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Background: Mast cells are increased in nasal polyp (Np) 
and allergic rhinitis (AR) tissue and are suppressed by topi- 
cal corticosteroid treatment. Stem cell factor (SCF), a mast 
cell growth and survival factor, may explain these phenom- 
ena. 
Objective: We investigated structural cell gene expression 
and production of SCF in nasal tissues in patients who had 
received and who had not received in vivo intranasal cortico- 
steroid therapy. 
Methods: Northern blot analyses for messenger RNA and 
ELISA for biologically active SCF protein from cultured Np 
epithelial cells and fibroblasts were performed. Immuno- 
staining for SCF in cultured and tissue nasal structural cells 
in the presence or absence of steroid treatment was also per- 
formed. 
Results: We detected significant expression of SCF mRNA 
and protein by cultured Np epithelial cells and Np fibro- 
blasts; Np fibroblast SCF supported the differentiation of 
mast cells in vitro. There were more immunoreactive SCF- 
positive Np epithelial cells in patients with AR than in 
control subjects (97.2 +-- 2.8 vs 45.6 - 22.0%; p < 0.0001). 
SCF that could be immunostained was significantly dimin- 
ished overall in Np structural cells in the group given in 
vivo steroid treatment, with a modest (trend to significant) 
effect on any given cell type analyzed. In vitro treatment 
with budesonide of SCF-producing fibroblasts demon- 
strated inhibition of unstimulated, primary Np fibroblasts 
but not of IL-l-stimulated fibroblasts or transformed cell 
lines. 
Conclusions: Human Np and AR tissue structural cells 
express and produce increased SCF. Our in vitro studies 
suggest that intranasal steroids blunt SCF expression in 
Nps, an effect that may be responsible for a decrease in 
mast cells and symptoms. (J Allergy Cliu Immunol 1997; 
100:389-99.) 
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Abbreviations used 
AR: Allergic rhinitis 

BMMNCs: Bone marrow nonadherent mononuclear 
cells 

DPBS: Dulbecco's phosphate-buffered s~line 
FBS: Fetal bovine serum 

HEPES: N-2-hydroxyethylpiperazine-N-2- 
ethanesulfonic acid 

Np: Nasal polyp 
NpEps: Nasal polyp epithelial ceils 
NpFbs: Nasal polyp fibroblasts 

NpEpCM: Nasal polyp epithelium conditioned me- 
dium 

NpFbCM: Nasal polyp fibroblast conditioned me- 
dium 

SPB: Sucrose phosphate buffer 
PLP: Periodate-lysine-paraformaldehyde 
SCF: Stem cell factor 

Stem cell factor (SCF) was first recognized in mast 
cel l -deficient  mice because of a defect at the Steel locus 
gene. t The white-spotting (W) and Steel (St) loci in mice 
encode the t ransmembrane protein tyrosine kinase re- 
ceptor, c-kit, and its ligand (also known as SCF), respec- 
tively.2, 3 A defect in either locus in mice causes anemia, 
sterili~, white spotting of the skin, and mast cell defi- 
ciency, suggesting that the c-kit/SCF signal transduction 
pathway is essential for the development  of erythroid, 4 
mast celt, melanocyte, and germ cell lineages. 5 

SCF is a major growth and differentiation factor for 
human mast cells derived from progenitors in fetal liver, 6 
cord blood, 7 and bone marrow, s-~ SCF also maintains 
mast cell survival by suppressing programmed cell 
death, t~ promotes  chemotaxis of immature  mast cells] 2 
and enhances their expression of receptors for compo- 
nents of the extraceltular matrix. 13 SCF not only pro- 
motes proliferation of immature  and mature  mast cells, 
it can also influence mast cell maturat ion by altering 
mast cell phenotype and mediator  content. ~4 SCF may 
also act as an adhesion molecule for mast cells, which 
express c-kit throughout  their deveIopment.~5 Although 
a number  of other  cytokines such as IL-3, IL-4, [L-9, 
IL-t0,  and nerve growth factor reportedly induce growth 
and differentiation of mouse mast cells, these cytokines 
do not act similarly on human mast cell differentiat ion) 
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SCF is p roduced  by epi thel ial  cells, 16 fibroblasts, 17, ts 

and  endothe l ia l  cells. 19 It can be  expressed e i ther  in a 

soluble or m e m b r a n e - b o u n d  form, gene ra t ed  by tissue- 
specific splicing; 2° bo th  these  forms are biologically 

active. 1 The re  is accumula t ing  evidence that  the  c-kit 
signal t ransduct ion  pathway is begun  th rough  in t imate  

cell-to-cell contac t  be tween  prol i ferat ing cells expressing 

the  c-kit recep tor  and  t i ssue-anchored  s t romal  cells 
expressing the  m e m b r a n e - b o u n d  SCF. 2~ 

Because  airway ep i the l ia l  cells, f ibroblas ts ,  and  en- 
do the l i a l  cells cons t i tu t ive ly  or on  s t imu la t i on  wi th  

IL-1 or  l i popo lysaccha r ide  p rov ide  a r ich source  of  
p r o i n f l a m m a t o r y  m e d i a t o r s  and  cytokines  22 inc lud ing  
IL_1,23 IL_6,23, 24 IL_8,24, 25 endothel in ,26 g ranu locy te -  

m a c r o p h a g e  co lony-s t imula t ing  factor ,  24,27,2s t rans -  

fo rming  growth  factor-13, 29,3° f ibronec t in ,  31 eico- 

sanoids ,  32 and  SCF, 2s, 33 we e x a m i n e d  SCF express ion  

and  p r o d u c t i o n  in nasa l  polyps (Nps)  and  al lergic 

rhinit is  (AR) ,  condi t ions  in which mast  cells are abun-  
dant.  Because  it is not  known whe the r  SCF is p roduced  

by s t ructural  cells in inf lamed nasal  tissues such as Nps 

and  mucosae  of  A R  or w he t he r  SCF expression is 
different in A R  when  compared  with normal  nasal  

mucosa,  we assessed the  expression of SCF messenger  

RNA,  the  secret ion of biologically active SCF protein ,  
and  nasal  local izat ion of immunoreac t ive  SCF pro te in  in 

var ious nasal  s t ructural  cell populat ions .  Finally, because  
glucocort icoids downregula te  the  p roduc t ion  of numer -  
ous cytokines 34 and  could thus be  po ten t  inhibi tors  of 

the  mas t  cell infiltrates in A R  and  Nps, we also investi- 

gated the  effect of the  topical  cort icosteroid,  budes-  

onide, on  expression of SCF in Nps. 

METHODS 
Subjects 

Steroid-untreated Np tissues were obtained from 11 patients 
(8 men and 3 women aged 49.4 _+ 12.1 years [mean _+ SD]) who 
had not received steroid treatment 1 month before polypec- 
tomy. Steroid-treated Np tissues were obtained from 10 pa- 
tients (10 men aged 48.3 _+ 16.4 years) who had received topical 
steroid treatment for at least 4 weeks immediately before 
polypectomy. All patients were referred to the Ear, Nose and 
Throat Clinic at McMaster Medical Centre, Hamilton, Ontario 
for polypectomy, which was carried out after topical or general 
anesthesia had been induced. No patient had taken antibiotics 
during the month before surgery. 

Nasal brushing specimens were obtained from 24 patients 
with seasonal AR who had severe symptoms during the grass 
pollen season and positive skin prick test responses to grass 
pollen allergens. Nasal brushings from 23 nonallergic healthy 
subjects who had no clinical history of respiratory infection for 
at least 1 month before the study were used as normal control 
specimens. The mean ages of patients with seasonal AR and 
control subjects were 33.0 _+ 9.7 years and 42.2 _+ 10.5 years, 
respectively (p > 0.1). 

Human bone marrow-derived nonadherent mononuclear 
cells were obtained as pathologic waste from the sternum of two 
patients undergoing open heart surgery. 

These studies conformed to guidelines for human experi- 
mentation and were approved by the Ethics Committees of 

Chedoke-McMaster and Hamilton Civic Hospitals; when ap- 
propriate, subjects provided written informed consent. 

Cell culture 
Np epithelial cells (NpEps), Np fibroblasts (NpFbs), the 

human cervical carcinoma squamous epithelial cell line HeLa 
(American Type Tissue Culture, Rockville, Md.) and the hu- 
man small cell lung carcinoma cell line NCi-H69 (American 
Type Culture Collection) were cultured as previously de- 
scribed 35 to prepare Northern blot analyses of SCF mRNA. 
Briefly, Nps obtained from patients undergoing nasal poly- 
pectomy were placed in Ham's F12 medium supplemented with 
1% penicillin-streptomycin and 27 ~g/ml amphotericin B and 
immediately transported to the laboratory. Preparation of 
collagen-coated culture dishes and isolation of NpEps were 
done according to the method previously described. Isolated 
epithelial cells were plated on the collagen-coated wells 
(100,000 cells/well) with 2 ml of serum-free culture media 
supplemented with antibiotics, glutamine, and growth factors. 
To obtain NpFbs, some portions of the Np tissue were cut into 
pieces (0.3 mm 2) and cultured with RPMI-1640 medium 
(Gibco, Grand Island, N.Y.) supplemented with heat-inacti- 
vated fetal bovine serum (FBS), 1% penicillin-streptomycin, 
and 25 mmol/L N-2-hydroxyethylpiperazine-N-2-ethanesulfonic 
acid (HEPES) buffer. 

The human cervical carcinoma squamous epithelial cell line 
HeLa was cultured in F12/Dulbecco's modified Eagle's me- 
dium. The human small cell iung carcinoma cell line NCi-H69 
was cultured to confluence in RPMI-1640 medium supple- 
mented with 1% penicillin-streptomycin, 1 mmol/L L-glu- 
tamine, and 10% FBS. These cells were used as positive 
controls for SCF mRNA and SCF protein expression. All cells 
were cultured in a 5% CO2 humidified incubator at 37 ° C. 
Culture media were changed every 2 days until confluence was 
reached in 7 to 10 days. Supernatants were harvested after a 
further 48-hour incubation, sterilized through a Millipore filter 
(0.22 txm; Millipore Corp., Bedford, Mass.), and stored at 
-20 ° C until use. 

For mast cell differentiation assays, NpFb conditioned me- 
dium (NpFbCM) was concentrated before sterilization by an 
Amicon membrane concentration system (Amicon Division, 
Beverly, Mass.), which retained macromolecules ranging in 
molecular weight from 50 to 100,000 kd. 

Northern blot analysis 
To determine whether human NpEps and NpFbs express 

SCF mRNA, total RNA was isolated from cultured NpEps and 
NpFbs by the guanidine isothiocyanate-phenol-chloroform 
method previously described 36 and separated on a 1.2% agarose 
gel. Ten micrograms of RNA was separated according to size in 
a 1.1% agarose gel, which was stained with ethidium bromide to 
ensure that equal amounts of RNA had been loaded and no 
degradation had occurred. RNA in 1.1% agarose gel was 
transferred to Genescreen filters (Dupont, Boston, Mass.). 
RNA was fixed to the nylon membrane by UV cross-linking and 
was prehybridized and hybridized in 50% formamide, 1 mol/L 
sodium chloride, 10% dextran sulfate, 1% sodium dodecylsul- 
fate and 100 I~g/ml denatured salmon sperm DNA at 42 ° C. The 
filters were washed to a final stringency with 2× standard 
sodium citrate and 1% sodium dodecylsulfate at 65°C for 30 
minutes and 0.1 mol/L standard sodium citrate at room tem- 
perature for 30 minutes and autoradiographed with Kodak 
XAR film by using intensifying screens at -70 ° C for 2 to 7 days. 
As positive controls, RNA of cultured HeLa cells and RNA of 



J ALLERGY CLIN IMMUNOL Kim et al. 391 
VOLUME 100, NUMBER 3 

cultured human small cell lung carcinoma cells were also 
extracted and hybridized by the same method. 

Filters were probed with c~-actin to provide an indication of 
the amount of RNA loaded. The SCF probe is a 431 bp Sinai 
and SphI complementary DNA fragment (kindly provided 
by Dr. Krisztina Zsebo, Amgen Biologicals, Thousand Oaks, 
Calif.). DNA was labeled with phosphorous 32 deoxyadenosine 
triphosphate to a specific activity of greater than 1 × 10 9 

cpm/l*g. 

SCF ELISA 
Because mRNA expression is not always associated with 

production of mature protein, the secretion of SCF was as- 
sessed by ELISA in supernatants of cultured NpEps and 
NpFbs. Levels of extracellular immunoreactive SCF were quan- 
tified by using a modification of the double-ligand method as 
previously described 37 with commercially available sandwich- 
type ELISA (R&D Systems Inc., Minneapolis, Minn.). ELISA 
plates were coated with goat polyclonal antibodies against 
human (h)SCF. Dilutions of cell-free supernatant were added 
in duplicate, followed by the addition of a second horseradish 
peroxidase-conjugated specific routine monoclonal antibody 
against hSCF. After washing to remove any unbound antibody- 
enzyme reagent, a substrate solution (a 1:1 solution of hydrogen 
peroxide and tetramethylbenzidine) was added to the wells. The 
color development was stopped with 2N sulfuric acid, and the 
intensity of the color was measured at 540 nm on a spectropho- 
tometer. A standard curve was generated by plotting the optical 
density versus the concentration of SCF in the standard wells 
with a curve fitting program. This ELISA is sensitive to 5.0 
pg/ml SCF, and it has an intraassay coefi%ient of variation of 
less than 0.5% and an interassay coefficient of variation of less 
than 8%. 

Mast cell differentiation assays 
To determine whether SCF in NpFbCM is biologically active as 

a mast cell growth factor, mast cell differentiation assays from 
bone marrow nonadherent mononuclear cells (BMMNCs) were 
performed. BMMNCs were cultured in the presence of concen- 
trated (×30) NpFbCM with or without anti-hSCF antibody (1 
txg/ml, 10 p,g/ml) for 6 weeks. BMMNCs were obtained by 
differential centrifugation of heparinized human bone marrow 
cells on 67% Percoll (Pharmacia, Uppsala, Sweden); layered cells 
were suspended in culture flasks with McCoy 3+ media (Life 
Technologies, Burlington, Ontario, Canada) and incubated at 
37 ° C in a humidified atmosphere of 6% C O  2 and 94% air for 2 
hours. After 2 hours' incubation, nonadherent cells were resus- 
pended in RPMI-1640 media supplemented with 10% FBS, 50 
~mol/L 2-mercaptoethanol, 2 mmol/L L-glutamine, 100 IU/ml 
penicillin, 50 ~g/ml streptomycin, and 25 gg/ml gentamycin. All 
experiments were carried out with. either 30% vol/vol concen- 
trated (×30) NpFbCM or recombinant (r)hSCF (25 ng/ml). 
Negative control cultures were kept in RPMI-t640 media 
supplemented with t0% FBS, 25 mmol/L HEPES only. To 
block the effect of SCF, two concentrations of anti-hSCF 
antibodies (1 txg/ml and 10 ~xg/ml) were preincubated with 30% 
vol/vol concentrated (×30) NpFbCM or rhSCF (25 ng/ml) at 
37 ° C for 2 hours before addition to BMMNCs. The cells (1 × 
106 cells/well) were cultured in suspension at 37 ° C in a humid- 
ified atmosphere of 6% CO2 and 94% air in each condition. 
Media were changed every 3 days for 6 weeks, after which 
cultured total cells were counted with a hemocytometer and 
prepared as cytospins for staining. 

Tryptase immunostaining 
Cells undergoing periodate-Iysine-paraformaldehyde (PLP) fix- 

ation were kept for 10 minutes in tubes on ice, then pelleted by 
centrifugation (10,000 rpm at room temperature) for 15 seconds, 
and resuspended at a final density of 5 × 105 cclls/ml in 15% 
sucrose phosphate buffer (SPB) (0.1 tool/L, pH 7.4) for at least 10 
minutes on ice. Slides were prepared by cytocentrifugation (300 
rpm for 5 minutes) of 100 F1 of cell suspension. After air drying, 
slides were stored at -70 ° C. The cytospins were stained with 
anti-human tCqgtase antibodies to detect mast cells. 

Immunohistochemical staining of human tryptase was 
done as previously described.38 Briefly, after preincubation in 
0.6% hydrogen peroxide in methanol to block endogenous 
peroxidase activity, sections were incubated in heat-inacti- 
vated normal rabbit sera for 3 hours. A mouse monoclonal 
anti-human tryptase antibody (G3; kindly provided by Dr. 
Anne-Marie Irani, Department  of Medicine and Pediatrics, 
Medical College of Virginia, Richmond) was diluted in 
phosphate buffer at a concentration of 4.5 Fg/ml. After a 
brief rinse of normal rabbit sera with phosphate buffer, 
sections were incubated with anti-human tryptase antibody 
overnight at 4 ° C. Monoclonal antibodies were then detected 
by a peroxidase-antiperoxidase method with a Histosta- 
tin-AP kit (Zymed Laboratories Inc, San Francisco, Calif.). 
Counterstaining was performed with Mayer's hemato~l in .  
Isolated gut mucosaI mast cells (kindly provided by Dr. Jean 
Marshall, Department of Pathology, McMaster University) 
were used as a positive control; mouse IgG~ myeloma protein 
was used as a negative control. The number of tryptase- 
positive cells per 500 cells was evaluated and expressed as a 
percentage. 

SCF immunostaining 
lmmunohistochemical localization of SCF in cu#u~ed NpFbs 

and NpEps. To detect immunoreactive SCF protein, cultured 
NpEps and NpFbs were trypsinized by adding trypsin-ethyl- 
enediaminetetraacetic acid (EDTA) (0.1% trypsin, t mmol/L 
EDTA) after confluence was reached. Cells undergoing PLP 
fixation for 10 minutes were kept for a further 10 minutes in 
tubes on ice, then pelleted by centrifugation (10,000 rpm at 
room temperature) for 15 seconds, and resuspended at a final 
density of 5 × 105 eells/ml in a 15% SPB (0.1 tool/L, pH 7.4) for 
at least 10 minutes on ice. Slides were prepared by cytocentrifu- 
gation (300 rpm for 5 minutes) of 100 ~1 of cell suspension. 
After air drying, slides were stored at -70°C until staining. 
Before staining, slides were rinsed in Dulbecco's phosphate- 
buffered saline (DPBS) supplemented with 0.01 mol/L HEPES 
buffer containing 0.01% saponin (DPBS [H+S]) for 10 minutes 
at room temperature to enhance permeability. To block non- 
specific binding, sections were preincubated in DPBS (H+S) 
containing 75% heat-inactivated human AB sera for 1 hour and 
then in the same buffer with 25% heat-inactivated normal 
rabbit sera for 30 minutes at room temperature. 

Mouse monoclonal anti-hSCF antibody was diluted in DPBS 
(H+S) containing 1.0% bovine serum albumin at a concentra- 
tion of 10 ~g/mL After brief washing with DPBS (H+S), 
sections were incubated with the monoclonal antibody over- 
night at 4 ° C and then washed with the same buffer. Monoc]onal 
antibodies were detected by the alkaline phosphatase-anti- 
alkaline phosphatase method (APAAP Kit, DAKO) according 
to the manufacturer's instructions. Counterstaining was per- 
formed with Mayer's hematoxylin, and specific controls were 
included in each staining run. Mouse IgG1 myeloma protein 
was used as a negative control. For verification of the antibody 
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SCF mRNA IN CELL LINES 

28 S- 1 HepG2 
2 NP-Fb plus LPS 

18 S- 3 NP-Fb plus IL-1[3 
4 NP-Fb 
5 HeLa 

1 2 3 4 5 6 6 Negative 

FIG. 1. Northern blot analysis of SCF mRNA expression. Total RNA (10 ~g/ml) was hybridized with 
32P-radiolabeled SCF probe. RNA of NpFbs stimulated with lipopolysacchadde (lane 2), NpFbs stimulated with 
IL-113 (lane 3), and unstimulated NpFbs (lane 4) shows 7.5 Kb and 5.5 Kb SCF-specific transcripts. Lanes I and 
5 (HepG2 and HeLa cell RNA, respectively) show SCF transcripts. Ribosomal RNA (lane 6) was used as negative 
control, and RNA from HeLa cells and HepG2 cells were used as positive controls. LPS, Lipopolysaccharide. 

used, preincubated mouse monoclonal anti-hSCF antibody with 
rhSCF (10 Izg/ml) was used to stain Np tissues. As a positive 
control, cytospins of cultured HeLa cells and NCi-H69 cells 
were made and fixed with PLP for i0 minutes. These slides were 
placed in 15% SPB for 10 minutes and then stored at -70°C 
until immunostaining was done. 

Irnrnunohistochernical localization of SCF in nasal brushing 
cells'. Nasal brushings were obtained after careful removal of 
secretions or crusts from the nose. The brush was introduced, 
without anesthesia, into the nose under direct visual guidance 
and placed between the nasal septum and the inferior turbinate. 
The brush was introduced in its full length, removed with a 
slight rotating movement, and immediately placed in a small 
plastic tube containing 2 ml of PLP fixative; it was then shaken 
vigorously and carefully rubbed off against the wall of the tube 
to release cells. Two brushings were done in each nasal cavity. 
Cells undergoing PLP fixation were kept for 10 minutes in the 
tube on ice, then pelleted by centrifugation (10,000 rpm at room 
temperature) for 15 seconds, and resuspended at a final density 
of 5 × 10 s cells/ml in 15% SPB (0.1 mol/L, pH 7.4) for at least 
10 minutes on ice. Slides were prepared by cytocentrifugation 
(300 rpm for 5 minutes) of 100 ~1 of cell suspension. After air 
drying, slides were stored at -70 °C. Immunohistochemical 
staining was performed by the same method as that used for 
cultured NpEps and NpFbs. After staining, a total of 500 
ciliated columnar epithelial cells per slide were counted in 
blinded fashion for immunoreactive SCF with a conventional 
light microscope, and results were expressed as the percentage 
of stained epithelial cells. 

hnmunohistochernical localization of SCF in Nps. To detect 
the cellular sources of SCF within the Nps and changes in SCF 
expression after corticosteroid treatment, Np tissue sections of 
5 mm in thickness were fixed in PLP for 4 hours at 4 ° C and 
washed in phosphate buffer (0.1 tool/L, pH 7.4), 10% SPB, 20% 
SPB, and 30% SPB each for 3 to 6 hours, respectively. The 
tissues were then frozen and stored in Tissue-TeK OCT (Miles, 
Elkhart, Ind.) in -70 ° C isopentane. Serial cryostat sections (6 
~xm) were cut into slides coated with 3-aminopropyltriethoxysi- 
lane. Immunohistochemical staining was done with the same 
method as that for cultured NpEps and NpFbs. All tissue 
samples were coded, and sections were counted in blinded 
fashion by conventional light microscopy. In Np tissues the 
length of total stained epithelia was expressed as a percentage 
of the length of total basement membrane. The total number of 
fibroblasts and endothelia and the number of immunoreactive 
SCF protein-positive fibroblasts and endothelial cells were 

determined in an area of 0.25 mm 2 of stroma. The percentage 
of stained fibroblasts and endothelial cells was calculated from 
a total of 10 fields. 

The intensity of staining was divided into three grades. Grade 
0 was regarded as no staining. Orade 2 was regarded as the 
same staining intensity as immunoreactive SCF protein-positive 
cultured NpEps. Grade 1 represented intensity between grades 
0 and 2. The intensities of immunoreactive SCF-positive 
NpEps, NpFbs, and endothelial cells were measured in six 
high-power (×400) fields. The intensity index of each Np was 
calculated as follows: 

Intensity index (%) = (Total intensity grade of counted cells 

+ Expected total maximal intensity grade of counted cells) 

x 100 

In vitro treatment of SCF-producing cells with 
budesonide 

To determine whether in vitro treatment of cell lines with 
budesonide had an effect on SCF production, NpFbs, HeLa cells 
and NCi-H69 cells were pretreated with or without budesonide, 
followed by incubation of the cells with or without IL-I[3. NpFbs 
and HeLa cells were cultured in 24-well plates until confluent, and 
the NCi-H69 cells were plated at 1 × 10 ~ per well. The cells were 
then pretreated with media, diluent, or doses of budesonide for 4 
hours, followed by two washes with phosphate-buffered saline. 
Two milliliters of RPMI medium containing 10% fetal calf serum 
was added to each well, and IL-I[3 was then added to appropriate 
wells at a concentration of 1 ng/ml. Ceils were incubated for 48 
hours in 5% CO2, and the supernatant was harvested. SCF levels 
were measured by SCF ELISA. 

Statistics 
For statistical analysis of immunohistochemical staining of 

nasal brushings, Student's t test for nonpaired comparisons was 
used; for statistical analysis of immunohistochemical staining of 
Nps, a mixed model analysis of variance 39 was used to assess the 
differences in immunoreactive SCF-positive total cells between 
steroid-treated and steroid-untreated groups. Post hoc compar- 
ison was done with the Newman-Keuls' test to assess the 
differences in immunoreactive SCF-positive cells among 
NpEps, NpFbs, and endothelial cells. The Mann-Whitney rank 
sum test was used to assess the differences of immunoreactive 
SCF-positive cells in each cell type, comparing steroid-treated 
and steroid-untreated groups. The strength of the association 
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FIG. 2. SCF production by cultured NpEps and NpFbs, measured by ELISA. The level of SCF in NpEpCM is the 
mean of duplicate determinations in each of two experiments. The level of SCF in NpFbCM represents the 
mean of duplicate determinations in each of three experiments. 

between the numbers of immunoreactive SCF-positive cells and 
the intensities of staining (intensity index) was determined by 
linear regression. 

RESULTS 
Northern blot analysis 

Northern blot analysis of mRNA from the cultured 
NpEps and NpFbs showed hSCF-specific mRNA bands 
of approximately 7.5 and 5.5 Kb size (Fig. 1). SCF 
mRNA was also extracted from cultured HeLa cells and 
cultured HepG2 cells, which are included as positive 
contro!s for SCF mRNA expression (Fig. 1). Ribosomal 
RNA served as a negative control. 

SCF ELISA 

The levels of SCF protein in the supernatants of cultured 
NpEps and NpFbs were 19,5 + 12.0 pg/ml and 77.3 -+ 
103.4 pg/ml, respectively (Fig. 2). Lipopolysaccharide stim- 
ulation of cultm'ed NpFbs for 6 hours did not enhance SCF 
production. Supernatants of cultured HeLa cells and cul- 
tured NCi-H69 cells contained much higher mean levels of 
SCF protein (556 +_ 117 pg/ml and 359 _+ 43 pg/ml, 
respectively) than those from Nps. 

Mast cell differentiation assays 

After 6 weeks, NpFbCM induced tryptase-positive 
cells from BMMNCs, compared with RPMI-1640. The 
mean percentage of tryptase-positive cells induced by 
NpFbCM was 3.1% of total cells (Fig. 3); absolute 
numbers of cells are indicated in Table I. This mast 
cell differentiation effect by NpFbCM was completely 

inhibited by preincubation with anti-hSCF antibody at 
a concentration of 1 b~g/ml (Fig. 3, Table I). Although 
no mast cell differentiation was observed when mono- 
nuclear cells were incubated with RPMI-1640 medium 
alone, tryptase-positive cells were markedly increased 
(30.5% of total cells) when BMMNCs were incubated 
with 25 ng/ml rhSCF. This induction of differentiation 
by rhSCF was suppressed by preincubation of rhSCF 
with 1 ixg/ml or 10 btg/ml anti-hSCF antibody (52.6% 
and 10.2% stimulation of mast cell differentiation 
compared with rhSCF alone, respectively), but still 
less than the suppression of differentiation by prein- 
cubation of anti-hSCF antibody with NpFbCM, pre- 
sumably because of the much lower concentration of 
SCF in NpFbCM (see above). The corresponding 
absolute numbers of tryptase-positive cells were: 
rhSCF, 30.40 × 103; rhSCF plus 1 ixg/ml anti-hSCF, 
10.56 × 103; NpFbCM, 4.60 × 103; NpFbCM plus 1 
btg/ml anti-hSCF, no cells (this despite excellent cel- 
lular proliferation, Table I). 

Immunohistochemical localization of SCF in 
cultured NpEps and NpFbs 

Cultured NpEps and NpFbs showed immunoreactive 
SCF protein, diffusely expressed over the cytoplasm (Fig. 4, 
A and B). All the positive epithelial cells showed a similar 
staining intensity; however, some fibroblasts revealed a 
stronger staining intensity than others. Cytospin prepara- 
tions from cultured HeLa cells and cultured NCi-H69 cells 
used as positive controls showed stronger immunoreactive 
SCF protein staining than NpEps and NpFbs; in cultured 
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FIG. 3. Polyp fibroblast SCF induces mast cell differentiation. Percent stimulation of mast cell differentiation 
induced by rhSCF (25 ng/ml) (A) and NpFbCM (B). Abrogation by anti-hSCF antibody (o~SCF). 

TABLE I. Abso lu te  numbers of  t ryptase-posi t ive 

cells in SCF and CM-st imulated cultures 

Total Tryptase-positive 
viable cells/well cells/well 

(xlO -3) (xlO -a) 

RPMI 9.50 0 
rhSCF 99.75 30.40 
rhSCF + o~SCF 64.55 10.56 

(1 ~g/ml) 
rhSCF + c~SCF 47.10 1.71 

(10 l~g/ml) 
NpFbCM 146.4 4.60 
NpFbCM + oLSCF 130.7 0 

(1 ixg/ml) 
NpFbCM + o~SCF 109.3 0 

(10 ixg/ml) 

Data represent mean of two experiments. 

HeLa cells, the staining intensity of immunoreactive 
SCF protein was distributed evenly among cells, 
whereas cultured NCi-H69 cells exhibited more vari- 
able staining. Extracellular immunoreactive SCF pro- 
tein was also found around HeLa cells. Slides stained 
with mouse IgG1 myeloma protein (Fig. 4, C) or 
anti-hSCF preincubated with rhSCF showed no posi- 
tive cells. 

Immunohistochemical localization of SCF in 
nasal brushings 

In all nasal brushings we detected immunoreactive 
SCF-positive ciliated epithelial cells. The number of 
SCF-positive ciliated epithelial cells among nasal brush- 
ing epithelial cells in patients with seasonal AR was 
higher (97.2% _+ 2.8%) than in normal control subjects 

(45.6% _+ 22.0%) (p < 0.0001). In addition, the intensity 
of staining was higher in nasal brushings from patients 
with AR in season than in control subjects (Fig. 4, D and 
E). Ciliated epithelial cells, basal cells, and goblet cells 
also showed staining for SCF protein (Fig. 4, D). Immu- 
noreactive SCF was expressed diffusely over the entire 
cytoplasm, as observed in cultured NpEps and NpFbs 
(above). Generally, basal cells showed stronger staining 
than ciliated columnar epithelial cells and goblet cells. 
Neutrophils, eosinophils, and squamous epithelial cells 
were negative for immunoreactive SCF protein. The 
total numbers of all cells obtained by nasal brushing 
were very similar in patients with seasonal AR and 
control subjects. 

Immunohistochemical localization of SCF in Nps 

Substantial immunolocalization of SCF was ob- 
served in NpEps, NpFbs, and endothelial cells (Fig. 4, 
G and H). The percentage of SCF immunoreactivity 
for all cell types combined (epithelial cells, fibroblasts, 
and endothelial cells) was significantly higher (p = 
0.03) in steroid-untreated than in steroid-treated sub- 
jects; for any given cell type, percentages of immuno- 
reactive SCF-positive cells tended to be lower in the 
steroid-treated group, but this failed to reach statisti- 
cal significance at the p = 0.05 level (Table II). 
Interestingly, Nps showed immunoreactive SCF ex- 
pression in the deep stromal venular endothelium but 
not in arterioles; abundant immunostaining was seen 
in the epithelium of steroid-untreated polyps. The 
intensity of SCF staining was compared and found to 
be similar among epithelial cells, fibroblasts, and 
endothelial cells; a diffuse, cytoplasmic pattern was 
the rule. In the epithelial layer, basal cells showed 
stronger intensity than ciliated columnar cells. A 
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FIG. 4. lmmunohistochemical localization of SCF in nasal tissues. A, Photomicrograph (x640) demonstrating 
immunoreactive SCF protein diffusely in cytoplasm of cultured NpEps with a mouse monoclonal antibody and 
the DAKO alkaline phosphatase-antialkaline phosphatase method. B, Photomicrograph (×640) demonstrating 
immunoreactive SCF protein in cultured NpFbs. Some fibroblasts showed stronger staining intensity than 
others (arrow). C, Photomicrograph (×640) demonstrating lack of staining with control protein (mouse IgG1 
myeloma protein). D, Photomicrograph (×640) demonstrating immunoreactive SCF protein in ciliated 
columnar epithelial cells (arrow) and goblet cells (arrowhead) in a nasal brushing from a subject with AR. E, 
Photomicrograph (×640) demonstrating decrease of immunoreactive SCF protein in most of ciliated columnar 
cells and goblet cells in a nasal brushing from a control subject. F, Photomicrograph (×640) demonstrating 
lack of immunoreactive SCF protein in a nasal brushing preincubated with control antibody (mouse IgG~ 
myeloma protein). G, Photomicrograph (×400) demonstrating immunoreactive SCF protein in most NpEps. H, 
Photomicrograph (×400) demonstrating immunoreactive SCF protein in stromal endothelial cells (arrow), a 
fibroblast (filled arrowhead), and a mononuclear cell (open arrowhead). I, Photomicrograph (×200) demon- 
strating no staining with control antibody (mouse IgG1 myeloma protein). 

strong positive correlat ion was found between the 
numbers of immunoreactive SCF protein-positive 
cells and the intensity indices (r = 0.81, p = 0.0007, 
Fig. 5). The intensity index for SCF immunostaining 
was 10.90 _+ 5.93 in s teroid-untreated and 7.80 -+ 2.98 
s teroid-treated subjects with Nps (p = 0.05) (Table 
III). 

Effects of in vitro budesonide on SCF production 

As shown in Fig. 6, budesonide inhibited SCF produc- 
tion by up to 53% in two primary NpFb cell lines. In one 
of these (line no. 2) a maximal effect on SCF production 
was observed at 10 +6 mol/L budesonide, with a dose 
response observed to 10 -8 mol/L. SCF production by 
HeLa or NCi-H69 cells could not be inhibited by budes- 
onide at any dose, nor was any effect of budesonide 
observed after IL-1 stimulation of the NpFb lines (Fig. 
6). 

DISCUSSION 

This study demonstrates that structural cells derived 
from or in nasal tissues produce SCF, that SCF expression 
is higher in nasal brushing epithelial cells from subjects 
with seasonal AR than in normal control subjects, and that 
corticosteroid treatment suppresses SCF production by 
primary fibroblasts in vitro. Specifically, 7.5 Kb and 5.5 Kb 
SCF mRNA transcripts were found in cultured NpEps and 
NpFbs by Northern blot analysis. Previous studies have 
shown that SCF mRNA is expressed in rodent regenerat- 
ing liver tissue, + various human embryonic tissues, 41 hu- 
man endothelial cells, t9, 33.42 and a variety of human cancer 
cells such as small cell lung cancer 43 and squamous cell 
carcinoma of the cervix. 44 Recently, it was also reported 
that SCF mRNA is expressed in Sendal virus-infected 
rodent bronchial epithelial cells.t~ These data support our 
findings of SCF mRNA expression by various nasal struc- 
tural cells. 
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FIG. 5. Regression analysis of relationship between numbers of immunoreactive SCF protein-positive cells 
and intensity indices of SCF staining in Nps, The relationship is statistically significant (r = 0.81, p = 0.0007). 

TABLE II. Character ist ics of pat ients wi th  nasal 

po lypos is  and effects of top ica l  budeson ide  

Steroid ( - )  Steroid (+) 

Subjects 11 10 
Age (yr) 49.4 _+ 12.1 48.3 ÷ 16.4 
SCF (+) total cells (%) 67.9 + 30.i 46.4 _+ 30.3* 
SCF (+) epithelial cells (%) 79.8 -+ 29.2 57.3 ~ 34.3t 
SCF (+) fibroblasts (%) 44.1 _+ 21.7 27.0 -+ 17.7t 
SCF (+) endothelium (%) 79.7 + 25.3 55.6 -+ 28.7~: 

Average vaIues are mean +- SD. 
Steroid ( - ) ,  Steroid-untreated Nps; Steroid (+), steroid-treated Nps. 
*p = 0.03 versus steroid-untreated Nps. 
tp = 0.06 versus steroid-untreated Nps. 
:~p = 0.07 versus steroid-untreated Nps. 

The SCF protein we detected in NpEpCM and 
NpFbCM is most likely the soluble form of SCF, because 
it was detected in supernatants from cultured structural 
cells. The levels of SCF protein in these media were 
19.5 -+ 12.0 pg/ml (NpEpCM) and 77.3 _+ 103.4 pg/ml 
(NpFbCM), significantly lower than the level of SCF 
reported in normal serum (3.3 + 1.1 ng/ml). 3v There are 
two potential reasons for this discrepancy. First, optimal 
conditions for SCF production may not have been 
present in our culture systems, which detected mainly 
constitutive release of SCF. Second, most of the SCF in 
a cell is produced as a membrane-bound form, only 
small portions of which are released after proteolytic 
cleavage and thus detected by ELISA. The level of 
production notwithstanding, the expression of SCF 
mRNA and the release of SCF protein by Np structural 
cells suggest that these cells could represent an impor- 
tant source of SCF in vivo. 

TABLE III. Intensi ty index  of Np SCF 

i m m u n o h i s t o c h e m i s t r y  

Steroid ( - )  Steroid (+) 

Subjects 11 10 
Intensity index (SD) 10.90 _+ 5.93 7.80 _+ 2.98* 

Steroid ( - ) ,  Steroid-untreated group; Steroid (+), steroid-treated group. 
~p = 0.05 versus steroid-untreated group. 

SCF production by unstimulated but by not IL-1- 
stimulated primary fibroblast cell lines was inhibited by 
budesonide in vitro. There was also no effect of budes- 
onide on SCF production by transformed structural 
cells. These results give in vitro support to our in vivo 
findings. They also suggest that once structural cells are 
activated or transformed, their production of SCF may 
become steroid-unresponsive. This may explain the 
rather modest in vivo effect of budesonide, because we 
could not distinguish between "act ivated" and "nonacti- 
vated" structural cells in tissue sections from patients 
with Nps or AR. 

The SCF present in NpFbCM was sufficient to 
induce a modest but significant differentiation of 
BMMNCs to tryptase-positive mast cells; this differ- 
entiation was specifically prevented by preincubation 
of NpFbCM with anti-hSCF antibody. The degree of 
mast cell differentiation induced by NpFbCM was less 
than that achieved with rhSCF. Taking into account 
the concentration of SCF in our NpFbCM, based on 
our ELISA results (77.3 -+ 103.4 pg/ml), the induction 
observed was predictable by comparison with the 
results observed with rhSCF (25 ng/ml). Immunoreac- 
tive SCF was localized to cultured NpEps and NpFbs; 
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FIG. 6. Effect of budesonide on SCF production by unstimulated and IL-l-stimulated primary fibroblast cell 
lines. Budesonide inhibited, in a dose-response fashion, SCF production only by unstimulated primary 
fibroblast cell lines (nos. 1 and 2) but had no inhibitory effect on either IL-l-stimulated (cell line no. 2) or 
transformed HeLa or NCi-H69 cells (results of two experiments, mean of replicate samples for each 
experiment, p < .05). 

this SCF probably represented the membrane-bound 
and/or intracellular forms. Thus these results suggest 
that SCF can be produced in either membrane-bound 
or soluble forms by NpEps and NpFbs. 

In nasal brushings we detected many more immuno- 
reactive SCF-positive epithelial cells from patients with 
AR than from control subjects. In a previous biopsy 
study, mast cells were found to be increased in the nasal 
epithelium in patients with AR. 4s We have also reported 
that NpEpCM made with epithelial scrapings can induce 
an increase in differentiation of metachromatic cell 
progenitors from the peripheral blood of atopic sub- 
jects46; it remains possible that some of these were mast 
cell, and not only basophil, progenitors. It is hypothe- 
sized that the increased SCF production by AR epithe- 
lium may be responsible for mast cell accumulation in 
the mucosa. Although inflammatory stimuli such as 
lipopolysaccharide, IL-I~, or tumor necrosis factor-J3 
can activate tissue structural cells such as epithelial cells, 
it is not known what kind(s) of stimuli activate epithelial 
cells in AR to produce SCF or other cytokines. 

The basal level of immunoreactive SCF protein ex- 
pression in nasal brushings from control subjects (45.6% 
_+ 22.0%) could have been due to exposure of the nasal 
mucosa to a number of stimuli, including subclinical 
rhinitis. Indeed, four control subjects had more than 
10% neutrophils in the nasal brushings, which could 
have reflected subclinical infection. A separate s tudy 47 of 
cytokines in nasal brushings supports this notion of 
microscopic and cellular evidence of inflammation in 
nonallergic subjects. 

Immunoreactive SCF protein was also frequently lo- 
calized to NpEps, stromal NpFbs, and stromal endothe- 
lial cells in Nps, with variable intensity of staining. This 
implies that Np structural cells may be generally acti- 
vated to produce SCF, which could assist in the attach- 
merit of mast cells to structural cells and induce differ- 
entiation, maturation, and activation of mast cell 
progenitors or mast cells through c-k i t .  48-51 

Because of their strategic location, endothelial cells are 
intimately involved in the inflammatory response. In nasal 
tissues inflammatory cell tralt~.cking occurs at the site of 
postcapillary venules in the stroma. 52 Although arteriolar 
endothelia were usually negative for immunoreactive SCF, 
many stromal endothelial cells localized SCF, suggesting an 
important role for SCF in the nasal inflammato~ response. 
The postcapillary venules in nasal tissues could act as a gate 
of entry to tissues for mast cell progenitors and participate 
in mast cell trafficking. 

Our study revealed that when compared with untreated 
patients, overall SCF expression is lower in patients treated 
with topical steroids, which are effective in the treatment of 
both AR and Nps, and have been shown to abolish the 
immediate allergic reaction 53 and inflammation in Nps. 
Part of this effect might be due to a decrease in the density 
of mast cells in the tissues through direct or indirect 
inhibition of growth, differentiation, activation, or chemo- 
tams of these cells. There is, however, controversy regard- 
ing the effect of corticosteroids on mast cells in the nasal 
mucosa. Although some studies have demonstrated a de- 
crease in total mast cell numbers in the nasal mucosa, 54 
others have reported that only tryptase 5s or tumor necrosis 
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factor-a 56 secretion (presumably derived from mast cells) 
decreases after topical steroid treatment. In vitro, mast cell 
differentiation from fetal liver cells induced by rhSCF can 
be prevented by dexamethasone, 57 suggesting that cortico- 
steroids suppress SCF effects on mast cell differentiation 
rather than on survival. Though the mechanism of action of 
topical corticosteroids is complex, it does not seem unrea- 
sonable to suggest, on the basis of our findings, that topical 
steroid treatment decreases mast cell accumulation or 
activation by suppression of SCF production from struc- 
tural cells. The differences in SCF production observed 
between the epithelium and the stromal fibroblasts in Nps 
may be partly responsible for phenotypic and functional 
differences between mast cells in these compartments. 5s 

The concept of an interaction between cells that are 
resident in tissues (structural ceils) and inflammatory 
cell progenitors is supported by evidence in experimen- 
tal 18 and clinical models. 24 In both rodents and human 
beings, progenitors of basophils, eosinophils, or mast 
cells circulate in the blood or lymph and can be shown in 
vivo to traffic to tissues where they appear to undergo 
terminal differentiation into mature effector cells under 
the influence of structural cell cytokines. 59-61 NpEps, 
NpFbs, and endothelial cells could thus participate in 
allergic inflammation by driving the accumulation and 
activation of mast cells through production of SCF. 

Since the submission of this manuscript, we have been 
saddened by the untimely death of our colleague and friend, 
Dr. Jerry Dolovich. This paper is dedicated to his memory. 
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