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Glucocorticoids are the most clinically effective 
treatment for asthma available today? These drugs 
alleviate the major symptoms of asthma by reducing 
airway inflammation, mucous hypersecretion, and 
airway reactivity while restoring the integrity of the 
airways. However, the mechanisms of action that 
glucocorticoids use to achieve these effects are not 
fully understood. We believe that the clinical efficacy 
of glucocorticoid treatment is, to a great extent, the 
result of their inhibitory effect on leukocyte recruit- 
ment into the airways. As such, this review will 
provide an updated outline of the mechanisms by 
which glucocorticoids inhibit the infiltration of eosin- 
ophils and other inflammatory cells into the airways. 
Specifically, this review will focus on recent studies 
that examine the effect of glucocorticoids on chemo- 
tactic cytokine gene expression. 

GLUCOCORTICOIDS: NATURE'S REMEDY 
FOR INFLAMMATION 

Glucocorticoids are, in a way, nature's remedy for 
inflammation. As Fig. 1 illustrates, varying levels of 
endogenous glucocorticoids exist in the circulation at 
all times, a Numerous studies have shown that if the 
adrenal gland is removed, inflammatory reactions are 
greatly exacerbated, which suggests that endogenous 
steroids dampen inflammation; this is true for aller- 
gic inflammation as well as for the inflammatory 
response in general. 

During a severe inflammatory response, inflam- 
matory cells release a number of mediators, includ- 
ing interleukin 1 (IL-1), tumor necrosis factor 
(TNF-a), amines, and so forth. At elevated levels, 
these mediators will stimulate centers in the brain, 
which in turn activate the hypothalamic-pituitary- 
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Abbreviations used 
CK-1310: 

GM-CSF: 

GRs: 
GREs: 

IL: 
MCP-3: 
mRNA: 
NF-KB: 

RANTES: 

TNF-a: 

Chemokine 1310 
Granulocyte-macrophage colony-stim- 
ulating factor 
Glucocorticoid receptors 
Glucocorticoid-response elements 
Interleukin 
Monocyte chemotactic protein-3 
Messenger RNA 
Nuclear factor-KB 
Regulated on activation normal T cell 
expressed and (presumably) secreted 
Tumor necrosis factor-a 

adrenal axis; this results in an increase of cortisol 
in the circulation, thereby attenuating the inflam- 
matory response, e It is now believed that even at 
normal levels, endogenous hormones will regulate 
inflammation. The increased use of glucocorticoids 
in the treatment of inflammation during the past 
decade is partly because these drugs are analogs of 
the endogenous glucocorticoids and share their 
antiinflammatory activities? 

The development of potent inhaled glucocorti- 
coids has enhanced the popularity of glucocorti- 
coids in the treatment of asthma and other allergic 
diseases. These agents bind the glucocorticoid 
receptor with very high affinities and are rapidly 
metabolized and absorbed; such characteristics 
facilitate their selectivity for the lung and/or the 
upper airways when inhaled. 4, 5 The beneficial ef- 
fects of glucocorticoids in the treatment of asthma 
are listed in Table I. 

MECHANISM OF ACTION OF 
GLUCOCORTICOIDS: THE PREVAILING VIEW 

The prevailing view of the mechanism of action 
of glucocorticoids has changed over the years. For 
decades investigators believed that glucocorticoids 
controlled inflammation by stabilizing the lyso- 
somes within neutrophils, thereby preventing these 
cells from degranulating and exacerbating the in- 
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FIG. 1. Schematic representation of endogenous glucocorticoid production. Fi l led a r rows  indi- 
cate inhibitory influences; open a r rows  indicate stimulation. 

TABLE I. Benef ic ia l  ef fects of  

g l u c o c o r t i c o s t e r o i d s  in a s t h m a  

Reduce airways inflammation 
Improve airways function 
Diminish airways secretions 
Decrease airways reactivity 
Restore airways integrity 

flammatory response. 6 In the mid- to late 1960s, 
however, this view changed dramatically with the 
discovery of the steroid receptor and the realiza- 
tion that steroids induce gene expression. A few 
years later, Flower et al. 7 and Hirata et al. 8 dem- 
onstrated that glucocorticoids induce the antiin- 
flammatory protein lipocortin; lipocortin inhibits 
the enzyme phospholipase A=, thereby preventing 
generation of prostaglandins and lipoxygenase prod- 
ucts. As a result, there was widespread acceptance in 
the 1980s that the antiinflammatory actions of glu- 
cocorticoids were the result of phospholipase A2 
inhibition. Whereas steroids and lipocortin inhibit 
phospholipase A2 and thus block generation of 
arachidonic acid metabolites in many cell types, it is 
now clear that this is only one of many different 
mechanisms (discussed below) that glucocorticoids 
use to attenuate the inflammatory response. 

Glucocorticoids exert their antiinflammatory ef- 
fects through glucocorticoid receptors (GRs). In 
the cytoplasm of cells, the GR exists as a hetero- 
complex that contains a single molecule of GR in 
association with various heat shock proteins, in- 
cluding hsp 90. On binding hormone, the GR 

heterocomplex dissociates, and the ligand-acti- 
vated GR translocates from the cytoplasm to the 
nucleus. The activated GR may then upregulate 
the transcription of antiinflammatory genes, such 
as lipocortin, neutral endopeptidase, and inhibitors 
of plasminogen activator, presumably through 
binding to specific DNA sequences termed "glu- 
cocortieoid response elements" (GREs). However, 
it is now appreciated that the ability of glucocorti- 
coids to suppress the transcription of genes in- 
volved in inflammation may be their primary activ- 
ity. Toward this end, the activated GR binds either 
to negative GREs or interacts with transcription 
factors, including apolipoprotein 1, ~° or nuclear 
factor kappa B (NF-KB) ll to down-regulate gene 
expression (Fig. 2). Recently Karin et al. 12 have 
demonstrated that glucocorticoids can also up- 
regulate the expression of inhibitor of nuclear 
factor-KB, the specific NF-~:B inhibitor, to de- 
crease NF-KB'S transcriptional ability. As shown in 
Fig. 3, signals that initiate an inflammatory re- 
sponse trigger the activation of such transcription 
factors, which in turn stimulate the gene expres- 
sion of enzymes and cytokines associated with 
inflammation. In addition, glucocorticoids may de- 
crease the stability of specific messenger RNA 
(mRNA) molecules to modulate gene transcrip- 
tion. 13 Notable among glucocorticoid-suppressed 
genes are collagenase, elastase, plasminogen acti- 
vator, nitric oxide synthase, cyclooxygenase type II, 
and most cytokine and chemokine genes. The 
remainder of this brief review will focus on cyto- 
kines and chemokines as steroid targets. 
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INHIBITION OF INFLAMMATORY GENE EXPRESSION 
BY GLUCOCORTICOIDS 
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FIG. 2. Inhibition of inflammatory gene expression by 
glucocorticosteroids. AP-1, Apolipoprotein 1; &B, inhibi- 
tor of NF-KB. 

ACTIVATION OF INFLAMMATORY GENE EXPRESSION 

FIG. 3. Activation of inflammatory gene expression. 
AP-1, Apolipoprotein 1; IKB, inhibitor of NF-KB. 

IMPACT OF GLUCOCORTICOIDS ON 
INFLAMMATION IN ALLERGIC 
MODEL SYSTEMS 

Asthma is characterized by infiltration of eo- 
sinophils and lymphocytes into the airways.  14 Until 
recently, the ability of glucocorticoids to suppress 
the infiltration of these cells has not been appre- 
ciated, because bronchoscopy and bronchoalveolar 
lavage studies were not performed regularly. Our 
awareness of this glucocorticoid-mediated effect 
arose primarily from studies that used antigen 
challenge models. 

Experimental allergen challenge often produces a 
biphasic response. Recent evidence suggests that in 
the acute response, activation and degranulation of 
mast cells occur, resulting in release of inflammatory 
mediators. 15-17 Characteristics of this acute phase 
include narrowing of the airways, wheal and flare in 
the skin, and nasal congestion, depending on the 
challenge site. During the late response, resident 
mast cells, as well as eosinophils, lymphoc2ctes, and 
other mononuclear cells that have infiltrated the 
airways, release their own panoply of inflammatory 
mediators. Many investigators now believe that the 
experimental late phase is a better reflection of the 
chronic inflammation observed in asthma. 

Although use of steroids in the short term does 
not inhibit human mast cell degranulation in vitro 
or the acute response in vivo, prolonged adminis- 
tration of inhaled glucocorticoids can dampen the 
acute response, most likely by decreasing the num- 
ber of mucosal mast cells. 18-2° Studies have dem- 
onstrated that oral and inhaled steroids can virtu- 
ally eliminate the late r e s p o n s e .  21-29 We believe 
this is due in large part to inhibition of the influx of 
inflammatory cells into the airways. 

THE ROLE OF CYTOKINES IN ALLERGIC 
CELL RECRUITMENT 

As stated previously, asthma is characterized by 
the recruitment and migration of inflammatory 
cells, specifically eosinophils, into the airways. Cy- 
tokine generation in the airways may trigger such 
infiltration. We believe that four classes of cyto- 
kines are important in allergic cell recruitment: 
(1) nonspecific endothelial activators; (2) spe- 
cific endothelial activators; (3) those that acti- 
vate eosinophil functions and prolong their sur- 
vival, and (4) those that directly stimulate cell 
migration. More important, one of the most vital 
antiinflammatory effects of glucocorticoids in the 
treatment of asthma may be the inhibition of 
cytokine production? °34 

Endothelium-activating cytokines 

Cytokines that nonspecifically activate the endo- 
thelium, namely, TNF-ot and IL-1, are released as 
the result of experimental antigen challenge 35-38 
and presumably during natural antigen exposure. 
There is evidence in humans and rodents that IgE 
stimulation causes the activation of mast cells and 
release of TNF-ot. 37-4° Macrophages in highly aller- 
gic individuals, which express both low- and high- 
affinity IgE receptors, may also produce TNF-e~ in 
an IgE-dependent m a n n e r .  41-44 Infiltrating mono- 
cytes may also produce these cytokines, as may 
other cell types. TNF-e~ and IL-1 induce the ex- 
pression of the adhesion molecules E-selectin, 
P-selectin, intracellular adhesion molecule-i, and 
vascular cell adhesion molecule-1 on the surface of 
endothelial cells. 45 When this occurs, the endothe- 
lium can actively, but nonselectively, recruit leuko- 
cytes, including neutrophils, eosinophils, mononu- 
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TABLE II. H u m a n  c h e m o k i n e s  

oL (C-X-C) family I~ (C-C) family 

IL-8 RANTES 
PF-4 MCP-1, 2, 3 
13-TG MIP-lc~, 13 
IP-10 1-309 
GRO c~, [3, V ACT-2 
ENA-78 MAD 5a, b 
NAP-2 FIC 
GCP-2 CK~-I, 3, 4, 6, 7, 8, 9, 10, 11 
MAD-2 
CK~,-1 

PF-4, Platelet factor 4; [3-TG, 13-thromboglobulin; IP-IO, inter- 
feron-inducible protein 10; GROa, ~, % growth related 
protein ~, [3, -//melanoma growth stimulatory activity; 
ENA-78, epithelial neutrophil activating protein 78; 
NAP-2, neutrophil activating peptide 2; GCP-2, granulo- 
cyte chemotactic protein 2; MAD-2, monocyte adhesion 
dependent protein 2; CKo,-1, chemokine c~-l; MIP, macro- 
phage inhibitory protein; 1-309, 1-309 protein; ACT-2, 
immune activation cytokine; MAD 5a, b, monocyte adhe- 
sion dependent protein 5a, b; FIC, fibroblast-induced 
cytokine. 

clear cells, and basophils from the circulation; all 
circulating leukocytes have counterligands for at 
least one of the adhesion molecules expressed on 
endothelium under these conditions. The actions 
of these cytokines may in part explain the early 
nonspecific cell recruitment that occurs after ex- 
perimental antigen challenge. 

Glucocorticoids are very effective and potent 
inhibitors of TNF-et and IL-1 release from macro- 
phages, monocytes, and other infiltrating cells. 
Studies in rodents and humans suggest that ste- 
roids inhibit TNF-oL release in vivo. 46-48 Inhibition 
of TNF-ot release may block the antigen-induced 
secretion of nonspecific endothelial activators, 
which indirectly result in an inhibition of endothe- 
lial activation. There is some evidence that this is 
the case, 49 but further study in humans is required. 

Cytokines that reduce adhesion marker 
expression 

The second class of cytokines encompasses 
those that selectively activate the endothelium. 
This class of cytokines includes IL-4 and IL-13, two 
cytokines that are associated with allergic dis- 
eases.43, 50-54 Among resident airway cells, there is 
some evidence that mast cells may release I L - 4 y  
whereas among the infiltrating cells, lymphocytes, 
basophils, and now eosinophils have been shown to 
contain IL-4. 48, 56 There is some evidence that the 
lymphocyte is probably the most important source 
of IL-4 (and probably IL-13) in allergic reac- 

tions.54, 57 When IL-4 and IL-13 are released, the 
endothelium is activated to express vascular cell 
adhesion molecule-1 only; consequently, only cir- 
culating cells that have the leukocyte counterligand 
very late activation antigen-4 can bind. These cells 
include basophils, eosinophils, monocytes, and 
lymphocytes. Notably absent from among these 
cell types are neutrophils. These cytokines are 
selective in that cells associated with allergic reac- 
tions can attach to the endothelial surface, whereas 
neutrophils, which are generally not associated 
with asthma and allergic reactions, cannot? 2, 53.58-60 

As with the nonspecific endothelial activators, 
glucocorticoids inhibit the release of IL-4 and 
IL-13. Steroid inhibition of cytokine release from 
lymphocytes is well documented, 24, 61-63 and data 
now show that glucocorticoids also inhibit IL-4 
release from basophils (Schroeder J et al., personal 
communication); however, it is not yet known 
whether steroids also inhibit mast cell IL-4 produc- 
tion. At present our hypothesis is that glucocorti- 
coids inhibit the release of activating stimuli, 
thereby lessening specific endothelial activation in 
vivo. In our hands, glucocorticoids do not inhibit 
endothelial activation in vitro induced by either 
specific or nonspecific activators. 53, 64 

Cytokines that promote eosinophUia 

The next class of cytokines believed to be im- 
portant in allergic reactions includes those that 
cause eosinophil priming, namely, IL-3, IL-5, 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF), and interferon gamma. 65 These cyto- 
kines are probably responsible for differences in 
the behavior of eosinophils in patients with asthma 
and allergies compared with eosinophils found in 
normal subjects. The presence of these cytokines 
promotes the following: (1) prolonged eosinophil 
survival; (2) increased adhesion molecule expres- 
sion; and (3) potentiated eosinophil degranulation 
and movement across an endothelial barrier. 66-72 
The source of these cytokines in vivo is difficult to 
assess, because they may be generated by many 
different cell types. Resident cells of the epithe- 
lium and endothelium, including fibroblasts and 
macrophages, as well as infiltrating cells such as 
lymphocytes, monocytes, and eosinophils, may 
produce GM-CSF. 73. 74 I t -5 is probably primarily 
derived from lymphocytes, although it has been 
detected in mast ceils and eosinophils. 75, 76 

Steroids interrupt the eosinophil priming pro- 
cess in several ways. In addition to inhibiting 
GM-CSF, IL-3, and IL-5 production, 24,61-63,77"81 
steroids directly inhibit survival of eosinophils. 8287 
This probably explains why steroids are so effective 
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FIG. 4. Sections of nasal polyp tissue. A, Photomicrograph of Giemsa-stained tissues demon- 
strating marked eosinophilia within tissue (original magnification x400). B, Control antibody 
(IgG2a) staining (original magnification x400). C, Anti-RANTES staining (original magnification 
x400). D, Glandular epithelium staining with anti-RANTES (original magnification x250). 

in removing eosinophils from patients with allergic 
disease. 

Chemokines 

The last class of cytokines that will be discussed 
are the chemokines, which have been studied 
extensively during the past few years. These cyto- 
kines have many chemotactic properties, including 
the ability to induce cell migration and to activate 
selected cell types. 8s, 89 Chemokines may act in part 
by binding to tissue matrix rather than forming a 
soluble gradient. 9° The chemokine superfamily 
consists of approximately 30 members, all of which 
are small cytokines with a molecular weight be- 
tween 8 and 10 kd (Table II). This superfamily is 
divided into two subfamilies, the ot (C-X-C) family 
and the [3 (C-C) family. They have 25% to 75% 
homology at the amino acid level and contain four 
conserved cysteine residues; the C-X-C subfamily 
contains an intervening amino acid in the first 
cysteine pair. 

Recent research has focused on the C-C family, 
which includes several chemoattractants impli- 
cated in allergic disease. Of particular interest are 
those chemokines that induce eosinophil or lyre- 

phocyte migration such as RANTES (regular on 
activation normal T cell expressed and [presum- 
ably] secreted), monocyte chemotactic protein-3 
(MCP-3), eotaxin, and macrophage inflammatory 
protein-la. 91-95 Recently another chemokine, che- 
mokine [310 (CK-[310), discovered by Human Ge- 
nome Sciences, has been shown to induce eosino- 
phil chemotaxis. 96 Cellular sources of these 
chemokines are numerous. We speculate, how- 
ever, that epithelial cells, endothelial cells, and T 
cells may be the key producers of eosinophil- 
attracting chemokines such as RANTES, MCP-3, 
eotaxin, and CK-[310. 

Among the known chemokines, RANTES is 
probably one of the most potent eosinophil che- 
moattractants 91-94 and induces eosinophil accumu- 
lation when injected intradermally in dogs. 9v Based 
on this, a study was designed to determine whether 
RANTES could induce eosinophil migration in 
humans in vivo. 98 RANTES was injected into 
allergic and normal individuals in this study. Large 
numbers of eosinophils were found to line up 
along deep vessels within 30 minutes of injection 
into allergic individuals. At 6 hours after injection, 
eosinophil degranulation was evident, which indi- 
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FIG. 5. Inhibition of TNF-c~-induced RANTES expression in airway epithelial cells. A, Beas-2B 
epithelial cells were treated with indicated concentrations of budesonide 24 hours before stimulation 
with TNF-a. B, Cells were treated as indicated. C, Concentration of RANTES in supernatants detected 
by enzyme-linked immunosorbent assay (n = 3 to 4, * * p  -< 0.05 vs control, which was 5.1 +_ 2.5 
ng/ml ( top )  and 18.2 _+ 5.1 ( b o t t o m ) .  I, Autoradiography of RANTES mRNA expression; II, densito- 
metric analysis of radiography, expressed as percent of maximum; III, ethidium bromide staining of 
agarose gel showing equal loading of lanes and integrity of mRNA. 

cates that RANTES induces not only adherence 
and migration but some activation of eosinophils. 
RANTES also induced eosinophil migration in non- 
allergic individuals; a marked infiltration of eosin- 
ophils was observed at 24 hours after injection. 
Interestingly, eosinophil infiltration was not apparent 
at 6 hours after injection in nonallergic individuals, 
which is in contrast to allergic subjects. After injec- 
tion of 4 I~g of RANTES, eosinophils made up most 
of the cells that migrated into the skin at 24 hours, in 
association with a number of mononuclear cells, 
particularly T cells. These findings are not surprising, 
because RANTES has also been shown to cause 
migration of memory T cells, s9  ̀92. 99,100 Neutrophils, 
however, were not induced to migrate into the skin in 
these studies. Although RANTES challenge resulted 
in eosinophil degranulation with copious amounts of 
free major basic protein detected, no detectable signs 
or symptoms, including wheal, flare or induration, 
had occurred. 98 

To determine whether RANTES was expressed 
in allergic reactions, a second study was conducted 
in which nasal polyps were examined, lm Clinical 
findings included numerous eosinophils, as well as 
marked epithelial staining with an antibody for 
RANTES (Fig. 4). To confirm this finding in vitro, 

airway epithelial cells were cultured and then probed 
for RANTES messenger RNA (mRNA) with North- 
ern blot analysis (Fig. 5). A large increase in 
RANTES expression was noted; conversely, it was 
also observed that glucocorticoid treatment virtually 
completely inhibited the expression of RANTES in 
human airway epithelial cells. 1°2 

In addition to RANTES, epithelial cells produce 
several other cytokines that are steroid sensitive. 
CK-[310 mRNA is expressed in activated epithelial 
cells but not in resting cells. 96 Moreover, prelimi- 
nary studies indicate that steroids inhibit the pro- 
duction of this novel chemokine. 96 Purified re- 
combinant protein CK-[310 induces eosinophil 
migration at very low concentrations. Thus the 
chemokines, like other cytokines involved in aller- 
gic inflammation, are susceptible to the inhibitory 
actions of glucocorticoids. 

Evidence is now emerging that chemokines are 
involved in the pathophysiology of respiratory ill- 
nesses. Because most asthma exacerbations, espe- 
cially those in children, are associated with viral 
infections of the upper respiratory tract we recently 
collaborated with Proud et al. a°3 to study chemokine 
and cytokine expression in airway epithelial cells 
infected with rhinovirus. These studies revealed that 
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rhinovirus infection induced IL-8 and RANTES ex- 
pression within a few hours after infection. Based on 
these results, it appears that activation of virus- 
infected epithelium can subsequently activate some 
of the cytokine mechanisms that cause leukocyte 
infiltration. The importance of this to viral-induced 
exacerbations of asthma and whether steroids can 
inhibit this response are under investigation. 

FINDING NOVEL GLUCOCORTICOID 
TARGETS IN THE AIRWAYS 

To uncover new information on the mechanisms 
of airway inflammation and glucocorticoid action 
in humans, we have used D N A  differential display 
technology to identify novel genes in human airway 
epithelial cells that are relevant to inflammatory 
disease and glucocorticoid action. In particular, we 
have focused on novel genes that are expressed in 
airway epithelial cells as a result of cytokine stim- 
ulation and for which such induced expression is 
inhibited by glucocorticoids. D N A  differential dis- 
play involves the reverse transcription of mRNAs  
with oligo-dT primers anchored to the 5' end of 
the poly(A) tail, followed by amplification in the 
presence of random primers, thereby generating 
double-stranded complementary D N A  products of 
different lengths. 1°4,105 The resulting complemen- 
tary D N A  products (expressed sequence tags) are 
separated by size on a D N A  sequencing gel (Fig. 
6). Presently 19 different expressed sequence tags 
that are TNF-o~ inducible and dexamethasone sen- 
sitive have been identified, subcloned, and se- 
quenced, some exhibiting homologies to cell-sur- 
face receptors, cytokines, and signaling molecules 
(Schwiebert et al., unpublished observations). It is 
hoped that applications for some of these interest- 
ing results will soon be found. 

SUMMARY 

We believe that there are the following four 
classes of glucocorticoid-sensitive cytokines that 
are involved in cell recruitment: (1) those that 
activate endothe l ium nonspecifically; (2) those 
that  activate endothel ium specifically; (3) those 
that  activate, prime,  and prolong the survival of  
eosinophils; and (4) those that  st imulate move-  
ment  of  cells up into the epithelium. Glucocor-  
ticoids inhibit the genera t ion of these cytokines 
and thereby prevent  several  different aspects of  
inflamation, including the activation and recruit- 
ment of inflammatory cells (eosinophils, basophils, 
and lymphocytes) and the release of inflammatory 
mediators. We believe such pleiotropic actions ac- 
count for the efficacy and widespread use of glu- 
cocorticoids in the treatment of asthma. 

DMSO/DEX treat airway epithelial cells 
stimulated withTNFct 

Isolate totil RNA 

Reverse Transcribe 
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Reverse Transcriptase, dNTPs 
Amplify via PCR 
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FIG. 6. Schematic representation of DNA differential dis- 
play technology. Airway epithelial cells are stimulated, 
total RNA is isolated, and then reverse-transcribed with 
an oligo-dT primer, Resulting cDNA products are ampli- 
fied in presence of two random 10-mers and then visual- 
ized on a DNA sequencing gel. Bands of interest are 
eluted from the gel and analyzed. 

REFERENCES 

1. Schleimer RP. Glucocorticosteroids: their mechanism of 
action and use in allergic diseases. In: Middleton E, Reed 
CE, Ellis EF, Adkinson JNF, Yunginger JW, Busse W, 
eds. Allergy principles and practice, 4th ed. St Louis: 
Mosby, 1993:893-925. 

2. Besedovsky H, Rey AD, Sorkin E, Dinarello CA. Immu- 
noregulatory feedback between interleukin-1 and glu- 
cocorticoid hormones. Science 1986;233:652-4. 

3. Munck A, Guyre PM, Holbrook NJ. Physiological func- 
tions of glucocorticoids in stress and their relation to 
pharmacological actions. Endocrinol Rev 1984;5:25-44. 

4. Brattsand R, Thalen A, Roempke K, Kallstrom L, Gruv- 
stad E. Influence of 16~, 17ct-acetal substitution and 
steroid nucleus fluorination on the topical to systemic 
activity ratio of glucocorticoids. J Steroid Biochem 1982; 
16:779-86. 

5. Brattsand R. Development of glucocorticosteroids with 
lung selectivity. Clin Exp Aspects 1989:17-38. 

6. Weissman G, Thomas L. Studies on lysosomes I: the 
effects of endotoxin, endotoxin tolerance and cortisone on 
the release of acid hydrolases from a granular fraction of 
rabbit liver. J Exp Med 1962:433. 

7. Flower RJ, Blackwell GJ. Anti-inflammatory steroids in- 
duce biosynthesis of a phospholipase A 2 inhibitor which 



150 S c h w i e b e r t  et al. J ALLERGY CLIN IMMUNOL 
JANUARY 1996 

prevents prostaglandin generation. Nature 1979;278: 
456-9. 

8. Hirata F, Notsu Y, Iwata M, Parente L, DiRosa M, Flower 
RJ. Identification of several species of phospholipase 
inhibitory protein(s) by radioimmunoassay for lipomodu- 
lin. Biochem Biophys Res Commun 19982;109:223-30. 

9. Schfile R, Rangarajan P, Kliewer S, et al. Functional 
antagonism between oncoprotein c-Jun and the glucocor- 
ticoid receptor. Cell 1990;62:1217-26. 

10. Yang-Yen HF, Chambard JC, Sun YS. Transcriptional 
interference between c-Jun and the glucocorticoid recep- 
tor: mutual inhibition of DNA binding due to direct 
protein-protein interaction. Cell 1990;62:1205-15. 

11. Ray A, Prefontaine KE. Physical association and func- 
tional antagonism between the p65 subunit of transcrip- 
tion factor NF-kappaB and the glucocorticoid receptor. 
Proc Natl Acad Sci USA 1994;91:752. 

12. Auphan N, DiDonato JA, Rosette C, Helmberg A, Karin 
M. Immunosuppression by glucocorticoids: inhibition of 
NF-KB activity through induction of IkB synthesis. Science 
1995;270:286. 

13. Kern JA, Lamb RJ, Reed JC, Daniele RP, Nowell PC. 
Dexamethasone inhibition of interleukin 1 beta produc- 
tion by human monocytes. J Clin Invest 1988;81:237. 

14. Bochner BS, Undem B J, Lichtenstein LM. Immunological 
aspects of allergic asthma. Annu Rev Immunol 1994;12:295, 

15. Herxheimer H. Influence of cortisone on induced asthma 
and bronchial hyposensitization. Br Med J 1954;1:184-7. 

16. Pepys J, Hutchcroft BJ. Bronchial provocation tests in 
etiologic diagnosis and analysis of asthma. Am Rev Respir 
Dis 1975;112:829-59. 

17. Holgate ST, Hardy C, Robinson C, Agius RM, Howarth 
PH. The mast cell as a primary effector cell in the 
pathogenesis of asthma. J ALLERGY CLIN IMMUNOL 1986; 
77:274-82. 

18. Burge PS, Efthimiou J, Turner-Warwick M, Nelmes PTJ. 
Double-blind trials of inhaled beclomethasone dipropi- 
onate and fluocortin butyl ester in allergen-induced im- 
mediate and late asthmatic reactions. Clin Allergy 1982; 
12:523-31. 

19. Dahl R, Johansson SA. Importance of duration of treat- 
ment with inhaled budesonide on the immediate and late 
bronchial reaction. Eur J Respir Dis 1982;122(suppl):167- 
75. 

20. Sehleimer RP. The effects of anti-inflammatory steroids 
on mast cells. In: Kaliner M, Metcalfe D, eds. The mast 
cell in health and disease. New York: Marcel Dekker 
1992:483. 

21. Lundgren R, S6derberg, H6rstedt P, Stenling R. Morpho- 
logical studies of bronchial mucosal biopsies from asth- 
matics before and after ten years of treatment with inhaled 
steroids. Eur Respir J 1988;1:883-9. 

22. Laitinen LA, Laitinen A, Heino M, Haahtela T. Eosino- 
philic airway inflammation during exacerbation of asthma 
and its treatment with inhaled corticosteroids. Am Rev 
Respir Dis 1991;143:423-7. 

23. Adelroth E, Rosenhall L, Johansson SA, Linden M, 
Venge P. Inflammatory cells and eosinophilic activity in 
asthmatics investigated by bronchoalveolar lavage. The 
effects of antiasthmatic treatment with budesonide or 
terbutaline. Am Rev Respir Dis 1990;142:91. 

24. Robinson D, Harold Q, Ying S, Bentley A, Assoufi B, 
Durham 8, Kay AB. Prednisolone treatment in asthma is 
associated with modulation of bronchoalveolar lavage cell 

interleukin-4, interleukin-5, and interferon--y cytokine 
gene expression. Am Rev Respir Dis 1993;148:401-6. 

25. Pipkorn U, Proud D, Lichtenstein M, Kagey-Sobotka A, 
Norman PS, Naclerio RM. Inhibition of mediator release 
in allergic rhinitis by pretreatment with topical glueocor- 
ticosteroids. N Engl J Med 1987;316:1506-10. 

26. Bascom R, Wachs M, Naclerio RM, Pipkorn U, Galli SJ, 
Lichtenstein LM, Basophil influx occurs after nasal anti- 
gen challenge: effects of topical corticosteroid pretreat- 
ment. J ALLERGY CLIN IMMUNOL 1988;81:580-9. 

27. Slott RI, Zweiman B, Histologic studies of human skin test 
responses to ragweed and compound 48/80. II: effects of 
cortieosteroid therapy. J ALLERGY CLIN IMMUNOL 1975; 
55:232. 

28. Charlesworth EN, Kagey-Sobotka A, Schleimer RP, Nor- 
man PS, Lichtenstein LM. Prednisone inhibits the appear- 
ance of inflammatory mediators and the influx of eo- 
sinophils and basophils associated with the cutaneous 
late-phase response to allergen. J Immunol 1991;146:671. 

29. Djukanovic R, Wilson JW, Britten KM, et al. Effect of an 
inhaled corticosteroid on airway inflammation and symp- 
toms in asthma. Am Rev Respir Dis 1992;145:669-74. 

30. Wahl SM, Altman LC, Rosenstreich DL. Inhibition of in 
vitro lymphokine synthesis by glucocorticoids. J Immunol 
1975;115:476-81. 

31. Gillis S, Crabtree GR, Smith KA. Glucocorticoid-induced 
inhibition of T-cell growth factor production. II. The effect 
on the in vitro generation of cytolytic T-cells. J Immunol 
1979;123:1632-8. 

32. Guyre PM, Girard MT, Morganelli PM, Manganiello PD. 
Glucocorticoid effects on the production and actions of 
immune cytokines. J Ster Biochem 1988;30:89-93. 

33. Schleimer RP. Effects of glucocorticoids on inflammatory 
cells relevant to their therapeutic applications in asthma. 
Am Rev Respir Dis 1990;141:$59-$69. 

34. Bochner BS, Rutledge BK, Schleimer RP. Interleukin 1 
production by human lung tissue. II: inhibition by antiin- 
flammatory steroids. J Immunol 1987;139:2303-7. 

35. Bochner BS, Charlesworth EN, Lichtenstein LM, et al. 
Interleukin-1 is released at sites of human cutaneous 
allergic reactions. J ALLERGY CLIN IMMUNOL 1990;86:830. 

36. Leung DYM, Pober JS, Cotran RS. Expression of endo- 
thelial-leukocyte adhesion molecule-1 in elicited late 
phase allergic reactions. J Clin Invest 1991;87:1805-9. 

37. Klein LM, Lavker RM, Matis WL, Murphy GF. Degran- 
ulation of human mast cells induces an endothelial antigen 
central to leukocyte adhesion. Proc Natl Acad Sci USA 
1989;86:8972-6. 

38. Walsh LJ, Trinchieri G, Waldorf HA, Whitaker D, Mur- 
phy GF. Human dermal mast cells contain and release 
tumor necrosis factor ct, which induces endothelial leuko- 
cyte adhesion molecule 1. Proc Natl Acad Sci USA 
1991;88:4220-4. 

39. Plaut M, Pierce JH, Watson CJ, Hanley-Hyde J, Nordan 
RP, Paul WE. Mast cell lines produce lymphokines in 
response to cross-linkage of FceRI or to calcium iono- 
phores. Nature 1989;339:64-7. 

40. Gordon JE, Galli SJ. Mast cells as a source of both 
preformed and immunologically inducible TNF-ct/cachec- 
tin. Nature 1990;346:274-6. 

41. Mazingue C, Carnere V, Dessaint JP, et al. Regulation 
of IgE synthesis by macrophages expressing Fce-recep- 
tors: role of interleukin 1. Clin Exp Immunol 1987;67: 
587-93. 



J ALLERGY CLIN IMMUNOL S c h w i e b e r t  et  al. 151 
VOLUME 97, NUMBER 1, PART 2 

42. Borish L, Mascali JJ, Dishuck J, Beam WR, Martin RJ, 
Rosenwasser LH. Detection of alveolar macrophage-de- 
rived IL-1~3 in asthma. J Immunol 1992;149:3078-82. 

43. Kay AB, Ying S, Varney SR, et al. Messenger RNA 
expression of the cytokine gene cluster, interleukin-3 
(1L-3), IL-4, IL-5, and granulocyte/macrophage colony- 
stimulating factor, in allergen-induced late-phase cutane- 
ous reactions in atopic subjects. J Exp Med 1991;173: 
775-8. 

44. Joseph M, Tonnel B, Torpier G, Capron A, Arnoux B, 
Benveniste J. Involvement of immunoglobulin E in the 
secretory processes of alveolar macrophages from asth- 
matic patients. J Clin Invest 1983;71:221. 

45. Bochner BS, Schleimer RP. Endothelial cells and cell 
adhesion. In: Kaplan AP, ed. Allergy, 2rid edition. Or- 
lando, Florida: WB Saunders, 1995 (in press). 

46. Beutler B, Krochin N, Milsark IW, Luedke C, Cerami A. 
Control of cachectin (tumor necrosis factor) synthesis: 
mechanisms of endotoxin resistance. Science 1986;232: 
977-80. 

47. Staruch MJ, Wood DD. Reduction of serum interleukin- 
l-like activity after treatment with dexamethasone. J 
Leukoc Biol 1985;37:193-207. 

48. Ying S, Durham SR, Barkans J, et al. T cells are the 
principal source of interleukin-5 mRNA in allergen-in- 
duced rhinitis. Am J Respir Cell Mol Biol 1993;9:356- 
60. 

49. Liu MC, Proud D, Lichtenstein LM, et al. Effects of 
prednisone on the airway inflammation following allergen 
challenge in subjects with allergic asthma. Am Rev Respir 
Dis 1993;147:A521. 

50. Masinovsky B, Urdal D, Gallatin WM. IL-4 acts synergis- 
tically with IL-lf3 to promote lymphocyte adhesion to 
microvascular endothelium by induction of vascular cell 
adhesion molecule-1. J Immunol 1990;145:2886-95. 

51. Thornhill MH, Kyan-Aung U, Haskard DO. IL-4 in- 
creases human endothelial cell adhesiveness for T cells but 
not for neutrophils. J Immunol 1990;144:3060-5. 

52. Schleimer RP, Sterbinsky SA, Kaiser J, et al. Interleukin-4 
induces adherence of human eosinophils and basophils 
but not neutrophils to endothelium: association with ex- 
pression of VCAM-1. J Immunol 1992;148:1086-92. 

53. Bochner BS, Klunk DA, Sterbinsky SA, Coffman RL, 
Schleimer RP. Interleukin-13 selectively induces vascular 
cell adhesion molecule-1 (VCAM-1) expression in human 
endothelial cells. J Immunol 1995;154:799-803. 

54. Durham SR, Ying S, Varney VA, et al. Cytokine messen- 
ger RNA expression for IL-3, IL-4, IL-5, and granulocyte- 
macrophage colony-stimulating factor in the nasal mucosa 
after local allergen provocation--relationship to tissue 
eosinophilia. J Immunol 1992;148:2390-4. 

55. Bradding P, Feather IH, Howarth PH, et al. Interleukin-4 
is localized to and released by human mast cells. J Exp 
Med 1992;176:1381-6. 

56. Moqbel R, Hamid Q, Ying S, et al. Expression of messen- 
ger RNA and immunoreactivity for the granulocyte/mac- 
rophage colony-stimulating factor in activated human 
eosinophils. J Exp Med 1991;174:749. 

57. Robinson D, Hamid Q, Bentley A, Ying S, Kay AB, 
Durham SR. Activation of CD4+ T-cells, increased Th2- 
type cytokine messenger RNA expression, and eosinophil 
recruitment in bronchoalveolar lavage after allergen inha- 
lation challenge in patients with atopic asthma. J ALLERGY 
CLIN IMMUNOL 1993;92:313. 

58. Dobrina A, Menegazzi R, Carlos TM, et al. Mechanisms 
of eosinophil adherence to cultured vascular endothelial 
cells: eosinophils bind to the cytokine-induced endothelial 
ligand vascular cell adhesion molecule-1 via the very late 
activation antigen-4 integrin receptor. J Clin Invest 1991; 
88:20-6. 

59. Walsh GM, Mermod J, Hartnell A, Kay AB, Wardlaw AJ. 
Human eosinophil, but not neutrophil, adherence to IL- 
l-stimulated human umbilical vascular endothelial cells is 
e~4131 (very late antigen-4) dependent. J Immunol 1991: 
146:3419-23. 

60. Weller PF, Rand TH, Goelz SE, Chi-Rosso G, Lobb RR. 
Human eosinophil adherence to vascular endothelium 
mediated by binding to vascular cell adhesion molecule 1 
and endothelial leukocyte adhesion molecule 1. Proc Natl 
Acad Sci USA 1991;88:7430-3. 

61. Masuyama K, Jacobson MR, Rak S, et al. Topical 
glucocorticoid (fluticasone propionate) inhibits cells 
expressing cytokine mRNA for interleukin-4 in the 
nasal mucosa in allergen-induced rhinitis. Immunology 
1994;82:192-9. 

62. Liu MC, Xiao Q, Lichtenstein LM, Huang SK. Prednisone 
inhibits THz-type cytokine gene expression at sites of 
allergen challenge in subjects with asthma. Am Rev Respir 
Dis 1994;149:A944. 

63. Wu CY, Fargeas C, Nakajima T, Delespesse G. Glucocor- 
ticoids suppress the production of interleukin 4 by human 
lymphocytes. Eur J Immunol 1991;21:2645. 

64. Kaiser J, Bickel C, Bochner BS, Schleimer RP. The effects 
of the potent glucocorticoid budesonide on adhesion of 
eosinophils to human vascular endothelium and on endo- 
thelial expression of adhesion molecules. J Pharmacol Exp 
Ther 1993;267:245-9. 

65. Sur S, Adolphson CR, Gleich GJ. Eosinophils: biochem- 
ical and cellular aspects. In: Middleton E, Reed CE, Ellis 
EF, Adkinson NF, Yunginger JW, Busse W, eds. Allergy 
principles and practice, 4th ed. St Louis: Mosby, 1993:169. 

66. Lopez AF, Williamson D J, Gamble JR, et al. Recombi- 
nant human granulocyte-macrophage colony-stimulating 
factor stimulates in vitro mature human neutrophil and 
eosinophil function, surface receptor expression, and sur- 
vival. J Clin Invest 1986;78:1220-8. 

67. Lopez AF, Sanderson CJ, Gamble JR, Campbell HD, 
Young IG, Vadas MA. Recombinant human interleukin 5 
is a selective activator of human eosinophil function. J Exp 
Med 1988;167:219-24. 

68. Lopez AF, Eglinton JM, Gillis D, Park LS, Clark S, Vadas 
MA. Reciprocal inhibition of binding between interleukin 
3 and granulocyte-macrophage colony-stimulating factor 
to human eosinophils. Proc Natl Acad Sci USA 1989;86: 
7022-6. 

69. Rothenberg ME, Owen WF Jr, Silberstein DS, et al. 
Human eosinophils have prolonged survival, enhanced func- 
tional properties, and become hypodense when exposed to 
human interleukin 3. J Clin Invest 1988;81:1982-92. 

70. Warringa RAJ, Loenderman L, Kok PTM, Kreukniet J, 
Bruijnzeel PLB. Modulation and induction of eosinophil 
chemotaxis by granulocyte-macrophage colony-stimulat- 
ing factor and interleukin-3. Blood 1991;77:2694-700. 

71. Tomioka K, MacGlashan DW Jr, Lichtenstein LM, Boch- 
ner BS, Schleimer RP. GM-CSF regulates human eosino- 
phil responses to F-Met peptide and platelet activating 
factor. J Immunol 1993;151:4987-9. 

72. Ebisawa M, Liu MC, Yamada T, et al. Eosinophil transen- 



1,52 S c h w i e b e r t  et al. J ALLERGY CLIN IMMUNOL 
JANUARY 1996 

dothelial migration induced by cytokines II. the potentia- 
tion of eosinophil transendothelial migration by eosino- 
phil-active cytokines. J Immunol 1994;152:4590-7. 

73. Wong GG, Witek JS, Temple PA, et al. Human GM-CSF: 
molecular cloning of the complementary DNA and puri- 
fication of the natural and recombinant proteins. Science 
1985;228:810-5. 

74. Lieschke GH, Burgess AW. Granulocyte colony-stimulat- 
ing factor and granulocyte-macrophage colony-stimulating 
factor. N Engl J Med 1992;327:28-35. 

75. Robinson DS, Hamid Q, Ying S, et al. Predominant 
TH,-like bronchoalveolar T-lymphocyte population in 
atopic asthma. N Engl J Med 1992;326:298-304. 

76. Desreumaux P, Janin A, Colombel JF, et al. Interleukin 5 
messenger RNA expression by eosinophils in the intestinal 
mucosa of patients with coeliac disease, J Exp Med 
1992;175:293. 

77. Rolfe FG, Hughes JM, Armour CL, Sewell WA. Inhibi- 
tion of interleukin-5 gene expression by dexamethasone. 
Immunology 1992;77:494-9. 

78. Culpepper JA, Lee F. Regulation of IL-3 expression by 
glucocorticoids in cloned murine T lymphocytes. J Immu- 
nol 1985;135:3191-7. 

79. Churchill L, Friedman B, Schleimer RP, Proud D. Pro- 
duction of granulocyte-macrophage colony-stimulating 
factor by cultured human tracheal epithelial cells. Immu- 
nology 1992;75:189-95. 

80. Kato M, Schleimer RP. Antiinfiammatory steroids inhibit 
GM-CSF production by human lung tissue. Lung 1994; 
172:113-24. 

81. Tobler A, Meier R, Seitz M, Dewald B, Baggiolini M, Fey 
MF. Glucocorticoids downregulate gene expression of 
GM-CSF, NAP-1/IL-8, and IL-6, but not of M-CSF in 
human fibroblasts. Blood 1992;79:45-51. 

82. Lamas AM, Marcotte GV, Schleimer RP. Human endo- 
thelial cells prolong eosinophil survival: regulation by 
cytokines and glucocorticoids. J Immunol 1989;142:3978- 
84. 

83. Lamas AM, Leon OG, Schleimer RP. Glucocorticoids 
inhibit eosinophil responses to granulocyte-macrophage 
colony-stimulating factor. J Immunol 1991;147:254-9. 

84. Cox G, Ohtoshi T, Vanceri C, et al. Promotion of eosino- 
phil survival by human bronchial epithelial cells and its 
modulation by steroids. Am J Respir Cell Mol Biol 
1991;4:525-31. 

85. Wallen N, Kita H, Weiler D, Gleich GJ. Glucocorticoids 
inhibit cytokine-mediated eosinophil survival. J Immunol 
1991;147:3490-5. 

86. Hallsworth MP, Litchfield TM, Lee TH. Glucocorticoids 
inhibit granulocyte-macrophage colony-stimulating factor 
and interleukin-5 enhanced in vitro survival of human 
eosinophils. Immunology 1992;75:382-5. 

87. Her E, Frazer J, Austen KF, Owen WF. Eosinophil 
hematopoietins antagonize the programmed cell death of 
eosinophils--cytokine and glucocorticoid effects on eosin- 
ophils maintained by endothelial cell conditioned me- 
dium. J Clin Invest 1991;88:1982-7. 

88. Oppenheim J J, Zachariae COC, Mukaida N, Matushima 
K. Properties of the novel proinflammatory supergene 
"intercrine" cytokine family. Annu Rev Immunol 1991;9: 
617. 

89. Schall TJ. Biology of the RANTES/SIS cytokine family. 
Cytokine 1991:165-83. 

90. Tanaka Y, Adams DH, Shaw S. Proteoglycans on endo- 
thelial cells present adhesion-inducing cytokines to leuko- 
cytes. Immunol Today 1993;14:111. 

91. Kameyoshi Y, Dorschner A, Mallet AI, Christophers E, 
Schroder JM. Cytokine RANTES released by thrombin- 
stimulated platelets is a potent attractant for human 
eosinophils. J Exp Med 1992;176:587-92. 

92. Rot A, Krieger M, Brunner T, Bischoff SC, Schall TJ, 
Dahinden CA. RANTES and macrophage inflammatory 
protein lct induce the migration and activation of 
normal human eosinophil granulocytes. J Exp Med 
1992;176:1489-95. 

93. Dahinden CA, Geiser T, Brunner T, et al. Monocyte 
chemotactic protein 3 is a most effective basophil- and 
eosinophil-activated chemokine. J Exp Med 1994;179: 
751-6. 

94. Ebisawa M, Yamada T, Bickel C, Klunk D, Schleimer RP. 
Eosinophil transendothelial migration induced by cyto- 
kines III: effect of the chemokine RANTES. J Immunol 
1994;153:2153-60. 

95. Jose PJ, Gritfiths-Johnson DA, Collins PD, et al. Eotaxin: 
a potent eosinophil chemoattractant cytokine detected in 
a guinea pig model of allergic airways inflammation. J Exp 
Med 1994;179:881-7. 

96. Stellato C, Beck L, Schwiebert L, Li H, White J, Schleimer 
RP. A novel C-C chemokine, CKI310 is expressed in 
airway epithelial cells and is a potent eosinophil chemoat- 
tractant [Abstract]. J ALLERGY CLIN IMMUNOL (in press). 

97. Meurer R, Van Riper G, Feeney W, et al. Formation of 
eosinophilic and monocytic intradermal inflammatory 
sites in the dog by injection of human RANTES but not 
human monocyte chemoattractant protein 1, human mac- 
rophage inflammatory protein lc~, or human interleukin 8. 
J Exp Med 1993;178:1913. 

98. Beck L, Bickel C, Sterbinsky S, et al. Injection of human 
subjects with RANTES causes dermal infiltration of eo- 
sinophils (EOS) and mononuclear cells (MNC). FASEB J 
1995;9:A804. 

99. Taub DD, Conlon K, Lloyd AR, Oppenheim J J, Kelvin 
DJ. Preferential migration of activated CD4+ and CD8+ 
T cells in response to MIP-la and MIP-113. Science 
1993;260:355. 

100. Resnick MB, Weller PF. Mechanisms of eosinophil re- 
cruitment. Am J Respir Cell Mol Biol 1993;8:349-55. 

101. Beck LA, Stellato C, Beall LD, et al. Detection of the 
chemokine RANTES and endothelial adhesion molecules 
in nasal polyps. J AIIERGY CLIN IMMtmOL (in press). 

102. Stellato C, Beck LA, Gorgone GA, et al. Expression of the 
chemokine RANTES by a human bronchial epithelial cell 
line: modulation by cytokines and glucocorticoids. J Im- 
munol 1995;155:410-8. 

103. Proud D, Gwaltney JM Jr, Hendley JO, Dinarello CA, 
Gillis S, Schleimer RP. Increased levels of IL-1 are 
detected in nasal secretions of volunteers during exper- 
imental rhinovirus colds. J Infect Dis 1994;69:1007-13. 

104. Liang P, Pardee AB. Differential display of eukaryotic 
messenger RNA by means of the polymerase chain reac- 
tion. Science 1992;257:967. 

105. Liang P, Averboukh L, Pardee AB. Distribution and 
cloning of eukaryotic mRNAs by means of differential 
display: refinements and optimization. Nucleic Acids Res 
1993;21:3269. 


