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JAK/STAT INHIBITORS AND MAPK/ERK
INHIBITORS FOR RSV INFECTION

CROSS-REFERENCE TO RELATED
APPLICATION

The present application claims the benefit of U.S. Appli-
cation Ser. No. 60/531,052, filed Dec. 19, 2003, which is
hereby incorporated by reference herein in its entirety, includ-
ing any figures, tables, nucleic acid sequences, amino acid
sequences, and drawings.

BACKGROUND OF THE INVENTION

Respiratory syncytial virus (RSV) is a respiratory patho-
gen that produces annual epidemics of respiratory illness
primarily in infants, but also in adults (Murry, A. R. and
Dowell, S. F., Respiratory syncytial virus: not just for kids,
Hosp. Pract. (Off. Ed.), 1997,32(7): 87-88, 91-94, 98 passim;
Centers for Disease Control and Prevention, Update: respira-
tory syncytial virus activity—United States, 1995-96 Season,
JAMA, 1996, 275(1): 29). RSV causes bronchiolitis and exac-
erbates asthma and may also lead to life-threatening respira-
tory conditions resulting in prolonged hospitalization and
death in high-risk individuals (Armstrong, D. S. and Mena-
hem, S. J. Paediatr. Child Health, 1993, 29(4): 309-311,
Fiedler, M. A. et al. J. Virol., 1996, 70(12): 9079-9082; Jeng,
M. J. and Lemen, R. J. Am. Fam. Physician, 1997, 55(4):
1139-1146, 1149-1150).

RSV infection upregulates the expression of IL-1, IL-6,
1L-8, TNF-, MIP1, RANTES, and ICAM-1 in epithelial cells,
which are the main targets of RSV infection in vivo (Garofalo,
R.etal.J. Immunol., 1996, 157(6): 2506-2513; Behera, A. K.
et al. Biochem. Biophys. Res. Commun., 2001, 280(1): 188-
195; Bitko, V. et al. Firology, 1997, 232(2): 369-378; Elias, J.
A. et al. J. Biol. Chem., 1994, 269(35): 22261-22268). The
elevated expression of these inflammatory molecules in RSV
infection has been attributed to activation of nuclear factor-
kB (Fiedler, M. A. et al. J. Virol., 1996, 70(12): 9079-9082;
Garofalo, R. et al. J Virol, 1996, 70(12): 8773-8781;
Jamaluddin, M. et al. J. Virol., 1998, 72(6): 4849-4857; Bitko,
V. and Barik, S. J. Virol., 1998, 72(7): 5610-5618).

The signal transducers and activators of transcription
(STATs) mediate responses to diverse cytokine and non-cy-
tokine stimuli, resulting in the altered expression of genes
involved in inflammation (Bruder, J. T. and Kovesdi, 1. J.
Virol., 1997, 71(1): 398-404; Improta, T. and Pine, R. Cytok-
ine, 1997, 9(6): 383-393; Durbin, J. E. et al. Cell, 1996, 84(3):
443-450). A number of viruses utilize the STAT pathway for
gene activation through cell surface binding of viral proteins.
Epstein-Barr virus-transformed lymphoblastoid cells and
Friend leukemia virus-transformed erythroid cells exhibit a
constitutively activated JAK-STAT pathway (Weber-Nordt,
R. M. etal. Blood, 1996, 88(3): 809-816; Yamamura, Y. et al.
Mol. Cell Biol., 1998, 18(3): 1172-1180), and the tyrosine
kinase-interacting proteins of herpes virus saimiri and HIV
induce the activation of a JAK-STAT cascade (Lund, T. C. et
al. J. Virol., 1997, 71(9): 6677-6682; Molden, J. et al. J. Biol.
Chem., 1997, 272(31): 19625-19631; Shrikant, P. et al. J.
Immunol., 1996, 156(3): 1307-1314). However, STATs have
not previously been implicated in RSV infection. It has been
shown that RSV infection of epithelial cells leads to the
induction of a variety of cytokines, chemokines, and adhesion
molecules (Behera, A. K. et al. Biochem. Biophys. Res. Com-
mun., 1998, 251(3): 704-709; Matsuse, H. et al. J. Immunol.,
2000, 164(12): 6583-6592). The presence of STAT-1- and
AP1-binding sequences in the promoters of RSV-inducible
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genes (ICAM-1, RANTES, and endothelin-1) (Behera, A. K.
et al. Biochem. Biophys. Res. Commun., 2001, 280(1): 188-
195) and the report that STAT-1 is constitutively expressed in
asthmatics (Sampath, D. et al. J. Clin. Invest., 1999, 103(9):
1353-1361). However, itis not known whether RSV infection
may activate STAT-1.

Based on the transfac promoter analysis of RSV-induced
early genes identified in microarray studies, the present
inventor postulated that RSV activates multiple signaling
pathways in epithelial cells (Quandt, K. et al. Nucleic Acids
Res., 1995, 23: 4878-4884; Kong, X. et al. Biochem. Biophys.
Res. Commun., 2003, 306: 616-622). This analysis revealed
binding sites for activator protein-1 suggesting that extracel-
Iular signal-regulated kinases (ERKs) may also be involved in
early gene expression. ERK-1 and ERK-2 mediate specific
responses to diverse stimuli, including viruses, cytokines, and
growth factors and hormones (Li, J. D. etal. Proc. Natl. Acad.
Sci. US4, 1998, 95: 5718-5723; Bruder, J. T. and Kovesdi, 1.
J. Virol., 1997, 71: 398-404; Jahnke, A. and Johnson, J. P.
FEBS Lett., 1994,354: 220-226; Garcia, R. et al. Cell Growth
Differ., 1997, 8: 1267-1276; Improta, T. and Pine, R. Cytok-
ine, 1997, 9: 383-393). RSV-induced production of IL.-8 and
RANTES is dependent on activated ERK-2 (Chen, W. et al.
Exp. Lung Res., 2000, 26: 13-26; Pazdrak, K. et al. Am. J.
Physiol., Lung Cell Mol. Physiol., 2002, 283:1.364-1.372).
However, the role of ERKs in early signaling responses in
RSV infection remains poorly understood. Also, whether
interrupting ERK pathways can alter the course of viral infec-
tion is not known.

BRIEF SUMMARY OF THE INVENTION

The present invention concerns a method for treating or
reducing the likelihood of developing a respiratory syncytial
virus (RSV) infection in a subject administering an effective
amount of an inhibitor of signal transducer and activator of
transcription (STAT) or the extracellular signal-regulated
kinase (ERK1/2) signaling pathway to the subject.

Optionally, the method further includes the step of deter-
mining whether the subject is suffering from an RSV infec-
tion. The determining step can be determined before, during,
and/or after the inhibitor is administered to the subject.

Another aspect of the invention concerns a method for
treating or reducing the likelihood of RSV infection in cells in
vitro, by administering an effective amount of an inhibitor of
signal transducers and activators of transcription (STAT) or
the extracellular signal-regulated kinase (ERK1/2) signaling
pathway to the cells in vitro. The method is useful for carrying
out research in vitro.

Another aspect of the invention concerns a method for
identifying agents useful for treating or reducing the likeli-
hood of developing an RSV infection by determining whether
acandidate agent acts as an inhibitor of signal transducers and
activators of transcription (STAT) or ERK1/2 signaling,
wherein inhibition of STAT or ERK1/2 signaling is indicative
of an agent useful for treating or reducing the likelihood of
developing RSV infection. Optionally, the method further
includes the step of manufacturing the inhibitor. Optionally,
the method further includes the step of formulating the inhibi-
tor for delivery to the respiratory epithelium.

Another aspect of the invention concerns a pharmaceutical
composition that includes an inhibitor of signal transducers
and activators of transcription (STAT) or ERK1/2 signaling to
the subject; and a pharmaceutically acceptable carrier.

BRIEF DESCRIPTION OF THE DRAWINGS

For a fuller understanding of the invention, reference
should be made to the following detailed description, taken in
connection with the accompanying drawings, in which:
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FIGS. 1A-1C show that RSV induces a number of regula-
tory genes in A549 cells. Cells were exposed to RSV for 30
minutes, total RNA was isolated from both non-infected (C)
and supRSV-infected (RSV) cells, and expression of IL-6, the
zinc-finger transcription factor (ZFTF), early growth
response factor-1 (EGR-1), and the oncogene c-Fos was
determined by RT-PCR (FIG. 1A). Densitometry readings
were normalized to f-actin. Results are shown in FIG. 1B.
Transfac promoter analysis of RSV-activated early genes is
shown in FIG. 1C, where SBE, STAT-binding element; kB,
nuclear factor kB; AP1, activator protein 1; and IRF-1, inter-
feron regulatory factor-1. In FIG. 1C, the numbers in paren-
theses are the fold increases in expression determined by one
of two microarray analyses.

FIGS. 2A and 21B show that RSV activates STAT-1a in
A549 and NHBE cells. Lysates from uninfected and supRSV-
infected A549 and NHBE cells were separated by SDS-
PAGE, blotted and probed with anti-phospho-STAT-1qa, and
then re-probed with anti-STAT-1a. Lysates from uninfected
A549 cells (control) and cells exposed to sucrose-purified
RSV (purRSV) or sucrose alone (sucrose) for 30 minutes
were blotted and probed with anti-phospho-STAT-1a., then
re-probed with anti-STAT-1a antibodies. Results are shown
in FIG. 2A. A549 and NHBE cells were exposed to sucrose,
supRSV, or purRSV at an MOI of 1 for 30 minutes, then
stained for phospho-STAT1. Results are shown in FIG. 2B.

FIGS. 3A and 3B show that RSV infection is necessary for
STAT-1a phosphorylation. A549 cells were infected for 30
minutes with RSV or with RSV incubated with isotype-
matched control antibody (C), polyclonal RSV antibody
(xRSV), mAb to G protein (xG) or mAb to F protein (xF).
Bound RSV was removed by immunoprecipitation with pro-
tein A-Sepharose. Lysates were blotted and probed with anti-
phospho-STAT-1a, then re-probed with anti-STAT-1c.
Results are shown in FIG. 3A. A549 cells were treated with
heparinase 10 U/ml (lane 3) or heparin 1000 U (lane 5), then
infected with RSV for 30 minutes or infected with virus
pretreated (for 30 minutes) with heparinase 10 U/ml (lane 4)
or heparin 1000 U (lane 6) before adding to cells. Lysates
were blotted and probed with anti-phospho-STAT-1a., then
re-probed with anti-STAT-1ct. Results are shown in FIG. 3B.

FIGS. 4 A-4F that blocking STAT-1a attenuates RSV gene
transcription and infection. A549 cells were treated with S0 M
AG490 for 4 hours before being exposed to supRSV for 30
minutes. Lysates were separated by SDS-PAGE and immu-
noblotted using antibodies to phospho-STAT-1a and STAT-
la. Results are shown in FIG. 4A. The total number of syn-
cytia-forming plaques (PFU/ml) was counted 72 hours post-
infection. Results are shown in FIG. 4B. Each value
represents means SEM (N=3, *p<0.001). Cell proliferation
was determined by viable cell counts. Results are shown in
FIG. 4C. A549 cells were cotransfected with the pRL-TK
plasmid and either the WT (pRc/CMV STAT-1cx) (lanes 1 and
2) or DN mutant (pRc/CMV STAT-1c) (Y701F) (lanes 3 and
4) and then exposed to supRSV for 30 minutes. Lysates were
separated by SDS-PAGE and immunoblotted for phospho-
STAT-1a or STAT-1c.. Results are shown in FIG. 4D. A549
cells were transfected with WT or DN-STAT-1a constructs
and 24 hours later exposed to RSV for 30 minutes. RSV
replication was measured by RT-PCR analysis of N protein
gene expression. Results are shown in FIG. 4E. The percent-
age of infected cells was determined using immunofluores-
cence in cells transfected with WT or DN-STAT-1a.. Results
are shown in FIG. 4F. The values are means SEM (¥*p<0.001).

FIGS. 5A-5E1 show that RSV activates STAT-3 in A549
cells through an IL-6-dependent pathway. Lysates of unin-
fected A549 cells (C) and cells exposed for 30 minutes to two
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different batches of purRSV (RSV) were blotted and probed
first with anti-phospho-STAT-3 or -STAT-5 and then
re-probed with anti-STAT-3 or -STAT-5 antibodies. Results
are shownin FIG. 5A. Nuclear extracts of uninfected cells (C)
or cells infected with RSV for 30, 60, or 120 minutes (RSV)
were analyzed by an electrophoretic mobility shift assay for
binding to hSIE oligos. Nuclear extract from cells exposed to
RSV for 30 minutes (lane 5) was subjected to supershift assay
using antibody to STAT-3 (arrow). NIH3T3 (NIH) fibroblasts
stimulated with PDGF were used as control. Results are
shown in FIG. 5B. A549 cells were transfected with the EGFP
reporter gene cloned downstream of the IL.-6 promoter (pIL6-
EGFP), then 24 hours later were infected with purRSV or
supRSV. Results are shown in FIG. 5C, with lane 1, pIL6-
EGFP control; lane 2, vector control; lanes 3 and 4, vector
control+RSV; lane 5, pIL6-EGFP+purRSV; and lane 6, pIL6-
EGFP+supRSV. EGFP expression was measured by flow
cytometry. supRSV was incubated with goat serum (C) or
anti-1L-6 and used to infect A549 cells. Lysates were blotted
and probed for phospho-STAT-3 and -STAT-1c.. Results are
shown in FIG. 5D. A549 cells were infected with purRSV and
total RNA was isolated at 30, 60, and 120 minutes after
infection. RT-PCR was done using human IL.-6 and p-actin
primers. The bands were quantified by densitometry and nor-
malized to f-actin (N=3, *p<0.0001). The results are shown
in FIGS. 5E and 5E-1.

FIGS. 6A and 6B show that exposure to RSV activates
ERK-1 and ERK-2 in A549 cells. In FIG. 6A, RSV exposure
induces rapid phosphorylation of ERK-1/2 in A549 cells.
Western blots of total proteins extracted from uninfected cells
and RSV-infected cells for 5, 10, 15 or 30 minutes and for 1,
4, or 24 hours probed with anti-phospho ERK-1/2, stripped,
and then re-probed with anti-ERK-1/2. FIG. 6B shows results
of an activity assay of ERK-1/2 immunoprecipitated from
200 pg of total proteins extracted from uninfected cells and
sucrose-purified RSV-infected cells.

FIG. 7 shows the effect of heparin and heparinase on RSV-
induced ERK-1/2 activation. Proteins were isolated from
untreated cells (lane 1) or cells infected with RSV for 30
minutes (lanes 2-6) after pretreatment of cells for 30 minutes
with heparinase (lane 3) or heparin (lane 5), or infected with
virus pretreated with heparinase (lane 4) or heparin (lane 6)
prior to addition to the cells. Proteins were separated by
SDS-PAGE, blotted and probed with anti-phospho ERK-1/2
and then re-probed with anti-ERK-1/2.

FIGS. 8A-8D show the effects of inhibitors of phosphory-
lation of STAT-1a and ERK-1/2. In FIG. 8A, AG490- or
PD98059-treated A549 cells were infected with RSV for 15
minutes. Total proteins were Western-blotted using specific
anti-phospho antibodies to STAT-1a, ERK-1/2 or [kBa.. Lane
1: mock-infected, lanes 2-4: RSV infected for 30 minutes,
lane 3: cells treated with 50 uM of AG490 prior to RSV
infection, lane 4: cells treated with 25 uM of PD98059 for 4
hours prior RSV infection. In FIG. 8B, the bands were quan-
tified by densitometry and the relative intensity of phospho-
STAT-1q, phospho-ERK and phospho-IkBa with respect to
uninfected control (lane 1) was determined. The experiment
was repeated twice and the result of a representative experi-
ment is shown. FIG. 8C shows the effect of DN STAT-1a on
ERK activation. A549 cells were co-transfected with RL-TK
plasmid and either the WT (pRc/CMV-STAT-1a) (lanes 3 and
4) or DN mutant (pRc/CMV-STAT-1a) (Y701F) (lanes 5 and
6) and were infected with RSV for 30 minutes after 24 hours
of transfection. Total proteins were extracted and Western-
blotted using antibodies to phospho-STAT-1c., phospho-
ERK-1/2 and re-probed with antibodies to STAT-1c. or ERK-
1/2. In FIG. 8D, the bands were quantified by densitometry
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and the relative intensity of phospho-ERK and ERK was
determined in each band. The experiment was repeated twice
and the result of a representative experiment is shown.

FIGS. 9A and 9B shows that inhibition of ERK-1/2 acti-
vation decreases RSV infection of A549 cells. In FIG. 9A,
PD98059- or DMSO-treated A549 cells were infected with
RSV. Supernatants were collected from control and treated
cells at 72 hours. The RSV titers were determined using a
HEP-2 cell-based plaque assay as described. FIG. 9B shows

single cell immunofluorescent assays of A549 cells co-trans- !

fected with RL-TK plasmid and either the WT (pCMV-
HAMEK) or DN mutant (pCMV-HA MEKm). Twenty-four
hours after transfection, A549 cells were infected with RSV
for 90 minutes and 24 hours after the % of infected cells was
determined with FITC-RSV antibody.

FIGS. 10A-10F show the effects of STAT and ERK-1/2
inhibitors on RSV infection of NHBE cells. NHBE cells were
treated with either AG490 (50 uM) (FIGS. 10C and 10D) or
PD98059 (80 uM) (FIGS. 10E and 10F) for 2 hours. DMSO
was used as a mock control (FIGS. 10A and 10B). After
inhibitor removal, cells were infected with rgRSV for 2 hours.
Then, rgRSV was removed and growth medium with inhibi-
tors was added to the cells for 16 hours before fluorescent
images (DMSO, FIG. 10B; AG490, FIG. 10D; PD98059,
FIG. 10F) as well as light transmission images (DMSO, FIG.
10A; AG490, FIG. 10C; PD98059, FIG. 10E) were taken.

BRIEF DESCRIPTION OF THE SEQUENCES

SEQ ID NO: 1 is the forward primer Egr-1-fp.

SEQ ID NO:2 is the reverse primer Egr-1-rp.

SEQ ID NO:3 is the forward primer cFos-fp.

SEQ ID NO: 4 is the reverse primer cFos-rp.

SEQ ID NO: 5 is the forward primer ZFTF-fp.

SEQ ID NO:6 is the reverse primer ZFTF-rp.

SEQ ID NO:7 is the forward primer beta-actin-fp.

SEQ ID NO:8 is the reverse primer beta-actin-rp.

SEQ ID NO:9 is the forward primer 1L6-1p.

SEQ ID NO:10 is the reverse primer IL6-rp.

SEQ ID NO:11 is the forward primer RSV N-fp.

SEQ ID NO:12 is the reverse primer RSV N-rp.

SEQ ID NO:13 is the Sis-inducible element SIE.

SEQ ID NO:14 is a peptide inhibitor of ERK1/2 activation.
SEQ ID NOs:15-19 are nuclear localization signals (NLS).

DETAILED DESCRIPTION OF THE INVENTION

The presence of STAT-1- and AP1-binding sequences in
the promoters of respiratory syncytial virus (RSV)-inducible
genes (ICAM-1, RANTES, and endothelin-1) and the report
that STAT-1 is constitutively expressed in asthmatics led the
present inventor to hypothesize that RSV infection may acti-
vate STAT-1. To test this, A549 NHBE cells were examined
for the role of STATSs in RSV-induced early gene activation.
RSV was found to activate STAT-1 and STAT-3, and activa-
tion was necessary for early gene activation and successful
infection of epithelial cells.

ERK-1 and ERK-2 mediate specific responses to diverse
stimuli, including viruses, cytokines, and growth factors and
hormones. RSV-induced production of I[.-8 and RANTES is
dependent on activated ERK-2. However, the understanding
of the role of ERKs in early signaling responses in RSV
infection is limited. Also, whether interrupting ERK path-
ways can alter the course of viral infection was not previously
known. In this study, the results demonstrate that both ERK-1
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and ERK-2 are rapidly activated in A549 cells upon RSV
exposure and that ERK-1/2 activation is required for a suc-
cessful RSV replication.

The present invention concerns a method for treating or
reducing the likelihood of developing an RSV infection in a
subject administering an inhibitor of signal transducers and
activators of transcription (STAT) or the extracellular signal-
regulated kinase (ERK1/2) signaling pathway to the subject.

Optionally, the method further includes the step of deter-

o mining whether the subject is suffering from an RSV infec-

tion. The determining step can be determined before, during,
and/or after the inhibitor is administered to the subject.

Another aspect of the invention concerns a pharmaceutical
composition that includes an inhibitor of STAT or ERK sig-
naling to the subject; and a pharmaceutically acceptable car-
rier.

The methods of the present invention are especially useful
for treating or reducing the likelihood of RSV infection by the
use of an inhibitor of ERK or STAT. As used herein, unless
otherwise indicated, the terms “ERK” and “STAT” refer to all
known isoforms of the respective enzymes including but not
limited to ERK1, ERK2, STAT 1, STAT 2, STAT 3, STAT 4,
STAT 5, and STAT 6.

The methods and compositions of the present invention can
employ any STAT or ERK inhibitor. A wide variety of suitable
inhibitors may be employed, guided by art-recognized crite-
ria such as efficacy, toxicity, stability, specificity, half-life,
etc. Information about STAT inhibitors and ERK inhibitors
and methods for their preparation are readily available in the
art (see, for example, Kohno M. et al., Progress in Cell Cycle
Research, 2003, 5: 219-224).

A wide variety of cytokines, lymphokines, and growth
factors activate (via cytokine receptors) the Janus Kinase
(JAK) family (Aringer et al., Life Sci., 1999, 64(24): 2173-
2186). Receptor-activated JAK associations proceed to acti-
vate (e.g., tyrosine phosphorylate) signal transducers and
activators of transcription (STAT) proteins. JAKS are
believed to be the principle activators of the STAT proteins
(Silvennoinen et al., APMIS, 1997, 105: 497-509). A model
for STAT activation is that JAKS phosphorylate specific
tyrosine residues within the activated cell receptor, creating
docking sites to STATSs to bind at their Src homology 2 (SH2)
domains. JAKS catalyze phosphorylation, activating STAT
dimerization and disengaging the STATs from the receptor.
STAT dimmers then translocate to the cell nucleus, where thy
function as transcription factors, binding to, for example,
interferon DNA promoter regions (IRE and GAS) (Darnell, et
al.,, Science, 1994, 264: 1415-1421; Thle, Nature, 1995,
Nature, 377: 591-594; Thle, TIBS, 1994, 19: 222-227; Dar-
nell, Science, 1997, 277: 1630-1635). Further upstream, JAK
activation is directly linked to cellular cytokine transmem-
brane receptors that lack intrinsic kinase activity. JAKs are
capable of binding to the cytoplasmic motifs of these recep-
tors. The cellular receptors act to recruit/activate JAKs as
their non-receptor protein kinase, to direct intracellular sig-
naling.

The terms “STAT inhibitor”, “JAK inhibitor”, and “JAK/
STAT inhibitor” are used interchangeably herein to refer to
any agent capable of down-regulating or otherwise decreas-
ing or suppressing the amount and/or activity of JAK-STAT
interactions. JAK inhibitors down-regulate the quantity or
activity of JAK molecules. STAT inhibitors down-regulate
the quantity or activity of STAT molecules. Inhibition of these
cellular components can be achieved by a variety of mecha-
nisms known in the art, including, but not limited to binding
directly to JAK (e.g., a JAK-inhibitor compound binding
complex, or substrate mimetic), binding directly to STAT, or
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inhibiting the expression of the gene, which encodes the
cellular components. JAK/STAT inhibitors are disclosed in
U.S. patent publication 2004/0209799 (Vasios G.).

Examples of JAK/STAT inhibitors which may be useful in
the methods of this invention include, but are not limited to:
PIAS proteins, which bind and inhibit at the level of the STAT
proteins (Chung et al. Science, 1997, 278: 1803-1805); mem-
bers of an SH2 containing family of proteins, which are able
to bind to JAKs and/or receptors and block signaling (see, for
example, Aman and Leonard Current Biology, 1997, 7:R784-
788; Nicholson and Hilton J. Leukocyte Biol., 1998, 63: 665-
668); cytokine-inducible Src homology 2-containing (CIS)
protein, an inhibitor of STAT signaling (Yoshimura et al.
EMBOJ., 1995, 14: 2816-2826); CIS-related proteins, which
can inhibit STAT signaling or directly bind to Janus kinases
(Yoshimura etal. EMBOJ., 1995, 14: 2816-2826; Matsumoto
et al. Blood, 1997, 89: 3148-3154; Starr et al. Nature, 1997,
387:917-921; Endo et al. Nature, 1997, 387: 921-924; Naka
et al. Nature, 1997, 387: 924-929); Suppressor of Cytokine
Signaling-I protein (SOCS-1, also referred to as JAB or SSI-
1), which appears to associate with all JAKs to block the
downstream activation of STAT3 (Ohya et al. J. Biol. Chem.,
1997,272:27178-27182); Tyrphostins, which are derivatives
of benzylidene malononitrile, resembling tyrosine and erb-
statin moieties (Gazit et al. J. Med. Chem., 1989, 32: 2344-
2352); AG-490, a member of the tyrophostin family of
tyrosine kinase inhibitors (Wang et al. J. Immunol., 1999,
162(7): 3897-3904, also Kirken et al. J. Leukoc. Biol., 1999,
65: 891-899); 4,5-dimethoxy-2-nitrobenzoic acid and 4,5-
dimethoxy-2-nitrobenzamide, which specifically inhibit
JAK3 (Goodman et al. J. Biol. Chem., 1998, 273: 17742-
17748); 4-(phenyl)-amino-6,7-dimethoxyquinazoline (par-
ent compound WHI-258) and derivatives of this compound
which are structurally-derived from dimethoxyquinazoline
compounds (Sudbeck et al. 1999); compounds containing a
4'-OH group, including 4-(4'-hydroxyphenyl)-amino-6,7-
dimethoxyquinazoline (WHI-P131), 4-(3'-bromo-4'-hy-
droxylphenyl)-amino-6,7-dimethoxyquinazoline (WHI-
P154), and 4-(3',5'-dibromo-4'-hydroxylphenyl)-amino-6,7-
dimethoxyquinazoline (WHI-P97); WHI-P180, another
dimethoxyquinazoline compound (Chen et al. Pharm. Res.,
1999, 16(1): 117-122); and cAMP elevating agents, such as
forskolin, a direct activator of adenylate cyclase and dibutyryl
cAMP, and 3-isobutyl-1-methylxanthine (IBMX), an inhibi-
tor of cAMP phosphodiesterase (Kolenko et al. Blood, 1999,
93(7): 2308-2318).

In one embodiment of the invention, the STAT inhibitor is
one selected from the group consisting of a suppressor of
cytokine signaling (SOCS), STAT-induced STAT inhibitor
(SSI), JAK binding protein (JAB), and STAT3 interacting
protein (StP1) (Turkson J. et al., Oncogene, 2000, 19: 6613-
6626). In a specific embodiment of the invention, the JAK/
STAT inhibitor is AG490, which is a JAK3/STAT, JAK3/AP-
1, and JAK3/MAPK signaling pathway inhibitor, and also
blocks JAK3 autophosphorylation (Kirken R. A. et al., J
Leukoc. Biol., 1999, 65: 891-899; Wang L. H. et al., J. Immu-
nol., 1999, 162: 3897-3904; and De Vos J. et al., Br. J. Hae-
matol., 2000, 109: 823-828).

Receptor tyrosine kinases, cytokine receptors, and some G
protein-coupled receptors activate intracellular protein
serine/threonine kinases known as mitogen-activated kinases
(MAPKSs). The activation of MAPKs requires a cascade-like
mechanism in which each MAPK is phosphorylated by an
upstream protein kinase, MAPK kinase (MAPKK), and the
latter in turn is phosphorylated by a third protein kinase,
MAPK kinase kinase (MAPKKK). The extracellular signal-
regulated kinase (ERK) pathway (also referred to as the p44/
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42 mitogen-activated protein kinase (MAPK) pathway) is
activated by a wide variety of mitogenic stimuli that interact
with structurally distinct receptors and thus represents a con-
vergence point for most, if not all, mitogenic signaling path-
ways (Seger R. etal., FASEB J., 1995,9: 726-735; Lewis T. S.
etal., Adv. Cancer Res., 1998, 74: 49-139; and Pearson G. et
al., Endocr. Rev,, 2001, 22: 153-183). The present inventor
has established that the activation of ERK1/2 (both ERK-1
and ERK-2 pathways) is required in RSV-induced early gene
expression, providing a molecular link between ERK signal-
ing and RSV infection. Any component of the ERK pathway
is a potential therapeutic target for inhibition in accordance
with the present invention. The mechanism of inhibition may
be at the genetic level (e.g., interference with transcription or
translation) or at the protein level (e.g., binding, competition).
Because of their converging function, specific inhibition of
MEK1/2 or ERK1/2 is expected to effectively intercept a
wide variety of upstream mitogenic signals. Preferably, the
inhibitor of ERK1 and/or ERK2 (ERK1/2) s a specific inhibi-
tor, that either acts on MEK 1/2 or ERK1/2 at the genetic level
or protein level. Specific inhibition of the ERK pathway has
been demonstrated using approaches such as expression of an
ERK-specific antisense molecule (Pages G. et al., Proc. Natl.
Acad. Sci. USA, 1993, 90: 8319-8323) and sequestration of
ERK1/2 in the cytoplasm and therefore preventing ERK
nuclear signaling (Brunet A. et al., EMBO J, 1999, 18: 664-
674). Either or both approaches may be used in accordance
with the present invention. For example, an inhibitor may be
utilized that interferes with expression of ERK1 and/or
ERK2, or which sequesters ERK 1 and/or ERK?2 in the cyto-
plasm of the cell, preventing nuclear translocation.

As used herein, the term “ERK inhibitor” refers to agents
capable of down-regulating or otherwise decreasing or sup-
pressing the amount and/or activity of ERK-MAPK interac-
tions. MAPK inhibitors may be used to down-regulate the
quantity or activity of MAPK components (molecules). ERK
inhibits down-regulate the quantity or activity of ERK com-
ponents (molecules). Inhibition of these cellular components
can be achieved by a variety of mechanisms known in the art,
including, but not limited to, binding directly to ERK 1 or
ERK2 (e.g., an ERK-inhibitor compound binding complex,
or substrate mimetic), binding directly to MEK1 or MEK2, or
inhibiting expression of the ERK or MEK genes. Examples of
inhibitors of the ERK pathway that may be used in accor-
dance with the invention include, but are not limited to, Raf-1
inhibitors, such as GW5074, BAY 43-9006, and ISIS 5132
(Lackey, K. et al., Bioorg. Med. Chem. Lett., 2000, 10: 223-
226; Lyons, 1. F. et al., Endocrine-related Cancer, 2001, 8:
219-225; and Monia, B. P. et al., Nat. Med., 1996, 2(6):
668-675, respectively); and MEK1/2 inhibitors, such as
PD98059, PD184352,U0126 (Dudley D. T. et al., Proc. Natl.
Acad. Sci. USA, 1995, 92: 7686-7689; Sepolt-Leopold J. S. et
al., Nat. Med., 1999, 5: 810-816; and Favata M. F. et al., J.
Biol. Chem., 273: 18623-18632, respectively). Both U0126
and PD98059 prevent phosphorylation of MEK 1 by upstream
kinases in a manner that appears to be substrate-directed
(Davies, S. P. etal., Biochem. J., 2000,351: 95-105; Ahn N. G.
et al., Methods Enzymol., 2001, 332: 417-431). Based on
recent evidence, it appears likely that PD98059, U0126, and
PD184352 act as allosteric inhibitors, binding outside the
ATP- and ERK1/2-binding sites on MEK1/2 and the modifi-
cation of the three-dimensional structure of MEK1/2 renders
it not phosphorylatable by upstream kinases (Davies, S. P. et
al., 2001). Such a modification of MEK1/2 may also reduce
their kinase activity towards ERK1/2; a high concentration of
Uo126 and of PD184352 has been shown to inhibit MEK
activity. A series of 3-cyano-4-(phenoxyanilo)quinolines
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with MEK inhibitory activity has also been developed by
Wyeth-Ayerst (Zhang N. et al., Bioorg Med. Chem. Lett.,
2000, 10: 2825-2828). Several resorcylic acid lactones hav-
ing inhibitor activity toward MEK have been isolated from
microbial extracts. For example, Ro 09-2210, isolated from
fungal broth FC2506, and 1.-783,277, purified from organic
extracts of Phoma sp. (ATCC 74403), are competitive with
ATP, and the MEK 1 inhibition is reversible (Williams D. H. et
al., Biochemistry, 1998,37: 9579-9585; and Zhao A. etal., J.
Antibiot., 1999, 52: 1086-1094). Imidazolium trans-imida-
zoledimethy! sulfoxide-tetrachlororuthenate (NAMI-A) is a
ruthenium-containing inhibitor of the phosphorylation of
MEK, the upstream activator of ERK (Pintus G. et al., Eur. J.
Biochem., 2002, 269: 5861-5870).

A peptide corresponding to the amino-terminal 13 amino
acids of MEK1 (MPKKKPTPIQLNP; SEQ ID NO:14), a
region involved in the association of ERK1/2 with MEK 1, has
been shown to specifically inhibit the activation of ERK1/2
(Kelemen B. R. et al., J. Biol. Chem., 2002, 277: 87841-
8748). Purvalanol, one of the most potent cyclin-dependent
kinase (CDK) inhibitors to date, has been shown to target
ERK1 and ERK2 (Knockaert M. et al., Oncogene, 2002, 21:
6413-6424). Other ERK inhibitors that may be used in accor-
dance with the present invention include those disclosed in
U.S. patent publication 2003/0060469 (Ludwig S. et al.);
U.S. patent publication 2004/0048861 (Bemis G. et al.); and
U.S. patent publication 2004/0082631 (Hale M. et al.).

The terms “treatment”, “treating” and the like are intended
to mean obtaining a desired pharmacologic and/or physi-
ologic effect, e.g., inhibition of respiratory syncytial virus
(RSV) infection within a cell. The effect may be prophylactic
in terms of completely or partially preventing the RSV infec-
tion or symptom thereof'and/or may be therapeutic in terms of
a partial or complete cure for RSV infection and/or adverse
effect attributable to the infection. “Treatment™ as used herein
covers any treatment of a disease in a mammal, particularly a
human, and includes: (a) preventing a disease or condition
(e.g., preventing RSV infection) from occurring in an indi-
vidual who may be predisposed to the disease but has not yet
been diagnosed as having it; (b) inhibiting the disease, (e.g.,
arresting its development); or (c) relieving the disease (e.g.,
reducing symptoms associated with RSV infection).

The terms “administering”, “administration”, and “con-
tacting” are intended to mean a mode of delivery including,
without limitation, intranasal, oral, rectal, parenteral, subcu-
taneous, intravenous, intramuscular, intraperitoneal, intraar-
terial, transdermal or via a mucus membrane. The preferred
route of administration for the STAT or ERK inhibitor is
intranasal. Administration may be carried out locally, at a
target site(s), or systemically. Preferably, the inhibitor is
administered by a route such that an effective amount of the
inhibitor is delivered to the respiratory tract of the subject.
One skilled in the art recognizes that suitable forms of oral
formulation include, but are not limited to, a tablet, a pill, a
capsule, a lozenge, a powder, a sustained release tablet, a
liquid, a liquid suspension, a gel, a syrup, a slurry, a suspen-
sion, and the like. For example, a daily dosage can be divided
into one, two or more doses in a suitable form to be admin-
istered at one, two or more times throughout a time period.

As used herein, the term “co-administration” and varia-
tions thereof refers to the administration of two or more
agents simultaneously (in one or more preparations), or con-
secutively. For example, one or more types of STAT or ERK
inhibitors can be co-administered with other agents. Option-
ally, the method of the invention includes co-administration
of a STAT or ERK inhibitor and an additional therapeutic
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agent such as an anti-viral agent or vaccine (e.g., an anti-RSV
agent or gene expression vaccine).

The term “therapeutically effective” is intended to mean an
amount of' a STAT or ERK inhibitor sufficient to substantially
improve some symptom associated with an RSV infection.
For example, in the treatment of RSV infection, an agent that
decreases, prevents, delays, suppresses, or arrests any symp-
tom of the infection would be therapeutically effective. A
therapeutically effective amount of the inhibitor is not
required to cure the infection but will provide a treatment for
the infection such that the onset of the infection is delayed,
hindered, or prevented, or the associated symptoms are ame-
liorated, or the term of the infection is changed or, for
example, is less severe or recovery is accelerated in subject.

When the STAT or ERK inhibitors are administered in
combination therapies with other agents, they may be admin-
istered sequentially or concurrently to a subject. Alterna-
tively, pharmaceutical compositions according to the present
invention may comprise a combination of a STAT or ERK
inhibitor, as described herein, a pharmaceutically acceptable
carrier, and another therapeutic or prophylactic agent known
in the art.

Asusedherein, the terms “individual”, “patient”, and “sub-
ject” are used interchangeably to refer to any vertebrate spe-
cies, such as humans and animals, that are susceptible to
respiratory syncytial virus (RSV) infection. Preferably, the
patient is of a human or non-human mammalian species.
Mammalian species that benefit from the disclosed methods
include, and are not limited to, humans, apes, chimpanzees,
orangutans, monkeys; domesticated animals (e.g., pets) such
as dogs, cats, guinea pigs, hamsters, Vietnamese pot-bellied
pigs, rabbits, and ferrets; domesticated farm animals such as
cows, buffalo, bison, horses, donkey, swine, sheep, and goats;
exotic animals typically found in zoos, such as bear, lions,
tigers, panthers, elephants, hippopotamus, rhinoceros,
giraffes, antelopes, sloth, gazelles, zebras, wildebeests, prai-
rie dogs, koala bears, kangaroo, opossums, raccoons, pandas,
hyena, seals, sea lions, elephant seals, otters, porpoises, dol-
phins, and whales. Human or non-human animal subjects can
range in age from neonates to elderly. Likewise, in vitro
methods of the present invention can be carried out on cells of
such mammalian species. Host cells comprising exogenous
polynucleotides of the invention may be administered to the
subject, and may, for example, be autogenic (use of one’s own
cells), allogenic (from one person to another), or transgenic or
xenogenic (from one species to another), relative to the sub-
ject.

In accordance with another embodiment of the present
invention, there is provided a method for treating or reducing
the likelihood of developing an RSV infection by administer-
ing to a subject a pharmaceutically effective amount of a
pharmaceutical composition of the present invention.

In one embodiment, the STAT or ERK inhibitor used in the
methods and compositions of the invention is a polynucle-
otide that reduces expression of one or more of the subject’s
endogenous genes within the STAT or ERK pathways. Thus,
the method involves administering an effective amount of
polynucleotides  that specifically target nucleotide
sequence(s) within a target gene(s) of the STAT or ERK
pathways. In one embodiment, the method of the invention
involves reducing expression of one or more genes within the
STAT or ERK pathways by administering a polynucleotide
specific for the STAT or ERK pathway gene, wherein the
polynucleotide interferes with expression of the gene in a
sequence-specific manner, to yield reduced levels of the gene
product (the translated polypeptide). Preferably, the poly-
nucleotide is a silencing double stranded ribonucleic acid
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(RNA) sequence, also called a small interfering RNA
(siRNA) that causes degradation of the targeted RNA. Thus,
in one embodiment, the polynucleotide is a double stranded
ribonucleic aid (dsRNA) that reduces expression of the STAT
or ERK gene. In a specific embodiment, the targeted nucle-
otide sequence is at least a portion of the STAT or ERK genes,
wherein a first strand of the dsRNA is substantially identical
19 to 49 consecutive nucleotides of the STAT or ERK gene,
and a second strand of the dsRNA is substantially comple-
mentary to the first. In another embodiment, the polynucle-
otide is a double-stranded ribonucleic acid (dsRNA) compris-
ing a first strand of nucleotides that is substantially identical
to 19to 25 consecutive nucleotides of the STAT or ERK gene,
and a second strand that is substantially complementary to the
first strand.

In another embodiment, the polynucleotide of the inven-
tion is a dsRNA comprising a first strand of nucleotides of at
least 16 nucleotides sufficiently complementary to a target
region of the STAT or ERK mRNA sequence to direct target-
specific RNA interference (RNAi), and a second strand of
nucleotides of at least 16 nucleotides substantially comple-
mentary to the first strand. In a further embodiment, the first
strand is fully complementary to the target region of the
mRNA sequence. In another embodiment, the dsRNA further
comprises a loop formation comprising 4-11 nucleotides that
connects the first and second strands. In a specific embodi-
ment, the first and second strands each comprise 16, 17, 18,
19, 20, 21, 22, 23, 24, or 25 nucleotides. In another specific
embodiment, the first and second strands each consist of 16,
17,18, 19, 20, 21, 22, 23, 24, or 25 nucleotides.

In other embodiments, the polynucleotide of the invention
is an antisense nucleic acid sequence (e.g., a single stranded
oligonucleotide) that is complementary to a target region
within the subject’s STAT or ERK mRNA, which binds to the
target region and inhibits translation. The antisense oligo-
nucleotide may be DNA or RNA, or comprise synthetic ana-
logs of ribo-deoxynucleotides. Thus, the antisense oligo-
nucleotide inhibits expression of the STAT or ERK gene. In
one embodiment, the antisense oligonucleotide consists of 8
nucleotides complementary to contiguous nucleotides within
the RSV mRNA. In other embodiments, the oligonucleotide
has a length of 9, 10, 11, 12, 13, 14, 15, or 16 nucleotides.

In other embodiments, the polynucleotide of the invention
is an RNA molecule having enzymatic activity (a ribozyme)
that inhibits expression of the target STAT or ERK gene(s). In
one embodiment, the ribozyme comprises a 5'-end flanking
region having 4-50 nucleotides and being complementary to
a 3'-end target region within the STAT or ERK mRNA; a
stem-loop region, comprising a stem portion having 2-12
nucleotide pairs and a loop portion comprising at least 2
unpaired nucleotides; and a 3'-end flanking region having
4-50 nucleotides and being complementary to a 5'end target
site on the substrate RNA.

The nucleic acid target of the polynucleotides (e.g., siRNA,
antisense oligonucleotides, and ribozymes) of the invention
may be any location within the STAT or ERK gene or tran-
script.

Other aspects of the invention include vectors (e.g., viral
vectors, expression cassettes, plasmids) comprising or encod-
ing polynucleotides of the subject invention (e.g., siRNA,
antisense nucleic acids, and ribozymes), and host cells geneti-
cally modified with polynucleotides or vectors of the subject
invention. In one embodiment, the vector comprises a poly-
nucleotide and expression control sequences that direct pro-
duction of a transcript that hybridizes under physiological
conditions to a target region within the subject’s STAT or
ERK mRNA.
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The terms “reducing expression”, “regulating expression”,
“reducing activity”, or “regulating activity” generally refer to
any process that functions to control or modulate the quantity
or activity (functionality) of a cellular component. Static
regulation maintains expression and/or activity at some given
level. Up-regulation refers to a relative increase in expression
and/or activity. In the present invention, regulation is prefer-
ably down-regulation of a cellular component. As used
herein, down-regulation is synonymous with inhibition of a
given cellular component.

As used herein, the term “polypeptide” refers to any poly-
mer comprising any number of amino acids, and is inter-
changeable with “protein”, “gene product”, and “peptide”.

As used herein, the term “nucleoside” refers to a molecule
having a purine or pyrimidine base covalently linked to a
ribose or deoxyribose sugar. Exemplary nucleosides include
adenosine, guanosine, cytidine, uridine and thymidine. The
term “nucleotide” refers to a nucleoside having one or more
phosphate groups joined in ester linkages to the sugar moiety.
Exemplary nucleotides include nucleoside monophosphates,
diphosphates and triphosphates. The terms “polynucleotide”
and “nucleic acid molecule” are used interchangeably herein
and refer to a polymer of nucleotides joined together by a
phosphodiester linkage between 5' and 3' carbon atoms. The
STAT or ERK inhibitors used in the methods and composi-
tions of the present invention may include one or more
nucleosides.

As used herein, the term “RNA” or “RNA molecule” or
“ribonucleic acid molecule” refers generally to a polymer of
ribonucleotides. The term “DNA” or “DNA molecule” or
deoxyribonucleic acid molecule” refers generally to a poly-
mer of deoxyribonucleotides. DNA and RNA molecules can
be synthesized naturally (e.g., by DNA replication or tran-
scription of DNA, respectively). RNA molecules can be post-
transcriptionally modified. DNA and RNA molecules can
also be chemically synthesized. DNA and RNA molecules
can be single-stranded (i.e., ssRNA and ssDNA, respectively)
or multi-stranded (e.g., double stranded, i.e., dsSRNA and
dsDNA, respectively). Based on the nature of the invention,
however, the term “RNA” or “RNA molecule” or “ribo-
nucleic acid molecule” can also refer to a polymer comprising
primarily (i.e., greater than 80% or, preferably greater than
90%) ribonucleotides but optionally including at least one
non-ribonucleotide molecule, for example, at least one deox-
yribonucleotide and/or at least one nucleotide analog.

As used herein, the term “nucleotide analog”, also referred
to herein as an “altered nucleotide” or “modified nucleotide”
refers to a non-standard nucleotide, including non-naturally
occurring ribonucleotides or deoxyribonucleotides. Pre-
ferred nucleotide analogs are modified at any position so as to
alter certain chemical properties of the nucleotide yet retain
the ability of the nucleotide analog to perform its intended
function. The STAT or ERK inhibitors used in the methods
and compositions of the present invention may include one or
more nucleotide analogs.

As used herein, the term “RNA analog” refers to a poly-
nucleotide (e.g., a chemically synthesized polynucleotide)
having at least one altered or modified nucleotide as com-
pared to a corresponding unaltered or unmodified RNA but
retaining the same or similar nature or function as the corre-
sponding unaltered or unmodified RNA. As discussed above,
the oligonucleotides may be linked with linkages which result
in a lower rate of hydrolysis of the RNA analog as compared
to an RNA molecule with phosphodiester linkages. Exem-
plary RNA analogues include sugar- and/or backbone-modi-
fied ribonucleotides and/or deoxyribonucleotides. Such alter-
ations or modifications can further include addition of non-
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nucleotide material, such as to the end(s) of the RNA or
internally (at one or more nucleotides of the RNA). An RNA
analog need only be sufficiently similar to natural RNA that it
has the ability to mediate (mediates) RNA interference or
otherwise reduce target gene expression. The STAT or ERK
inhibitors used in the methods and compositions of the
present invention may include one or more RNA analogs.

As used herein, the terms “operably-linked” and “opera-
tively-linked” are used interchangeably to refer to an arrange-
ment of flanking sequences wherein the flanking sequences
so described are configured or assembled so as to perform
their usual function. Thus, a flanking sequence operably-
linked to a coding sequence may be capable of effecting the
replication, transcription and/or translation of the coding
sequence. For example, a coding sequence is operably-linked
to a promoter when the promoter is capable of directing
transcription of that coding sequence. A flanking sequence
need not be contiguous with the coding sequence, so long as
it functions correctly. Thus, for example, intervening untrans-
lated yet transcribed sequences can be present between a
promoter sequence and the coding sequence, and the pro-
moter sequence can still be considered “operably-linked” to
the coding sequence. Each nucleotide sequence coding for a
siRNA will typically have its own operably-linked promoter
sequence.

The term “vector” is used to refer to any molecule (e.g.,
nucleic acid, plasmid, or virus) used to transfer coding infor-
mation (e.g., a polynucleotide of the invention) to a host cell.
The term “expression vector” refers to a vector that is suitable
for use in a host cell (e.g., a subject’s cell) and contains
nucleic acid sequences which direct and/or control the
expression of exogenous nucleic acid sequences. Expression
includes, but is not limited to, processes such as transcription,
translation, and RNA splicing, if introns are present. The
vectors of the present invention can be conjugated with chi-
tosan or chitosan derivatives. Such chitosan conjugates can be
administered to subjects or host cells according to the meth-
ods of the present invention. For example, polynucleotide
chitosan nanoparticles (e.g., nanospheres) can be generated,
as described by Roy, K. et al. (Nar Med, 1999, 5: 387).
Chitosan allows increased bioavailability of the nucleic acid
sequences because of protection from degradation by serum
nucleases in the matrix and thus has great potential as a
mucosal gene delivery system. Chitosan also has many ben-
eficial effects, including anticoagulant activity, wound-heal-
ing properties, and immunostimulatory activity, and is
capable of modulating immunity of the mucosa and bron-
chus-associated lymphoid tissue. In one embodiment of the
present invention, the polynucleotides of the subject inven-
tion are conjugated with chitosan-derived nanoparticles.

As used herein, the term “RNA interference” (“RNA1”)
refers to a selective intracellular degradation of RNA. RNAi
occurs in cells naturally to remove foreign RNAs (e.g., viral
RNAs). Natural RNAIi proceeds via fragments cleaved from
free dsRNA which direct the degradative mechanism to other
similar RNA sequences. Alternatively, RNAi can be initiated
by the hand of man, for example, to silence the expression of
target genes.

As used herein, the term “small interfering RNA”
(“siRNA”) (also referred to in the art as “short interfering
RNAs”) refers to an RNA (or RNA analog) comprising
between about 10-50 nucleotides (or nucleotide analogs)
which is capable of directing or mediating RNA interference.

As used herein, a siRNA having a “sequence sufficiently
complementary to a target mRNA sequence to direct target-
specific RNA interference (RNA1)” means that the siRNA has
a sequence sufficient to trigger the destruction of the target
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mRNA by the RNAi machinery or process. STAT or ERK
“mRNA”, “messenger RNA”, and “transcript” each refer to

single-stranded RNA that specifies the amino acid sequence
of'one or more STAT or ERK polypeptides. This information
is translated during protein synthesis when ribosomes bind to
the mRNA.

As used herein, the term “cleavage site” refers to the resi-
dues, e.g., nucleotides, at which RISC* cleaves the target
RNA, e.g., near the center of the complementary portion of
the target RNA, e.g., about 8-12 nucleotides from the 5' end of
the complementary portion of the target RNA.

As used herein, the term “mismatch” refers to a basepair
consisting of non-complementary bases, e.g., not normal
complementary G:C, A:T or A:U base pairs.

As used herein, the term “isolated” molecule (e.g., isolated
nucleic acid molecule) refers to molecules which are substan-
tially free of other cellular material, or culture medium when
produced by recombinant techniques, or substantially free of
chemical precursors or other chemicals when chemically syn-
thesized.

As used herein, the term “in vitro™ has its art recognized
meaning, e.g., involving purified reagents or extracts, e.g.,
cell extracts. The term “in vivo” also has its art recognized
meaning, e.g., involving living cells in an organism, e.g.,
immortalized cells, primary cells, and/or cell lines in an
organism.

The methods of the invention may include further steps. In
some embodiments, a subject with the relevant condition or
disease (e.g., RSV infection, disorders associated with RSV
infection, or disorders associated with impaired interferon
production) is identified, or a subject at risk for the condition
or disease is identified. A subject may be someone who has
not been diagnosed with the disease or condition (diagnosis,
prognosis, and/or staging) or someone diagnosed with dis-
ease or condition (diagnosis, prognosis, monitoring, and/or
staging), including someone treated for the disease or condi-
tion (prognosis, staging, and/or monitoring). Alternatively,
the subject may not have been diagnosed with the disease or
condition but suspected of having the disease or condition
based either on patient history or family history, or the exhi-
bition or observation of characteristic symptoms.

As used herein, an “effective amount” of polynucleotide
that selectively interferes with expression of the STAT or
ERK gene(s) (e.g., an siRNA, an antisense nucleotide
sequence or strand, and/or a ribozyme) is that amount effec-
tive to reduce expression of the target STAT or ERK gene(s)
and bring about the physiological changes desired in the cells
to which the polynucleotide is administered in vitro (e.g., ex
vivo) or in vivo. The term “therapeutically effective amount™
as used herein with respect to polynucleotides that interfere
with expression of the STAT or ERK gene(s), means that
amount of polynucleotide (e.g., an siRNA, an antisense oli-
gonucleotide, and/or a ribozyme), alone or in combination
with another agent according to the particular aspect of the
invention, that elicits the biological or medicinal response in
cells (e.g., tissue(s)) that is being sought by a researcher,
veterinarian, medical doctor or other clinician, which
includes alleviation and/or prevention of the symptoms of the
disease or disorder being treated. For example, a polynucle-
otide can be administered to a subject in combination with
other agents effective for alleviating or preventing the symp-
toms of RSV infection, such as the gene expression vaccines
disclosed in international publication WO 03/028759A1,
which is incorporated by reference herein in its entirety. The
term “therapeutically effective amount™ as used herein with
respect to polynucleotides that encode a polypeptide that is an
inhibitor of STAT or ERK signaling, means that amount of,
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alone or in combination with another agent according to the
particular aspect of the invention, that elicits the biological or
medicinal response in cells (e.g., tissue(s)) that is being
sought by a researcher, veterinarian, medical doctor or other
clinician, which includes alleviation and/or prevention of the
symptoms of the disease or disorder being treated.

Various methods of the present invention can include a step
that involves comparing a value, level, feature, characteristic,
property, etc. to a “suitable control”, referred to interchange-
ably herein as an “appropriate control”. A “suitable control”
or “appropriate control” is any control or standard familiar to
one of ordinary skill in the art useful for comparison pur-
poses. In one embodiment, a “suitable control” or “appropri-
ate control” is a value, level, feature, characteristic, property,
etc. determined prior to performing an RNAi methodology, as
described herein. For example, a transcription rate, mRNA
level, translation rate, protein level, biological activity, cellu-
lar characteristic or property, genotype, phenotype, etc. can
be determined prior to introducing a STAT or ERK inhibitor
into a cell or subject. In another embodiment, a “suitable
control” or “appropriate control” is a value, level, feature,
characteristic, property, etc. determined in a cell or subject,
e.g., a control or normal cell or organism, exhibiting, for
example, normal traits. In yet another embodiment, a “suit-
able control” or “appropriate control” is a predefined value,
level, feature, characteristic, property, etc.

In a preferred embodiment, the STAT or ERK inhibitor
used in the methods and compositions of the invention
includes one or more targeting moieties. As used herein, the
term “targeting moiety” is intended to mean a functional
group that serves to target or direct the inhibitor to a particular
location or association (e.g., a specific binding event). Thus,
for example, a targeting moiety may be used to target a
molecule to a specific target protein or enzyme, or to a par-
ticular cellular location, or to a particular cell type, to selec-
tively enhance accumulation of the contrast agent. Suitable
targeting moieties include, but are not limited to, polypep-
tides, nucleic acids, carbohydrates, lipids, hormones includ-
ing proteinaceous and steroid hormones, growth factors,
receptor ligands, antigens and antibodies, and the like.

A targeting moiety may include components useful in tar-
geting the STAT or ERK inhibitor to a particular subcellular
location. As will be appreciated by those in the art, the local-
ization of proteins within a cell is a simple method for increas-
ing effective concentration. For example, shuttling a drug into
the nucleus confines them to a smaller space thereby increas-
ing concentration. The physiological target may simply be
localized to a specific compartment, and the inhibitor must be
localized appropriately. More than one targeting moiety can
be conjugated or otherwise associated with each STAT or
ERK inhibitor, and the target molecule for each targeting
moiety can be the same or different.

Thus, suitable targeting sequences include, but are not
limited to, binding sequences capable of causing binding of
the moiety to a predetermined molecule or class of molecules,
while retaining bioactivity of the inhibitor; sequences signal-
ing selective degradation, of itself or co-bound proteins; and
signal sequences capable of constitutively localizing the
inhibitor to a predetermined cellular locale, including (a)
subcellular locations such as the Golgi, endoplasmic reticu-
lum, nucleus, nucleoli, nuclear membrane, mitochondria,
chloroplast, secretory vesicles, lysosome, and cellular mem-
brane; and (b) extracellular locations via a secretory signal.
Particularly preferred is localization to either subcellular
location.

The targeting moiety can function to target or direct the
STAT or ERK inhibitor to a particular location, cell type,
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diseased tissue, or association. In general, the targeting moi-
ety is directed against a target molecule. As will be appreci-
ated by those in the art, the STAT or ERK inhibitors are
preferably administered to the respiratory epithelium; thus,
preferred targeting moieties are those that allow concentra-
tion of the agents in a particular localization. Thus, for
example, antibodies, cell surface receptor ligands and hor-
mones, lipids, sugars and dextrans, alcohols, bile acids, fatty
acids, amino acids, peptides and nucleic acids may all be
attached to localize or target the STAT or ERK inhibitor to a
particular site.

In some embodiments, the targeting moiety is a polypep-
tide. In other embodiments, the targeting moiety is an anti-
body. In one embodiment, antibodies against virus or bacteria
can be used as targeting moieties. As will be appreciated by
those in the art, antibodies to any number of viruses may be
used. Preferably, the antibody is directed against respiratory
syncytial virus.

In a preferred embodiment, the targeting moiety is all or a
portion (e.g., a binding portion) of a ligand for a cell surface
receptor. In another embodiment, the targeting moiety is a
carbohydrate. As used herein, the term “carbohydrate”
includes compounds with the general formula Cx(H,0),.
Monosaccharides, disaccharides, and oligo- or polysaccha-
rides are all included within the definition and comprise poly-
mers of various sugar molecules linked via glycosidic link-
ages. In another embodiment, the targeting moiety is a lipid.
As used herein, the term “lipid” includes fats, fatty oils,
waxes, phospholipids, glycolipids, terpenes, fatty acids, and
glycerides, particularly the triglycerides. Also included
within the definition of lipids are the eicosanoids, steroids and
sterols, some of which are also hormones, such as prostag-
landins, opiates, and cholesterol.

In a preferred embodiment, the targeting moiety may be
used to either allow the internalization of the STAT or ERK
inhibitor to the cell cytoplasm or localize it to a particular
cellular compartment, such as the nucleus. In a preferred
embodiment, the targeting moiety is all or a portion of the
HIV-1 Tat protein, and analogs and related proteins, which
allows very high uptake into target cells (See for example,
Fawell et al., PNAS USA 91: 664 (1994); Frankel et al., Cel/
55: 1189 (1988); Savion et al., J. Biol. Chem. 256: 1149
(1981); Derossi et al., J. Biol. Chem. 269: 10444 (1994); and
Baldin et al., EMBO J. 9: 1511 (1990), all of which are
incorporated by reference.

In a preferred embodiment, the targeting moiety is a
nuclear localization signal (NLS). NLSs are generally short,
positively charged (basic) domains that serve to direct the
moiety to which they are attached to the cell’s nucleus.
Numerous NLS amino acid sequences have been reported
including single basic NLS’s such as that of the SV40 (mon-
key virus) large T Antigen (Pro Lys Lys Lys Arg Lys Val; SEQ
ID NO:15), Kalderon (1984), et al., Cell, 39: 499-509; the
human retinoic acid receptor-beta nuclear localization signal
(ARRRRP; SEQ ID NO:16); NFkB p50 (EEVQRKRQKL,
SEQ ID NO:17; Ghosh et al., Cell 62: 1019 (1990)); NFkB
p65 (EEKRKRTYE, SEQ ID NO:18; Nolan et al., Cell 64:
961 (1991)); and others (see for example Boulikas, J. Cell.
Biochem. 55(1): 32-58 (1994), hereby incorporated by refer-
ence) and double basic NLSs exemplified by that of the Xerno-
pus (African clawed toad) protein, nucleoplasmin (Ala Val
Lys Arg Pro Ala Ala Thr Lys Lys Ala Gly Gln Ala Lys Lys Lys
Lys Leu Asp; SEQ ID NO:19), Dingwall, et al., Cell, 30:
449-458, 1982 and Dingwall, et al., J. Cell Biol., 107: 641-
849; 1988). Numerous localization studies have demon-
strated that NLSs incorporated in synthetic peptides or
grafted onto reporter proteins not normally targeted to the cell
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nucleus cause these peptides and reporter proteins to be con-
centrated in the nucleus (see, for example, Dingwall, and
Laskey, Ann, Rev. Cell Biol., 2: 367-390, 1986; Bonnerot, et
al., Proc. Natl. Acad. Sci. USA, 84: 6795-6799, 1987, Galileo,
etal., Proc. Natl. Acad. Sci. USA, 87: 458-462, 1990).

In specific embodiments, a cell-binding agent is utilized as
the targeting moiety. Selection of the appropriate cell-binding
agent is a matter of choice that depends upon the particular
cell population to be targeted, but in general monoclonal
antibodies are preferred if an appropriate one is available.
Small Molecules

As used herein, the term “small molecules” encompasses
molecules other than proteins or nucleic acids without strict
regard to size. When STAT or ERK inhibitors are “small
molecules” (or “small molecule STAT or ERK inhibitors™)
are referred to, what is meant is non-protein, non-nucleic acid
inhibitors of STAT or ERK signaling. In many cases, such
inhibitors are smaller than STAT or ERK inhibitors that are
polypeptides or nucleic acids. Examples of small molecules
that may be administered to screened according to the meth-
ods of the invention include small organic molecules, pep-
tide-like molecules, peptidomimetics, carbohydrates, lipids
or other organic (carbon containing) or inorganic molecules.
Examples of small molecule ERK inhibitors include
GWS5074, BAY 43-9006, PD98059, PD184352,1U0126, 3-cy-
ano-4-(phenoxyanilno)quinolines (such as Wyeth-Ayerst
Compound 14), resorcylic acid lactones (such as Ro 09-2210
and 1.-783,277), and purvalanol (Kohno M. et al., Progress in
Cell Cycle Research, 2003, 5: 219-224).

Polypeptides

The STAT or ERK inhibitor used in the methods and com-
positions of the present invention can also be a polypeptide
exhibiting STAT or ERK inhibitory activity, such as a recep-
tor decoy. A peptide corresponding to the amino-terminal 13
amino acids of MEK1 (MPKKKPTPIQLNP; SEQ ID
NO:14), a region involved in the association of ERK1/2 with
MEKT1, has been shown to specifically inhibit the activation
of ERK1/2 (Kelemen B. R. et al., J. Biol. Chem., 2002, 277:
87841-8748). Various means for delivering polypeptides to a
cell can be utilized to carry out the methods of the subject
invention. For example, protein transduction domains (PTDs)
can be fused to the polypeptide, producing a fusion polypep-
tide, in which the PTDs are capable of transducing the
polypeptide cargo across the plasma membrane (Wadia, J. S.
and Dowdy, S. F., Curr. Opin. Biotechnol., 2002, 13(1)52-
56). Examples of PTDs include the Drosophila homeotic
transcription protein antennapedia (Antp), the herpes simples
virus structural protein VP22, and the human immuno-defi-
ciency virus 1 (HIV-1) transcriptional activator Tat protein.

According to the methods of the subject invention, recom-
binant cells can be administered to a patient, wherein the
recombinant cells have been genetically modified to express
a nucleotide sequence encoding a STAT or ERK inhibitory
polypeptide. If the cells to be genetically modified already
express a nucleotide sequence encoding a STAT or ERK
inhibitor polypeptide, the genetic modification can serve to
enhance or increase expression of the nucleotide sequence
beyond the normal or constitutive amount (e.g., “overexpres-
sion”).

Antibodies

The STAT or ERK inhibitors used in accordance within this
invention can be also be an antibody that is specifically reac-
tive with a STAT or ERK protein, thereby inhibiting STAT or
ERK signaling. As used herein, the term “antibody” refers to
a protein comprising at least one, and preferably two, heavy
(H) chain variable regions
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As used herein, the term “antibody” refers to a protein
comprising at least one, and preferably two, heavy (H) chain
variable regions (abbreviated herein as VH), and at least one
and preferably two light (L) chain variable regions (abbrevi-
ated herein as VL). The VH and VL regions can be further
subdivided into regions of hypervariability, termed “comple-
mentarity determining regions” (“CDR”), interspersed with
regions that are more conserved, termed “framework regions™
(FR). The extent of the framework region and CDR’s has been
precisely defined (see, Kabat, E. A., et al. Sequences of Pro-
teins of Immunological Interest, Fifth Edition, U.S. Depart-
ment of Health and Human Services, NIH Publication No.
91-3242, 1991; and Chothia, C. et al. J. Mol. Biol. 196:
901-917, 1987).

The antibody can further include a heavy and light chain
constant region, to thereby form a heavy and light immuno-
globulin chain, respectively. In one embodiment, the anti-
body is a tetramer of two heavy immunoglobulin chains and
two light immunoglobulin chains, wherein the heavy and
light immunoglobulin chains are inter-connected by, e.g.,
disulfide bonds. The heavy chain constant region is com-
prised of three domains, CH1, CH2 and CH3. The light chain
constant region is comprised of one domain, CL. The variable
region of the heavy and light chains contains a binding
domain that interacts with an antigen. The constant regions of
the antibodies typically mediate the binding of the antibody to
host tissues or factors, including various cells of the immune
system (e.g., effector cells) and the first component (Clq) of
the classical complement system.

The term “antibody” includes antibody fragments (an anti-
gen binding portion of an antibody), as are known in the art,
including Fab or Fab,, single chain antibodies (Fv for
example), chimeric antibodies, etc., either produced by the
modification of whole antibodies or those synthesized de
novo using recombinant DNA technologies.

The term “antigen-binding fragment” of an antibody (or
simply “antibody portion,” or “fragment™), as used herein,
refers to one or more fragments of a full-length antibody that
retain the ability to specifically bind to an antigen. Examples
of'binding fragments encompassed within the term “antigen-
binding fragment” of an antibody include (i) a Fab fragment,
a monovalent fragment consisting of the VL, VH, CL and
CHI1 domains; (ii) a F(ab')2 fragment, a bivalent fragment
comprising two Fab fragments linked by a disulfide bridge at
the hinge region; (iii) a Fd fragment consisting of the VH and
CHI1 domains; (iv) a Fv fragment consisting of the VI.and VH
domains of a single arm of an antibody, (v) a dAb fragment
(Ward et al., Nature 341: 544-546, 1989), which consists of a
VH domain; and (vi) an isolated complementarity determin-
ing region (CDR). Furthermore, although the two domains of
the Fv fragment, VL and VH, are coded for by separate
nucleic acids, they can be joined, using recombinant methods,
by a synthetic linker that enables them to be made as a single
protein chain in which the VL and VH regions pair to form
monovalent molecules (known as single chain Fv (scFv); see
e.g., Bird et al., Science 242: 423-426, 1988; and Huston et
al., Proc. Natl. Acad. Sci. USA 85: 5879-5883, 1988). Such
single chain antibodies are also intended to be encompassed
within the term “antigen-binding fragment” or “fragment” of
an antibody. These antibody fragments are obtained using
conventional techniques known to those with skill in the art,
and the fragments are screened for utility in the same manner
as are intact antibodies. The term “monoclonal antibody™ or
“monoclonal antibody composition”, as used herein, refers to
a population of antibody molecules that contain only one
species of an antigen binding site capable of immunoreacting
with a particular epitope. A monoclonal antibody composi-



US 8,592,368 B2

19
tion thus typically displays a single binding affinity for a
particular protein with which it immunoreacts.

Anti-protein/anti-peptide antisera or monoclonal antibod-
ies can be made as described herein by using standard proto-
cols (See, for example, Antibodies: A Laboratory Manual ed.
by Harlow and Lane (Cold Spring Harbor Press: 1988)).

A STAT or ERK protein, or a portion or fragment thereof,
can be used as an immunogen to generate antibodies that bind
the component using standard techniques for polyclonal and
monoclonal antibody preparation. The full-length component
protein can be used or, alternatively, antigenic peptide frag-
ments of the component can be used as immunogens.

Typically, a peptide is used to prepare antibodies by immu-
nizing a suitable subject, (e.g., rabbit, goat, mouse or other
mammal) with the immunogen. An appropriate immunogenic
preparation can contain, for example, a recombinant STAT or
ERK protein or a chemically synthesized protein. The prepa-
ration can further include an adjuvant, such as Freund’s com-
plete or incomplete adjuvant, or similar immunostimulatory
agent. Immunization of a suitable subject with an immuno-
genic component or fragment preparation induces a poly-
clonal antibody response.

Additionally, antibodies produced by genetic engineering
methods, such as chimeric and humanized monoclonal anti-
bodies, comprising both human and non-human portions,
which can be made using standard recombinant DNA tech-
niques, can be used. Such chimeric and humanized mono-
clonal antibodies can be produced by genetic engineering
using standard DNA techniques known in the art, for example
using methods described in U.S. Pat. No. 4,816,567; Better et
al., Science 240: 1041-1043, 1988; Liu et al., PNAS 84:3439-
3443, 1987; Liu et al., J. Immunol. 139: 3521-3526, 1987,
Sun et al. PNAS 84: 214-218, 1987, Nishimura et al., Canc.
Res. 47: 999-1005, 1987; Wood et al., Nature 314: 446-449,
1985; and Shaw et al., J. Natl. Cancer Inst. 80: 1553-1559,
1988); Morrison, S. L., Science 229: 1202-1207, 1985; Oi et
al., Biolechniques 4: 214, 1986; U.S. Pat. No. 5,225,539;
Jones et al., Nature 321: 552-525, 1986; Verhoeyan et al.,
Science 239: 1534, 1988; and Beidler et al., J. Immunol. 141:
4053-4060, 1988.

In addition, a human monoclonal antibody directed against
STAT or ERK proteins can be made using standard tech-
niques. For example, human monoclonal antibodies can be
generated in transgenic mice or in immune deficient mice
engrafted with antibody-producing human cells. Methods of
generating such mice are described, for example, in Wood et
al. PCT publication WO 91/00906, Kucherlapati et al. PCT
publication WO 91/10741; Lonberg et al. PCT publication
WO 92/03918; Kay et al. PCT publication WO 92/03917;
Kay et al. PCT publication WO 93/12227; Kay et al. PCT
publication 94/25585; Rajewsky et al. PCT publication WO
94/04667; Ditullio et al. PCT publication WO 95/17085;
Lonberg, N. et al. Nature 368: 856-859, 1994; Green, L. L. et
al. Nature Genet. 7: 13-21, 1994; Morrison, S. L. et al. Proc.
Natl. Acad. Sci. USA 81: 6851-6855, 1994; Bruggeman et al.
Year Immunol. 7: 33-40, 1993; Choi et al. Nature Genet. 4:
117-123, 1993; Tuaillon et al. PNAS 90: 3720-3724, 1993;
Bruggeman et al. (1991) Eur. J. Immunol. 21: 1323-1326,
1991; Duchosal et al. PCT publication WO 93/05796; U.S.
Pat. No. 5,411,749; McCune et al. Science 241: 1632-1639,
1988, Kamel-Reid et al. Science 242: 1706, 1988; Spanopo-
ulou Genes & Development 8: 1030-1042, 1994; Shinkai et
al. Cell 68: 855-868, 1992. A human antibody-transgenic
mouse or an immune deficient mouse engrafted with human
antibody-producing cells or tissue can be immunized with
STAT or ERK proteins or an antigenic peptide thereof, and
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splenocytes from these immunized mice can then be used to
create hybridomas. Methods of hybridoma production are
well known.

Human monoclonal antibodies can also be prepared by
constructing a combinatorial immunoglobulin library, such
as a Fab phage display library or a scFv phage display library,
using immunoglobulin light chain and heavy chain ¢cDNAs
prepared from mRNA derived from lymphocytes of a subject
(see, e.g., McCafferty et al. PCT publication WO 92/01047;
Marks et al. J. Mol. Biol. 222: 581-597, 1991; and Griffiths et
al. EMBO J. 12: 725-734, 1993). In addition, a combinatorial
library of antibody variable regions can be generated by
mutating a known human antibody. For example, a variable
region of a human antibody known to bind a STAT or ERK
protein can be mutated by, for example, using randomly
altered mutagenized oligonucleotides, to generate a library of
mutated variable regions which can then be screened to bind
to STAT or ERK proteins. Methods of inducing random
mutagenesis within the CDR regions of immunoglobin heavy
and/or light chains, methods of crossing randomized heavy
and light chains to form pairings and screening methods can
be found in, for example, Barbas et al. PCT publication WO
96/07754; Barbas et al. Proc. Nat’l Acad. Sci. USA 89: 4457-
4461, 1992.

RNA Interference

RNAI is an efficient process whereby double-stranded
RNA (dsRNA, also referred to herein as siRNAs or ds siR-
NAs, for double-stranded small interfering RNAs) induces
the sequence-specific degradation of targeted mRNA in ani-
mal and plant cells (Hutvagner and Zamore, Curr. Opin.
Genet. Dev.,, 12: 225-232 (2002); Sharp, Genes Dev., 15:
485-490 (2001)). In mammalian cells, RNAi can be triggered
by 21-nucleotide (nt) duplexes of small interfering RNA
(siRNA) (Chiu et al., Mol. Cell., 10: 549-561 (2002); Elbashir
et al., Nature 411: 494-498 (2001)), or by micro-RNAs
(mRNA), functional small-hairpin RNA (shRNA), or other
dsRNAs which can be expressed in vivo using DNA tem-
plates with RNA polymerase III promoters (Zeng et al., Mol.
Cell 9: 1327-1333 (2002); Paddison et al., Geres Dev. 16:
948-958 (2002); Lee et al., Nature Biotechnol. 20: 500-505
(2002); Paul et al., Nature Biotechnol. 20: 505-508 (2002);
Tuschl, T., Nature Biotechnol. 20: 440-448 (2002); Yu et al.,
Proc. Natl. Acad. Sci. USA 99(9): 6047-6052 (2002);
McManus et al., RNA 8: 842-850 (2002); Sui et al., Proc.
Natl. Acad. Sci. USA 99(6): 5515-5520 (2002)). Accordingly,
the method of the invention involves administering such mol-
ecules that are targeted to STAT or ERK mRNAs within the
subject or host cells.
siRNA Molecules

The nucleic acid molecules or constructs of the invention
include dsRNA molecules comprising 16-30 nucleotides,
e.g.,16,17,18,19,20,21, 22,23, 24,25,26,27,28, 29, or 30
nucleotides, in each strand, wherein one of the strands is
substantially identical, e.g., at least 80% (or more, e.g., 85%,
90%, 95%, or 100%) identical, e.g., having 3, 2, 1, or 0
mismatched nucleotide(s), to a target region in the mRNA of
the subject or host cell’s STAT or ERK mRNA, and the other
strand is identical or substantially identical to the first strand.
The dsRNA molecules of the invention can be chemically
synthesized, or can be transcribed in vitro from a DNA tem-
plate, or in vivo from, e.g., shRNA. The dsRNA molecules
can be designed using any method known in the art, for
instance, by using the following protocol:

1. Beginning with the AUG start codon, look for AA
dinucleotide sequences; each AA and the 3' adjacent 16 or
more nucleotides are potential siRNA targets. Further, siR-
NAs with lower G/C content (35-55%) may be more active
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than those with G/C content higher than 55%. Thus, in one
embodiment, the invention includes polynucleotides having
35-55% G/C content. In addition, the strands of the siRNA
can be paired in such a way as to have a 3' overhang of 1 to 4,
e.g., 2, nucleotides. Thus, in another embodiment, the poly-
nucleotides can have a 3' overhang of 2 nucleotides. The
overhanging nucleotides can be either RNA or DNA.

2. Using any method known in the art, compare the poten-
tial targets to the appropriate genome database (human,
mouse, rat, etc.) and eliminate from consideration any target
sequences with significant homology to other coding
sequences for which reduced expression is not desired. One
such method for such sequence homology searches is known
as BLAST, which is available at the National Center for
Biotechnology Information web site of the National Institutes
of Health.

3. Select one or more sequences that meet the particular
criteria for evaluation. Further general information regarding
the design and use of siRNA can be found in “The siRNA
User Guide,” available at the web site of the laboratory of Dr.
Thomas Tuschl at Rockefeller University.

4. Negative control siRNAs preferably have the same
nucleotide composition as the selected siRNA, but without
significant sequence complementarity to the appropriate
genome. Such negative controls can be designed by randomly
scrambling the nucleotide sequence of the selected siRNA; a
homology search can be performed to ensure that the negative
control lacks homology to any other gene in the appropriate
genome. In addition, negative control siRNAs can be
designed by introducing one or more base mismatches into
the sequence.

The polynucleotides of the invention can include both
unmodified siRNAs and modified siRNAs as known in the
art. Thus, the invention includes siRNA derivatives that
include siRNA having two complementary strands of nucleic
acid, such that the two strands are crosslinked. For example,
a 3' OH terminus of one of the strands can be modified, or the
two strands can be crosslinked and modified at the 3' OH
terminus. The siRNA derivative can contain a single crosslink
(e.g., apsoralen crosslink). In some embodiments, the siRNA
derivative has at its 3' terminus a biotin molecule (e.g., a
photocleavable biotin), a peptide (e.g., a Tat peptide), a nano-
particle, a peptidomimetic, organic compounds (e.g., a dye
such as a fluorescent dye), or dendrimer. Modifying siRNA
derivatives in this way can improve cellular uptake or enhance
cellular targeting activities of the resulting siRNA derivative
as compared to the corresponding siRNA, are useful for trac-
ing the siRNA derivative in the cell, or improve the stability of
the siRNA derivative compared to the corresponding siRNA.

The nucleic acid compositions of the invention can be
unconjugated or can be conjugated to another moiety, such as
a nanoparticle, to enhance a property of the compositions,
e.g., a pharmacokinetic parameter such as absorption, effi-
cacy, bioavailability, and/or half-life. The conjugation can be
accomplished by methods known in the art, e.g., using the
methods of Lambert et al., Drug Deliv. Rev. 47(1): 99-112
(2001) (describes nucleic acids loaded to polyalkylcy-
anoacrylate (PACA) nanoparticles); Fattal et al., J. Control
Release 53(1-3): 137-43 (1998) (describes nucleic acids
bound to nanoparticles); Schwab et al., Ann. Oncol. 5 Suppl.
4:55-8 (1994) (describes nucleic acids linked to intercalating
agents, hydrophobic groups, polycations or PACA nanopar-
ticles); and Godard et al., Fur. J. Biochem. 232(2): 404-10
(1995) (describes nucleic acids linked to nanoparticles).

The nucleic acid molecules of the present invention can
also be labeled using any method known in the art; for
instance, the nucleic acid compositions can be labeled with a
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fluorophore, e.g., Cy3, fluorescein, or rhodamine. The label-
ing can be carried out using a kit, e.g., the SILENCER siRNA
labeling kit (AMBION). Additionally, the siRNA can be
radiolabeled, e.g., using *H, >?P, or other appropriate isotope.

In accordance with the invention, siRNAs can be fused to
other nucleotide molecules, or to polypeptides, in order to
direct their delivery or to accomplish other functions. Thus,
for example, fusion proteins comprising a siRNA oligonucle-
otide that is capable of specifically interfering with expres-
sion of one or more STAT or ERK genes may comprise
affinity tag polypeptide sequences, which refers to polypep-
tides or peptides that facilitate detection and isolation of the
polypeptide via a specific affinity interaction with a ligand.
The ligand may be any molecule, receptor, counter-receptor,
antibody or the like with which the affinity tag may interact
through a specific binding interaction as provided herein.
Such peptides include, for example, poly-His or “FLAG” or
thelike, e.g., the antigenic identification peptides described in
U.S.Pat.No. 5,011,912 and in Hopp et al., (Bio/Technology 6:
1204, 1988), or the XPRESS epitope tag (INVITROGEN,
Carlsbad, Calif.). The affinity sequence may be a hexa-histi-
dine tag as supplied, for example, by a pPBAD/His (INVIT-
ROGEN) or a pQE-9 vector to provide for purification of the
mature polypeptide fused to the marker in the case of a bac-
terial host, or, for example, the affinity sequence may be a
hemagglutinin (HA) tag when a mammalian host, e.g.,
COS-7 cells, is used. The HA tag corresponds to an antibody
defined epitope derived from the influenza hemagglutinin
protein (Wilson et al., 1984 Cell 37: 767).

Furthermore, because RNAI is believed to progress via at
least one single-stranded RNA intermediate, the skilled arti-
san will appreciate that ss-siRNAs (e.g., the antisense strand
of'a ds-siRNA) can also be designed as described herein and
utilized according to the claimed methodologies.
siRNA Delivery for Longer-Term Expression

Synthetic siRNAs can be delivered into cells in vitro or in
vivo by methods known in the art, including cationic lipo-
some transtection and electroporation. However, these exog-
enous siRNA generally show short-term persistence of the
silencing effect (4 to 5 days in cultured cells), which may be
beneficial in certain embodiments. To obtain longer term
suppression of STAT or ERK gene expression and to facilitate
delivery under certain circumstances, one or more siRNA
duplexes, e.g., STAT or ERK ds siRNA, can be expressed
within cells from recombinant DNA constructs. Such systems
for expressing siRNA duplexes within cells from recombi-
nant DNA constructs to allow longer-term target gene sup-
pression in cells are known in the art, including mammalian
Pol III promoter systems (e.g., H1 or U6/snRNA promoter
systems (Tuschl (2002), supra) capable of expressing func-
tional double-stranded siRNAs; (Bagella et al., J. Cell.
Physiol. 177: 206-213 (1998); Lee et al. (2002), supra; Miy-
agishi et al. (2002), supra; Paul et al. (2002), supra; Yu et al.
(2002), supra; Sui et al. (2002), supra). Transcriptional ter-
mination by RNA Pol III occurs at runs of four consecutive T
residues in the DNA template, providing a mechanism to end
the siRNA transcript at a specific sequence. The siRNA is
complementary to the sequence of the target gene in 5'-3' and
3'-5' orientations, and the two strands of the siRNA can be
expressed in the same construct or in separate constructs.
Hairpin siRNAs, driven by an H1 or U6 snRNA promoter can
be expressed in cells, and can inhibit target gene expression
(Bagella et al. (1998), supra; Lee et al. (2002), supra; Miyag-
ishi et al. (2002), supra; Paul et al. (2002), supra; Yu et al.
(2002), supra; Sui et al. (2002) supra). Constructs containing
siRNA sequence(s) under the control of a T7 promoter also
make functional siRNAs when co-transfected into the cells
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with a vector expressing T7 RNA polymerase (Jacque (2002),
supra). A single construct may contain multiple sequences
coding for siRNAs, such as multiple regions of the STAT
and/or ERK mRNA, and can be driven, for example, by
separate Pollll promoter sites.

Animal cells express a range of non-coding RNAs of
approximately 22 nucleotides termed micro RNA (mRNAs)
that can regulate gene expression at the post transcriptional or
translational level during animal development. One common
feature of mRNAs is that they are all excised from an approxi-
mately 70 nucleotide precursor RNA stem-loop, probably by
Dicer, an RNase IlI-type enzyme, or a homolog thereof. By
substituting the stem sequences of the mRNA precursor with
mRNA sequence complementary to the target mRNA, a vec-
tor construct that expresses the novel mRNA can be used to
produce siRNAs to initiate RNAi against specific mRNA
targets in mammalian cells (Zeng (2002), supra). When
expressed by DNA vectors containing polymerase III pro-
moters, micro-RNA designed hairpins can silence gene
expression (McManus (2002), supra). Viral-mediated deliv-
ery mechanisms can also be used to induce specific silencing
of' targeted genes through expression of siRNA, for example,
by generating recombinant adenoviruses harboring siRNA
under RNA Pol II promoter transcription control (Xia et al.
(2002), supra). Infection of Hel.a cells by these recombinant
adenoviruses allows for diminished endogenous target gene
expression. Injection of the recombinant adenovirus vectors
into transgenic mice expressing the target genes of the siRNA
results in in vivo reduction of target gene expression. In an
animal model, whole-embryo electroporation can efficiently
deliver synthetic siRNA into post-implantation mouse
embryos (Calegari et al., Proc. Natl. Acad. Sci. USA 99(22):
14236-40 (2002)). In adult mice, efficient delivery of siRNA
can be accomplished by the “high-pressure” delivery tech-
nique, a rapid injection (within 5 seconds) of a large volume
of siRNA-containing solution into animal via the tail vein
(Liu (1999), supra; McCaffrey (2002), supra; Lewis, Nature
Genetics 32: 107-108 (2002)). Nanoparticles and liposomes
can also be used to deliver siRNA into animals.

Uses of Engineered RNA Precursors to Induce RNAi

Engineered RNA precursors, introduced into host cells or
whole organisms (subjects) as described herein, will lead to
the production of a desired siRNA molecule. Such an siRNA
molecule will then associate with endogenous protein com-
ponents of the RNAi pathway to bind to and target a specific
STAT or ERK mRNA sequence for cleavage and destruction.
In this fashion, the mRNA to be targeted by the siRNA gen-
erated from the engineered RNA precursor will be depleted
from the cell or organism, leading to a decrease in the con-
centration of the STAT or ERK protein encoded by that
mRNA in the cell or organism. The RNA precursors are
typically nucleic acid molecules that individually encode
either one strand of a dsSRNA or encode the entire nucleotide
sequence of an RNA hairpin loop structure.

Antisense

The STAT or ERK inhibitor used in the methods and com-
positions of the invention can be an antisense nucleic acid
molecule. An “antisense” nucleic acid molecule (antisense
oligonucleotide) can include a nucleotide sequence that is
complementary to a “sense” nucleic acid sequence encoding
a STAT or ERK protein, e.g., complementary to the coding
strand of a double-stranded cDNA molecule or complemen-
tary to at least a portion of a STAT or ERK gene. The antisense
nucleic acid sequence can be complementary to an entire
coding strand of a target sequence, or to only a portion thereof
(for example, STAT or ERK genes, or a portion of either or
both). In another embodiment, the antisense nucleic acid
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molecule is antisense to a “noncoding region” of the coding
strand of a nucleotide sequence within the STAT or ERK
gene. An antisense oligonucleotide can be, for example, about
7,10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, or
more nucleotides in length. An example of an antisense oli-
gonucleotide with inhibitory activity toward ERK signaling is
ISIS 5132, a 20-base phosphorothioate antisense oligodoxy-
nucleotide designed to hybridize to the 3' untranslated region
of the c-raf-1 mRNA (Monia, B. P. et al., Nat. Med., 1996,
2(6): 668-675; Stevenson J. P. et al., J. Clin. Oncol., 1999, 17:
2227-2236; O’Dwyer P. J. et al., Clin. Cancer Res., 1999, 5:
3977-3982).

An antisense nucleic acid molecule can be designed such
that it is complementary to the entire STAT or ERK gene, but
can also be an oligonucleotide that is antisense to only a
portion of the STAT or ERK gene. For example, the antisense
oligonucleotide can be complementary to the region sur-
rounding the translation start site of the target mRNA, e.g.,
between the —10 and +10 regions of the target gene nucleotide
sequence of interest. An antisense oligonucleotide sequence
can be, forexample, about 7, 10, 15, 20, 25,30, 35, 40, 45, 50,
55, 60, 65, 70, 75, 80, or more nucleotides in length.

An antisense nucleic acid molecule of the invention can be
constructed using chemical synthesis and enzymatic ligation
reactions using procedures known in the art. For example, an
antisense nucleic acid (e.g., an antisense oligonucleotide) can
be chemically synthesized using naturally occurring nucle-
otides or variously modified nucleotides designed to increase
the biological stability of the molecules or to increase the
physical stability of the duplex formed between the antisense
and sense nucleic acids, e.g., phosphorothioate derivatives
and acridine substituted nucleotides can be used. The anti-
sense nucleic acid sequence also can be produced biologi-
cally using an expression vector into which a nucleic acid
sequence has been subcloned in an antisense orientation (i.e.,
RNA transcribed from the inserted nucleic acid sequence will
be of'an antisense orientation to a target nucleic acid sequence
of interest, described further in the following subsection).

The antisense nucleic acid molecules of the invention are
typically administered to a subject (e.g., systemically or
locally by direct injection at a tissue site), or generated in situ
such that they hybridize with or bind to STAT or ERK mRNA
to thereby inhibit expression of the STAT or ERK protein.
Alternatively, antisense nucleic acid molecules can be modi-
fied to target selected cells (such as respiratory epithelial
cells) and then administered systemically. For systemic
administration, antisense molecules can be modified such
that they specifically bind to receptors or antigens expressed
on a selected cell surface, e.g., by linking the antisense
nucleic acid molecules to peptides or antibodies that bind to
cell surface receptors or antigens. The antisense nucleic acid
molecules can also be delivered to cells using the vectors
described herein. To achieve sufficient intracellular concen-
trations of the antisense molecules, vector constructs in which
the antisense nucleic acid molecule is placed under the con-
trol of a strong pol II or pol III promoter can be used.

In yet another embodiment, the antisense oligonucleotide
of the invention is an alpha-anomeric nucleic acid molecule.
An alpha-anomeric nucleic acid molecule forms specific
double-stranded hybrids with complementary RNA in which,
contrary to the usual beta-units, the strands run parallel to
each other (Gaultier et al., Nucleic Acids. Res. 15: 6625-6641
(1987)). The antisense nucleic acid molecule can also com-
prise a 2'-o-methylribonucleotide (Inoue et al. Nucleic Acids
Res. 15: 6131-6148 (1987)) or a chimeric RNA-DNA ana-
logue (Inoue et al. FEBS Lett., 215: 327-330 (1987)).
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Gene expression can be inhibited by targeting nucleotide
sequences complementary to the regulatory region of the
gene to form triple helical structures that prevent expression
of'the gene in target cells. See generally, Helene, C. Antican-
cer Drug Des. 6: 569-84 (1991); Helene, C. Ann. N.Y. Acad.
Sci. 660: 27-36 (1992); and Maher, Bioassays 14: 807-15
(1992). The potential sequences that can be targeted for triple
helix formation can be increased by creating a so-called
“switchback” nucleic acid molecule. Switchback molecules
are synthesized in an alternating 5'-3', 3'-5' manner, such that
they base pair with first one strand of a duplex and then the
other, eliminating the necessity for a sizeable stretch of either
purines or pyrimidines to be present on one strand of a duplex.
Ribozymes

Ribozymes are a type of RNA that can be engineered to
enzymatically cleave and inactivate other RNA targets in a
specific, sequence-dependent fashion. By cleaving the target
RNA, ribozymes inhibit translation, thus preventing the
expression of the target gene. Ribozymes can be chemically
synthesized in the laboratory and structurally modified to
increase their stability and catalytic activity using methods
known in the art. Alternatively, ribozyme encoding nucle-
otide sequences can be introduced into host cells through
gene-delivery mechanisms known in the art. A ribozyme hav-
ing specificity for STAT or ERK RNA can include one or
more sequences complementary to the nucleotide sequence
of at least a portion of STAT or ERK mRNA, and a sequence
having known catalytic sequence responsible for mRNA
cleavage (see U.S. Pat. No. 5,093,246 or Haselhoft and
Gerlach Nature 334: 585-591 (1988)). For example, a deriva-
tive of a Tetrahymena [-19 IVS RNA can be constructed in
which the nucleotide sequence of the active site is comple-
mentary to the nucleotide sequence to be cleaved in the STAT
or ERK mRNA (see, e.g., Cechetal. U.S. Pat. No. 4,987,071;
and Cech et al. U.S. Pat. No. 5,116,742). Alternatively, STAT
or ERK mRNA encoding a STAT or ERK protein can be used
to select a catalytic RNA having a specific ribonuclease activ-
ity from a pool of RNA molecules (see, e.g., Bartel, D. and
Szostak, J. W. Science 261: 1411-1418 (1993)).

Nucleic Acid Targets

The nucleic acid targets of the polynucleotides useful as
STAT or ERK inhibitors (e.g., antisense, RNAi, and
ribozymes) may be any gene in the STAT or ERK pathways,
or a portion of a gene in the STAT or ERK pathways. Option-
ally, a cocktail of polynucleotides specific for two or more
genes may be administered to a subject. Thus, for example,
the polynucleotide cocktail may include polynucleotides hav-
ing nucleic acid targets in a STAT gene and an ERK gene. The
nucleic acid target may be in any location within the STAT or
ERK gene or transcript. For example, the nucleic acid target
may be located at a site within a gene of the STAT or ERK
pathway selected from the group consisting of the 5' untrans-
lated region (UTR), transcription start site, translation start
site, and the 3' UTR. In one embodiment, the nucleic acid
target is located at a site within a STAT gene (such as the
STAT1 or STAT3 gene) or ERK1/2 gene selected from the
group consisting of the 5' untranslated region (UTR), tran-
scription start site, translation start site, and the 3' UTR.
Pharmaceutical Compositions and Methods of Administra-
tion

The STAT or ERK inhibitors used in the compositions and
methods of the subject invention can be incorporated into
pharmaceutical compositions. Such compositions typically
include the inhibitor and a pharmaceutically acceptable car-
rier. As used herein, the term “pharmaceutically acceptable
carrier” includes saline, solvents, dispersion media, coatings,
antibacterial and antifungal agents, isotonic and absorption
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delaying agents, and the like, compatible with pharmaceuti-
cal administration. Supplementary active compounds can
also be incorporated into the compositions. Formulations
(compositions) are described in a number of sources that are
well known and readily available to those skilled in the art.
For example, Remington’s Pharmaceutical Sciences (Martin
E. W., Easton Pa., Mack Publishing Company, 19 ed., 1995)
describes formulations which can be used in connection with
the subject invention.

Pharmaceutically acceptable carriers include any and all
solvents (such as phosphate buffered saline buffers, water,
saline), dispersion media, coatings, antibacterial and antifun-
gal agents, isotonic and absorption delaying agents and the
like. The use of such media and agents for pharmaceutically
active substances is well known in the art. Except insofar as
any conventional media or agent is incompatible with the
active ingredient (the STAT or ERK inhibitor), its use in
therapeutic compositions is contemplated. Supplementary
active ingredients can also be incorporated into the composi-
tions. The pharmaceutical compositions of the subject inven-
tion can be formulated according to known methods for pre-
paring pharmaceutically useful compositions. Formulations
are described in a number of sources that are well known and
readily available to those skilled in the art. For example,
Remington’s Pharmaceutical Science (Martin E. W. (1995)
Easton Pa., Mack Publishing Company, 19” ed.) describes
formulations which can be used in connection with the sub-
ject invention.

A pharmaceutical composition is formulated to be compat-
ible with its intended route of administration, e.g., local or
systemic. Examples of routes of administration include
parenteral, e.g., intravenous, intradermal, subcutaneous, oral
(e.g., inhalation), nasal, topical, transdermal, transmucosal,
and rectal administration. Solutions or suspensions used for
parenteral, intradermal, or subcutaneous application can
include the following components: a sterile diluent such as
water for injection, saline solution, fixed oils, polyethylene
glycols, glycerine, propylene glycol or other synthetic sol-
vents; antibacterial agents such as benzyl alcohol or methyl
parabens; antioxidants such as ascorbic acid or sodium
bisulfite; chelating agents such as ethylenediaminetetraacetic
acid; buffers such as acetates, citrates or phosphates and
agents for the adjustment of tonicity such as sodium chloride
or dextrose. pH can be adjusted with acids or bases, such as
hydrochloric acid or sodium hydroxide. The parenteral prepa-
ration can be enclosed in ampoules, disposable syringes or
multiple dose vials made of glass or plastic.

Pharmaceutical compositions suitable for injectable use
include sterile aqueous solutions (where water soluble) or
dispersions and sterile powders for the extemporaneous
preparation of sterile injectable solutions or dispersion. For
intravenous administration, suitable carriers include physi-
ological saline, bacteriostatic water, CREMOPHOR EL
(BASF, Parsippany, N.J.) or phosphate buffered saline (PBS).
In all cases, the composition must be sterile and should be
fluid to the extent that easy syringability exists. It should be
stable under the conditions of manufacture and storage and be
preserved against the contaminating action of microorgan-
isms such as bacteria and fungi. The carrier can be a solvent
or dispersion medium containing, for example, water, etha-
nol, polyol (for example, glycerol, propylene glycol, and
liquid polyetheylene glycol, and the like), and suitable mix-
tures thereof. The proper fluidity can be maintained, for
example, by the use of a coating such as lecithin, by the
maintenance of the required particle size in the case of dis-
persion and by the use of surfactants. Prevention of the action
of microorganisms can be achieved by various antibacterial
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and antifungal agents, for example, parabens, chlorobutanol,
phenol, ascorbic acid, thimerosal, and the like. Isotonic
agents, for example, sugars, polyalcohols such as manitol,
sorbitol, sodium chloride can also be included in the compo-
sition. Prolonged absorption of the injectable compositions
can be brought about by including in the composition an agent
that delays absorption, such as aluminum monostearate or
gelatin.

Sterile injectable solutions can be prepared by incorporat-
ing the active compound (e.g., a STAT or ERK inhibitor) in
the required amount in an appropriate solvent with one or a
combination of ingredients enumerated above, as required,
followed by filtered sterilization. Generally, dispersions are
prepared by incorporating the polynucleotide into a sterile
vehicle, which contains a basic dispersion medium and the
required other ingredients from those enumerated above. In
the case of sterile powders for the preparation of sterile inject-
able solutions, suitable methods of preparation include
vacuum drying and freeze-drying which yields a powder of
the active ingredient plus any additional desired ingredient
from a previously sterile-filtered solution thereof.

Oral compositions generally include an inert diluent or an
edible carrier. For the purpose of oral therapeutic administra-
tion, the active compound can be incorporated with excipients
and used in the form of tablets, troches, or capsules, e.g.,
gelatin capsules. Oral compositions can also be prepared
using a fluid carrier for use as a mouthwash. Pharmaceutically
compatible binding agents, and/or adjuvant materials can be
included as part of the composition. The tablets, pills, cap-
sules, troches and the like can contain any of the following
ingredients, or compounds of a similar nature: a binder such
as microcrystalline cellulose, gum tragacanth or gelatin; an
excipient such as starch or lactose, a disintegrating agent such
as alginic acid, PRIMOGEL, or corn starch; a lubricant such
as magnesium stearate or Sterotes; a glidant such as colloidal
silicon dioxide; a sweetening agent such as sucrose or sac-
charin; or a flavoring agent such as peppermint, methyl sali-
cylate, or orange flavoring.

Formulations suitable for nasal administration, wherein
the carrier is a solid, include a coarse powder having a particle
size, for example, in the range of about 20 to about 500
microns, which is administered in the manner in which snuff
is taken, i.e., by rapid inhalation through the nasal passage
from a container of the powder held close up to the nose.
Suitable formulations wherein the carrier is a liquid for
administration by nebulizer, include aqueous or oily solutions
of the agent. For administration by inhalation, the STAT or
ERK inhibitor can also be delivered in the form of drops or an
aerosol spray from a pressured container or dispenser that
contains a suitable propellant, e.g., a gas such as carbon
dioxide, or a nebulizer. Such methods include those described
in U.S. Pat. No. 6,468,798.

Systemic administration can also be by transmucosal or
transdermal means. For transmucosal or transdermal admin-
istration, penetrants appropriate to the barrier to be permeated
are used in the formulation. Such penetrants are generally
known in the art, and include, for example, for transmucosal
administration, detergents, bile salts, and fusidic acid deriva-
tives. Transmucosal administration can be accomplished
through the use of nasal sprays, drops, or suppositories. For
transdermal administration, the active compound (e.g., poly-
nucleotides of the invention) are formulated into ointments,
salves, gels, or creams, as generally known in the art.

The pharmaceutical compositions can also be prepared in
the form of suppositories (e.g., with conventional suppository
bases such as cocoa butter and other glycerides) or retention
enemas for rectal delivery.
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Polynucleotides that are STAT or ERK inhibitors, or which
encode polypeptides that are STAT or ERK inhibitors, can
also be administered by transfection or infection using meth-
ods known in the art, including but not limited to, the methods
described in McCaffrey et al., Narure 418(6893): 38-39
(2002) (hydrodynamic transfection); Xia et al., Nature Bio-
technol. 20(10): 1006-10 (2002) (viral-mediated delivery); or
Putnam, Am. J. Health Syst. Pharm. 53(2): 151-160 (1996),
erratum at Am. J. Health Syst. Pharm. 53(3): 325 (1996).

The polynucleotides can also be administered by any
method suitable for administration of nucleic acid agents,
such as a DNA vaccine. These methods include gene guns,
bio injectors, and skin patches as well as needle-free methods
such as the micro-particle DNA vaccine technology disclosed
in U.S. Pat. No. 6,194,389, and the mammalian transdermal
needle-free vaccination with powder-form vaccine as dis-
closed in U.S. Pat. No. 6,168,587. Additionally, intranasal
delivery is possible, as described in Hamajima et al., Clin.
Immunol. Immunopathol. 88(2): 205-10 (1998). Liposomes
(e.g., as described in U.S. Pat. No. 6,472,375) and microen-
capsulation can also be used. Biodegradable targetable
microparticle delivery systems can also be used (e.g., as
described in U.S. Pat. No. 6,471,996). Preferably, the poly-
nucleotides used in the methods of the invention are admin-
istered to the subject such that an effective amount are deliv-
ered to the respiratory epithelial cells within the subject’s
airway, resulting in an effective amount of transcription and/
or translation of the polynucleotides within the subject’s air-
way.

In one embodiment, the polynucleotides are prepared with
carriers that will protect the polynucleotide against rapid
elimination from the body, such as a controlled release for-
mulation, including implants and microencapsulated delivery
systems. Biodegradable, biocompatible polymers can be
used, such as ethylene vinyl acetate, polyanhydrides, polyg-
lycolic acid, collagen, polyorthoesters, and polylactic acid.
Such formulations can be prepared using standard tech-
niques. Liposomal suspensions (including liposomes tar-
geted to antigen-presenting cells with monoclonal antibod-
ies) can also be used as pharmaceutically acceptable carriers.
These can be prepared according to methods known to those
skilled in the art, for example, as described in U.S. Pat. No.
4,522.811.

Preferably, the STAT or ERK inhibitors used in the method
of'the subject invention (e.g., compositions containing them)
are administered locally or systemically such that they are
delivered to the cells of the airway, such as airway epithelial
cells, which line the nose as well as the large and small
airways.

Toxicity and therapeutic efficacy of compositions can be
determined by standard pharmaceutical procedures in cell
cultures or experimental animals, e.g., for determining the
LD50 (the dose lethal to 50% of the population) and the ED50
(the dose therapeutically effective in 50% of the population).
The dose ratio between toxic and therapeutic effects is the
therapeutic index and it can be expressed as the ratio LD50/
EDS50. Compositions which exhibit high therapeutic indices
can be used. While compositions that exhibit toxic side
effects can be used, care should be taken to design a delivery
system that targets such compounds to the site of affected
tissue in order to minimize potential damage to uninfected
cells and, thereby, reduce side effects.

Data obtained from cell culture assays and animal studies
can be used in formulating a range of dosage for use in
humans. The dosage of such compositions generally lies
within a range of circulating concentrations that include the
EDS50 with little or no toxicity. The dosage can vary within
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this range depending upon the dosage form employed and the
route of administration utilized. For any composition used in
the method of the invention, the therapeutically effective dose
can be estimated initially from cell culture assays. A dose can
be formulated in animal models to achieve a circulating
plasma concentration range that includes the IC50 (i.e., the
concentration of the test composition which achieves a half-
maximal inhibition of symptoms) as determined in cell cul-
ture. Such information can be used to more accurately deter-
mine useful doses in humans. Levels in plasma can be
measured, for example, by high performance liquid chroma-
tography.

In accordance with the invention, treatment of a subject
with a therapeutically effective amount of a STAT or ERK
inhibitor can include a single treatment or can include a series
of treatments. The STAT or ERK inhibitor(s) can be admin-
istered on any appropriate schedule, e.g., from one or more
times per day to one or more times per week; including once
every other day, for any number of days or weeks, e.g., 1 day,
2 days, 3 days, 4 days, 5 days, 6 days, 1 week, 10 days, 2
weeks, 3 weeks, 4 weeks, 5 weeks, 6 weeks, 7 weeks, 8
weeks, 2 months, 3 months, 6 months, or more, or any varia-
tion thereon. The skilled artisan will appreciate that certain
factors may influence the dosage and timing required to effec-
tively treat a subject, including but not limited to the severity
of the disease or disorder, previous treatments, the general
health and/or age of the subject, and other diseases present.

The STAT or ERK inhbitor(s) used in the compositions and
methods of the invention can be used in the form of salts.
Pharmaceutically acceptable acid addition salts may be pre-
pared from inorganic and organic acids. Salts derived from
inorganic acids include hydrochloric acid, hydrobromic acid,
sulfuric acid, nitric acid, phosphoric acid, and the like. Salts
derived from organic acids include citric acid, lactic acid,
tartaric acid, fatty acids, and the like.

Salts may also be formed with bases. Such salts include
salts derived from inorganic or organic bases, for example
alkali metal salts such as magnesium or calcium salts, and
organic amine salts such as morpholine, piperidine, dimethy-
lamine or diethylamine salts.

The polynucleotides used in the methods and compositions
of the invention can be inserted into genetic constructs, e.g.,
viral vectors, retroviral vectors, expression cassettes, or plas-
mid viral vectors, e.g., using methods known in the art,
including but not limited to those described in Xia et al.,
(2002), supra. Genetic constructs can be delivered to a subject
by, for example, inhalation, orally, intravenous injection,
local administration (see U.S. Pat. No. 5,328,470) or by ste-
reotactic injection (see, e.g., Chenetal., Proc. Natl. Acad. Sci.
US4 91:3054-3057 (1994)). The pharmaceutical preparation
of the delivery vector can include the vector in an acceptable
diluent, or can comprise a slow release matrix in which the
delivery vehicle is imbedded. Alternatively, where the com-
plete delivery vector can be produced intact from recombi-
nant cells, e.g., retroviral vectors, the pharmaceutical prepa-
ration can include one or more cells which produce the
polynucleotide delivery system.

The polynucleotides of the invention can also include small
hairpin RNAs (shRNAs), and expression constructs engi-
neered to express shRNAs. Transcription of shRNAs is initi-
ated at a polymerase 11 (pol I1I) promoter, and is thought to be
terminated at position 2 of a 4-5-thymine transcription termi-
nation site. Upon expression, shRNAs are thought to fold into
a stem-loop structure with 3' UU-overhangs; subsequently,
the ends of these shRNAs are processed, converting the shR-
NAs into siRNA-like molecules of about 21 nucleotides
(Brummelkamp et al., Science 296: 550-553 (2002); Lee et
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al., (2002), supra; Miyagishi and Taira, Nature Biotechnol.
20: 497-500 (2002); Paddison et al. (2002), supra; Paul
(2002), supra; Sui (2002) supra; Yu et al. (2002), supra.

The present invention also relates to vectors and to con-
structs that include or encode polynucleotides and in particu-
lar to “recombinant nucleic acid constructs” that include any
nucleic acid such as a DNA polynucleotide segment that may
be transcribed to yield STAT or ERK mRNA-specific siRNA
polynucleotides according to the invention as provided
above; to host cells which are genetically engineered with
vectors and/or constructs of the invention and to the produc-
tion of siRNA polynucleotides, polypeptides, and/or fusion
proteins of the invention, or fragments or variants thereof, by
recombinant techniques. Polynucleotides disclosed herein as
RNA polynucleotides may be engineered to produce corre-
sponding DNA sequences using well-established methodolo-
gies such as those described herein. Thus, for example, a
DNA polynucleotide may be generated from any siRNA
sequence described herein, such that the present siRNA
sequences will be recognized as also providing correspond-
ing DNA polynucleotides (and their complements). These
DNA polynucleotides are therefore encompassed within the
contemplated invention, for example, to be incorporated into
the subject invention recombinant nucleic acid constructs
from which siRNA may be transcribed.

According to the present invention, a vector may comprise
a recombinant nucleic acid construct containing one or more
promoters for transcription of an RNA molecule, for
example, the human U6 snRNA promoter (see, e.g., Miyag-
ishietal., Nat. Biotechnol. 20: 497-500 (2002); Lee etal., Nat.
Biotechnol. 20: 500-505 (2002); Paul et al., Nat. Biotechnol.
20: 505-508 (2002); Grabarek et al., BioTechniques 34:
73544 (2003); see also Sui et al., Proc. Natl. Acad. Sci. USA
99: 5515-20 (2002)). Each strand of a siRNA polynucleotide
may be transcribed separately each under the direction of a
separate promoter and then may hybridize within the cell to
form the siRNA polynucleotide duplex. Each strand may also
be transcribed from separate vectors (see Lee et al., supra).
Alternatively, the sense and antisense sequences specific for
an RSV sequence may be transcribed under the control of a
single promoter such that the siRNA polynucleotide forms a
hairpin molecule (Paul et al., supra). In such an instance, the
complementary strands of the siRNA specific sequences are
separated by a spacer that comprises at least four nucleotides,
but may comprise atleast 5, 6,7,8,9,10,11,12,14,16,94 18
nucleotides or more nucleotides as described herein. In addi-
tion, siRNAs transcribed under the control of a U6 promoter
that form a hairpin may have a stretch of about four uridines
at the 3' end that act as the transcription termination signal
(Miyagishi et al., supra; Paul et al., supra). By way of illus-
tration, if the target sequence is 19 nucleotides, the siRNA
hairpin polynucleotide (beginning at the 5' end) has a
19-nucleotide sense sequence followed by a spacer (which as
two uridine nucleotides adjacent to the 3' end of the 19-nucle-
otide sense sequence), and the spacer is linked to a 19 nucle-
otide antisense sequence followed by a 4-uridine terminator
sequence, which results in an overhang. siRNA polynucle-
otides with such overhangs effectively interfere with expres-
sion of the target polypeptide. A recombinant construct may
also be prepared using another RNA polymerase II1 promoter,
the H1 RNA promoter, that may be operatively linked to
siRNA polynucleotide specific sequences, which may be
used for transcription of hairpin structures comprising the
siRNA specific sequences or separate transcription of each
strand of a siRNA duplex polynucleotide (see, e.g., Brum-
melkamp et al., Science 296: 550-53 (2002); Paddison et al.,
supra). DNA vectors useful for insertion of sequences for
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transcription of an siRNA polynucleotide include pSUPER
vector (see, e.g., Brummelkamp et al., supra); pAV vectors
derived from pCWRSVN (see, e.g., Paul et al., supra); and
pIND (see, e.g., Lee et al., supra), or the like.

Polynucleotides used in the methods and compositions of
the invention can be expressed in mammalian cells, yeast,
bacteria, or other cells under the control of appropriate pro-
moters, providing ready systems for evaluation of STAT or
ERK-specific polynucleotides that are capable of interfering
with expression of STAT or ERK genes, as provided herein.
Appropriate cloning and expression vectors for use with
prokaryotic and eukaryotic hosts are described, for example,
by Sambrook, et al., Molecular Cloning: A Laboratory
Manual, Third Edition, Cold Spring Harbor, N.Y., (2001).

The appropriate DNA sequence(s) may be inserted into the
vector by a variety of procedures. In general, the DNA
sequence is inserted into an appropriate restriction endonu-
clease site(s) by procedures known in the art. Standard tech-
niques for cloning, DNA isolation, amplification and purifi-
cation, for enzymatic reactions involving DNA ligase, DNA
polymerase, restriction endonucleases and the like, and vari-
ous separation techniques are those known and commonly
employed by those skilled in the art. A number of standard
techniques are described, for example, in Ausubel et al. (1993
Current Protocols in Molecular Biology, Greene Publ. Assoc.
Inc. & John Wiley & Sons, Inc., Boston, Mass.); Sambrook et
al. (2001 Molecular Cloning, Third Ed., Cold Spring Harbor
Laboratory, Plainview, N.Y.); Maniatis et al. (1982 Molecular
Cloning, Cold Spring Harbor Laboratory, Plainview, N.Y.);
and elsewhere.

The DNA sequence in the expression vector is operatively
linked to at least one appropriate expression control (i.e.,
regulatory) sequence (e.g., a promoter or a regulated pro-
moter) to direct mRNA synthesis. Representative examples
of such expression control sequences include LTR or SV40
promoter, the E. coli lac or trp, the phage lambda P; promoter
and other promoters known to control expression of genes in
prokaryotic or eukaryotic cells or their viruses. Promoter
regions can be selected from any desired gene using CAT
(chloramphenicol transferase) vectors or other vectors with
selectable markers. Eukaryotic promoters include CMV
immediate early, HSV thymidine kinase, early and late SV40,
LTRs from retrovirus, and mouse metallothionein-I. Selec-
tion of the appropriate vector and promoter is well within the
level of ordinary skill in the art, and preparation of certain
particularly preferred recombinant expression constructs
comprising at least one promoter, or regulated promoter,
operably linked to a polynucleotide of the invention is
described herein.

As noted above, in certain embodiments the vector may be
a viral vector such as a mammalian viral vector (e.g., retro-
virus, adenovirus, adeno-associated virus, lentivirus). For
example, retroviruses from which the retroviral plasmid vec-
tors may be derived include, but are not limited to, Moloney
Murine Leukemia Virus, spleen necrosis virus, retroviruses
such as Rous Sarcoma Virus, Harvey Sarcoma virus, avian
leukosis virus, gibbon ape leukemia virus, human immuno-
deficiency virus, adenovirus, Myeloproliferative Sarcoma
Virus, and mammary tumor virus.

The viral vector includes one or more promoters. Suitable
promoters that may be employed include, but are not limited
to, the retroviral LTR; the SV40 promoter; and the human
cytomegalovirus (CMV) promoter described in Miller, et al.,
Biotechnigues 7: 980-990 (1989), or any other promoter (e.g.,
cellular promoters such as eukaryotic cellular promoters
including, but not limited to, the histone, pol III, and beta-
actin promoters). Other viral promoters that may be
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employed include, but are not limited to, adenovirus promot-
ers, adeno-associated virus promoters, thymidine kinase
(TK) promoters, and B19 parvovirus promoters. The selec-
tion of a suitable promoter will be apparent to those skilled in
the art from the teachings contained herein, and may be from
among either regulated promoters (e.g., tissue-specific or
inducible promoters) or promoters as described above.

A tissue-specific promoter allows preferential expression
of'the polynucleotide in a given target tissue (such as tissue of
the respiratory tract), thereby avoiding expression in other
tissues. For example, to express genes specifically in the
heart, a number of cardiac-specific regulatory elements can
be used. An example of a cardiac-specific promoter is the
ventricular form of MLLC-2v promoter (see, Zhu et al., Mol.
Cell Biol. 13: 4432-4444, 1993; Navankasattusas et al., Mol.
Cell Biol. 12: 1469-1479, 1992) or a variant thereof such as a
281 bp fragment of the native MLC-2v promoter (nucleotides
-264t0 +17, Genebank Accession No. U26708). Examples of
other cardiac-specific promoters include alpha myosin heavy
chain (Minamino et al., Circ. Res. 88: 587-592, 2001) and
myosin light chain-2 (Franz et al., Circ. Res. 73: 629-638,
1993). Endothelial cell gene promoters include endoglin and
ICAM-2. See Velasco et al., Gene Ther. 8: 897-904, 2001.
Liver-specific promoters include the human phenylalanine
hydroxylase (PAH) gene promoters (Bristeau et al., Gene
274:283-291,2001), hB1F (Zhang et al., Gene 273: 239-249,
2001), and the human C-reactive protein (CRP) gene pro-
moter (Ruther et al., Oncogene 8: 87-93, 1993). Promoters
that are kidney-specific include CLCN5 (Tanaka et al.,
Genomics 58: 281-292, 1999), renin (Sinn et al., Physical
Genomics 3: 25-31, 2000), androgen-regulated protein,
sodium-phosphate cotransporter, renal cytochrome P-450,
parathyroid hormone receptor and kidney-specific cadherin.
See Am. J. Physiol. Renal Physiol. 279:F383-392, 2000. An
example of a pancreas-specific promoter is the pancreas
duodenum homeobox 1 (PDX-1) promoter (Samara et al.,
Mol. Cell Biol. 22: 4702-4713, 2002). A number of brain-
specific promoters may be useful in the invention and include
the thy-1 antigen and gamma-enolase promoters (Vibert et
al., Eur. J. Biochem. 181:33-39, 1989), the glial-specific glial
fibrillary acidic protein (GFAP) gene promoter (Cortez et al.,
J. Neurosci. Res. 59:39-46, 2000), and the human FGF1 gene
promoter (Chiu et al., Oncogene 19: 6229-6239, 2000). The
GATA family of transcription factors have promoters direct-
ing neuronal and thymocyte-specific expression (see Asnagli
etal., J. Immunol. 168: 4268-4271, 2002).

In a specific embodiment of the expression vector (e.g.,
viral or non-viral) of the subject invention, the promoter is H1
or U6. Preferably, the expression vector (e.g., viral or non-
viral) of the subject invention includes a tissue-specific pro-
moter such as surfactant protein B (SPB) and/or a steroid
response element (SRE), such as the glucocorticoid response
element (GRE) (Bohinski, R. J. et al. J. Biol. Chem., 1993,
268(15): 11160-11166; Bohinski, R. I. et al. Mol. Cell Biol.,
1994, 14(9): 5671-5681; Itani, O A. et al. Am. J. Physiol.
Endocrinol. Metab., 2002, 283(5):E971-E979; Huynh, T. T.
etal. J Endocrinol., 2002, 172(2): 295-302). Such regulatory
sequences are particularly useful where selective expression
of the operably linked polynucleotide within the subject’s
airway is desired and/or where expression of the polynucle-
otide only in the presence of steroids is desired. For example,
it may desirable to administer a polynucleotide encoding a
STAT or ERK inhibitor operably linked to a steroid response
element, wherein a steroid is co-administered to the subject as
combination therapy.
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Identification of STAT or ERK Inhibitors

Another aspect of the invention concerns a method for
identifying agents useful for treating or reducing the likeli-
hood of developing an RSV infection by determining whether
acandidate agent acts as an inhibitor of signal transducers and
activators of transcription (STAT) or ERK1/2 signaling,
wherein inhibition of STAT or ERK1/2 signaling is indicative
of an agent useful for treating or reducing the likelihood of
developing RSV infection. Optionally, the method further
includes the step of manufacturing the inhibitor. Optionally,
the method further includes the step of formulating the inhibi-
tor for delivery to the respiratory epithelium. The activity of
agents potentially useful as inhibitors may be assayed in vitro,
in vivo, or in a cell line. Using ERK as an example, in vitro
assays include assay that determine inhibition of either the
kinase activity or ATPase activity of activated ERK. Alternate
in vitro assays quantitate the ability of the inhibitor to bind to
ERK and may be measured either by radiolabelling the
inhibitor prior to binding, isolating the inhibitor/ERK com-
plex, and determining the amount of radiolabel bound, or by
running a competition experiment where new inhibitors are
incubated with ERK bound to known radioligands. One may
use any type or isoform of ERK, depending upon which ERK
type or isoform is to be inhibited.

As used in this specification, including the appended
claims, the singular “a” “a” and “the” include plural reference
unless the contact dictates otherwise. Thus, for example, a
reference to “a STAT inhibitor” includes more than one such
STAT inhibitor. A reference to “an ERK inhibitor” includes
more than one such ERK inhibitor. A reference to “a cell”
includes more than one such cell.

The terms “comprising”, “consisting of”” and “consisting
essentially of” are defined according to their standard mean-
ing. The terms may be substituted for one another throughout
the instant application in order to attach the specific meaning
associated with each term.

MATERIALS AND METHODS FOR EXAMPLES
1-5

Virus and Cell Lines.

The RSV A2 long strain (VR-1302) and the human lung
epithelial cell lines A549 and HEp-2 were obtained from the
American Type Culture Collection (ATCC, Rockville, Md.).
Normal human bronchial epithelial (NHBE) cells were
obtained from CLONETICS (San Diego Calif.). Cell lines
were grown at 37° C. in 5% CO, in Earle’s modified Eagle’s
medium (EMEM), supplemented with 10% fetal bovine
serum. NHBE primary cells were cultured in the supple-
mented medium provided by the supplier.

Reagents.

AG490, a JAK? inhibitor was purchased from CALBIO-
CHEM (San Diego, Calif.). STAT-1 WT and DN constructs
were obtained from Dr. Richard Jove of Moffitt Cancer Cen-
ter, University of South Florida. Antibodies to IL-6 were
purchased from PHARMINGEN. Heparin and heparinase
were from SIGMA.

RSV Purification and Plaque Assay.

Supernatants from RSV-infected HEp-2 cells (supRSV)
were clarified by centrifugation at 3200 g for 20 minutes at 4°
C. and PEG 8000 (50%, w/v) was added to a final concentra-
tion of 10% (Mbiguino, A. and Menezes, J. J. Virol. Methods,
1991, 31(2-3): 161-170; Senterfit, L. B. and Baldridge, P. B.
J. Immunol. Methods, 1974, 4(2): 349-357). Virus was pre-
cipitated for 90 minutes at 4° C. with stirring, followed by
centrifugation at 3200 g for 20 minutes at 4° C. Pellets were
snap frozen and stored at -80° C. PEG-precipitated virus was
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purified on two successive sucrose density gradients. The
virus was layered on a discontinuous 30%, 45%, and 60%
(w/v in 150 mM NaCl, 50 mM Tris-HCI, and 1 mM EDTA,
pH 7.5) sucrose gradient and centrifuged 90 minutes at
35,000 rpm in an SW-41 rotor. The visible band between 30%
and 45% was collected, diluted 1:2, and layered on a continu-
ous 30-60% sucrose gradient for 18 hours at 35,000 rpm in an
SW-41 rotor. Fractions (purRSV) were analyzed by spectro-
photometry and viral titering using a HEp-2 cell-based plaque
assay, as described (Behera, A. K. et al. Biochem. Biophys.
Res. Commun., 2001, 280(1): 188-195).

Heparin and Heparinase Treatment.

RSV was incubated with 1000 U/ml heparin at 37° C. for 2
hours and then used to infect A549 cells for 30 minutes at 37°
C. After treatment, the cells were washed with PBS and total
protein was extracted. A549 cells were also incubated with
1000 U/ml heparin for 2 hours at 37° C. and then infected with
RSV for 30 minutes at 37° C. for 2 hours before total protein
was extracted. For heparinase treatment, RSV or cells were
similarly treated with 10 U/ml heparinase.

Immunofluorescence.

RSV-infected and uninfected cells were fixed in chilled
acetone for 10 minutes, air-dried, and stained for 30 minutes
at 37° C. with FITC-labeled anti-RSV mAbs (CHEMICON,
Temecula, Calif.). The slides were washed three times in
PBS-Tween 20, air dried, mounted with Fluoromount G
(FISHER, Pittsburgh, Pa.), and observed by fluorescence
microscopy. RSV-positive cells were counted in 15 random
fields and from 2 to 3 different slides for each treatment
group.

Immunoblotting.

Immunoblotting was carried out as previously described
(Behera, A. K. et al. Biochem. Biophys. Res. Commun., 1998,
251(3): 704-709). After transfer, membranes were blocked
with 5% non-fat dried milk, incubated with antibody to a
specific STAT protein or to the corresponding phospho-STAT
protein (NEW ENGLAND BIOLABS, Beverly, Mass.), sec-
ondary antibody conjugated to horseradish peroxidase was
added, and immunocomplexes detected by enhanced chemi-
luminescence (NEW ENGLAND BIOLABS, Beverly,
Mass.).

Immunocytochemistry.

A549 cells were cultured to 45-50% confluence on 8-well
slides in EMEM. NHBE cells were cultured in BEGM
(CLONETICS, CA)with 0.5% FBS. Cells were infected with
supRSV or purRSV at an MOI of 1 for 30 minutes, after
which they were washed with PBS and fixed in cold methanol
for 10 minutes. After three washes with TBST (50 mM Tris-
HCI, pH 7.4, 150 mM NaCl, and 0.1% Triton X-100), the
slides were blocked with 5.5% normal goat serum in TBST
for 1 hours, washed with TBS, and incubated with primary
antibody in TBS/3% BSA overnight at 4° C. Cells were
washed, incubated with secondary antibody, and developed
using the VECTASTAIN ABC Kit (VECTOR LABORATO-
RIES, Burlingame, Calif.). Control cells were either mock
infected (no RSV) or treated with an equivalent concentration
of sucrose.

DNA Transfection.

A549 cells were grown to 60% confluence and transfected
with 12 pg of either WT or dominant-negative STAT-1 DNA
and a pRL-TK plasmid (PROMEGA) at a 10:1 ratio and 35 pl
Lipofectin (LIFE TECHNOLOGY, Gaithersberg, Md.) for 15
hours at 37° C. Transfection medium was replaced with com-
plete growth medium, cells were incubated at 37° C. for 6
hours, and infected with supRSV at MOI of 1 for 30 minutes
at 37° C. Renilla luciferase (pRL-TK) activity was used to
normalize transfection efficiency.
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Differential Gene Expression Analysis.

The protocols for cRNA preparation, target hybridization,
fluidics station setup, the probe array scan, and data analysis
were according to the Affymetrix technical manual (AF-
FYMETRIX, Santa Clara, Calif.). Briefly, 10 ug total RNA
was isolated from uninfected and RSV-infected A549 cells
and used to synthesize cDNA. The cDNA was used as an in
vitro transcription template to make a biotinylated cRNA
probe for hybridization to chips (HUGENEFL array,
AFFYMETRIX, CA) carrying 5000 human genes. Probe
arrays were scanned and results were processed using
AFFYMETRIX GENECHIP 3.0 software. Gene expression
profiles were created after all data sets were raised to a uni-
form value and normalized with all genes. A change in
expression of a specific gene was considered to be significant
if the average difference across the probe set was greater than
2-fold.

Promoter Analysis.

The promoter regions of early growth response (EGR-1),
c-Fos, zinc-finger transcription factor (ZFTF), and IL-6, were
analyzed using MATINSPECTOR V2.2 (GENOMATIX
software GmbH). Potential cis-regulatory elements and criti-
cal sequences shown are based on analysis of 5' upstream
sequences from GenBank.

Reverse Transcriptase-Polymerase Chain Reaction.

Reverse transcriptase-polymerase chain reaction (RT-
PCR) was performed, as previously described (Behera, A. K.
et al. Biochem. Biophys. Res. Commun., 2001, 280(1): 188-
195). A PCR cycle comprised 94° C. (5 minutes); 94° C. (1
minutes), 56° C. (30 seconds), and 72° C. (1 minute); and 72°
C.for 7minutes. Runs 0f 22, 25,32, 35, and 40 cycles for each
sample were used to determine the linear amplification range.
RT-PCR was repeated three times at that cycle and products
quantified by densitometry normalized with respect to -actin
as internal control. The forward (fp) and reverse (rp) primers
used were: Egr-1-fp, 5'-CCCCTT CCCCAATTACTATTC
C-3'(SEQIDNO:1); Egr-1-rp, 5'-CCA AGT GAG GAC CTA
ACT CC-3' (SEQIDNO:2); cFos-fp, 5'-CCT TCGTCT TCA
CCTACCC-3' (SEQID NO:3); cFos-p, 5'-GAA GAG GTA
AGGACT TGA GTC C-3'(SEQIDNO:4); ZFTF-fp, 5'-TTC
TGA GTG ACA AAG TGA CTG C-3' (SEQ ID NO:5);
ZFTF-rp, 5'-TAG GAG ACA GAT TTG GGC AGG-3' (SEQ
ID NO:6); -actin-fp, 5'-CGC GAG AAG ATG ACC CAG-3'
(SEQ ID NO:7); -actin-rp, 5'-ATC ACG ATG CCA GTG
GTA C-3' (SEQ ID NO:8); IL6-fp, 5'-AAC TCC TTC TCC
ACA AGC G-3' (SEQ ID NO:9); IL6-rp, 5'-TGG ACT GCA
GGA ACT CCT T-3' (SEQ ID NO:10); RSV N-fp, 5' GCG
ATG TCT AGG TTA GGA AGA A-3' (SEQ ID NO:11); and
RSV N-RP, 5'-GCT ATG TCC TTG GGT AGT AAG CCT-3'
(SEQ ID NO:12).

Promoter-Reporter Gene Expression Analysis.

The IL-6 promoter sequence was cloned upstream of a
green-fluorescent protein reporter to generate plasmid pIL6-
EGFP. pIL6-EGFP was transfected into A549 cells using
LIPOFECTAMINE PLUS (INVITROGEN) in serum-free
media for 6 hours. After transfection, cells were treated with
medium alone or infected with RSV. Twenty-four hours later,
cells were fixed in 2% paraformaldehyde and analyzed on a
FACScan flow cytometer (BECTON-DICKINSON, Mounta-
inview, Calif.).

Electrophoretic Mobility Shift Assay.

A549 cells were grown to 85-90% confluence and infected
with RSV for 15 or 30 minutes at 37° C. Nuclear extracts were
prepared by subjecting cells to three cycles of freeze-thaw
(dry ice/ethanol and 37° C.). After centrifugation (10,000 g,
4° C., 1 minute), pellets were resuspended in buffer contain-
ing 0.2 mM EDTA, 20 mM Hepes, 1.5 mM MgCl2, 420 mM
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KCl, 25% glycerol, 1 ul/ml leupeptin, 1 pg/ml pepstatin, 1
mM DTT, and 1 mM PMSF and stored at =70° C. The Sis-
inducible element (SIE, 5'-AGCTTCATTTCCCGTAAATC-
CCTA-3' (SEQ ID NO:13)) was used as probe for STAT
binding. The probe was labeled with [**P]dATP (10 mCi/ml;
AMERSHAM LIFE SCIENCE), using Klenow fragment and
Labeling Mix (PHARMACIA BIOTECH) at room tempera-
ture for 30 minutes. DNA-binding reactions containing
40,000 cpm of labeled probe and 2-6 pug cytosolic protein
extract were incubated 30 minutes at 30° C. and run ona 5%
polyacrylamide gel. Gels were fixed, dried, and exposed to a
storage phosphor screen visualized using a MOLECULAR
DYNAMICS PHOSPHORIMAGER.

Statistical Analysis.

All experiments were repeated 2-3 times and representa-
tive experiments are shown. Experiments involving enumera-
tion or quantification followed a paired experimental design.
Three replicates were used for each treatment and mean val-
ues of the replicates were used to compare difference between
treatments. A two-sided paired t test was used to compare
difference between means. A p<0.05 level of significance
(two-sided) was utilized.

EXAMPLE 1

RSV-Induced Early Gene Expression Analysis
Suggests Involvement of STATs

In an effort to identify and characterize the molecules
participating in early signaling pathways, differential gene
expression in supRSV-infected A549 cells was performed.
Analysis of RNAs from uninfected control and supRSV-in-
fected A549 cells revealed altered expression of 53 genes.
Expression ranged from a 5.5-fold reduction to a 56.4-fold
increase and genes showing >3-fold changes in expression in
RSV-infected cells are listed in Table 1. Expression of five
genes was downregulated 2.2-5.5-fold in cells infected with
RSV compared to the control (data not shown). Four regula-
tory genes, early growth response (EGR-1), c-Fos, zinc-fin-
ger transcription factor (ZFTF), and interleukin-6 (IL-6),
were upregulated 2-10-fold as measured by RT-PCR (FIGS.
1A and 1B). These genes were selected based on their high
expression as well as their potential role in viral pathogenesis.
Northern blot analysis of control and RSV-infected cells
showed that ZFTF and EGR-1 mRNA can be detected 30-60
minutes after RSV exposure (data not shown). The promoter
regions of RSV-activated regulatory genes from microarray
analysis are shown in FIG. 1C. Early gene activation poten-
tially involves several transcription factors including STATSs,
which have heretofore not been described in RSV-infected
cells.

TABLE 1
Probe set Gene description Fold change
M57731 Gro-b 56.4%
X52541 Early growth response gene (Egr-1) 55.1 *
V01512 c-Fos cellular oncogene 29.3
M92843 Zinc-finger transcription factor (ZFTF) 24.2
X04602 Interleukin 6 (IL-6) 19.8*
119871 Activating transcription factor 8.3*
D28235 Prostaglandin-endoperoxide synthase-2 7.9%
X51345 JUN-B protein (Jun-B) 5.6
V04636 Cyclooxygenase-2 (hCox-2) 4.8
U44975 DNA-binding protein (CPBP) 4.0
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TABLE 1-continued
Probe set Gene description Fold change
U15932 Protein phosphatase 3.8
HG4069 Monocyte chemotactic protein 1 (MCP-1) 3.2%

Changes in mRNA expression in A549 epithelial cells following a 30-minute exposure to
respiratory syncytial virus

EXAMPLE 2

RSV Exposure Induces STAT-1at in A549 and
NHBE Cells

RSV infection induced the phosphorylation of STAT-1a in
A549 cells with maximum phosphorylation at 30 minutes and
adecrease 1-2 hours after RSV infection (FIG. 2A). To deter-
mine if STAT phosphorylation was specific to A549 cells,
primary cultures of NHBE cells were exposed to RSV for 30
minutes. NHBE cells also activated STAT-1c. in response to
RSV (FIG. 2A). Factors are present in the viral supernatant
that might affect STAT-1a phosphorylation; therefore, RSV
was purified by sucrose gradient centrifugation to remove
these factors. Exposure of AS549 cells to purified RSV
(purRSV) also induced STAT-1a phosphorylation (FIG. 2A).
To verify that phosphorylation activated STAT-1, the nuclear
localization of phospho-STAT-1 was examined by immunof-
Iuorescence. A549 and NHBE cells were exposed to supRSV
or purRSV at an MOI of 1 for 30 minutes and stained with
antibody to phospho-STAT-1a Both supRSV and purRSV
induced nuclear localization of STAT-1a (FIG. 2B).

EXAMPLE 3
RSV Attachment is Critical to STAT Activation

RSV suspensions were incubated with antibodies to the
RSV F or G protein (CHEMICON, Temecula, Calif.) and
immunoprecipitated with protein A-Sepharose to deplete
them of RSV. RSV depletion blocked STAT-1c activation, as
shown in FIG. 3A, indicating that interaction of epithelial
cells with RSV is required for STAT-1a phosphorylation.
RSV infection involves attachment of G proteins to cellular
peptidoglycans, such as heparan sulfate, and fusion with the
cell membrane via the viral F protein. Treatment of cells with
heparin or heparinase blocks RSV infection (Feldman, S. A.
etal. J. Virol, 1999, 73(8): 6610-6617). RSV-induced activa-
tion of STAT-1 was abolished in A549 cells treated with
heparin or heparinase or infected with RSV that had been
pretreated with heparin or heparinase, as shown in FIG. 3B.
These experiments indicate that RSV attachment is required
for STAT-1a activation.

EXAMPLE 4
Blocking STAT-1 Attenuates RSV Infection

To further establish the role of STATs in RSV infection,
A549 cells were preincubated with AG490 for 4 hours, an
inhibitor of JAK, before infection with supRSV. AG490
decreased phosphorylation of STAT-la in RSV-infected
A549 cells compared to untreated controls, as shown in FIG.
4A. Treatment with AG490 also significantly (p<0.001)
decreased RSV infection, as determined by a plaque assay.
Viable cell counts on control and AG490-treated cells showed
that AG490 at these doses had no cytotoxic or anti-prolifera-
tive effects, as shown in FIG. 4B. A more specific inhibition of
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STAT activation was obtained by transfecting A549 cells with
a dominant-negative (Y701F, DN) STAT-1a (FIG. 4C). Cells
transfected with DN-STAT-1a showed a decrease in phos-
pho-STAT-1a (FIG. 4D) and RSV-N gene transcription (F1G.
4E), compared to WT. Immunofluorescence analysis of
infected cells 24 hours after RSV exposure showed a >60%
decrease in RSV-infected A549 cells transfected with the DN
construct, as shown in FIG. 4F. There was no difference in
growth between the cultures transfected with the wild type or
the DN constructs (data not shown). These results suggest that
STAT-1a activation is necessary for RSV infection.

EXAMPLE 5

STAT-3 is Also Involved in RSV Infectivity and is
Induced by IL-6

To investigate the possibility that RSV infection activates
other STATs, the phosphorylation of STAT-3 and STAT-5 was
examined using two different preparations of RSV (FIG. 5A).
STAT-3 phosphorylation but not STAT-5 was observed.
Analysis of nuclear extracts by electrophoretic mobility shift
showed binding of both STAT-1a and STAT-3 and a super-
shift with anti-STAT-3 antibody, as shown in FIG. 5B. Since
the microarray analysis showed that IL.-6 was highly upregu-
lated in RSV-infected cells, the possibility that RSV activates
STAT-3 secondary to IL-6 induction was examined. A
reporter gene, enhanced green-fluorescent protein (EGFP),
was cloned downstream of the IL.-6 promoter and cells were
transfected with this construct and infected with RSV. Both
purRSV- and supRSV-induced EGFP expression, as shown in
FIG. 5C. Incubation of supRSV with anti-1[.-6 prior to infec-
tion of A549 cells resulted in decreased STAT-3 activation;
STAT-1 was unaffected (FIG. 5D). RT-PCR analysis of IL.-6
mRNA from cells infected with purified RSV showed induc-
tion of IL-6 mRNA within 30 minutes of infection
(*p<0.0001), as shown in FIGS. 5E and 5E1. These data
demonstrate that RSV induces IL-6, which in turn activates
STAT-3 in A549 cells.

This investigation of RSV-induced early gene expression
and signaling processes in A549 epithelial cells demonstrated
changes in the expression of several genes and activation of
the STAT-1ccand STAT-3 signaling pathways, which are criti-
cal to early gene activation and a successful infection. The
identification by microarray analysis of 53 differentially
regulated genes in A549 cells exposed to RSV is consistent
with changes in gene expression reported in other studies
(Garofalo, R. et al. J. Immunol., 1996, 157(6): 2506-2513;
Bitko, V. et al. Virology, 1997, 232(2): 369-378; Elias, J. A. et
al.J. Biol. Chem., 1994, 269(35): 22261-22268; Zhu, H. et al.
Proc. Natl. Acad. Sci. USA, 1998, 95(24): 14470-14475; Eck-
mann, L. et al. J. Biol. Chem., 2000, 275(19): 14084-14094).
The microarray data were confirmed by RT-PCR and North-
ern blot analyses that showed elevated expression of regula-
tory genes in RSV-infected cells. The key finding from the
microarray results is that RSV-induced early gene expression
involves STAT activation. Early genes such as RANTES,
ICAM-1, and iNOS have STAT-binding elements (SBE) in
their 5' promoters and are reported to be regulated by STAT
activation (Cremer, 1. et al. FEBS Lett., 2002, 511(1-3):
41-45; Roy, J. et al. J. Biol. Chem., 2001, 276(18): 14553-
14561). RSV-upregulated genes identified by the microarray
analysis were also found to have STAT-binding sites. Primary
cultured normal human lung epithelial cells exhibited RSV-
induced gene expression paralleling that in neoplastic A549
cells, showing that the observed activation of STAT-1c also
occurs ex vivo in normal cells. Constituents in the RSV-
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HEP-2 supernatant might potentially activate STATs, but
demonstration that purified RSV also activates STAT-1c. and
that depletion of RSV from the supernatant abrogates STAT-
1o phosphorylation clearly implicates RSV infection in the
activation of STAT-1a.

Pretreatment of cells with the JAK inhibitor AG490 priorto
RSV infection caused a significant decrease in STAT-1a
phosphorylation, suggesting that RSV activates STAT-1a via
the JAK-STAT pathway. AG490 at doses that did not affect
cell proliferation strongly inhibited RSV infection. Although
the mechanism of the AG490-mediated decrease in RSV
infection is unclear, the early signaling molecules seem to
have a definitive role in the infection process. Further confir-
mation of the importance of STAT-1c in successful RSV
infection was obtained by transfecting cells with dominant-
negative STAT-1a DN-STAT-1a. expression inhibited STAT-
law activation, decreased expression of RSV-N-gene tran-
scripts, and reduced the numbers of infected cells compared
to wild type.

The microarray data showed rapid and significant induc-
tion of IL.-6, which prompted the examination of whether
STAT-3 or STAT-5 was involved in RSV infection. RSV
induced the activation of STAT-3 but not STAT-5, as evi-
denced by STAT-3 phosphorylation and a mobility shift assay.
STAT-3 activation was also found to be dependent upon the
expression of IL.-6. Whether, STAT-3 plays an important role
in regulating specific genes that are critical to RSV replication
and successful infection is being investigated.

This report establishes for the first time that RSV induces
the expression of a number of early genes in epithelial cells
some of which may be critical to RSV infection. STAT-1ctand
STAT-3, which upregulate a number of these genes, are acti-
vated by RSV and determine the magnitude of the infection
and accompanying inflammation. It has been reported that
STAT-1a is constitutively activated in asthmatics (Sampath,
D.etal.J. Clin. Invest., 1999, 103(9): 1353-1361). Since RSV
is one of the earliest triggers of airway inflammation and
exacerbation of asthma, and a majority of infants experience
RSV infection in the first two years of life, RSV may be
instrumental in the initial airway activation-switching on an
autocrine loop that is responsible for the inflammatory cas-
cade and constitutive expression of STAT-1a in asthmatics.

MATERIALS AND METHODS FOR EXAMPLES
6-9

Virus Strains and Cell Culture.

RSV A2 strain was obtained from the American Type Cul-
ture Collection (ATCC, Rockville, Md., USA). In some
experiments, rgRSV (an engineered RSV expressing
enhanced green fluorescent protein) was used. A549 cell line,
representing type Il alveolar epithelial cells, was obtained
from the ATCC. The cells were grown at 37° C. in 5% CO, in
RPMI medium, supplemented with 10% fetal bovine serum.
Normal human bronchial epithelial cells (NHBE) were
obtained from CAMBREX (Walkersville, Md., USA) and
grown in serum-free bronchial epithelium growth medium
supplemented as indicated by the manufacturer. NHBE at
passage 2 and 3 was used for the experiments.

Reagents.

Heparin and heparinase were obtained from Sigma-Ald-
rich (St. Louis, Mo., USA). AG490 (Janus kinase (JAK)
inhibitor), PD98059 (MAPK/ERK kinase-1 (MEK-1) inhibi-
tor), were obtained from CALBIOCHEM (San Diego, Calif.,
USA). Polyclonal anti-phospho antibodies or antibodies to
STAT-1, ERK, or IkBa. were obtained from CELL SIGNAL-
ING (Beverly, Mass., USA). Fluorescein isothiocyanate
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(FITC)-labeled anti-RSV N mouse monoclonal antibody was
obtained from CHEMICON (Temecula, Calif., USA).

Treatment with Inhibitors.

A549 cells were incubated with AG490 (50 uM) or
PD98059 (80 uM) for 4 hours at 37° C. and then infected with
RSV. At 30 minutes, 60 minutes, and 240 minutes following
infection, the cells were washed with phosphate-buffered
saline (PBS) and the total protein extracted (see Immunob-
lotting). In some experiments, subconfluent NHBE cells were
exposed to AG490 (50 uM) and PD98059 (80 uM) for 2 hours
at 37° C. prior to rgRSV infection.

Heparin and Heparinase Treatment.

Either A549 cells or RSV was incubated with 1000 U/ml
heparin at 37° C. for 2 hours before proceeding to infection
for 30 minutes at 37° C. After treatment, the cells were
washed with PBS and total protein was extracted. In some
experiments, heparinase (10 U/ml) was used following the
same protocol explained above.

RSV Purification and Plaque Assay.

RSV was PEG-precipitated and purified on two successive
sucrose density gradients as described (Kong, X. et al. Bio-
chem. Biophys. Res. Commun., 2003, 306: 616-622). The
plaque assay was used to determine infectious viral titers of
purified fractions, as described (Behera, A. K. et al. Biochem.
Biophys. Res. Commun., 2001, 280: 188-195; Kong, X. et al.
Biochem. Biophys. Res. Commun., 2003, 306: 616-622).
Because of the possible contamination of ATCC RSV with
human adenovirus type 1, the purified preparations were
tested for the presence of adenovirus by polymerase chain
reaction using specific primers that amplify a product of 213
base pairs as previously reported by Cameron et al. (Cam-
eron, R. et al. Virus Res., 2003, 92: 151-156) and found that
the preparations were not contaminated with adenovirus.

Immunofluorescence.

Acetone-fixed cells were stained with FITC-labeled anti-
RSV monoclonal antibodies, as described (Kong, X. et al.
Biochem. Biophys. Res. Commun., 2003, 306: 616-622).
RSV-positive cells (green fluorescence) were counted ran-
domly from 15 different spots and from two or three different
slides for each treatment group and the percentages of
infected cells were plotted for wild type (WT) and dominant
negative (DN) mutant cells.

Immunoblotting.

Whole cell protein extracts were prepared by lysing cells in
50 mM HEPES, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA,
10% glycerol, 0.5% NP-40, 0.1 mM phenylmethylsulfonyl
fluoride, 2.5 pg/ml leupeptin, 0.5 mM NaF, and 0.1 mM
sodium vanadate. 50 pg whole cell protein was subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) in 10% polyacrylamide and then transferred
onto a nitrocellulose membrane, which was processed fol-
lowing the manufacturers’ instructions. The antibody reac-
tions were detected by enhanced chemiluminescence using
LUMIGLO (CELL SIGNALLING TECHNOLOGY).

Mitogen-Activated Protein (MAP) Kinase Assay.

A549 cells were infected with purified RSV and harvested
at various times post infection, as specified. ERK-1/2 were
immunoprecipitated and their kinase activity was tested using
an Elk-1 fusion protein (CELL SIGNALING TECHNOL-
OGY, Beverly, Mass., USA). Elk-1 phosphorylation at
Ser383 was determined by Western blot.

DNA Transfection.

WT and DN mutant MEK-1 has been described previously
(Catling, A. D. etal. Mol. Cell. Biol., 1995, 15:5214-5225).In
addition, plasmid DNA of WT and mutant STAT-1c was also
used in other experiments. A549 cells grown in a 100 mm
tissue culture plate to 70-80% confluence were transfected
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with 12 ng of DNA and 35 pl of Lipofectin (Life Technology)
for 15 hours at 37° C. following the guidelines of the instruc-
tion manual. Cells were then infected with RSV for 30 min-
utes at 37° C. before cell protein was extracted.

Statistical Analysis.

Statistical significance was analyzed using Student’s t-test
for paired observations. A P<0.05 level of significance (two-
sided) was utilized throughout.

EXAMPLE 6

RSV Exposure Induces ERK-1 and ERK-2
Phosphorylation in A549Epithelial Cells

RSV infection induced the increased phosphorylation of
ERK-1 and ERK-2 in A549 cells, as demonstrated by Western
blotting using corresponding antibodies and phosphoanti-
bodies (FIG. 6A). The phosphorylation of the ERK-1 and
ERK-2 was induced at 5 minutes post-RSV exposure and
continued until 2 hours post RSV infection. At 4 hours fol-
lowing exposure to RSV, ERK-1 and ERK-2 phosphorylation
was not detected; however, ERK-1 and ERK-2 phosphoryla-
tion reappeared at 24 hours after infection. Assays of A549
cells infected with sucrose-purified RSV at a multiplicity of
infection of 1 confirmed that the rapid activation of ERK-1/2
is due to RSV per se and not to cytokines or growth factors
(FIG. 6B). The rapid activation of ERK-1/2 suggested that
RSV attachment is responsible for triggering the signaling. In
fact, heparin, a known inhibitor of RSV attachment (Feld-
man, S. A. etal. J. Virol., 1999, 73: 6610-6617; Bourgeois, C.
et al. J Virol, 1998, 72: 7221-7227), abolished the RSV-
induced activation of ERK-1/2 (FIG. 7).

EXAMPLE 7

ERK-1/2 Phosphorylation is Linked with Activation
of STAT-1 K and of I kB

A549 cells exhibit activation of STAT-1o and STAT-3 and
NF-kB following exposure to RSV (Kong, X. et al. Biochem.
Biophys. Res. Commun., 2003, 306: 616-622). Specific
inhibitors to STAT-1K and ERK-1/2 pathways were used to
determine if blocking one pathway affects the phosphoryla-
tion of both of them and IkBa (FIGS. 8 A and 8B). A decrease
in RSV-induced STAT-1K phosphorylation and in IkBa
phosphorylation in cells pre-incubated with AG490 suggests
apossible interaction between these two pathways. Although
AG490 failed to inhibit ERK activation, PD98059 signifi-
cantly affected the phosphorylation of both STAT-1c and IkB
(FIG. 8B). To determine if phospho-STAT-1a is required for
the increase in phospho-ERK-1/2 seen in RSV infection, cells
were transfected with plasmids encoding either WT- or
DN-STAT-1a. Both STAT-1a and ERK-1/2 phosphorylation
decreased in cells transfected with DN STAT-1a compared to
WT STAT-1a in response to RSV infection (FIG. 8C).
Together, these results suggest that both STAT-1a and ERK-
1/2 participate in the phosphorylation of each other as well as
in phosphorylation of IkBa in the context of RSV infection.

EXAMPLE 8
Inhibition of ERKs Attenuates RSV Infection

To examine whether ERKs play a specific role in RSV
infection, A549 cells were treated with PD98059 and then
infected with RSV. After 24 hours of RSV infection, there was
a decrease in the percentage of infected cells treated with the
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inhibitor compared to those treated with control, suggesting
that the ERK pathway plays a role during RSV infection
(FIG. 9A). Moreover, the number of infected cells in DN
MEK-1-transfected A549 cells was reduced in >60% com-
pared to those transfected with a WT construct (FIG. 9B).
These results indicate that ERK-1/2 pathway plays a role
during the infection.

EXAMPLE 9

Requirement of STAT and ERK-1/2 Activation for
Successtul RSV Infection of Primary NHBE Cells

To determine if both JAK-STAT-1c and ERK pathways are
required for a successful RSV infection in primary NHBE
cells, they were exposed to either AG490 or PD98059 before
being infected with rgRSV. Exposure of NHBE to AG490 or
PD98059 caused a significant reduction in the number of
infected cells (FIG. 10A-10F). These results strongly suggest
that JAK-STAT-1c and ERK-1/2 are required for a successful
RSV infection in bronchial epithelial cells.

This study provides evidence in support of a rapid and
transient activation of ERK-1/2 in RSV-infected A549 cells.
Such activation appears to be dependent on the presence of
phospho-STAT-1a and is required for both STAT-1c. and
IkBa phosphorylation. Results of studies using DN mutants
and specific inhibitors indicate that ERK-1/2 activation is
important for successful RSV infection. Also, ERK-1 and
ERK-2 activation constitutes an integral pathway of early
signaling cascades involved in RSV infection.

RSV was reported to activate ERK-2 at the early stages of
infection (10 minutes after RSV exposure) and that such
activation was required for 1L.-8 production (Chen, W. et al.
Exp. Lung Res., 2000, 26: 13-26). However, given that RSV
supernatant contains a number of cytokines and chemokines
which may activate ERK-2, the significance of this report was
unclear. The present study tests ERK activity in A549 cells
exposed to sucrose-purified RSV, and provides evidence of
ERK-1 activation. The rapid activation of ERK-1 and ERK-2
is consistent with the finding that a number of genes are
activated within 30 minutes of RSV infection (Kong, X. et al.
Biochem. Biophys. Res. Commun., 2003, 306: 616-622).

The rapid activation of ERK-1/2 after RSV infection led to
the hypothesis that RSV attachment causes ERK signaling,
which is supported by the fact that the heparin- or heparinase-
treated RSV did not induce ERK-1/2 phosphorylation. Both
RSV-G and -F proteins were reported to bind to heparin
sulfate on the cell surface (Karger, A. et al. J. Gen. Virol.,
2001, 82: 631-640; Feldman, S. A. et al. Arch. Virol., 2001,
146: 2369-2383; Techaarpornkul, S. et al. Virology, 2002,
294: 296-304). Interestingly, however, the treatment of A549
cells with heparinase, which abrogated STAT-1a phosphory-
lation, did not affect the phosphorylation of ERK-1/2. The
reason for the segregation of signaling in heparinase-treated
A549 cells after RSV exposure is unclear.

The fact that PD98059 and DN STAT-1c inhibited the
phosphorylation of STAT and ERK pathways, respectively,
suggests the existence of cross-talk between these pathways
during RSV infection. Previously, Stancato et al. have
reported that STAT-1 may scaffold signaling components
required for activation of the Rat/MEK/ERK signaling cas-
cade (Stancato, L. F. et al. J. Biol. Chem., 1998, 273: 18701-
18704).

Notably, STAT-1a activation is also required for NF-kB
activation in infected cells evidenced by AG490 effect upon
IkBa phosphorylation. This agrees with a previous report in
which the JAK inhibition prevented the degradation of [kBa
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and blocked the translocation of NF-kB p65 into the nucleus
(Cruz, M. T. et al. Nitric Oxide, 2001, 5: 53-61).

The evidence that inhibiting ERK significantly decreases
RSV infection in A549 and NHBE cells suggests that this
pathway may be important in turning on genes for virus
replication and/or morphogenesis. To rule out the possibility
that this effect on viral replication is due to diminished cell
proliferation, viable cells were enumerated at 12, 24, 48, and
72 hours after treatment with inhibitors. The results showed
no significant difference in cell numbers between treated and
untreated cells (data not shown).

Involvement of ERKSs in virus infection is not unprec-
edented. ERK pathway activation is required at different lev-
els during HIV-1 infection. The association of ERK-2 with
different HIV-1 strains derived from T cells and promono-
cytic cells has been reported (Cartier, C. et al. J. Virol., 1997,
71: 4832-4837). ERK phosphorylates several HIV-1 proteins
important for viral replication, such as Vif, Rev, Tat, pl17
(Gag), and Nef (Yang, X. and Gabuzda, D. J. Virol., 1999, 73:
3460-3466). HIV-1 infectivity is enhanced when cells are
treated with ERK stimulators or when cells are transfected
with activated forms of Ras, Raf, and MEK molecules (Yang,
X. and Gabuzda, D. J. Virol., 1999, 73: 3460-3466). In addi-
tion, specific inhibitors of the ERK pathway such as PD98059
reduced the infectivity of HIV-1 virions (Yang, X. and
Gabuzda, D. J. Virol., 1999, 73: 3460-3466). Finally, HIV-1
infection of brain microvascular endothelia is dependent on
the activation of the ERK pathway and inhibition of this
pathway repressed virus entry (Liu, N. Q. et al. J. Firol., 2002,
76: 6689-6700).

In the same line, the ERK activation pathway is also
required during the early stages of influenza infection. Inhib-
iting the normal process that conveys the activation of ERK
impairs influenza virus replication because it affects the early
stage of nuclear export of viral ribonucleoprotein, probably as
aresult of impaired activity of the viral nuclear export protein
(Pleschka, S. et al. Nat. Cell Biol., 2001, 3: 301-305; Ludwig,
S. et al. Trends Mol. Med., 2003, 9: 46-52).
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In addition to impairing viral infection, there are other
instances in which virus propagation could be affected by
blocking the function of the ERK pathway. In the case of
Borna disease virus, the ERK pathway seems to be required
for the virus to spread to neighboring cells (Planz, O. et al. J.
Virol., 2001, 75: 4871-4877). Regarding viral pathogenesis,
ERK activation has been implicated in the development of
Visna virus infection-associated encephalitis, and if this path-
way is inhibited, viral replication is abolished secondary to a
defect in Rev function (Barber, S. A. et al. J. Virol., 2002, 76:
817-828). Present evidence also indicates that hepatitis virus
B, C, and E activate ERK through different means and take
advantage of such activation as a strategy for their own sur-
vival (Panteva, M. et al. Virus Res., 2003, 92: 131-140). In the
early stages of infection, vaccinia virus triggers the activation
of ERK through an unknown mechanism. Interestingly, when
cells are exposed to inhibitors of the ERK pathway, the viral
multiplication is impaired (de Magalhaes, J. C. et al. J. Biol.
Chem., 2001, 276: 38353-38360).

Taken together, all of these previous reports highlight the
role the ERK pathway in the efficient infection and replica-
tion of certain virus species as well as how evolution has
endowed these viruses to develop mechanisms that allowed
them to sequester host cell signaling pathways. This study
establishes for the first time that STAT-1c., and ERK-1/2 are
required for successful RSV infection. The demonstration
that RSV infection is inhibited in primary NHBE cells con-
firms the generality of the signaling requirement seen in A549
cells.

All patents, patent applications, provisional applications,
and publications referred to or cited herein are incorporated
by reference in their entirety, including all figures, tables,
nucleic acid sequences, and amino acid sequences, to the
extent they are not inconsistent with the explicit teachings of
this specification.

It should be understood that the examples and embodi-
ments described herein are for illustrative purposes only and
that various modifications or changes in light thereof will be
suggested to persons skilled in the art and are to be included
within the spirit and purview of this application.

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 19
<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 1

LENGTH: 22

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: forward primer Egr-1-fp
<400> SEQUENCE: 1

ccecttecce aattactatt cc

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 2

LENGTH: 20

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: reverse primer Egr-1-rp

<400> SEQUENCE: 2

ccaagtgagyg acctaactec

<210> SEQ ID NO 3

22

20
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-continued

<211> LENGTH: 19

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: forward primer cFos-fp

<400> SEQUENCE: 3

ccttegtett cacctaccce 19

<210> SEQ ID NO 4

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: reverse primer cFos-rp

<400> SEQUENCE: 4

gaagaggtaa ggacttgagt cc 22

<210> SEQ ID NO 5

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: forward primer ZFTF-fp

<400> SEQUENCE: 5

ttctgagtga caaagtgact gc 22

<210> SEQ ID NO 6

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: reverse primer ZFTF-rp

<400> SEQUENCE: 6

taggagacag atttgggcag g 21

<210> SEQ ID NO 7

<211> LENGTH: 18

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: forward primer beta-actin-fp

<400> SEQUENCE: 7

cgcgagaaga tgacccag 18

<210> SEQ ID NO 8

<211> LENGTH: 18

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: reverse primer beta-actin-rp

<400> SEQUENCE: 8

atcacgatgc cagtggta 18

<210> SEQ ID NO 9

<211> LENGTH: 19

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: forward primer ILé-fp

<400> SEQUENCE: 9
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-continued

aactccttet ccacaagcg 19

<210> SEQ ID NO 10

<211> LENGTH: 19

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: reverse primer ILé-rp

<400> SEQUENCE: 10

tggactgcag gaactcctt 19

<210> SEQ ID NO 11

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: forward primer RSV N-fp

<400> SEQUENCE: 11

gcgatgtcta ggttaggaag aa 22

<210> SEQ ID NO 12

<211> LENGTH: 24

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: reverse primer RSV N-rp

<400> SEQUENCE: 12

gctatgtect tgggtagtaa gcct 24

<210> SEQ ID NO 13

<211> LENGTH: 24

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Sis-inducible element SIE

<400> SEQUENCE: 13

agcttcattt cccgtaaatc ccta 24

<210> SEQ ID NO 14

<211> LENGTH: 13

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: peptide inhibitor of ERKLl/2 activation

<400> SEQUENCE: 14

Met Pro Lys Lys Lys Pro Thr Pro Ile Gln Leu Asn Pro
1 5 10

<210> SEQ ID NO 15

<211> LENGTH: 7

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: nuclear localization signal (NLS)

<400> SEQUENCE: 15
Pro Lys Lys Lys Arg Lys Val

1 5

<210> SEQ ID NO 16
<211> LENGTH: 6
<212> TYPE: PRT
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-continued

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: nuclear localization signal

<400> SEQUENCE: 16
Ala Arg Arg Arg Arg Pro
1 5

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 17

LENGTH: 10

TYPE: PRT

ORGANISM: Artificial Sequence
FEATURE:

<400> SEQUENCE: 17
Glu Glu Val Gln Arg Lys Arg Gln Lys Leu
1 5 10

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 18

LENGTH: 9

TYPE: PRT

ORGANISM: Artificial Sequence
FEATURE:

<400> SEQUENCE: 18
Glu Glu Lys Arg Lys Arg Thr Tyr Glu
5

1

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 19

LENGTH: 20

TYPE: PRT

ORGANISM: Artificial Sequence
FEATURE:

<400> SEQUENCE: 19

OTHER INFORMATION: nuclear localization signal

OTHER INFORMATION: nuclear localization signal

OTHER INFORMATION: nuclear localization signal

(NLS)

(NLS)

(NLS)

(NLS)

Ala Val Lys Arg Pro Ala Ala Thr Lys Lys Ala Gly Gln Ala Lys Lys

1 5 10

Lys Lys Leu Asp
20

15

What is claimed is:

1. A method for reducing respiratory syncytial virus (RSV)
infection of respiratory epithelial cells in a mammalian sub-
ject suffering from an RSV infection, comprising administer-
ing an effective amount of an inhibitor of the janus kinase
(JAK)/signal transducer and activator of transcription (STAT)
signaling pathway or the mitogen-activated kinase (MAPK)/
extracellular signal-regulated kinase (ERK) signaling path-
way to the respiratory epithelial cells.

2. The method of claim 1, further comprising determining
whether the subject is suffering from an RSV infection before
or after said administering.

3. The method of claim 1, wherein the subject is a non-
human mammal.

4. The method of claim 1, wherein the subject is human.

5. The method of claim 1, wherein the inhibitor is admin-
istered intranasally or orally.

6. The method of claim 1, wherein the inhibitor is admin-
istered intranasally as an aerosol or drops.

7. The method of claim 1, wherein the inhibitor is admin-
istered with an agent that promotes internalization of the
inhibitor by the subject’s respiratory epithelial cells.

45
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8. The method of claim 1, wherein the inhibitor is an agent
selected from the group consisting of a polynucleotide,
polypeptide, antibody, and small molecule.

9. The method of claim 1, wherein the inhibitor is a poly-
nucleotide, and wherein the polynucleotide encodes a
polypeptide which, when expressed, inhibits JAK/STAT or
MAPK/ERK signaling within the subject.

10. The method of claim 1, wherein the inhibitor is a
polynucleotide, and wherein the polynucleotide is an anti-
sense molecule or a small interfering RNA (siRNA) mol-
ecule.

11. The method of claim 10, wherein the polynucleotide
reduces expression of STAT-1 or STAT-3 within the subject.

12. The method of claim 10, wherein the polynucleotide
reduces expression of ERK1 or ERK2 within the subject.

13. The method of claim 1, wherein the inhibitor is a
polynucleotide, and wherein the polynucleotide is adminis-
tered to the subject within a vector.

14. The method of claim 1, wherein the inhibitor is a
JAK/STAT signaling inhibitor selected from the group con-
sisting of AG490, PIAS protein, cytokine-inducible Src
homology 2-containing (CIS) protein, CIS-related protein,



US 8,592,368 B2

51

suppressor of cytokine signaling-I protein (SOCS-1), tyr-
phostin, 4,5-dimethoxy-2-nitrobenzoic acid, 4,5-dimethoxy-
2-nitrobenzamide, 4-(phenyl)-amino-6,7-dimethox-
yquinazoline, 4-(4'-hydroxyphenyl)-amino-6,7-
dimethoxyquinazoline,  4-(3'-bromo-4'-hydroxylphenyl)-
amino-6,7-dimethoxyquinalzoline, forskolin, and 3-isobutyl-
1-methylxanthine (IBMX).

15. The method of claim 1, wherein the inhibitor is a
MAPK/ERK signaling inhibitor selected from the group con-
sisting of GW5074, BAY 43-9006, ISIS 5132, PD98059,
PD184352, U0126, Ro 09-2210, L.-783,277, purvalanol, and
imidazolium trans-imidazoledimethyl sulfoxide-tetrachlo-
roruthenate (NAMI-A).

16. A method for reducing respiratory syncytial virus
(RSV) infection of respiratory epithelial cells in a human
subject suffering from an RSV infection, comprising orally or
intranasally administering an effective amount of an inhibitor
of the janus kinase (JAK)/signal transducer and activator of
transcription (STAT) signaling pathway or the mitogen-acti-
vated kinase (MAPK)/extracellular signal-regulated kinase
(ERK) signaling pathway to the respiratory epithelial cells.

17. The method of claim 1, further comprising administer-
ing an anti-viral agent to the subject.

10
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18. The method of claim 16, further comprising determin-
ing whether the subject is suffering from an RSV infection
before or after said administering.

19. The method of claim 16, further comprising adminis-
tering an anti-viral agent to the subject.

20. The method of claim 1, wherein the inhibitor inhibits
STAT-1 signaling in the respiratory epithelial cells.

21. The method of claim 1, wherein the inhibitor inhibits
STAT-3 signaling in the respiratory epithelial cells.

22. The method of claim 16, wherein the inhibitor inhibits
STAT-1 signaling in the respiratory epithelial cells.

23. The method of claim 16, wherein the inhibitor inhibits
STAT-3 signaling in the respiratory epithelial cells.

24. The method of claim 1, wherein the inhibitor inhibits
ERK1 signaling in the respiratory epithelial cells.

25. The method of claim 1, where in the inhibitor inhibits
ERK?2 signaling in the respiratory epithelial cells.

26. The method of claim 16, wherein the inhibitor inhibits
ERK1 signaling in the respiratory epithelial cells.

27. The method of claim 16, where in the inhibitor inhibits
ERK?2 signaling in the respiratory epithelial cells.

#* #* #* #* #*
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