
Background: The c-kit ligand, stem cell factor (SCF), is an
important activating and chemotactic factor for both mast
cells and eosinophils. These cells are known to play a funda-
mental role in the pathogenesis of asthma. 
Objective: Our goal was to analyze the functional role of SCF
in the pathogenesis of asthma. 
Methods: The expression of SCF was targeted in fibroblasts,
epithelial cells, and locally in a murine model of asthma in
mice induced by ovalbumin sensitization with an antisense
DNA strategy. 
Results: We could suppress SCF expression in NIH 3T3 fibrob-
lasts and SP1 epithelial cells by a specific antisense phospho-
rothioate oligonucleotide overlapping the translation start site
of SCF, whereas control oligonucleotides were virtually inac-
tive. We then focused on the role of SCF in a murine model of
asthma associated with late-phase allergic inflammation in
ovalbumin-sensitized mice: Local intranasal administration of
FITC-labeled SCF antisense oligonucleotides led to strong
DNA uptake in interstitial lung cells associated with a striking
reduction of intracellular SCF expression. Such intrapul-
monary blockade of SCF expression after repeated allergen
challenges suppressed various signs of lung inflammation
including IL-4 production and infiltration of eosinophils. SCF
antisense DNA treatment was at least as effective as corticoste-
roid treatment. 
Conclusion: These data indicate a critical role for SCF in a
murine asthma model and suggest that local delivery of SCF
antisense oligonucleotides may be a novel approach for the
treatment of inflammatory lung disorders such as asthma. (J
Allergy Clin Immunol 2001;107:279-86.)
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Mast cells and eosinophils appear to play a fundamen-
tal role in the pathogenesis of the asthmatic reaction by
producing mediators that promote airway inflamma-
tion.1,2 For instance, allergen-induced activation of mast
cells by IgE-receptor cross-linking leads to histamine
release, oxygenation of arachidonic acid by 5-lipoxyge-
nase, and generation of leukotrienes such as LTB4 in the
airways.3,4 Such mast cell–derived bronchoconstrictors
appear to contribute to the early bronchospastic response
in asthma occurring within minutes after allergen chal-
lenge.5,6 Furthermore, mast cells are believed to partici-
pate in several aspects of disease progression through the
production of cytokines (eg, IL-4, IL-5), angiogenic and
fibrotic factors, and the release of chemokines (eg,
RANTES),7-9 thereby favoring infiltration of the airway
tissues by eosinophils and lymphocytes.9-13

The growth, differentiation, and activation of connec-
tive tissue mast cells is believed to be mainly regulated in
the microenvironment by the c-kit ligand, stem cell fac-
tor (SCF), which is produced by resident cells such as
fibroblasts.14-19 Withdrawal of SCF from SCF-dependent
mast cell cultures in vitro results in apoptosis. Further-
more, administration of recombinant SCF in vivo leads to
local and systemic mast cell hyperplasia in both mice and
human beings.20-23 In addition, we have reported that the
decrease in mast cell number after application of gluco-
corticoids is associated with a decrease in SCF produc-
tion,24 suggesting that these agents may at least partially
mediate their effects by suppressing SCF activities. This
hypothesis is supported by recent studies on the effects of
corticosteroids in patients with allergic rhinitis.25

In further extension of the above studies, we hypothe-
sized that direct targeting of SCF production and its sub-
sequent downregulation would inhibit activation of mast
cells and eosinophils and the consecutive development of
asthmatic inflammation. To explore this hypothesis, we
examined the effects of specific SCF blockade in a
mouse model of asthma induced by ovalbumin (OVA)
sensitization.26 

METHODS

Materials

The following reagents were used: Dulbecco modified Eagle
medium, RPMI 1640 medium, glutamine, penicillin, and strepto-
mycin (Gibco Laboratories, Grand Island, NY); FBS (Bioproducts
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for Science Inc, Indianapolis, Ind); water-soluble dexamethasone
(Sigma Chemical Co, St Louis, Mo); crystalline OVA (Pierce
Chemical Co, Rockford, Ill); aluminum potassium sulfate (Sigma
Chemical Co); polyclonal rabbit anti-mouse SCF (Genzyme Corp,
Cambridge, Mass); biotinylated goat anti-rabbit IgG (Vector Labo-
ratories, Burlingame, Calif); streptavidin-conjugated Cy3 (Dianova,
Hamburg, Germany); and phosphorothioate oligonucleotides (Roth
GmbH, Karlsruhe, Germany).

Cell lines and culture conditions

NIH 3T3 fibroblasts were purchased from American Tissue Culture
Collection (Rockville, Md). Fibroblasts were maintained in Dulbec-
co’s modified Eagle medium in 10% FBS, 2 mmol/L glutamine, 100
U/mL penicillin, and 50 µg/mL streptomycin. Murine epidermal SP1
keratinocytes, a papilloma-derived cell line, were kindly provided by
Prof J. Schweizer (Division of Tumor Cell Regulation, German Can-
cer Research Center, Heidelberg, Germany). SP1 cells were main-
tained in 4× minimal essential medium, as previously described.27

Phosphorothioate oligonucleotides

Oligonucleotides were synthesized with a phosphorothioate
backbone to improve resistance to endonucleases. The antisense
phosphorothioate oligonucleotides consisted of 18-mer analogues
to the 5´ end of the murine SCF sequence (gene bank accession No.
M59915), which spans the translation initiation site. This sequence
is highly evolutionarily conserved and identical between mice, rats
(gene bank accession No. M59966), and human beings (gene bank
accession No. M59964). In addition, several control (mismatched
and nonsense) oligonucleotides were prepared. The nonsense
oligonucleotides consisted of 18-mers containing the same
nucleotide composition as the antisense oligonucleotides. None of
the oligonucleotides had a C plus G dinucleotide or a quadruple G
sequence element, which are known to cause unspecific effects.28,29

Phosphorothioate oligonucleotides were used in indicated con-
centrations for coincubation studies with NIH 3T3 and SP1 cells. In
addition, antisense phosphorothioate oligonucleotides were used for
local administration in mice with late-phase asthmatic responses in
vivo, as specified below. The sequences of phosphorothioate
oligonucleotides were as listed in Table I.

Coincubation of NIH 3T3 fibroblasts and SP1

epithelial cells with phosphorothioate

oligonucleotides

Cells were cultured on coverslips (diameter 12 mm) in 24-well
plates in triplicate for each condition as described.24 In brief, 2 ×
104 fibroblasts and epithelial cells were grown to a subconfluent
state for 24 hours. Cells were then washed twice in PBS and incu-
bated in serum-free medium. For coincubation experiments, phos-
phorothioate oligonucleotides were incubated for 45 minutes at
room temperature with Lipofectamine reagent (Life Technologies,
Gibco BRL, Germany) in serum-free medium according to the
instructions provided by the manufacturer to improve the cellular
uptake of the DNA. Oligonucleotides were then added to the cell
cultures at a final concentration of 4 to 12 µmol/L. After coincuba-
tion for 24 hours at 37°C, fresh growth medium with 20% FBS was
added to the cell culture, and the cells were analyzed after an addi-
tional 24 hours for SCF expression. In some experiments, cells were

treated with dexamethasone (10–5, 10–6, and 10–7 mol/L) instead of
antisense DNA for 72 hours, and dexamethasone was replaced at 24
and 48 hours.24

SCF protein detection and localization of

FITC-labeled antisense oligonucleotides in

fibroblasts and keratinocytes by immunoflu-

orescence

NIH 3T3 and SP1 cells were coincubated with FITC-labeled
antisense phosphorothioate oligonucleotides (MWG and Firma
Roth, Karlsruhe, Germany). FITC-positive cells were then analyzed
by direct immunofluorescence at an excitation wavelength of 490
nm. To determine the efficacy of DNA uptake, we counted FITC-
positive cells in 3 randomly selected high-power fields (magnifica-
tion × 400) on 3 coverslips per cell line. 

To determine SCF expression, we fixed cells in 4%
paraformaldehyde.24 Coverslips were incubated with rabbit anti-
mouse SCF (10 µg/mL) in PBS/0.1% BSA/0.1% Triton X-100.
Controls for nonspecific staining were incubated without the pri-
mary antibody. Coverslips were incubated with biotinylated goat
antirabbit (1:100 dilution; Vector Laboratories) IgG antibody for 1
hour at room temperature. Binding was detected with streptavidin-
conjugated Cy3. Coverslips were analyzed with an Olympus
UMCB/AX70 microscope for fluorescence.

Allergen sensitization and rechallenge of

Balb/c mice

Four to 5 mice per group and experiment were sensitized to OVA
and rechallenged with OVA as described.26 In brief, female Balb/c
mice (6-8 weeks of age) received an intraperitoneal injection of 100
µg OVA (0.2 mL OVA solution; 500 µg/mL in normal saline solu-
tion) complexed with aluminum potassium sulfate on days 0 and 14.
On days 14, 25, 26, and 27, the mice were anesthetized with 0.2 mL
2.5% Avertin (1 g/mL of tibromoethylalcohol in tertiary amylalco-
hol) in PBS injected intraperitoneally before receiving 50 µL of
either 100 µg OVA in saline solution (day 14) or 50 µg OVA in
saline solution (days 25, 26, and 27) intranasally. Control animals
received saline solution with aluminum potassium sulfate intraperi-
toneally on days 0 and 14 and 50 µL of saline solution intranasally
on days 25, 26, and 27 (Table II).

Treatment of OVA-sensitized mice with anti-

sense oligonucleotides and dexamethasone

Mice were given phosphorothioate oligonucleotides by
intranasal administration (370 µg) at days 25, 26, and 27 (Table II).
To localize antisense oligonucleotides in vivo, we performed
intranasal injection of 370 µg FITC-labeled antisense phosphoroth-
ioate oligonucleotides in saline solution on day 27 in 2 to 3 mice per
experiment. To compare the efficacy of SCF antisense treatment to
classic treatment of asthmatic reactions with glucocorticoids, we
gave a group of OVA-treated mice 1 mg of water-soluble dexa-
methasone in 50 µL saline solution intranasally on days 25, 26, and
27, 30 minutes before the OVA injection.

Abbreviations used
BAL: Bronchoalveolar lavage
OVA: Ovalbumin
SCF: Stem cell factor

TABLE I. SCF translation start site (M59964)

GCGCTGCCTT TCCTT ATGAA GAAGACACAA ACTTG-
GATTA

SCF antisense DNA 5´-TGT CTT CTT CAT AAG GAA-3´
SCF nonsense DNA 5´-GTG TAC AGA TTA CTC ATT-3´
SCF mismatched DNA 5´-TGT CTG CTC TAT AAT GAA-3´

Mismatches are underlined; SCF translation starts in boldface.
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Protein extraction and Western blot analysis

Lung tissue was taken at day 28 and homogenized in the pres-
ence of protease inhibitors (Aprotinin, Sigma Chemical Co) to
obtain lung proteins. Protein concentrations were determined by
spectrophotometry with the Bio-Rad (Hercules, Calif) protein
assay. Next, 50 µg of protein was separated by 10% SDS-PAGE and
blotted onto a nitrocellulose membrane. After the membrane had
been incubated in blocking solution, 3 µg/mL of antimouse SCF
polyclonal antibodies was added, and incubation was performed
overnight at 4°C. The next day the membrane was incubated in per-
oxidase-conjugated antirabbit Igs for 1 hour at room temperature.
Finally, enzyme activity was detected with the ECL Western Blot-
ting Detection System (Amersham, Heidelberg, Germany). 

Bronchoalveolar lavage and ELISA for IFN-γ
and IL-4

Twenty-four hours after the last intranasal challenge with either
OVA or saline solution at day 27, bronchoalveolar lavage (BAL) of
the right lung was performed after the left lung was tied off at the
mainstem bronchus. All BAL fluid (1 mL of saline solution 3 times)
was collected, and BAL fluid cells were counted with a 100-µL
aliquot. Accordingly, samples were centrifuged at 1200 rpm for 5
minutes at 4°C, and the resulting cell pellets were resuspended in
PBS. Cytospins were made by centrifugation at 450 rpm for 5 min-
utes at room temperature. Eosinophils were then detected by stain-
ing of cytospins according to May Grünwald–Giemsa methods.
Cytospins were analyzed with an Olympus UMCB/AX70 micro-
scope at 400×. Results are reported as the average percentage of
eosinophils ± SEM.

To determine cytokine concentrations, we centrifuged samples at
1200 rpm for 5 minutes at 4°C. Supernatants were analyzed by spe-
cific ELISA for content of IFN-γ and IL-4 with commercially avail-
able kit systems (Pharmingen, San Diego, Calif). The sensitivity of
the ELISA was 5 pg/mL.

Lung histology

Twenty-four hours after the last intranasal challenge with either
OVA or saline solution at day 27, the lungs were analyzed by his-
tology. The right lung was removed and frozen in liquid nitrogen for
subsequent protein extraction. The left lung was cut in half. One
half was fixed overnight in Carnoy’s solution at 4°C and then
embedded in paraffin. Twelve sections of each lung in 5 mice per
treatment group were then stained with toluidine blue (0.5%; Sigma
Chemical Co) at pH 0.5, as previously described.30 The second half
was immediately frozen in liquid nitrogen and subsequently used
for immunocytochemical and histochemical studies. 

Immunohistochemistry

Ten-micrometer-thick cryosections from each lung were cut,
fixed in 4% paraformaldehyde for 10 minutes, washed in PBS, and
stained for SCF as described above. Under these experimental con-
ditions, we could simultaneously localize cells containing FITC-
labeled antisense oligonucleotides and SCF protein.

Statistical analyses

Differences were evaluated for significance by the Kruskal-
Wallis test (program: Statview 4.5 for Macintosh). All data are
reported as the mean values ± SEM.

RESULTS

Suppression of SCF expression in fibroblasts

and keratinocytes by a specific antisense

phosphorothioate oligonucleotide

In an effort to understand the functional role of SCF in
asthma, we sought to directly target SCF expression
using an antisense DNA approach. We observed in coin-
cubation studies a strong uptake of FITC-labeled anti-
sense oligonucleotides in the cytoplasm and to a lesser
extent in the nucleus of cultured NIH 3T3 fibroblasts and
SP1 keratinocytes (Fig 1). By morphometric analysis
95.6% ± 6.1% of NIH 3T3 fibroblasts and 93.1% ±
14.7% of SP1 keratinocytes were FITC positive after 24
hours, suggesting a very efficient DNA uptake. This find-
ing was associated with a striking downregulation of
SCF expression after 24 and 48 hours in both cell lines
(Fig 2). In contrast, neither the mismatched nor the non-
sense control oligonucleotides were able to decrease con-
stitutive SCF expression in fibroblasts (Fig 2) or epithe-
lial cell cultures. Antisense-induced downregulation of
SCF was dose dependent (4-12 µmol/L) and comparable
to that induced by 10–5 to 10–7 mol/L dexamethasone in
both NIH 3T3 and SP1 cells (data not shown). These data
suggest that SCF antisense phosphorothioate oligonu-
cleotides specifically downregulate SCF expression in
epithelial cells and fibroblasts and that this effect is com-
parable to that observed with glucocorticoids.

Intranasal administration of SCF antisense

oligonucleotides decreases lung SCF protein

expression in a murine model of asthma

Previous studies by several groups24,31 demonstrated
that local administration of corticosteroids causes a
decrease in mast cell number in the dermis due to down-
regulation of local SCF production. Therefore, in further
studies, we attempted to directly test the effects of a more
specific approach to downregulation of local SCF pro-
duction in mast cell–dependent diseases. We thus
focused on the effects of SCF antisense oligonucleotides
in a murine model of asthma associated with late
phase–allergic pulmonary inflammation in OVA-
sensitized mice.26

TABLE II. Time points of the administration of OVA, saline solution, and antisense DNA

Day

0 14 25-27

OVA group (50 µg) IP OVA IP and IN OVA IN OVA
Saline IP saline IP and IN saline IN saline
AS-SCF, MM-SCF, or Dex IP OVA IP and IN OVA (100 µg) IN OVA + IN AS-SCF, MM-SCF, or Dex

IP, Intraperitoneal; IN, intranasal; AS-SCF, SCF antisense DNA; MM-SCF, SCF-mismatched DNA; Dex, dexamethasone.
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In initial studies on the potential importance of SCF
protein production in OVA-immunized mice, we
immunostained lung sections from OVA-treated and con-
trol mice with anti-SCF antibody. OVA-immunization
caused a striking increase in lung SCF protein expression
compared with saline treatment (Fig 3, B and A, respec-
tively). Interestingly, SCF protein in OVA-treated mice
was mainly expressed in cells of the lung interstitium and
the epithelial layers. Next, we assessed the efficacy of
DNA uptake in lung cells after local, intranasal delivery
of FITC-labeled antisense DNA. It was found that SCF
antisense oligonucleotides are mainly taken up by inter-
stitial lung cells (compare Fig 4, A and C with Fig 4, B
and D). In contrast, little or no antisense DNA was

observed in the bronchial epithelium. Intranasal delivery
of SCF antisense oligonucleotides was associated with a
visible decrease of SCF expression (Fig 3, C), whereas
control oligonucleotides (mismatched and nonsense
DNA) were virtually inactive (Fig 3, D). Similarly to
antisense DNA, intranasal administration of dexametha-
sone caused a decrease in SCF protein expression (Fig 3,
E). Western blot analysis of SCF (Fig 5) confirmed
downregulation of SCF expression on antisense treat-
ment. Taken together, these results indicate that local
administration of specific antisense oligonucleotides
leads to a specific downregulation of SCF expression in
lung parenchymal cells in vivo that is comparable to that
induced by corticosteroids.

Inhibition of allergen-induced airway inflam-

mation by SCF antisense oligonucleotides

To assess the histologic effects of SCF antisense phos-
phorothioate oligonucleotides on allergen-induced air-
way inflammation, we obtained lung tissues 24 hours
after the last of 3 sequential OVA challenges (days 25-
27) on day 28. Lung sections were stained with toluidine
blue (Fig 6) and analyzed by light microscopy. In
untreated OVA-sensitized mice, an infiltration of the
bronchial interstitium with eosinophils was observed.
Furthermore, mast cells were seen mainly around the
mainstem bronchi of untreated OVA-immunized mice.

FIG 1. Efficient uptake of SCF antisense oligonucleotides in NIH
3T3 fibroblasts. Cells were coincubated with FITC-labeled anti-
sense oligonucleotides for 24 hours followed by immunodetec-
tion of SCF (left panel) and FITC-labeled oligonucleotides (right
panel) by immunofluorescence. Antisense oligonucleotides were
mainly seen in the cytoplasm (C) and nucleus (N) of NIH 3T3 cells.
One representative of 3 experiments performed in triplicate is
shown. Similar data were obtained in SP1 keratinocytes (not
shown). (Original magnification ×400.)

FIG 2. Inhibition of SCF protein expression in NIH 3T3 fibroblasts
by SCF antisense phosphorothioate oligonucleotides. Cells were
coincubated with SCF antisense oligonucleotides (SCF-AS) or
control oligonucleotides (mismatched DNA [SCF-MM], nonsense
DNA [SCF-NS]; 10 µmol/L each) for 24 hours as indicated. Anti-
sense but not control mismatched or nonsense oligonucleotides
led to decreased SCF expression. Cells were stained with a poly-
clonal antibody against SCF. Cell viability in separate wells was
assessed by trypan blue exclusion and was greater than 90% in all
cases, suggesting that there was no direct toxic effect of the anti-
sense DNA. Similar data were obtained in SP1 keratinocytes (not
shown). (Original magnification ×400.)

FIG 3. Inhibition of SCF protein expression in the lung after local
administration of antisense oligonucleotides. Sections of OVA-
immunized mice (B) and saline-treated control mice (A) were
stained with an antibody against SCF. OVA immunization caused
an upregulation of SCF expression. Intranasal administration of
SCF antisense oligonucleotides suppressed SCF expression in
the lung interstitium of OVA-immunized mice (C). In contrast,
mismatched-treated mice showed high amounts of SCF protein
(D). SCF expression in dexamethasone-treated lungs was similar
to that in PBS-treated animals (E). a, Airways.(Original magnifi-
cation ×400.)
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Treatment of OVA-sensitized mice with mismatched
oligonucleotides had no detectable effects. In contrast, no
inflammatory signs were seen in OVA-sensitized mice on
treatment with corticosteroids and SCF antisense
oligonucleotides.

Antisense oligonucleotides to SCF inhibit

allergen-induced IL-4 production and the

number of eosinophils in the BAL fluid

In further studies on the potential mechanisms of anti-
sense-induced suppression of lung inflammation, we
assessed allergen-induced infiltration of eosinophils in
the lung.32 The number of eosinophils in the BAL fluid
was significantly reduced after administration of SCF
antisense oligonucleotides compared with the number
found in untreated mice (Fig 7). In contrast, treatment
with control mismatched oligonucleotides had no signif-
icant effect on the OVA-induced influx of eosinophils in
the airways.

Finally, we determined TH1 and TH2 cytokine levels in
the BAL fluid of OVA-sensitized mice (Fig 8). Neither
OVA nor antisense treatment altered IFN-γ levels in the
BAL fluid compared with levels in saline-treated mice.
However, corticosteroids led to a small decrease of IFN-γ
concentration in the BAL fluid of OVA-treated mice. In
contrast to IFN-γ levels, the IL-4 concentration in the BAL
fluid was significantly suppressed (P < .05) by SCF anti-
sense treatment compared with levels in OVA-sensitized
mice, suggesting that SCF antisense DNA selectively
inhibits IL-4 but not IFN-γ cytokine levels in BAL fluid.

DISCUSSION

In this study we demonstrate a key role for c-kit ligand
SCF in the pathogenesis of a murine asthma model
induced by OVA. We found that specific blockade of SCF

expression by antisense oligonucleotides leads to sup-
pression of lung inflammation, IL-4 production, and
eosinophilia in OVA-sensitized mice. Taken together
with the increased SCF expression in allergic asthma,
these data suggest the potential therapeutic utility of SCF
antisense oligonucleotides as a novel molecular approach
for the treatment of patients with allergic disorders.

Previous studies have shown that SCF critically regu-
lates development and activation of mast cells in vitro
and in vivo.33-35 In addition to its regulatory role for mast
cells, SCF is a newly recognized ligand for c-kit on
eosinophils and has been shown to activate migration of
these cells into inflamed tissues through eotaxin and the
very late antigen 4/vascular cell adhesion molecule 1
pathway.36,37 These data are consistent with a model
where local SCF production induces eosinophil migra-
tion and IL-4 and TNF production by mast cells with
consequent upregulation of endothelial vascular cell
adhesion molecule 1 expression that further enhances
eosinophil recruitment into inflamed lung tissue.36-38 

These data prompted us to examine SCF expression in

FIG 5. Western blot analysis of SCF protein expression in OVA-
sensitized mice after treatment with corticosteroids (CS) or local
administration of SCF antisense (AS) DNA. Lung tissue of OVA-
sensitized mice was homogenized, and equal amounts of pro-
teins were separated by SDS-PAGE and blotted to a nitrocellu-
lose membrane followed by immunohybridization with SCF
antibody (see Methods). Three representative mice per group
are shown. There was a striking downregulation of lung SCF pro-
tein expression on corticosteroid and antisense DNA treatment.

FIG 4. Localization of SCF antisense oligonucleotides in the lung
of OVA-sensitized mice on local administration of DNA. There
was a strong uptake of FITC-labeled antisense DNA by interstitial
lung cells (arrows in A and C) but not by epithelial cells. A weak
staining for SCF after local antisense application was still
observed in the airway epithelium (see bronchi No. 1 to 3 in B and
D), suggesting that SCF antisense treatment is more effective in
downregulating SCF expression in the interstitium than in the
epithelial areas (see Fig 3 for overall reduction of SCF expression
on antisense administration).

FIG 6. Histologic evidence of airway inflammation in OVA-sensi-
tized and control mice: Effect of SCF antisense treatment. Paraf-
fin-embedded lung sections were stained with toluidine blue.
Note the presence of lung inflammation and mast cells (arrows)
in OVA-sensitized mice (OVA) compared to antisense-treated mice
(AS) and saline-treated control mice (PBS).
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a murine model of asthma induced by OVA. Consistent
with previous observations on the production of SCF in
allergic airway inflammation,39 we observed that OVA
sensitization of mice caused strong upregulation of local
SCF expression. This finding led us to further investigate
the functional role of this factor using an antisense DNA
strategy. Antisense experiments have been previously
used to delineate various important functions of regula-
tory molecules in vitro and in vivo.29,40 For instance,
antisense oligonucleotides to IL-4 have revealed an
important function of this cytokine in the late allergic
response in the airways.41 Here, we targeted SCF expres-
sion in epithelial cells and fibroblasts by coincubation
with SCF antisense oligonucleotides. The observed

effects of the SCF antisense oligonucleotides were
shown by previously established criteria to be both effec-
tive and specific29: (1) immunocytochemistry studies
showed that the levels of SCF protein were greatly
reduced in cells exposed to the antisense oligonu-
cleotides; (2) treatment of cells with several control
oligonucleotides did not affect SCF levels; (3) expression
of a nontargeted protein was not affected by antisense
oligonucleotides (data not shown); and (4) direct toxic
effects of the antisense oligonucleotides were excluded. 

Local delivery of antisense DNA has been previously
shown to result in efficient DNA uptake in target cells
and to reduce the required antisense dosage compared
with systemic delivery of antisense DNA.29 Accordingly,
we used in vivo studies to test the uptake efficacy of
FITC-labeled SCF antisense phosphorothioate oligonu-
cleotides by the cells of the lung on local, intranasal
administration. Although it cannot be excluded that some
antisense DNA was swallowed or delivered through the
nose on local administration, we did not see FITC-
positive cells in the gut. However, we observed an effi-
cient uptake of FITC-labeled DNA in interstitial lung
cells that expressed large amounts of SCF on OVA sensi-
tization, suggesting that many antisense molecules are
delivered directly into lung cells. However, lung epithe-
lial cells did not show high uptake of antisense DNA,
possibly because of a destruction of surface receptors for
phosphorothioate oligonucleotides during local inflam-
mation. Antisense uptake in lung cells was followed by
downregulation of the expression of SCF protein. These
data suggest that local administration of SCF antisense
DNA leads to an efficient uptake in lung cells with con-
secutive local blockade of the expression of SCF. Inter-
estingly, antisense-induced suppression of SCF expres-
sion was accompanied by a suppression of OVA-induced
lung inflammation with attenuation of IL-4 cytokine syn-
thesis and accumulation of eosinophils in the airways. 

The inhibition of asthmatic reactions by antisense-
induced specific blockade of SCF is a novel approach
that has the potential advantage of suppressing allergic
asthma by inhibiting the release of mast cell mediators
such as histamine, leukotrienes, PGs, platelet-activating
factor, and tryptase.42,43 Furthermore, mast cells are
capable of secreting several proinflammatory cytokines
actively involved in the allergic response, including IL-4,
IL-5, TNF, lymphotactin, and IL-16, which may be sup-
pressed on administration of SCF antisense. However,
our data on the regulatory role of SCF are consistent with
those of a previous report39 showing that blockade of
SCF function by antibodies leads to attenuation of lung
inflammation. Administration of antisense DNA to SCF,
however, is a different therapeutic approach that aims at
suppressing SCF production intracellulary rather than
neutralizing preformed SCF protein extracellulary. Fur-
thermore, local delivery and local suppression of SCF
expression by antisense DNA may also prevent several
side effects of systemic SCF neutralization because SCF
is a well-established pleiotropic factor with important
function, for example, in hematopoiesis.14,15

FIG 7. Percentage of eosinophils in the BAL fluid of OVA-sensitized
mice. Eosinophils on cytospins were detected by staining accord-
ing to May Grünwald–Giemsa methods and quantified as speci-
fied in the Methods section. Data are reported as the mean per-
centage of eosinophils in the BAL fluid ± SEM. Significant
differences compared with OVA treatment are indicated (*P < .05;
**P < .01). SCF-AS, OVA-sensitized mice treated with SCF anti-
sense DNA; SCF-MM, mice treated with mismatched DNA control
oligonucleotides; Dex, OVA-sensitized mice treated with dexa-
methasone.

FIG 8. SCF antisense treatment selectively reduces IL-4 cytokine
concentration in BAL fluid. Analysis of IFN-γ and IL-4 cytokine
concentration in the BAL fluid from lungs of saline-treated mice
(PBS; n = 5), OVA-sensitized mice (OVA; n = 5) and OVA-sensitized
mice treated with SCF antisense DNA (SCF-AS; n = 4) or dexa-
methasone (DEX; n = 4). Cytokine levels (IFN-γ, IL-4) were deter-
mined by specific ELISA and are reported as mean values ± SEM.
IL-4 concentration in BAL fluid was significantly suppressed (P <
.05) by SCF antisense treatment compared with levels in OVA-
sensitized mice.
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Because mast cell–deficient mice are still susceptible
to OVA-induced allergic airway inflammation, it has
been suggested that these cells are not required for the
induction of chronic airway inflammation.44 Thus it is
tempting to speculate that the therapeutic effects of SCF
antisense oligonucleotides in OVA-induced allergic air-
way inflammation are at least partially due to inhibition
of recruitment and activation of eosinophils. For
instance, antisense oligonucleotides might suppress pro-
duction of the chemokine eotaxin in allergic reactions
because eotaxin production in mast cells is upregulated
by membrane-bound SCF expressed on fibroblasts.45

In agreement with previous observations,26 IL-4
expression was increased in the BAL fluid of OVA-
sensitized mice, possibly because of an increased local
production by lymphocytes or mast cells.44 Interestingly,
we observed in this study that local SCF antisense treat-
ment strongly downregulates local IL-4 production
induced by OVA-sensitization in the BAL fluid. Such
downregulation was even more pronounced than in dex-
amethasone treatment. Therefore antisense-induced
downregulation of local IL-4 production may also con-
tribute to the efficacy of SCF antisense DNA in the treat-
ment of OVA-induced lung inflammation.

Corticosteroids are highly effective in patients with
allergic asthma possibly because they inhibit mast cell
functions and suppress SCF-dependent growth and dif-
ferentiation of mast cells.24 In this study we designed a
more specific strategy to downregulate SCF expression
in allergic asthma in vivo using antisense DNA. Further-
more, we demonstrated that the beneficial effects of SCF
antisense treatment on the asthmatic reaction were simi-
lar to those found during treatment with corticosteroids.
These data indicate a critical role for SCF in a murine
asthma model. Furthermore, the data suggest that anti-
sense oligonucleotide to SCF may be a novel molecular
approach for the treatment of mast cell–mediated disor-
ders such as asthma in human beings.
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