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A B S T R A C T Purified human lung mast cells released
histamine, leukotrienes, prostaglandin (PG) D2,
thromboxane B2 (TxB2), and PGF2a in response to anti-
IgE stimulation. Incubation of the cells for 24 h with
10-6 M dexamethasone, a treatment that inhibits me-
diator release from human basophils, had no effect on
the release of these mediators from mast cells. Dexa-
methasone treatment of human lung fragments led to
little or no inhibition of anti-IgE-induced release of
the mast cell-derived mediator, histamine, but pro-
duced a significant inhibition of the release of PGE2,
PGF2a, and 6-keto-PGFia. As was the case with pu-
rified mast cells, the steroid did not inhibit the release
of PGD2 or TxB2 from human lung fragments. Com-
parison of the quantities of PGD2 and TxB2 produced
by purified cells and human lung fragments reveals
that the mast cells produce quantities of these metab-
olites sufficient to account for the entire amount pro-
duced by challenged lung fragments. Dexamethasone
inhibited spontaneous release from lung fragments of
all cyclooxygenase products measured. These results
suggest that the human lung parenchymal mast cell
phospholipase is not inhibited by dexamethasone,
whereas other phospholipase(s) in the lung are inhib-
ited by the steroid. These results may be useful in
explaining the resistance of acute allergic reactions,
including anaphylaxis, to steroids, despite the potent
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antiinflammatory activity of steroids on subacute and
chronic inflammation, such as in bronchial asthma,
which may be initiated by IgE-dependent mecha-
nisms.

INTRODUCTION

The glucocorticosteroids are among the most effective
therapeutic agents available for a variety of acute and
chronic inflammatory diseases, including those with
an immunological etiology. Although these steroids are
effective in the treatment of some chronic immuno-
globulin (IgE)-dependent allergic diseases such as al-
lergic asthma and allergic rhinitis, acute IgE-depen-
dent reactions, such as the skin test response, systemic
anaphylaxis, and antigen-induced bronchospasm ap-
pear to be resistant to steroid treatment (1, 2). We have
recently demonstrated that IgE-mediated histamine
release from human basophils is inhibited by exposure
to low concentrations of glucocorticoid for 24 h (3).
This action of steroids, which has also been observed
in mouse and rat mast cells (4, 5), is not due to a
steroid-induced shedding of cell surface IgE Fc re-
ceptors and also appears not to be due to an inhibition
of phospholipase A2 by the steroids (3, 6).
The present study was undertaken for two reasons:

to determine the spectrum of arachidonic acid metab-
olites released from human lung mast cells, and to
evaluate the effect of the potent glucocorticoid, dexa-
methasone, on mediator release from human lung mast
cells. We have used a recently developed technique
by which human lung mast cells can be purified to
near homogeneity (7). After exposure for 24 h to dexa-
methasone, the cells were challenged with goat anti-
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human IgE, and the release of mediators including
histamine, leukotrienes, and a series of arachidonic
acid cyclooxygenase metabolites (AACM: prostaglan-
din (PG) D2, 6-keto-PGF1,, PGE2, PGF2U, and throm-
boxane (Tx) B2)' was monitored. The results of this
study reveal a basic difference between human mast
cells and human basophils in their sensitivity to inhi-
bition of mediator secretion by glucocorticosteroids.

METHODS

Preparation of lung fragments and
purification of mast cells
The procedure for preparation of human lung tissue and

purification of mast cells has been described elsewhere (7).
Briefly, lung tissue obtained after thoracotomy for cancer
was dissected free of tumor, large airways, pleura, and visible
blood vessels. For chopped lung experiments, the tissue was
cut into 100-mg fragments. For purification of mast cells,
the tissue was minced into smaller fragments (- 10 mg) and
then dispersed by a series of enzymatic digestions with pro-
nase, chymopapain, elastase, and collagenase into a single
cell suspension. After filtration through nytex cloth the cell
suspensions were washed in calcium-free Tyrode's buffer
(NaCl, 8 g/liter; KCI, 0.2 g/liter; Na2HPO4, 0.05 g/liter;
CaCl2-2H20, 0.26 g/liter; MgC92-6H2O, 0.25 g/liter, and
glucose, 1.0 g/liter, pH 7.2) containing gelatin (1 g/liter)
and deoxyribonuclease type 1 (10 mg/liter). Mast cells were
partially purified by elutriation using a Beckman J2-21 cen-
trifuge (Beckman Instruments, Inc., Spinco Div., Palo Alto,
CA) fitted with an elutriation apparatus. Elutriation fractions
having the highest purity mast cells were pooled, passively
sensitized with a purified human anti-benzyl penicilloyl
(BPO) IgE antibody, and subjected to affinity chromatog-
raphy using a BPO affinity column as described (7, 8). Mast
cells of high purity (in these studies, "90%) were eluted
with the monovalent hapten BPO-formyllysine, washed, and
then suspended in medium. Mast cells were enumerated
using the alcian blue staining technique (9). Cells obtained
by this technique were viable as assessed by vital dye stain-
ing, electron microscopic examination (by Dr. A. Dvorak,
Harvard Medical School), histamine release, and respon-
siveness to pharmacological agonists (7).

Culture of lung fragments and purified
mast cells
Human lung fragments and purified mast cells were cul-

tured in RPMI 1640 medium containing 25 mM Hepes, 2
mM glutamine, gentamicin, and either 10% heat-inactivated
fetal calf serum or 10% normal, type-matched (usually AB+)
human serum. Lung fragments were cultured in multi-well
tissue culture plates in replicate wells containing five 100-
mg fragments in 3 ml of medium. Purified human lung mast
cells were cultured at a cell density of -5 X 105/ml of
medium in replicate wells containing 1 ml of medium. Dur-
ing the 24-h culture period, the purity of the mast cell prep-
arations improved, apparently due to adherence to the plate

' Abbreviations used in this paper: AACM, arachidonic
acid cyclooxygenase metabolites; BPO, benzylpenicilloyl;
LT, leukotriene, PG, prostaglandin; Tx, thromboxane; AbN,
antibody nitrogen.

of extraneous cells. In the experiments shown in Table I, the
purity before culture was 81±4% (n = 5) and purity follow-
ing culture was 91±2.7% (SEM) for the controls and 92±2%
for the dexamethasone-treated cells. Recovery of mast cells
following culture was always >80% and usually almost 100%.

Anti-IgE challenge of lung fragments and
purified mast cells
After culture of lung fragments in medium containing

10-6 M dexamethasone, or ethanol control (0.005%), the frag-
ments were transferred to test tubes, washed in Tyrode's
buffer containing the same concentrations of dexamethasone
and/or ethanol, resuspended in 3 ml of Tyrode's buffer (five
fragments per test tube), and challenged with either buffer
or anti-IgE (at concentrations ranging from 0.3 to 3 Ag/ml)
for 30 min at 37°C. Anti-IgE was a generous gift of Dr. K.
Ishizaka (Johns Hopkins Medical School). After challenge,
the supernatants were harvested for assay of mediators, and
the tissue was boiled in 3 ml of 2% HCLO4 for 10 min to
determine residual tissue histamine content. Purified mast
cells were washed after culture in Pipes-buffered saline
(Pipes, 7.6 g/liter; NaCl, 6.4 g/liter; KCI, 0.37 g/liter; 10
N NaOH, 4.2 ml/liter; human serum albumin, 30 mg/liter)
and resuspended in Pipes-buffered saline containing calcium
and magnesium (both at 1 mM). Control and dexamethasone-
treated cells were counted, and each were divided into two
tubes; one for challenge with normal goat serum, the other
for challenge with an optimal concentration of goat anti-IgE
(usually 1 or 3 Ag AbN/ml). Each tube contained from 3 to
6 X 105 mast cells. When the total number of mast cells was
sufficient, more tubes were added for challenge with several
concentrations of anti-IgE or control serum. The total vol-
ume of the challenge mixture was 500 Al. After this challenge
period (45 min at 37°C), four IO-Al aliquots were removed
from each challenge tube to determine total histamine con-
tent, and control and anti-IgE mediated histamine release.
For total histamine content, cells were lysed in 1 ml of Pipes-
buffered saline containing 2% HCl04. After samples for his-
tamine release were taken, the remaining mast cell suspen-
sion was centrifuged and the supernatants were harvested
and stored frozen for later assay of prostaglandin and leu-
kotriene content.

Determination of mediators
Histamine. Histamine released from challenged lung

fragments and purified mast cells was expressed as a per-
centage of the total histamine content, after subtraction of
control ("spontaneous") release (2-5%) from both values.
Histamine contents in all supernatants were determined with
an automated fluorometric technique (10).

Prostaglandins. Quantities of PGD2, 6-keto-PGF,a,, PGE2,
PGF2a, and TxB2 were measured by radioimmunoassay
(RIA) (11). All antibodies were highly specific and displayed
<4% cross-reactivity to heterologous ligands as previously
detailed (11).

Leukotrienes. Release of leukotrienes by anti-IgE-chal-
lenged purified human lung mast cells was quantified in all
experiments using the guinea pig ileum bioassay, and con-
firmed in one experiment with a newly developed RIA (12)
and by high performance liquid chromatography (Peters et
al., unpublished observations). Ileal strips were suspended
in organ baths containing Tyrode's solution equilibrated with
95% 02/5% C02, containing atropine (5 X 10' M) and di-
phenhydramine (10-6 M). Identification of leukotriene was
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confirmed using the specific antagonist, FPL-55712. A com-
plete description of the validation of the assay is provided
elsewhere (13). Results were expressed in LTD4 equivalents
compared with authentic LTD4 (a gift of Dr. Joshua Rokach,
Merck-Frosst). No leukotriene activity was detected in con-
trol supernatants from cells challenged with normal goat
serum.

Statistics. Statistical analysis of the data was performed
using a Student's paired t test.

RESULTS

Mast cells purified from five different lung specimens
were cultured for 24 h in the presence or absence of
10-6 M dexamethasone. Following culture, the purities
ranged from 85 to 97% mast cells. The cells were chal-
lenged with anti-IgE at an optimal concentration (1
or 3 ,ug/ml; predetermined using cells of lower purity)
and the mediators listed in Table I were measured.
The major arachidonic acid metabolites released from
anti-IgE challenged purified mast cells were PGD2 and
leukotriene, in roughly equimolar amounts (13, 14).
Cells challenged with normal goat serum at an equiv-
alent concentration (-1:3,000 or 1:1,000 for 1 or 3
,ug/ml, respectively) produced <1 ng/106 cells of each
of the prostaglandins and undetectable amounts of leu-
kotriene (<0.8 X 10'" LTD mol-equivalent/106 mast
cells). The purified mast cells also released TxB2 and
PGF2a, following anti-IgE challenge: Challenged cells
released 5-15 times more of these metabolites than
controls. This was true in all experiments, including
the two experiments in which mast cell purity was
97%, suggesting that these metabolites may be mast
cell derived. This result is probably not due to speci-
ficity of the antibodies since cross-reactivity of the

anti-TxB2 or anti-PGF2a for PGD2 does not exceed 1%.
Prostacyclin (PGI2) metabolite (6-keto-PGFsa) and
PGE2 were in most cases not detected in supernatants
of either control or stimulated cells. Histamine release
(36% in controls) was similar to that seen in fresh hu-
man lung fragments or lung cell suspensions (15).

Incubation for 24 h with 106 M dexamethasone had
no consistent inhibitory effect on the release of ara-
chidonic acid metabolites (PGD2, TxB2, PGF2a, and
leukotrienes) from the purified cells. This was true
whether the drug was present during both the culture
and challenge incubations, or only during the culture
incubation. Unlike observations with the human ba-
sophil (3), and murine mast cells (4, 5), 106 M dexa-
methasone did not inhibit the release of histamine
from the purified human lung mast cells (Table I).
Using mast cells of 44% purity, incubation with 10-6
M dexamethasone for 48 h did not significantly inhibit
histamine release (30 vs. 33% in control). Furthermore,
it was noted that when the cells were cultured for 24
h in 10% human serum, but not fetal calf serum, dexa-
methasone produced a significant enhancement of
78±25% (n = 3; P < 0.05) of subsequent histamine
release (data not shown).
To compare the profile of AACM produced by pu-

rified human lung mast cells with that produced by
anti-IgE-challenged human lung fragments, and to
establish that the lack of effect of dexamethasone was
not the result of damage to mast cells during the pu-
rification procedure, analogous experiments with hu-
man lung fragments were carried out. In three exper-
iments, human lung fragments (three replicates of five
fragments per condition) were cultured with or with-

TABLE I
Effect of Dexamethasone on Mediator Release from Purified Human Lung Mast Cells

Mediator

Culture condition Anti-IgE' PCD, TxB% PGF,. PCE2t 6-Keto-PGF.It LT Histamine

Control§ - 0.6±0.2 0.7±0.3 0.3±0.1 0.3 0.3 <0.8
+ 58.2±24.8 4.8±1.3 3.3±1.2 1.1 0.5 46±4.7 36.9±12

Dexamethasone - 0.5±0.1 0.4±0.1 0.8±0.5 0.5 0.4 <0.8
+ 48.2±16.2 6.1±1.811 3.8±2.1 0.9 0.4 40±7.6

Values shown for LT are LTD4 mol-equivalents (XIlOl) per 106 mast cells. Values shown for histamine are net percent of total histamine
released. Values shown for prostaglandins are nanograms per 106 mast cells. SEM from n = 5 is shown. Purities of mast cells were:
control, 91±2.7; dexamethasone, 92±2.
Data shown are those derived from stimulation with an optimal concentration of anti-IgE, usually 1 or 3 ,ug/ml. Results from other

concentrations of anti-IgE were comparable.
In most experiments these prostaglandins were undetectable.

§ Control cultures contained 0.005% ethanol, dexamethasone cultures contained 10-6 M dexamethasone and 0.005% ethanol.
P < 0.05 vs. control: paired t test. All other comparisons of anti-IgE-stimulated mediator production by dexamethasone vs. control cells

were nonsignificant (P > 0.10).
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TABLE II
Effect of Dexamethasone on Cyclooxygenase Products from Huran Lung Fragments'

Culture condition Anti-IgEt PGD, TxB% PGFj PGE,§ 6-Keto-PGFI.

Control - 4.5±1.3 3.4±0.5 15.8±2.3 27.8±3 96±15.6
+ 127±45 11.1±1 33.5±3 55.6±24 253±73.5

Dexamethasone - 1.8±0.91" 1±0.21' 3±11' 3.3±0.811 20.8±7.211
+ 121±48 7.3±0.7 11.1±4"1 8±21' 94±3211

Values shown are mean±SEM of data, expressed as nanograms of AACM per gram (wet weight) of tissue, derived
from three separate experiments.
I Data shown are those derived from stimulation with an optimal concentration of anti-IgE, either 1 or 3 gg/ml.
Results from other concentrations of anti-IgE were comparable.
§ These metabolites were measured in two of the three experiments.
"IP < 0.05 vs. control, Student's paired t test.

out 10-6 M dexamethasone for 24 h. After culture, the
fragments were washed and challenged with buffer or
an optimal concentration of anti-IgE, and histamine
release and AACM release were determined. Hista-
mine release was 10.5±0.3% and 13.5±3%, from con-
trol (no drug) and dexamethasone-treated fragments,
respectively. Shown in Table II is AACM production
from control and dexamethasone-treated lung frag-
ments after challenge with either buffer or an optimal
concentration of anti-IgE. As has been demonstrated
previously, the predominant metabolite from this tis-
sue was the PGI2 metabolite, 6-keto-PGFIa (11). Anti-
IgE induced a significant increase in the production
of all metabolites. Interestingly, based on the data in
Tables I and II, and assuming a mast cell content of
-2 X 10-6 per gram of tissue (7), the PGD2 and TxB2
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FIGURE 1 Effect of dexamethasone on net AACM release
from anti-IgE-challenged human lung fragments. Data
shown are mean±SEM from three experiments (except in
the case of PGE2 and PGF2G, which are derived from two
experiments). Data are the net (anti-IgE stimulated) AACM
generation from dexamethasone-treated fragments ex-
pressed as a percentage of net AACM generation from con-
trol fragments. Data are derived from the same experiments
shown in Table II. °P < 0.05

formed after anti-IgE challenge of lung fragments can
be accounted for by the expected production of these
metabolites by the tissue mast cells.
Treatment with dexamethasone led to a significant

reduction in the spontaneous production of all AACM
products displayed in Table II (spontaneous release
after culture with dexamethasone ranged from 5 to
60% of non-drug-treated control; 23±4% of control for
all metabolites combined, P < 0.05). When the spon-
taneous release was subtracted, and the net, or anti-
IgE-induced, AACM release was analyzed for each
experiment, the results displayed in Fig. 1 were ob-
tained. Synthesis of each metabolite by dexametha-
sone-treated tissue is shown expressed as a percent of
non-drug-treated control. Dexamethasone treatment
led to a 50% or greater reduction in the anti-IgE-in-
duced formation of each AACM except PGD2 and
TxB2. In two additional experiments (not shown), 108
M dexamethasone produced a half maximal ('-30%)
inhibition of spontaneous and net (anti-IgE-induced)
6-keto-PGF10 synthesis.

DISCUSSION

Previous reports have described the production of
PGD2 by partially purified human lung mast cells and
the generation of leukotrienes by highly purified hu-
man lung mast cells (13, 14). We report here that anti-
IgE stimulation of high purity human lung mast cells
led to the generation of significant quantities of leu-
kotrienes, PGD2, and TxA2 (detected as its stable me-
tabolite, TxB2). The results with PGD2 confirm pre-
vious studies, which show it to be the major cycloox-
ygenase metabolite released by both rat and human
mast cells (14). In contrast to the rat mast cell (14), the
human mast cell releases TxA2 but not PGI2 following
stimulation with anti-IgE. The release of the potent

Dexamethasone and Mediator Release 1833



platelet-activating substance, TxA2, may be important
in light of recent findings suggesting that platelet ac-
tivation occurs during antigen-induced bronchospasm
(16). Lewis et al. (14) reported that human mast cell
suspensions of 70% purity prepared by gradient cen-
trifugation techniques do not produce TxB2 in response
to anti-IgE stimulation. Although the reason for the
difference between those and the present results is not
clear, it is useful to note that mast cells purified by
gradient centrifugation have a significantly reduced
capacity to produce leukotrienes compared with those
prepared by elutriation and affinity chromatography
(13, 17).

Incubation of purified human lung mast cells with
10-6 M dexamethasone did not inhibit the release of
any of the mediators tested. This result contrasts with
the findings in human basophils and murine mast cells
where consistent inhibition is observed (3-6). The un-
responsiveness to dexamethasone of purified human
lung mast cells was not the result of exposure to the
enzymatic digestion, elutriation, or affinity chromato-
graphic procedures, since the response of mast cells
in lung fragments, as assessed by histamine release,
was also not affected by the steroid treatment. It is
possible that exposure to elevated steroids before and
during surgery lead to a reduction in mast cell activity
and apparent insensitivity to steroids; this possibility
has not been ruled out and is difficult to test. It is
interesting to note that the net release of PGD2, and
for the most part TxB2, from anti-IgE-challenged lung
fragments was unaffected by dexamethasone; this find-
ing is in keeping with the hypothesis that these me-
tabolites are principally mast cell derived under these
conditions. In further support of this hypothesis is the
demonstration that purified lung mast cells can pro-
duce quantities of these metabolites sufficient to ac-
count for all that is derived from lung fragments.

Glucocorticoids inhibit phospholipase activity and
the subsequent release of arachidonate in many dif-
ferent cell types (18, 19). It is likely that this effect
occurs via induction, by the steroids, of an inhibitor
of phospholipase termed macrocortin or lipomodulin
(20, 21). In sensitized guinea pig lung, glucocorticoids
inhibit activation of phospholipase and the release of
arachidonate metabolites by a variety of stimuli in-
cluding antigen and rabbit aorta-contracting sub-
stance-releasing factor (an antigen-induced factor that
stimulates the release of endoperoxides and TxA2 in
guinea pig lung) (22). However, dexamethasone has
no effect on the release of rabbit aorta-contracting sub-
stance-releasing factor, indicating that the drug is not
abrogating the primary response to antigen (22, 23).
Our results suggest that glucocorticoids do not in-

hibit mediator release from human lung parenchymal

mast cells. Because neither PGD2, TxB2, nor leuko-
triene release from these cells was inhibited by dexa-
methasone, there is no indication that the steroid was
inhibiting mast cell phospholipase. In human lung
fragments however, there was a clear inhibitory effect
of dexamethasone on the release of arachidonate me-
tabolites that are apparently not mast cell derived:
namely, 6-keto-PGFIa, PGE2, and PGF2a. In addition,
the spontaneous release of all metabolites was inhibited
by treatment with dexamethasone. It thus appears that
while the mast cell phospholipase is not sensitive to
steroids, the phospholipase(s) that provide arachidon-
ate in the unchallenged tissue as well as that which is
stimulated secondary to mast cell activation are steroid
sensitive. Since spontaneous AACM production by pu-
rified mast cells was unaffected by dexamethasone, the
steroid-sensitive phospholipase responsible for spon-
taneous AACM generation in lung fragments is prob-
ably not of mast cell origin. Now that a human pros-
taglandin releasing factor has been identified (24), it
will be of interest to determine whether in the human,
as is the case in the guinea pig with rabbit aorta-con-
tracting substance-releasing factor, the steroid effect
is limited to the cells responsive to the factor rather
than the cell that releases it (presumably the mast cell).

In light of the results of others showing that murine
peritoneal mast cell histamine release is inhibited by
24-h incubation with steroids, it will be necessary to
determine whether human mast cells derived from
other tissue sources such as skin, gut, or peritoneum
are also sensitive to steroids (4, 5). Prednisolone has
been reported to inhibit antigen-induced histamine
release from human skin (25); since only brief incu-
bations with high concentrations of drug (_10-4 M)
were used, it is not clear that this was a specific glu-
cocorticoid effect, however.
We note that certain chronic IgE-dependent im-

mediate hypersensitivity reactions (e.g., allergic rhi-
nitis, some forms of allergic asthma) are responsive to
steroid therapy while many acute reactions (e.g., wheal
and flare, skin test reactions, systemic anaphylaxis, and
antigen-induced bronchospasm) are not (1, 2, 26).
These clinical observations are in concordance with
the present finding that dexamethasone does not alter
the acute release of mediators by human lung mast
cells. Further, our results suggest that an important
component of the antiinflammatory action of steroids
in chronic immediate hypersensitivity reactions may
be an inhibition of the release of proinflammatory ar-
achidonate metabolites from tissues that can respond
to mast cell products. Finally, the observation that the
release of mediators by human basophils is inhibited
by steroids, while that from human mast cells is not,
also raises the possibility that basophils may be an im-
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portant IgE-bearing cell in chronic immediate hyper-
sensitivity reactions.
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