marrow stromal cells or
nurselike cells. CXCL12-stimulation rescues the
CLL B cells from apoptosis and contributes to their
accumulation. Consequently, the CXCL12-CXCR4
axis should also be a therapeutic target of B cell
CLL (Burger et al. 2000). Practically, T140 analogs
inhibit chemotaxis of CLL B cells induced by
CXCL12, their migration beneath marrow stromal
cells and actin polymerization in dose-dependent
manners, in vitro (Burger et al. 2005). Furthermore,
T140 analogs attenuate the anti-apoptotic effect of
CXCL12 and prevent stromal cells from protecting
against spontaneous apoptosis of CLL B cells. Co-
cultivation of CLL B cells with marrow stromal
cells causes stromal CAM-DR, protecting CLL B
cells from undergoing fludarabine-induced apop-
tosis. Treatment with T140 analogs re-sensitizes
these B cells towards fludarabine-induced apopto-
sis T140 analogs might overcome CAM-DR which
is a serious problem in the clinical CLL chemo-
therapy.

Anti-RA Activity of T140 Analogs

The development of biological drugs such as mono-
clonal antibodies, which target inflammatory cyto-
kines: tumor necrosis factor, TNF-c., interferon,
IFN-y, the interleukins, IL-1, IL-6, etc., has brought
useful results in clinical RA therapy. However,
complete curative effects have not yet been
achieved. Thus, other drugs, which are not relevant
to the functions of these cytokines, are required to
improve RA chemotherapy. Since the CXCR4-
CXCL12 axis plays a critical role in the accumula-

tion of memory T cells in the RA synovium (Nanki
et al. 2000), anti-RA activity of 4F-benzoyl-
TN14003 was evaluated. Delayed-type hypersen-
sitivity (DTH) reaction induced by sheep red blood
cells (SRBC) was performed as an in vivo experi-
mental model of the cellular immune response
(Tamamura et al. 2004). Subcutaneous injection of
4F-benzoyl-TN 14003 using an Alzet osmotic pump
significantly suppressed the footpad swelling (the
DTH response) in dose-dependent manners.
Collagen-induced arthritis (CIA) in mice was
adopted as the other in vivo experimental RA model.
Several symptoms of arthritis: score increase, body
weight loss, ankle swelling, limb weight gain, etc.
were remarkably suppressed. Furthermore, the
increase in levels of serum anti-bovine CII IgG2a
antibody was apparently suppressed in mice treated
with 4F-benzoyl-TN14003 subcutaneously using
an Alzet osmotic pump after treatment with the
bovine type II collagen (CII) emulsion booster.
4F-benzoyl-TN14003 exhibits an inhibitory effect
towards the humoral immune response to CII. Thus,
CXCR4 antagonists such as T140 analogs might
also be useful leads for anti-RA agents.

Other CXCR4 Antagonists

Several low molecular weight CXCR4 antagonists,
which are not correlated to T140, have been
reported to date (Mastrolorenzo, Scozzafava and
Supuran, 2001; Scozzafava, Mastrolorenzo and
Supuran, 2002). AMD3100 bearing two cyclam
groups (Genzyme) (Schols et al. 1997), an N-pyr-
idinylmethylene cyclam (monocyclam) AMD3465
(Genzyme) (De Clercq, 2002), AMD8665 without
a cyclam group (Genzyme) (Seibert and Sakmar,
2004), AMDO070 (Genzyme) (Vermeire et al.
2004), ALX40-4C (Ac-[D-Arg)s-NH,; NPS Alle-
lix) (Doranz et al. 1997), CGP64222 (Cabrera et al.
2002), R3G (Cabrera et al. 2000), NeoR (Daele-
mans et al. 2000), a distamycin analog, NSC651016
(Howard et al. 1998) and a flavonoid compound,
ampelopsin (Liu et al. 2004), have been identified
as CXCR4 antagonists. Conjugates of AMD3100
and galactosylceramide (GalCer) analog have also
been found as doubly-functionalized drugs (Daoudi
etal. 2004). KRH-1636 (Kureha Chemical and
Sankyo) is an orally bioavailable agent possessing
N-pyridinylmethylene, Arg and naphthalene moi-
eties (Ichiyama et al. 2003). A review of non-T140-
related CXCR4 antagonists has been published
elsewhere (Tamamura and Fujii, 2005).
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Conclusion

We have found strong anti-HIV agents, T22 and
its downsized analog T140, identified as entry
inhibitors that bind specifically to the chemokine
receptor CXCR4 and thus inhibit entry of X4-HIV-
1 to T-cells. T140 and its analogs also show effec-
tive activity against cancer metastasis, leukemia
and rheumatoid arthritis. Cyclic pentapeptide
FC131 was developed as a new low molecular
weight CXCR4 antagonist by downsizing of T140.
Furthermore, a linear type of low molecular weight
CXCR4 antagonists involving aromatic com-
pounds having the zinc(II)-2,2’-dipicolylamine
complex structure have been found. These antago-
nists might be promising agents for clinical che-
motherapy of multiple disorders such as HIV
infection, cancer metastasis, leukemia and RA.
However, blocking of the CXCL12-CXCR4 axis
might be a risky procedure because CXCR4 plays
a critical role in embryogenesis, homeostasis and
inflammation in the fetus especially in the embry-
onic development of hemopoietic, cardiovascular
and central nervous systems. Use of CXCR4
antagonists combined with CCRS antagonists/
fusion inhibitors might lead to a useful candidate
for clinical AIDS chemotherapy.
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Potent Synergistic Anti-Human Immunodeficiency Virus (HIV) Effects
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Aplaviroc (AVC), an experimental CCRS inhibitor, potently blocks in vitro the infection of RS-tropic human
immunodeficiency virus type 1 (R5-HIV-1) at subnanomolar 50% inhibitory concentrations, Although maraviroc is
presently clinically available, further studies are required to determine the role of CCRS inhibitors in combinations
with other drugs. Here we determined anti-HIV-1 activity using combinations of AVC with various anti-HIV-1
agents, including four U.S. Food and Drug Administration-approved drugs, two CCRS inhibitors (TAK779 and
SCH-C) and two CXCR4 inhibitors (AMD3100 and TE14011). Combination effects were defined as synergistic or
antagonistic when the activity of drug A combined with B was statistically greater or less, respectively, than the
additive effects of drugs A and A combined and drugs B and B combined by using the Combo method, described in
this paper, which provides (i) a flexible choice of interaction models and (ii) the use of nonparametric statistical
methods. Synergistic

effects against R5-HIV-1;,, and a 50:50 mixture of RS-HIV-1y, ; and X4-HIV-1gpgoq
(HIV-1g,.11 were seen when AVC was combined with zidovudine, nevirapine, indinavir, or enfuvirtide. Mild
synergism and additivity were observed when AVC was combined with TAK779 and SCH-C, respectively. We also

observed more potent synergism against HIV-1y,,. /; p4pre When AVC was combined with AMD3100 or TE14011. The
data demonstrate a tendency toward greater synergism with AVC plus either of the two CXCR4 inhibitors compared
to the synergism obtained with combinations of AVC and other drugs, suggesting that the development of effective

CXCR4 inhibitors may be important for increasing the efficacies of CCRS inhibitors.

CCRS is a member of the G-protein-coupled, seven-trans-
membrane-segment receptors, which comprise the largest su-
perfamily of proteins in the body (30). In 1996, it was revealed
that CCRS5 serves as one of the two essential coreceptors for
the entry of human immunodeficiency virus type 1 (HIV-1)
into human CD4™ cells, thereby serving as an attractive target
for possible interventions against HIV-1 infection (1, 9, 40, 42).
Consequently, scores of small-molecule CCRS inhibitors which
exert potent activity against R5-tropic HIV-1 (R5-HIV-1) were
identified (2, 10, 19, 35). Aplaviroc (AVC), a spirodike-
topiperazine derivative, represents one such experimental
small-molecule CCRS inhibitor (17, 18). AVC binds to human
CCRS with a high affinity, blocks HIV-1 gp120 binding to
CCRS, and exerts potent activity against a wide spectrum of
laboratory and primary RS5-HIV-1 isolates, including multi-
drug-resistant HIV-1 isolates (50% inhibitory concentrations,
0.2 to 0.6 nM) (17, 18). Maraviroc (MVC) is another small-
molecule CCRS5 inhibitor which has become the first CCRS
inhibitor approved for the treatment of AIDS and HIV-1 in-
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1-1-1 Honjo, Kumamoto 860-8556, Japan. Phone: (81) 96-373-5156. Fax:
(31) 96-363-5265, E-mail: hm21q@nih.gov.

Published ahead of print on 31 March 2008.

21

fection by the U.S. Food and Drug Administration (FDA).
One possible concern over the long-term use of CCRS inhib-
itors is the change of viral tropism, which enables the virus to
use the CXCR4 receptor (20, 41); therefore, CCRS inhibitors
are unlikely to be used as single agents. Assessments of the
interaction of CCRS3 inhibitors with other anti-HIV-1 agents
should thus help provide an understanding of the role of CCR5
inhibitors and help design regimens to be used for the treat-
ment of individuals infected with HIV-1,

In the present study, we determined the effects against RS-
HIV-1g,, of AVC in combination with various anti-HIV-1
agents which affect other steps of the viral life cycle, including a
nucleoside reverse transcriptase inhibitor, zidovudine (ZDV); a
nonnucleoside reverse transcriptase inhibitor, nevirapine (NVP);
a protease inhibitor, indinavir (IDV); and a fusion inhibitor, en-
fuvirtide (ENF). We assessed the synergistic effects of AVC in
combination with CXCR4 inhibitors as well as the other drugs
described above against a mixture of RS-HIV-1p,.; and X4-HIV-
Lersinpr (designated HIV-1g, 1/ 04pr)- In the present study, we
also developed an evaluation system, designated the Combo
method, which provides (i) a flexible choice of interaction models,
(i) the use of nonparametric statistical methods to obtain P val-
ues for comparison, and (iii) flexibility with respect to experimen-
tal design (e.g., checkerboard and constant-ratio designs). The
present data suggest that AVC exerts antiviral synergy when it is
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used with other classes of anti-HIV-1 agents but apparently not
when it is used with other CCRS inhibitors. The present data also
demonstrate a tendency toward greater synergism with AVC plus
either of the two CXCR4 inhibitors examined in comparison to
the synergism obtained with combinations of AVC and other
FDA-approved drugs, suggesting that the development of effec-
tive CXCR4 inhibitors may be important for increasing the effi-
cacies of CCRS inhibitors.

MATERIALS AND METHODS

| CCRS inhibi ining a spi-
rodiketopiperazine core, as P Iy (18, 19, 26). TAK779, SCH-C,
and AMD3100 were synthesized as described previously (2, 7, 35). ZDV was
purchased from Sigma (St. Louis, MO). 1DV was kindly provided by Japan
Energy Inc. (Tokyo, Japan), TE14011 and ENF were synthesized as described
previously (36, 37). NVP was a kind gift from Boehringer Ingelheim Pharma-
certicals Inc. (Ridgefield, CT).

Viruses. R5-HIV-1y,, was obtained from the AIDS Rescarch and Reference
Reagent Program (13), X4-HIV-1ypg)aupre Was isolated rom a drug-naive pa-
tient with AIDS (33). These HIV-1 solates were propagated in phytohemagglu-
tinin-stimulated peripheral blood | cells (PHA-PBMCs), and the
culture supernatants were harvested and stored at —80°C until use (22). In
cenain exy a 50:50 of HIV-1g, ¢ and HIV-lgpginspe (HIV-
1pa-Li10upre) Was prepared.

Assay for in vitro unti-HIV-1 activity, PBMCs were isolated from the buffy
coats of HIV-1-scroncgative individuals by Ficoll-Hypaque density gradient cen-
trifugation and were cultured at a concentration of 10° cells/ml in RPMI 1640-
based culture medium supplemented with 10% fetal calf serum (FCS: HyClone
Laboratories, Logan, UT), penicillin (50 U/ml), and streptomycin (50 pg/ml)
(10% FCS-RPMI) with 10 pg/ml PHA for 3 days prior to the anti-HIV-1 activity
assay in vitro. PHA- PBMCs (10%/ml) from a 3-day culture were resuspended in
10% FCS-RPMI 10 ng/ml interleukin-2 and plated into each well of
96-well microculture plates [ll}" per well). Each of the test compounds was added
s a single agent or in combination with another agent to each well of the
microculture plates, For assessment of the effects of a combination of any two
drugs, three threefold serial were chosen on the basis of the
dose-response curve at which the p inhibition values i d linearly.

The cells were subsequently exposed to 50 50% tissue culture infectious doses

Antiviral agents. AVC is an cxp

ANTIMICROB. AGENTS CHEMOTHER,

TABLE 1. Anti-HIV-1 activity of each drug in the assay system

EC (nM) for anti-HIV-1 activity*
Virus  Compound

50% 5% 90% 95%
Ba-L  AVC 0704 40=40 16=15 25+ 14
SCH-C 6860 3118 94x43 13164
TAKTT9 20+14 127=83 332x192 576 x1224
ZDv 18=40 58=x30 128=54 178=x49
NVP 1920 36=11 127=39 149=%47
DV 2970 44x12 75=z18 87=13
ENF 11240 4650 B82=x14 9B =16
104pre  AMD3100 2680 9621 193=51 257%4d6
TE14011 40x10 1670 350=11 7’17

= The ECeg ECys, ECyq, and ECy, values were determined by using PHA-
PBMCs isolated from three different donors and the inhibition of p24 Gag
protein production as the end point. All assays were conducted in triplicate. The
results shown represent the arithmetic means (=1 standard deviation) of the
values from three independently conducted assays,

the method of Prichard and colleagues (27, 28, 29). It is of note that with the
Bliss independence method, the predicted additive effects at cach combination
point are subtracted from the inhibitory effects of the combination determined
from the experi | drug combination assay, g ing percent syncrgy val-
ues, and the points plotted above the predicted additive cffects represent syner-
pm. wluic the points below the plme represent antagonism, Using the Bliss
hod, we calculated percent synergy values for the nine deter-

minations described above, and the average value was further computed, gen-
erating a mean percent synergy value (Fesynergy™="). We repeated this assay for
each drug combination 5 or 10 times on different occasions. These 5 or 10
Sesynergy™™" values thus obtained for a st of combinations (drug A-drug A,
drug B-drug B, and drug A-drug B) were compared with the other data sets (5
or 10 Tesynergy™*" values) by the Wilcoxon rank sum test, generating P valucs
for each combination set. All F values are two-tailed and have not been formally
djusted for P , in the context of the several ex-
periments and compﬂnwns performed, P vnluu of <0.01 would clearly indicate
statistical significance, while diferences with values of 0.01 < P < 0.05 would

(TCIDugs) of HIV-ly,, or a mixture of 25 TCIDgs of HIV-15, and 25
TCID4y8 of HIV-lpgginepre 30d incubated at 37°C in humidified air containing
5% CO,. On day 7 of culture, the cell-free culture supernatants were harvested
and the HIV-1 p24 lm‘glm levels in the supematants were determined with a
fully d ct y system (Lumipulse F;
Fujirebio Inc., Tokyo, Jupan) (18, 23). All the assays were performed [n dupli-
cate, and each experiment was conducted on 5 to 10 different occasions. No
cytotoxicity was ohserved at the highest concentrations of each agent, as assessed
by the tryp'un hluc dye exclusion method.

Math lysis: the Combo method. We I the effects of drug
using the bination index (CI), calculated with CalcuSyn soft-
ware (BioSoft, Cambridge, United Kingdom), which was hased on the median-
effect method developed by Chou and Talalay (3, 4). For experiments with
combinations of the same drug, serially diluted drug concentrations were chosen
on the basis of the 50% cffective concentrations (ECas), and each drug was
combined with itself at the same concentration. A: in the original method, Cls of

<1, 1, and =1 were judged to rep synergh y, and

respectively.

1t should be noted that the Chou and Talalay median-cficct method (3, 4)
alone does not allow us to statistically compare the effects of the combinations.
Thus, we devised a new method for evaluation of the effects of drug combina-
tions, designated the Combo method. For the Combo method used in the present
study, we used three concentrations of one drug (drug A) and three concentra-
tions of the other drug (drug B) and combined the drugs at three different

concentrations, preparing nine (3 % 3) bination cul and we obtained
nine determinations of HIV-1 p24 jons (each combi assay was
performed in duplicate). More precisely, three combinations were ined: the

same drug A combination (drug A and drug A), the same drug B combination
(drug B and drug B), and the combination of drug A and drn; B, A full view of
the data obtained with the drug combinations can be visualized (as shown in the
Results section) in three-dimensional (3-D) ﬂgure: by the use of Microsoft Excel
software (version 11.0, 2004; Mi ft Corp Redmond, WA), based on

indi strong trends.

RESULTS

Activities of anti-HIV-1 agents in PHA-PBMCs. We first
determined the antiviral potencies of seven anti-HIV-1 agents
(AVC, SCH-C, TAK779, ZDV, NVP, IDV, and ENF) against
HIV-1g,., employing PHA-PBMCs as target cells (Table 1).
AVC had a potent inhibitory effect against HIV-1y,,, with
mean ECs,, ECys, ECy, and ECy; values of 0.7, 4, 16, and 25
nM, respectively. SCH-C and TAK779, which are both CCRS
inhibitors, also showed potent antiviral activity (but with less
potent antiviral activity compared to that of AVC), with ECys
of 6 and 20 nM, respectively. To determine the additive effects
of AVC-AVC and AMD3100-AMD3100, we employed RS-
HIV-1g,; and X4-HIV-15gq 04prc 88 the virus inocula, respec-
tively, since AVC is inert against X4-HIV-1 and AMD3100 is
inert against R5-HIV-1. These two agents were found to be
potent against the virus, with ECys of 26 and 4 nM, respec-
tively. No toxicity of any of the anti-HIV-1 agents was observed
at concentrations up to 1.0 M, as determined by examination
of PHA-PBMCs (data not shown).

Same-drug combination and additivity. To determine
whether combinations of two different anti-HIV-1 agents pro-
duced synergistic, additive, or antagonistic effects, we first at-
tempted to establish an algorithm so that the effects of the
combination of the same drug (i.e., drug A-drug A) represent
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FIG. 1. Dose-response curves of single and combined drug assays.
Three repr ive dose-resg curves are shown. (A) Dose-re-
sponse curve with the same-drug combination (AVC-AVC). PHA-
PBMCs were exposed to RS-HIV-1,,, and cultured in the presence of
AVC alone or AVC-AVC over 7 days. AVC was serially diluted three-
fold to give concentrations in the range of 0.1 to 24.3 nM. The percent
inhibition values were determined on the basis of the amounts of p24
Gag proteins in the culture supernatants. (B) AVC was combined with
ZDV at a fixed ratio (1:11), and the assay was conducted as described
above for panel A. (C) AVC (concentration range, 0.3 to 72.9 nM) was
combined with AMD3100 at a 1:11 ratio. PHA-PBMCs were exposed
to a 50:50 mixture of R5-HIVy,., and X4-HIV-1ggs,qupre and cultured
in the presence of AVC alane, AMD3100 alonc, or AVC-AMD3100.
All assays were performed on 5 to 10 different occasions, and all the
values shown represent the arithmetic means * 1 standard deviation.

additivity. We determined the effects of combinations of the
same drug for each of the seven anti-HIV-1 agents using the
Cls dictated by the median-effect method (4). Figure 1A shows
three representative dose-response curves of the percent inhi-
bition of HIV-1 replication in the presence of a CCRS inhib-
itor (AVC) alone, a reverse transcriptase inhibitor (ZDV)
alone, a CXCR4 inhibitor (AMD3100) alone, or AVC plus
AVC, ZDV, or AMD3100. A range of concentrations at which
the percent inhibition values linearly increased was identified
(Fig. 1A and B) and was used to examine the effects of any
combination of two drugs chosen.

We found that the same-drug combination of AVC-AVC
which gave a 50% reduction of HIV-1 replication produced a
CI of 1.03 + 0.09 (Table 2), indicating that this combination
produced additivity on the basis of the median-effect method.
However, that same-drug combination which gave 75, 90, and
95% reductions in viral replication produced Cls of 0.82, 0.71,
and 0.68, respectively, which indicated that this same-drug
combination produced synergistic effects. Synergistic effects
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were similarly indicated when the other anti-HIV-1 agents
were examined as same-drug combinations in our analysis (Ta-
ble 2).

The indication of synergism in the same-drug combination
described above was thought to be a limitation or error inher-
ent to the median-effect method or to stem from the variability
of the biological data obtained. Since the median-effect
method does not provide room for statistical analysis or a full
view of the combination data, we examined the same data set
using Microsoft Excel software, based on the method of Pri-
chard and colleagues (27, 28, 29), which gives a graphical 3-D
view of the entire data set. In the analysis of the AVC-AVC
combination data, this method with Microsoft Excel software
indicated that the combination of the highest AVC concentra-
tion (2.7 nM AVC and 2.7 nM AVC) that produced synergism
gave a percent synergy value of 2.2, although other combina-
tions were determined to be additive or antagonistic, giving an
average (= standard deviation) percent synergy value of —1.8 =
2.4 (Fig. 2A). The same-drug combinations of ZDV, NVP, and
ENF similarly gave partial synergism (Fig. 2B, C, and E).
However, the same-drug combination of IDV indicated syner-
gism with all data points, with an average percent synergy value
of 3.6 = 2.2 (Fig. 2D). We predicted that the partial synergism
seen with AVC, ZDV, NVP, and ENF and the entire syner-
gism scen with IDV also represented a limitation or error
inherent to the method of Prichard and colleagues (27, 28, 29)
or the variability of the biological data obtained.

AVC acts in synergy with ZDV, NVP, IDV, and ENF to block
the replication of HIV-1, , in PHA-PBMCs. Considering that
one of the main reasons for the partial synergism described
above could stem from the variability of the cell-based assay
data used in the present work, we used standard nonparamet-
ric statistical analysis methods to evaluate the differences. To
this end, we conducted the drug-combination assay in dupli-
cate and determined the %synergy™ " values in three settings:
(i) drug A-drug A, (ii) drug B-drug B, and (iii) drug A-drug B.
Experiments testing the drug A-drug A combination and the
drug B-drug B combination were conducted on 10 different
occasions, while the drug A-drug B combinations assay was
conducted on 5 different occasions. As shown in Fig. 3A, as

TABLE 2. Cls against HIV-1 obtained with mixtures of the same
compounds at various inhibitory concentrations

cr
vtm' e ros -
0% 5% W% 95%
Bal AVC+AVC 103009 082=010 071 =010 0.68=0.09
ZDV + ZDV  1.08=0.14 095=018 084=023 081=022
NVP+NVP 099=009 081011 069=012 066=014
1DV + IDV L02 =006 091=005 079=007 076=006
ENF + ENF 104 =008 089=008 075x009 073z001

112£012 088=009 069=009 067=010

I04pre  AMD + AMD
105=015 090+011 080=013 078=0.13

TE+TE

* Drug interactions of same-drug combinations were analyzed by using Cls.
Cls were calculated on the basis of the model of Chou and Talalay (3, 4) with
CalcuSyn software (BioSoft). Originally, Cls of <1, 1, or >1 indicated a syner-
gistic effect, an additive effect, and goni pectively. The drugs were
combined at a 1:1 ratio, and all assays were conducted in duplicate. The results
shown represent the arithmetic means (=1 standard deviation) of the Cls at
various inhibitory concentrations (50%, 75%, 90%, and 95%) from 10 indepen-
dently conducted assays.

* AMD, AMD3100; TE, TE14011.
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FIG. 2. Effects of same-drug combinations. The serially diluted
anti-HIV-1 agents AVC (A), ZDV (B), NVP (C), IDV (D), and ENF
(E) were combined with the same agent diluted under the same con-
ditions; PHA-PBMCs were exposed to R5-HIV-1,,, and cultured in
the presence of the drugs combined. The combination effects (percent
synergy values on the vertical z axis) were determined on the basis of
the Bliss independence method. In the 3-D graphs, obtained on the
basis of the method of Prichard et al. (27, 28, 29), the average percent
synergy values at each concentration derived from 10 experiments
were plotted. The hatched area represents synergism (percent synergy
values, >>0), while the open area represents additivity or antagonism
(percent synergy values, =0), Numbers in parentheses represent the
average percent synergy values (=1 standard deviation). The x and y
axes indicate the concentrations of the drug tested (nM). All assays
were performed in duplicate, and each experiment was independently
conducted 10 times.

expected, the same-drug combination assays with AVC and
ZDV produced relatively low average %osynergy™"" values of
—1.8 and —1.0, respectively, However, the AVC-ZDV combi-
nation gave a high average %synergy™**" value of 8.0. When
we examined the difference among the AVC-AVC, ZDV-
ZDV, and AVC-ZDV data using the Wilcoxon rank sum test,
there was a statistically significant difference between the
AVC-AVC and the AVC-ZDV data (P = 0.002) as well as
between the ZDV-ZDV and the AVC-ZDV data (P = 0.003).
The same was true when we examined the effects of NVP,
1DV, and ENF in combination with AVC (Fig. 3B to D). With
these data, we determined that if both the drug A-drug A and
drug B-drug B combinations gave relatively low %synergy™*""
values and a significant difference between the drug A-drug B
combination and the same-drug combinations was detected,
we would judge that there was significant synergism. When we
plotted the average percent synergy value for the combination
of drugs A and B at each different concentration on a point-
by-point basis by the method of Prichard and colleagues (27,
28, 29), the results showed substantially higher levels of syner-
gism for all data points (Fig. 3E to H). The average percent
synergy values for AVC-ZDV, AVC-NVP, AVC-IDV, and
AVC-ENF were 8.0 = 3.1,52 + 23,64 = 1.9,and 7.2 * 1.2,
respectively, which corroborated the interpretation of the data
shown in Fig. 3A to D. Thus, we interpreted that the addition
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FIG. 3. Effects of AVC in combination with other anti-HIV-1
agents against R5-HIV-1g,,. Drug combination assays were con-
ducted, and the %synergy™" values (the mean of the nine percent
synergy values from each set of the data) are shown in three settings:
(i) AVC-AVC, (i) test agent (to be combined with AVC)-test agent,
and (i) AVC-test agent (A to D). The AVC-AVC combination and
the test agent-test agent combination were tested on 10 different oc-
casions, while the AVC-test agent combination assay was done on 3
different occasions. The differences in the Jesynergy™*" values be-
tween the three settings were analyzed by using the Wilcoxon rank sum
test. The short bars indicate the arithmetic means. The combination
effects are also shown in 3-D graphs, as determined on the basis of the
method of Prichard et al. (see the legend to Fig. 2).

of AVC to cach of the other agents produced significant syn-
ergism.

Effects of AVC in combination with SCH-C or TAK779
against RS-HIV-1,, .. We next asked whether AVC in combi-
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FIG, 4, Effects of AVC in combination with other CCRS inhibitors,
The effects of AVC in combination with SCH-C (A) or TAK779
(B) when they were exposed to R5-HIV-1g,.,. are shown. No signifi-
cant synergism was seen when AVC was combined with SCH-C or
TAK779 compared with that seen with AVC-AVC. There was a trend
toward antagonism when AVC-SCH-C with SCH-C-SCH-C and a
trend toward synergism when AVC-TAK779 was compared with
TAK779-TAK779. When these data were examined by the method of
Prichard et al, (27, 29), AVC-SCH-C showed a mixed pattern but with
an inclination toward antagonism (C), while AVC-TAK779 showed a
mixed pattern but with an inclination toward synergy (D).

nation with SCH-C or TAK779 had synergistic activity against
HIV-1g,., (Fig. 4). The difference between the AVC-AVC and
the AVC-SCH-C combinations was not statistically significant
(P = 0.09), while there was evidence of a trend toward antag-
onism berween the SCH-C-SCH-C and the AVC-SCH-C
combinations (P = 0.05). It was interesting that when these
data were examined by the method of Prichard and colleagues
(27, 28, 29), a mixed pattern with an inclination toward antag-
onism was scen, with an average percent synergy of —4.4 = 2.4,
We also examined whether AVC had significant combination
effects when it was combined with TAK779. There was a trend
toward a statistically significant difference between AVC-AVC
and AVC-TAK779 (P = 0.03) as well as TAK779-TAK779 and
AVC-TAK779 (P = 0.05). However, when these data were
plotted in the chart by the method of Prichard and colleagues
(27, 28, 29), the pattern was a mixed one, with a low average
percent synergy (1.6 = 1.0), suggesting that synergism would
be at a low level. However, it was noted that the same set of
data for the combination of AVC and SCH-C produced CI
values of 1.05 (at a 50% inhibitory effect) and 0.58 (at a 90%
inhibitory effect), indicating that there was synergism between
AVC and SCH-C, as analyzed on the basis of the median-effect
method of Chou and Talalay (3, 4). It was thought that there
was a propensity toward an overestimation of the combination
effects toward synergism when the median-effect method was
used.
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Combination effects of AVC in a mixture of RS-HIV-1,,,
and X4-HIV-lgggipipre AVC exerts no antiviral activity
against X4-HIV-1 (18, 23), although the HIV-1 population
seen in individuals with HIV-1 infection often comprises both
RS- and X4-HIV-1 populations. Hence, it would be reasonable
to use a CCRS inhibitor plus a CXCR4 inhibitor to treat
individuals with HIV-1 infection (6). Thus, we attempted to
examine effects of the combination of AVC and either
AMD3100 and TE14011 against HIV-1g, ; /104pre-

It is thought that the replication kinetics of HIV-1 strains
tend to affect the results of any antiviral assay, in particular,
when more than one HIV-1 isolate is employed in one assay.
We therefore first conducted a set of experiments in order to
delineate the replication curves for both the R5-tropic (HIV-
lg,r) and Xd-tropic (HIV-lggsioipee) Strains used in this
study. It was confirmed that the two strains had comparable
replication kinetics and that the p24 values of both strains were
comparable over 7 days when the amount of each strain inoc-
ulated was adjusted on the basis of the TCIDs, for the strain
(data not shown). Moreover, the amounts of HIV-1 p24 pro-
duced by PBMCs that were exposed to the mixture of the RS-
and X4-tropic strains and cultured in the presence of a high
concentration of AVC were comparable to the amounts of
HIV-1 p24 from PBMCs that were similarly treated but that
were cultured in the presence of a high concentration of
AMD?3100 (Fig. 1C). These data suggested that HIV-1g,, and
HIV-1gpsi0spre replicate comparably in cell cultures inocu-
lated with the 50:50 mixture of the viruses. To determine the
additive effects of AVC-AVC and AMD3100-AMD3100, we
employed R5-HIV-1g,.; and X4-HIV-1ggs 04pce 28 the target
viruses, respectively, since AVC is inert against X4-HIV-1 and
AMD3100 is inert against RS-HIV-1.

The AVC-AMD3100 combinations produced %synergy™ "
values significantly different from those for AVC-AVC (P =
0.002) and those for AMD3100-AMD3100 (P = 0.005) (Fig.
5A). When these combination data were examined in the 3-D
model of Prichard and colleagues (27, 28, 29), apparently high
levels of synergism were seen for all data points, with an av-
erage percent synergy value of 8.0 * 4.4 (Fig. 5G). When
TE14011 was combined with AVC, synergism was similarly
seen, with an average percent synergy value of 8.2 = 4.5 (Fig.
5H). The %synergy™**" values for AVC-ENF were also
greater than those for AVC-AVC (P = 0.005) and less than
those for ENF-ENF (P = 0.04); however, when the level of
synergism was examined in the 3-D model, it appeared to be
relatively lower, with an average percent synergy value of 4.8 =
4.2 (Fig. 51).

We next examined the effect of AVC in combination with
one of the three FDA-approved anti-HIV-1 agents, ZDV,
NVP, and IDV. The %synergy™*" values obtained with AVC-
ZDV or AVC-NVP were greater than those obtained with
AVC-AVC, ZDV-ZDV, and NVP-NVP (P values for all com-
parisons, =0.005; Fig. 5D and E). In the 3-D model, synergism
was also observed for ZDV and NVP in combination with
AVC (Fig. 51 and K). AVC-IDV produced no significant dif-
ference in the %bsynergy™*" values compared to those for
IDV-IDV (P = 0.2), although the effect of AVCIDV was
significantly different from the effect of AVC-AVC (Fig. 5F),
and a substantial level of percent synergy was also seen in the
3-D model (Fig. 5L).
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