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Administration DepartmentAﬂ’tllatzon, Yamanouchi Pharmaceutical Co., Ltd., 3-17-1
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ABSTRACT: The CXC chemokine receptor CXCR4 is used as a major co-receptor
for fusion and entry by syncytia-inducing T-tropic (X4) isolates of HIV-1. In the present
study, we report the effects of an antisense oligodeoxyribonucleotide on the inhibition of
CXCR4 gene expression in X4 HIV-1 infected HeLa-CD4 cells, to find more efficacious
therapeutic possibilities for Human Immunodeficiency Virus type 1 (HIV-1) infection.
Antisense phosphorothioate oligodeoxyribonucleotides (anti-S-ODNs) corresponding to
the sequence of bases 69 to 88 of the human CXCR4 mRNA gene were synthesized.
When the naked antj-S-ODN was incubated with HeLa-CD4 cells, the surface levels of
this chemokine receptor were reduced up to 50%, indicating sequence-specific inhibition.
We also examined the concomitant use of a basic peptide transfection reagent,
nucleosomal histone proteins (RNP), for delivery of anti-S-ODNs. The anti-S-ODN
encapsulated with RNP had higher inhibitory effects on p24 products than the naked
anti-S-ODN,

INTRODUCTION
HIV-1 enters cells by binding to the cell surface CD4 and coreceptor molecules. '™
Although the list of possible coreceptors is continuously expanding, the major coreceptors
are CCRS and CXCR4, which facilitate the cell entry of the macrophage-tropic (R5)"*¢
and X4 strains of HIV-1, respectively. = RANTES, macrophage-inflammatory protein
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71-8764; Email:takaku@ic.it-chiba.ac.jp

1709

Copynght © 2000 by Marcel Dekker, Inc. www.dckker.com



12: 37 26 January 2011

Downl oaded At:

1710 KUSUNOKI ET AL.

(MIP)-1c, and MIP-18 are ligands for CCRS and block RS HIV-1 infection’, whereas

stromal cell-derived factor-1 (SDF-1) is a ligand for CXCR4 and blocks X4 HIV-1
infection.®® The chemokines, chemokine modifications, peptides, and nonpeptide
receptor antagonists or agonists have become important agents for the treatment of HIV-1
infection.”*!" Recently, two groups have reported that the horseshoe crab blood cell-
derived peptide, T22'%, and the nonpeptide, TAK-779", act as CXCR4 and CCRS5
antagonists that can inhibit infection by X4 and R5 HIV-1. Based on these findings, we
postulate that down regulation of CXCR4 expression may be an effective and harmless
way to inhibit HIV-1 infection. The use of antisense ODNs has been regarded as a
potential therapeutic approach with reference to the gene levels.'*® Their sequences are
complementary to the respective target mRNAs, whereby they inhibit the translation of the
specific mMRNA. One of the most interesting applications of antisense ODNs is anti-HIV-
1 gene therapy, which is based on the use of antisense ODNs targeted to viral
transcripts.'”*

In this study, we present a detailed analysis of the inhibition of functional expression
of the HIV-1 coreceptor, CXCR4, by anti-S-ODNs complementary to the CXCR4 mRNA.
We also describe the potential of a basic peptide transfection reagent, nucleosomal histone
proteins.”®*! Using fluorescent isothiocyanate (FITC)-labeled-anti-S-ODNs, we assessed
the cellular up-take and intercellular distribution of the anti-S-ODNs.

RESULTS AND DISCUSSION

Inhibition of HIV-1 replication by naked anti-S-ODN in HeLa-CD4 cells,

The HeLa-CD4 cells were used as the target cells, since they were infected with the
X4 HIV-1 NLA32. We selected an antisense sequence, including the initiation codon.
Since it has been suggested as a target site in several other mRNAs, many investigators
have chosen to target the translation initiation site.

We examined the inhibitory effects of the functional expression of the CXCR4
receptor in HeLa-CD4 cells by the naked anti-S-ODN containing the AUG initiation codon
at the center of the oligodeoxyribonucleotide. The anti-S-ODN was directly added to the
cultured cells, as indicated in the Experimental, and then the cells were incubated at 37°C.
The anti-S-ODN had an inhibitory effect on the p24 antigen, and caused 35% inhibition at
the high concentration of 10 uM (Figure 1). Furthermore, to clarify the sequence-
specificity, we tested S-ODNs containing sen-S-ODN and scr-S-ODN sequences with the
same base composition as that of the anti-S-ODN target. The control sequences, the sen-
and scr-S-ODNs, had no inhibitory effects (Figure 1). These results suggest that the anti-



12: 37 26 January 2011

Downl oaded At:

ANTISENSE PHOSPHOROTHIOATE OLIGONUCLEOTIDES 1711

anti-S-ODN(uM)

0O 20 40 60 80 100 120 140 160 180 200 220

sen-S-ODN(uM)

60 80 100 12 140 160 180 200 220

10

1

0.1

scr-S-ODN(uM)

0

0 20 40 60 B0 100 120 140 160 180 200 220

p24 antigen (pg/ml)

FIG.1. Sequence-specific inhibition of HIV-1 infection in HeLa-CD4 cells by naked
oligodeoxyribonucleotides (anti-, sen-, and scr-S-ODN). HeLa-CD4 cells were infected
with HIV-1 NLA432 in the presence or absence of different concentrations of naked
oligodeoxyribonucleotides (anti-, sen- and scr-S-ODNs). Aliquots of the culture
supernatant were assayed for HIV-1 gag-p24 content by ELISA. The experiment reported
is representative of a set of three different experiments.

S-ODNs may inhibit a CXCR4 expression by a mechanism of antisense competitive
hybridization to the target CXCR4 mRNA.

In order to clarify the inhibition of CXCR4 expression with the anti-S-ODN, the
surface CXCR4 expression on HeLa-CD4 cells was detected by flow cytometry using the
monoclonal anti-CXCR4 antibody (12G5 Mouse IgG2a). As shown in Figure 2,
significant inhibition of CXCR4 expression on the cell surface was observed in cells
treated with the anti-S-ODN. In these experiments, the surface CXCR4 levels were
reduced up to 50% as compared with the controls when a high concentration of anti-S-
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FIG. 2. Inhibition of CXCR4 expression in Hela-CD4 cells by naked anti-S-ODN.
HeLa-CD4 cells were incubated with 10 uM of naked oligodeoxyribonucleotides (anti-
and sen-S-ODNs). The experiment reported is representative of a set of three different
experiments.

ODN was used. In contrast, almost no inhibition was observed when the inhibition
reaction was carried out using the control ODN, sen-S-ODN, instead of the anti-S-ODN.
These results also suggest that the down-regulation of CXCR4 expression by the anti-S-
ODN may block HIV-1 entry into human cells.

Localization of encapsulated and naked FITC-S-ODNs in HeL.a-CD4 cells.

The in vitro and in vivo applications of antisense ODNs are hampered by several
limitations. Factors such as ODN stability, cellular uptake, subcellular viability, and other
pharmacokinetic parameters lead to relatively poor delivery to the targeted molecular sites,
and make the treatment cost prohibitive.?"** Thus, transport and intracellular delivery are
important and fundamental considerations when developing an effective ODN-based
therapy. The delivery system is one technique that addresses these concerns. Attempts to
use liposomes in the delivery of antisense ODNs have been reported.?**

Efficient cell penetration by antisense ODNs is a critical step in their molecular
targeting. First, we analyzed the efficiency of the delivery of the encapsulated FITC-
labeled-anti-S-ODN with a basic peptide transfection reagent, nucleosomal histone
proteins (RNP)**?' and a cationic liposome (DMRIE-C reagent)®® into HeLa-CD4 cells
using the FACSCalibur flow cytometer. The nucleosomal histone proteins, which are
known as basic proteins, possess nuclear localization signals and helical domains. The
RNP was prepared as indicated in the Experimental. As shown in Figure 3, the amount of
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FIG. 3. Cellular uptake of FITC-labeled-anti-S-ODN. HeLa-CD4 cells were incubated
with FITC-labeled-anti-S-ODN for 4 h and then were analyzed by the FACSCalibur
cytometer and the CellQuest software. The thin-line histograms with shading represent the
control HeLa-CD4 cells in the absence of the FITC-labeled-ODN. Comparison of the
uptake of the naked FITC-labeled-anti-S-ODN and the FITC-labeled-anti-S-ODN
encapsulated with the transfection reagents, RNP and DMRIE-C. The thin-line histograms
represent the naked FITC-labeled-anti-S-ODN treatment of HeLa-CD4 cells. The dotted-
line histograms represent the encapsulated FITC-labeled-anti-S-ODN with RNP treatment
of HelLa-CD4 cells. The broken-line histograms represent the encapsulated FITC-
labeled-anti-S-ODN with DMRIE-C treatment of HeLa-CD4 cells.

the encapsulated FITC-labeled-anti-S-ODN with RNP was relatively high as compared
with the naked FITC-labeled-anti-S-ODN and the encapsulated FITC-labeled-anti-S-ODN
with DMRIE-C in HeLa-CD4 cells.

However, these flow cytometric experiments do not distinguish intracellular from
surface-bound material; even though the cells were washed, some material may adhere to
the external surface of the cell. Therefore, the distribution of the encapsulated FITC-
labeled-anti-S-ODN with RNP in HeLa-CD4 cells was investigated using laser-assisted
confocal microscopy. The results showed that the fluorescent signals were apparent in the
nucleus (Figure 4B). In contrast to this observation, fluorescent signals were weakly
observed in the endosomes and cytoplasms of Hela-CD4 cells treated with the naked
FITC-labeled-anti-S-ODN (Figure 4A). Thus, in the presence of the RNP transfection
reagent, the antisense oligodeoxyribonucleotides first enter the cytoplasm and then quickly
accumulate in the nucleus. Therefore, our data also suggest that the encapsulated FITC-
labeled-anti-S-ODN was located in the nucleus and the cytoplasm of Hela-CD4 celis.
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(C)

FIG. 4. Intracellular distribution of FITC-labeled-anti-S-ODN. HeLa-CD4 cells were
incubated with the naked FITC-labeled-anti-S-ODN (A), the FITC-labeled-anti-S-ODN
encapsulated with RNP (B), and without the FITC-labeled-anti-S-ODN (C). The
fluorescence was observed with a scanning confocal microscope.

Ideally, the FITC-labeled-anti-S-ODN encapsulated with RNP would penetrate the
HeLa-CD4 cells and the anti-S-ODN would hybridize to the target sequence in the
mRNA.

Inhibition of the chemokine receptor CXCR4 function by the encapsulated
anti-S-ODN in HeLa-CD4 cells.

Antisense oligonucleotides with phosphorothioate backbones exhibit several
advantages over the other forms, including relatively high nuclease resistance and the
capacity to induce the degradation of the target sequence by RNase H. However, a
problem in the use of anti-S-ODNs is their inefficient cellular uptake. They are mainly
found in endosomes and lysosomes. We investigated the inhibition of the functional
expression of the CXCR4 receptor gene by the anti-S-ODN encapsulated with a basic
peptide transfection reagent, nucleosomal histone proteins (RNP).?**' The RNP was
prepared as indicated in the Experimental.

The anti-S-ODN encapsulated with RNP showed 70% inhibition of p24 antigen
expression at a low concentration of 1 4M, in a sequence-specific manner. For the control
sequence, the sen-S-ODN, we could not detect any inhibitory effects at a concentration of
1 #M. These results suggest that the encapsulated anti-S-ODN conferred sequence specific
inhibition (Figure 5). Furthermore, we examined the inhibition of HIV-1 replication by the
anti-S-ODN encapsulated within cationic liposomes (DMRIE-C reagent)”’ in HeLa-CD4
cells. The anti-S-ODN encapsulated with RNP showed higher inhibitory effects than the
anti-S-ODN encapsulated with cationic liposomes (Figure 5). The RNP transfection
reagent has a significant advantage over the use of the anti-S-ODN
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FIG. 5. Inhibition of HIV-1 infection in HeLa-CD4 cells by anti-S-ODN encapsulated
with either the transfection reagent, RNP, or liposomes (DMRIE-C). Hela-CD4 cells
were infected with HIV-1 NLA432 in the presence of 1 #M concentrations of the naked and
encapsulated oligodeoxyribonucleotides (anti- and sen-S-ODNs). Aliquots of the culture
supernatant were assayed for HIV-1 gag-p24 content by ELISA. The experiment reported
is representative of a set of three different experiments.

alone for the delivery of the anti-S-ODN into HeL.a-CD4 cells. These results suggest that a
basic peptide transfection reagent, nucleosomal histone proteins, (RNP), enhanced the
antisense activities. In addition, these preliminary data suggest that the encapsulated
antisense S-ODN could be used to block HIV-1 entry into human cells.

EXPERIMENTAL
Cells and viruses. The Hela-CD4 cell line (human cervical carcinoma)
expressing CXCR4 was grown in RPMI 1640 media supplemented with 10% Fetal
Bovine Serum (FBS) (United Biotechnology), 50 units/ml penicillin, and 50 units/ml
streptomycin at 37°C in a 5% CO, - gassed incubator.

HIV-1 N1L432 was produced by transfection of the proviral DNA clone, pNI1A32
into COS cells. The supernatants were clarified by filtration, and the levels of p24 antigen,
the core antigen of HIV-1, were determined by ELISA. The amounts of viruses were
expressed as the concentrations of p24 antigen. The virus stocks were determined for their
p24 antigen levels and were stored at —80°C until use.
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Oligodeoxyribonucleotides (ODNs) and transfection reagents. The
antisense sequence, including the initiation region of the CXCR4 mRNA (MEDLINE,
Human mRNA for HM89) and its sense and scramble sequence, were tested in the present
study. The nucleotides within the initiation codon are underlined. S-ODNs and FITC-
labeled-S-ODN (5°-labeled) were purchased from KURABO Biomedical Co. (Japan).
They were the antisense-S-ODN [5’-GATCCCCTCCATGGTAACCG-3’ (anti-S-ODN)],
the sense-S-ODN [5’-CGGTTACCATGGAGGGGATC-3’ (sen-S-ODN)],
corresponding to the sequence of bases 69 to 88 of the human CXCR4 mRNA, and the
scramble-S-ODN [5’-ATCGCCTAGCTACCTACGCG-3’ (scr-S-ODN)] with the same
base composition as the antisense 1 target (69-88 bases).

The sequence of the FITC-labeled-anti-S-ODN was the same as that of the
antisense.

Our originally constructed peptide-transfectam (named RNP: Reconstituted
Nucleosomal Protein) was prepared with the nucleosormal histone subunits: H2A, A2B,
H3, H4. Histone subunits were purchased from Boehringer Mannheim (GmbH.
Germany). The optimal proportions for ionic complex formation between the peptide and
the ODNs were determined using a 20% denatured poly-acrylamide gel electrophoresis
(PAGE) retardation system. It was necessary to mix H2A (0.004 ug) and H2B (0.004 ug)
in 20mM phosphate buffer (pH 7.2) before any other subunits. Next, the antisense ODN
(1 ug) was added to the solution. Then H3 (0.0047 ug) was added, followed by H4
(0.0034 ug). This mixture was added to the culture medium for the transfection of H
¢La-CD4 cells with the S-ODNs by the use of RNP.

The liposomally encapsulated anti-S-ODN was prepared according to the
manufacturer’s recommendations. Briefly,-the antisense ODN 6.6 ug (1#M) was mixed
with 6.6 ug of the DMRIE-C reagent (Gibco-BRL). After a 15 min incubation at room

temperature, this mixture was added to the cells, which were at a concentration of 1 X 10°
cells/ml/well in 24-well plates.

Anti-HIV-1 activity of anti-S-ODN. Several concentrations of the
oligonucleotide phosphorothioate (S-ODNs), as an anti-HIV drug, were added to cultured

HeLa-CD4 cells for 24 h in 24-well plates (1 X 10° cells/ml/well). After 24 h of culture, the

HeLa-CD4 cells were washed twice with fresh medium, and then were infected with the
HIV-1 N1A432 (MOI: multiplicity of infection = 0.1) in 1 ml of medium at 37°C and with
5% CO, for 3 h. These cells were washed twice with fresh medium to remove the residual
virions, gently resuspended in fresh medium with 10% FBS, and cultured for 24 h.

Anti-HIV activity was determined by measuring the amount of p24 antigen in the
supernatant, using an HIV-1 p24 ELISA.
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Cellular uptake of FITC-labeled-anti-S-ODN into Hela-CD4 cells
(Flow cytometry). HeLa-CD4 cells were incubated in RPMI 1640 at 37°C and in a

5% CO, atmosphere for 24 hours. The cultures, in 6-well plates (1 X 10° cells/2ml/well),

were washed twice with PBS, and then 5 M FITC-labeled-anti-S-ODN was added and
the plates were incubated for 4 h as above. The cultured cells were removed by scraping
and were washed twice with PBS. The washed cells were incubated sequentially at room
temperature for 10 min in the dark, each in FACS Lysing Solution and FACS
Permeabilizing Solution (Becton Dickinson Immunocytometry Systems) for
permeabilization, and then were washed with PBS and resuspended in 0.5% HCHO/PBS.
The FITC-labeled-anti-S-ODN uptake in HelLa-CD4 cclls was analyzed by flow
cytometry.

Intracellular distribution of FITC-labeled-anti-S-ODN in HeLa-CD4
cells (Laser-assisted confocal microscopy). Hela-CD4 cells were incubated in
RPMI 1640 at 37°C and in a 5% CO, atmosphere for 24 hours. The cultures, in 6-well

plates (1X10° cells/2ml/well), were washed twice with PBS, and then 5 uM FITC-
labeled-anti-S-ODN was added and the cultures were incubated for 4 h as above. The
scraped cells were washed twice with PBS, scraped off, resuspended in 0.5%
HCHO/PBS and 0.5% glycerol/PBS, and observed by laser-assisted confocal microscopy
(Molecular Dynamics, MultiProbe 2001).

Staining of treated HeLa-CD4 cells. Todown-regulate CXCR4 expression, a
10uM concentration of anti-S-ODN, was incubated for 24 h with washed HeLa-CD4 cells

(1X10° cells/2ml/well) that had been inoculated for 24 h previously and maintained as

described above. After the ODN treatment, the cells were scraped, washed twice in cold
PBS, and resuspended in PBS. After centrifugation for 2 min at 2,000 rpm, the cells were
stained with monoclonal antibodies specific for human CXCR4 (12G5 Mouse 1gG2a)
(Pharmingen), and then incubated with secondary FITC-labeled antibodies (Rat anti
Mouse IgG2a: FITC) (Serotec). As a control (data not shown), the cells were stained with
monoclonal antibodies specific for CD4 (conjugated to phycoerythrin, PE) (Dako Japan
Co., Ltd.). After staining, the cells were washed, and resuspended in 0.5%
HCHO/PBS.

Flow cytometry and analysis. CXCR4 expression in stained cells and FITC-
labeled-anti-S-ODN uptake in HeLa-CD4 cells were analyzed by flow cytometry with a
FACSCalibur (Becton Dickinson) flow cytometer and Cell Quest software (Becton
Dickinson). For each sample, 30,000 total events were analyzed, with sequential gating of
HeLa-CD4 cells.
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