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Concepts on the pathogenesis of asthma have
changed considerably during the past few years. In
the early part of this century, experimentalists were
greatly impressed with the asthmalike symptoms pro-
duced in animals by drugs, such as muscarine, pilo-
carpine, and physostigmine. Atropine, hyoscyamine,
and chloroform abolished these effects, and for many
years, these substances were used to treat asthma at-
tacks. The classic work on histamine by Sir Henry
Dale and other investigators suggested a clear in-
terrelationship between chemical mediators, ana-
phylaxis, allergy, smooth muscle contraction, and
asthma. Thus, the asthmatic paroxysm was regarded
essentially as spasm of bronchial muscle, although
“vascular turgescence” of the bronchial mucus mem-
brane and increased secretion of mucus glands were
also recognized. The acute asthma attack was believed
to be associated with excessive vagal discharges trig-
gered by peripheral irritation or centrally from cerebral
influences.

Until the 1950s, the mainstay of treatment for
asthma was the antispasmodic agents, that is, adren-
aline, atropine, and theophylline. Corticosteroids
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were introduced very cautiously. At first they were
reserved only for the extreme, life-threatening, vari-
ants of the disease. Indeed, initially, there was con-
siderable controversy as to the precise indications for
these agents in “prevention” of day-to-day asthma.
Several years of clinical experience with corticoste-
roids raised two important questions. The first was
whether the response to prednisolone, which was often
dramatic, was consequent to its anti-inflammatory ef-
fects or was due to some other property of glucocor-
ticosteroids. The second question regarded the state
of the brenchi between attacks. It became clear that
the bronchi were not “normal” in the sense that cor-
ticosteroids could often “open up” the airways and
appreciably increase function, even in the ostensibly
well-controlled patient. Thus, it became clearer that,
for many patients, asthma was essentially a chronic
disease with intermittent acute exacerbations. In other
words, spasm and paroxysm appeared to be super-
imposed on airways that were already chronically in-
flamed and, as a consequence, partially obstructed.
Thus, the notion that asthma is simply bronchospasm
occurring in isolation has largely been discarded. This
major modification in our thinking has had important
implications in managing the disease.

What is the nature of the inflammatory response in
bronchial asthma and how do the various inflamma-
tory cells and their products contribute to the patho-
logic features of the disease? These issues are ad-
dressed in this article.

INFLAMMATION AND
INFLAMMATORY CELLS

Inflammation is the response of vascularized tissue
to injury and is usually beneficial since it serves to
resolve and repair the effect of damage. The factors
that initiate inflammation, like those of cell injury, are
diverse and include infectious agents (bacteria, vi-
ruses, and parasites), physical agents (burns, radia-
tion, and trauma), chemical agents (drugs, toxins, and
industrial agents), ischemic injury to tissues, and im-
munologic reactions, such as allergy and autoimmun-
ity. The histopathologic features of inflammation con-
sist of changes in blood flow and caliber of small blood
vessels followed by an increase in vascular perme-
ability, the formation of an inflammatory exudate, and
the escape of leukocytes from the blood into the ex-
travascular spaces. Acute inflammation is of short du-
ration and characterized by exudation of fluid with
plasma proteins (edema) and emigration of granulo-
cytes from the microvasculature. In contrast, chronic
inflammation has a longer time span and is more cel-
lular with granulocyte emigration being accompanied
by a dense infiltration of lymphocytes and mono-
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cytes/macrophages together with proliteration -
blood vessels and connective tissue. In certamn soc-
cialized circumstances, such as atopic allergic intlan.-
mation and asthma, increases in the numbers o1 EOSS
arc also characteristic. Both acute and chronie nflum-
mation arc associated with some degree ot fibrin de-
position with platelet adherence and the relcase o
platelet products. Basophils are also inflammatory
cells and are prominent in various torms oi delayed-
type hypersensitivity. They are also found in the upper
airways in allergic rhinitis, but at the present time
there is no conclusive evidence that the basophil par-
ticipates in pathologic processes in the lung. Thus,
the cells migrating from the blood vesscls that have
been clearly identified in airway inflammation nclude
the neutrophil, EOS, lymphocyte, and mucrophage.
Platelets may contribute to the reaction, but their abil-
1ty actively to emigrate from the bloodstream remains
controversial. Certain resident tissue cells, such as
mast cclls and epithelial cells, probably participate.
as does the fibroblast. Inflammation at all mucosal
surfaces, including the airways, has two additional
important features: mucus hypersecretion and shed-
ding or denudation of the epithehal surtace

These inflammatory cells produce a wide range of
inflammatory mediators that include PAF. leuko-
trienes, histamine. and cytokines. These agents con-
tribute not only to the development of the inflam-
matory response but also to its modulation by feedback
mechanisms. Cellular events in the bronchial mucosa
are also influenced by neuropeptides sccreted by ncu-
roendocrine tissue in the airways.

It is very unlikely that one cell, or one mediator,
will explain totally the mechanisms in asthma and
attendant bronchial hyperrcactivity but rather that the
combined effects of a number of cells and their prod-
ucts are required for the observed effects.

Pathologic evidence for inflammation
in asthma

Until recently, pathologic studies in asthma were
largely confined to tissues obtained from patients who
had died in status asthmaticus. In asthma deaths. cer-
tain features appear to be typical. Histologically, there
is loss of surface-lining epithelium, thickening of the
reticular layer beneath the basal lamina of the epithe-
lium, dilatation of bronchial blood vessels, and mu-
cosal edema and hypertrophy of both submucosal
glands and bronchial smooth muscle. A dense infil-
tration of inflammatory cells is also present in both
the occluding plug and airway mucosa.'"* The intense
infiltration of EOSs and deposition of EOS products
in and around the bronchial epithelium is a particularly
prominent feature.® There are also large numbers of
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lymphocytes and macrophages. Neutrophils are also
sometimes present at necroscopy. The events accom-
panying airway narrowing in asthma are diagram-
matically represented in Fig. 1.

With the continuing application of bronchial biopsy
and “bronchial” lavage via the fiberoptic broncho-
scope as an investigative tool in asthma, it has become
clear that many of the inflammatory and structural
changes that are observed in asthma deaths are
also a feature of mild on-going, well-controlled dis-
ease. For instance, it has been demonstrated that
subjects with asthma shed significantly higher num-
bers of epithelial cells into BAL fluid than control
subjects and that there was a significant correlation
between epithelial cell count and bronchial respon-
siveness.™

Eosinophilia was also a feature of the histopathol-
ogy of biopsy specimens from subjects with mild
asthma’ as well as from BAL.® The association of
EOSs and their products with lung function is dis-
cussed below. Neutrophils (as demonstrated by neu-
trophil elastase-positive cells) were not increased in
biopsy specimens from volunteers with asthma when
volunteers were compared to control subjects (subjects
with atopic rhinitis and normal individuals).” In con-
trast, an increase in the number of activated lympho-
cytes, identified either as irregular, atypical lympho-
cytes by transmission electron microscopy® or IL-2
receptor-positive cells, as demonstrated by immuno-
histochemistry,” were a constant finding in biopsy
specimens in asthma.

Recently, immunohistochemical and electron mi-
croscopic studies by Roche et al.” and Jeffery et al.?
have demonstrated that there is not true thickening of
the basement membrane in asthma but deposition of
reticular collagen or subepithelial fibrosis. These find-
ings suggest that fibroblast activation rather than bron-
chial epithelial cell dysfunction might account for this
deposition of reticular material.

Although our knowledge of the basic on-going
asthma is increasing, the dynamics of these processes
are still unclear. For instance, what is the sequence
of cell emigration and is this different from that ob-
served in inflammatory processes in other diseases in
other organs and tissues? How does this inflammatory
process resolve? What is the sequence of the structural
changes? Are the changes in the airways of subjects
with asthma the same or is there heterogeneity of the
lesions?

Changes in the microvasculature

It is virtually certain that microvascular leakage oc-
curs in asthma of any severity not only because of the
histopathologic findings but also because sputum'®
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FIG. 1. A hypothetical scheme that attempts to explain
how the airways in asthma are obstructed. Right, igno-
rance on the inception of asthma is highlighted by the
question mark. However, asthma is believed to be induced
by the actions of mediators on the hyperreactive asth-
matic airway. Partial {and sometimes total) occlusion of
the airway results from the combination of bronchial
smooth muscle contraction, submucosal edema, and
plugging of the lumen with mucus, cells, and cell debris.
Mediators are derived from mediator cells (either from
the granules or membrane) and the likely candidates (i.e.,
mast cells, EOSs, etc.) are listed. Resident cells, such as
bronchial epithelial cells and fibroblasts, should probably
also be added to this list. Mediator cells can be triggered
either by Ag, that is, IgE-dependent mechanisms, or non-
immunologically, for example, after exercise-induced
asthma.

and BAL fluid from subjects with asthma contain el-
evated concentrations of albumin.'* '* The amount of
albumin in BAL fluid is also increased after expo-
sure to inhaled Ag.' Furthermore, permeability of
the bronchial mucosa to an aerosol of *technetium-
diethylenetriamine pentaacetic acid was increased in
asthma.'®

Many of the mediators implicated in asthma are
known to cause microvascular leakage of postcapillary
venules. These include histamine, bradykinin, LTC,,
LTD,, and PAF.’" In addition, stimulation of the
vagus nerve or injection of capsaicin, via release of
sensory neuropeptides, such as substance P, cause mi-
crovascular leakage in rodents.”® Furthermore, me-
diators that increase bronchial blood flow might be
expected to exaggerate leakage in airways of subjects
with asthma. Edema, as a result of increased capillary
permeability, may have several sequelae relevant to
asthma. These include a contribution to narrowing of
small airways, epithelial shedding, the formation of
mucus plugs, inhibition of mucociliary clearance,
and, by providing a rich source of plasma proteins,
substrate for complement-derived anaphylatoxins and
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kinins. To the extent that ede
ation in permeability, it may also contribute directly
to alterations in responsiveness by allowing greater
(or different) agonist penetration to the smooth
muscle.

Neutrophils

The accumuiation of neutrophiis into the airways
under conditions of inflammation has the protential to
result in significant tissue damage. This cell type is
associated with tissue injury in many inflammatory
conditions.** The mechanisms by which this injury
may occur include the release of oxygen metabolites,
proteases, and cationic materials. Additionally, the
neutrophil is a potential source of a wide variety of
mediators, including potent lipid mediators, such as
prostaglandins, thromboxanes, LTB,, and PAF, which
may then contribute to airway responses and/or ex-
acerbation of the inflammatory response.

The evidence that neutrophils by themselves play
an important role in asthma and bronchial hyperre-
sponsiveness is controversial. On the one hand, a
number of studies in experimental animals, as well as
control models of asthma in man, indicate that neu-
trophils may play a part early in the asthma process.
Neutrophils appear to be a “normal” resident of larger
airways both in normoresponsive and hyperresponsive
individuals. Wardlaw et al.” found a high percentage
of neutrophils in the bronchial wash of nonatopic con-
trol subjects and hay fever sufferers, as well as in
subjects with mild asthma. The numbers were ap-
proximately equal in all groups and considerably
higher than numbers observed in bronchoalveolar
wash. In fact, neutrophils accounted for almost 50%
of the total cell count in bronchial (as opposed to
bronchoalveolar) washes in normal subjects. Similar
findings were obtained by Azzawi et al.” who found
comparable numbers of neutrophil elastase-positive
cells in mucosal biopsy specimens from subjects with
asthma and control subjects. It must be remembered
that neutrophils in subjects with asthma may dem-
onstrate a different degree of activation or stimulation
in comparison with neutrophils of normal subjects.
For instance, numerous studies indicate that peripheral
blood neutrophils become “activated™ after allergen-
and exercise-induced early and late-phase asthmatic
responses.”*** Activation was assessed by increased
membrane expression of complement receptors and
enhanced cytotoxicity for complement-coated targets.
Such observations suggest that the circulating neutro-
phils have been exposed to some stimulus. However,
many of the currently known stimuli for neutrophils
are not specific for this cell type; therefore, activation
of other inflammatory cells may also result from the
same circumstances.
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Significant increases in the percentuge of neuln -
phils in BAL and bronchial mucus have been oberved
in subjects experiencing LPRs after bronchia. chis-

lenge.”* Comparable observations were made -+ BAL
during LPRs in sensitized subjects challenge.. with
toluene diisocyanate, in which it was found hai -
creases in neutrophils, as well as EOSs and v mphe-
cyies, were inhibiied by prior adminisiration - oral
prednisolone."" In contrast, BAL neutrophiiia was not
a feature of late reactions elicited by plicatic wcid i
red cedar asthma.”

The elaboration of an HMW NCA into the circu-
lation of patients after allergen- or exercise-induced
early and LPRs is well documented.™ " HMW NCA
was associated with molecules having a moiccuiar size
of approximately 600 kd and a ncar neutrai 1soelectric
point. This activity has recently been identified from
the serum of subjects with asthma admitted to hospital
with ASA (“'status asthmaticus™).™ The molecular size
of NCA in ASA was heterogeneous, that is. 800, 6(X).
and <20 kd. When peripheral blood mononucicar
cells from patients with ASA werc cultured in serum-
free medium, a low-molecular-weight NCA was also
detected in the supernatant.”’ Present evidence sug-
gests that this may be derived from lymphocytes
and/or monocytes and that it is possibly related to 1L-
8."* The nature of HMW serum factor remains un-
resolved.

Convincing evidence suggesting that neutrophils are
capable of altering airway functions comes from an-
imal experiments. The cell has been firmly implicated
in ozone-induced and Ag-induced hyperreactivity in
dogs.”** in Ag-induced LPRs, and hyperresponsive-
ness in rabbits*- * and in sheep exposed 1o both
endotoxin** * and Ag.*” Rabbits demonstrate in-
creased responsiveness when airway inflammation is
induced with phlogistic fragments of C5, and this too
was dependent on neutrophils.** The requirements for
granulocytes (especially neutrophils) in these exper-
iments has been established by association (Javage and
histology). depletion studies (e.g., nitrogen mustard),
and, more convincingly, by depletion followed by
selective repletion with enriched populations of pu-
rified neutrophils.*' Furthermore, supernatants pre-
pared from phagocytosing neutrophils in vitro induced
hyperreactivity when they were nebulized into the air-
ways of rabbits,*” whereas the supernatants from EQSs
did not. The active agents in this model arc yet to be
identified. By contrast, in the guinea pig, there was
also a sevenfold increase at 6 hours and 17-fold in-
crease at 7 hours in neutrophils in BAL in a model
of late-phase and “late-late™ phase bronchoconstric-
tion.™ Nedocromil sodium blocked the late reaction
and subsequent EOS infiltration in BAL but did not
affect the neutrophil infiltration. This finding sug-
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gested that in the late-phase and “late-late” phase,
neutrophil infiltration is less critical for the develop-
ment of airway obstruction in this species.*’

Whether or not the neutrophil participates in the
functional alterations associated with asthma remains
an open question. The frequent recovery of neutro-
phils from BAL of patients with asthma,” > the pres-
ence of neutrophils in pathologic sections of asthmatic
airways,* * and the ability of human neutrophils to
alter airway function suggest that they probably do
participate.

EOSs

There is strong circumstantial evidence that sug-
gests that EOSs are important proinflammatory cells
in the asthma process. It is well-known that a blood
and sputurn eosinophilia is often, but not invariably,
found in association with most forms of asthma. A
blood eosinophilia accompanied LPR but not single
early asthmatic responses, and there was an inverse
correlation between the blood EOS count and the de-
gree of nonspecific bronchial hyperreactivity as mea-
sured by the methacholine PC,,.% Frick et al.>” have
extended these findings to demonstrate that the pro-
portion of hypodense EOSs in peripheral blood is el-
evated in such patients and better reflects the severity
of asthma than the total EOS count. In sensitized
monkeys, an airway eosinophilia was induced with
Ag-coated Sepharose beads. This correlated with an
increase in airway hyperresponsiveness.*®

The accumulation of EOSs and EOS products MBP,
ECP, and EOS-derived neurotoxin have been ob-
served in BAL during allergen-induced LPRs.? %% ¢
Similar observations were made in red cedar asthma
in which it was observed that plicatic acid inhalation
elicited a BAL eosinophilia together with sloughing
of bronchial epithelial cells.?” In a placebo-controlled,
double-blind study, SCG was demonstrated to sup-
press the local accumulation of EOSs in bronchial
mucus and BAL fluid and demonstrated that these
reductions in lung EOSs were related to clinical im-
provement.

As already mentioned, EOSs are also very promi-
nent cells in many of the histopathologic sections
obtained after death from asthma.” * In fact, the pa-
thology is often termed “chronic eosinophilic desqua-
mative bronchitis.” MBP was prominent in the bron-
chial wall and in the mucus plugs of virtually all these
patients, even though only a few intact EOSs were
observed by routine light microscopy.* MBP concen-
trations were also elevated in the sputum from subjects
with asthma. Beasley et al.® found that, in bronchial
biopsy specimens from subjects with mild asthma, the
presence of EOSs in the lamina propria was confined
to subjects with asthma, being absent in control sub-
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jects, and that these cells demonstrated morphologic
features of activation. Azzawi et al.” demonstrated a
significantly high number of EG2 positive cells in
subjects with atopic asthma. EG2 recognizes a deter-
minant of the cleaved and secreted form of the
ECP.

ECP and MBP are both cytotoxic to the respiratory
epithelium® in vitro and in experimental animals, and
both may contribute to the denudation of the epithe-
lium observed in asthma. Subjects with asthma with
airway hyperreactivity (PC,,, <4 mg/ml) had signif-
icant elevations in the EOS count and concentrations
of MBP in BAL fluid.? Furthermore, there were sig-
nificant correlations between the amount of MBP re-
covered and the percentage of EOSs. These changes
were even more marked when subjects with asthma
with airway hyperreactivity were compared with sub-
jects with normoreactive airways. There were inverse
correlations between the PC,, and the percentage of
EOSs and epithelial cells and the amount of MBP in
BAL. This study and that by Lam et al.”’ clearly
suggested that bronchial hyperresponsiveness was as-
sociated with increased amounts of EOSs and their
products. It is also consistent with the suggestion that
the responsiveness is secondary to epithelial cell dam-
age mediated through the basic proteins of the EOS.
However, this suggestion presupposes that the hyper-
responsiveness is caused by epithelial damage and that
EOSs have a particular ability to induce this damage.
Both of these findings may be the case but need to be
clearly demonstrated. Evidence from Flavahan et al.®
adds support to this hypothesis. These investigators
demonstrated that the increase in reactivity of in vitro
preparations of tracheal rings in the presence of MBP
was dependent on the presence of the epithelium. This
finding suggests that the association between nonspe-
cific bronchial hyperresponsiveness and MBP in BAL
may be due to the effect of MBP on epithelial cells
that may then affect the reactivity of the smooth
muscle.

Direct intratracheal instillation of purified EOS
granule proteins was recently undertaken in primates.
MBP caused a dose-related increase in airway re-
sponsiveness to inhaled methacholine,* whereas the
other granule-derived basic proteins were ineffective.

In addition to the basic proteins of the EOS gran-
ule, membrane phospholipid-derived mediators may
also play a role in the pathogenesis of asthma.
EOSs produced considerable quantities of LTC, after
ionophore-,*% 1gG-,*” and IgE-dependent stimuli,
and small elevations in LTC, were noted in BAL in
“baseline, resting” asthma,* as well as in the LPRs
when fluid from diluent challenge was compared with
fluid obtained from allergen challenge.*

EOSs have the capacity to generate comparable
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quantities of PAF™ 7' to that produced by neutrophils.
PAF may be of particular relevance to asthma because
of its ability to cause vasodilation and increased vas-
cular permeability, to induce EOS chemotaxis™ and
adherence to endothelial cells,”™ and to enhance mucus
secretion and increase bronchial hyperresponsiveness
after inhalation in man.™ However, there are no con-
vincing studics to date of PAF elaboration associated
with clinical asthma.

The mechanism of recruitment of the EOS, in pref-
erence to the neutrophil, to the human asthmatic air-
way still needs to be explained. Is it merely a response
1o a larger stimulus, a less efficient removal process.
or are the stimuli (signal) somehow different or more
prolonged in comparison with stimuli in other inflam-
matory reactions? PAF is a potent chemotactic factor
tor EOSs but is also effective in vitro at evoking di-
rectional neutrophil migration. It is of particular in-
terest that PAF induced a local eosinophilia after in-
tracutaneous administration to atopic but not non-
atopic subjects.” Similarly, reversed anaphylaxis with
anti-IgE evoked a local skin eosinophilia in atopic
subjects only.™ Nevertheless. it appears likely that
in vitro chemotaxis is not a true model of cell accu-
mulation in vivo since it does not take into account
the requirement for the chemoattractant to cross the
vessel wall, the special requirements of cell adhesion
to endothelial cells, the process of emigration itself,
nor the metabolism that any chemotactic signal might
be subjected to in the tissue.

It is now appreciated that T cell-derived products
that play a vital role in EOS maturation also affect
the mature cell. For instance, both GM-CSF and IL-
S activate mature EOSs in terms of increased cyto-
toxicity and oxidative metabolism and prolong the
life of EOSs in vitro.”” ™ Recently, it was demon-
strated that IL-5 caused hyperadherence of human
EOSs. but not neutrophils. through mechanisms de-
pendent, at least in part, on the CD11/18 family of
adhesion glycoproteins.™ The ligand for one of these
adhesion glycoproteins (LFA-1) is ICAM-1.* [CAM-
1 is expressed on inflamed endothelium and epithe-
lium.® It was recently demonstrated that in a primate
model of asthma a MAb to ICAM-1 attenuated both
airway EOSs and bronchial hyperresponsiveness.™
This finding indicates that ICAM-1 may play a central
role in the airway inflammation of asthma and suggests
that maneuvers designed to decrease adhesion of EOSs
(and possible other inflammatory cells that express
LFA-1, such as the lymphocytes*’) may be a useful
therapeutic approach.

Other factors, such as IL-1, also alter the endothe-
lium to render it more adherent for granulocytes. Fur-
thermore, IL-1-induced human endothelial cell su-
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pernatants prolong EOS survival, an cffect thet wos
inhibited by glucocorticosteroids.*

Recruitment and activation of EOSs 18 strongiy in-
hibited by corticosteroids, an effect that could expiun
the efficacy of these drugs in modifying iat:-phac
bronchoconstriction. This finding has to be tempered
by the controversial effect of corticosteroids on ~ron-
chial hyperresponsiveness™ and the common <iinical
cxperience of asthma persisting long after the periph-
eral blood eosinophilia has been corrected  Theoph-
ylline, which has little effect on bronchial hyperre-
sponsiveness, potentiates in vivo EOS uctivation.
as revealed by increases in superoxide amon pro-
duction.™

Mast cells and basophils

In human lung, mast cells are located in the lumen
of the airways (in which they can be recovered by
BAL), in the bronchial epithelium. and in the sub-
mucosa as well as the lung parenchyma. Two types
of human mast cells termed T (tryptase-positive
and chymase-negative) and TC (tryptase-positive and
chymase-positive) mast cells have recently been de-
scribed, based on differences in neutral protease
content.”” Most human bronchial mucosal mast cells
contain tryptase as their major neutral protease. In
this regard they resemble the mucosal rather than the
connective tissue-type cell observed in rodents. Ba-
sophils have not been identified in bronchial pathol-
ogy, although they probably exist as they do 1in most
other organs. Preliminary studies indicate that baso-
phils can be recruited from lavaged isolated bronchi
challenged with Ag.

Current evidence suggests that the ecarly allergic
asthmatic reaction is predominantly mast cell me-
diated. The immediate response to inhaled allergens
in atopic subjects (accompanied by clevations in
plasma histamine) is rapid in onset and easily pre-
vented by prior inhalation of @.-adrenoreceptor ago-
nists (i.e.. salbutamol) or SCG.™ (In these situations
the drugs are assumed to act on the mast cell [as well
as smooth muscle}. although as far as SCG is con-
cerned, in vitro data do not support this view.™) Cor-
ticosteroids administered during a period of time also
attenuate the immediate reaction,” possibly by de-
pletion of mast cells in the mucosa.” ** After allergen
challenge in atopic individuals, there are clevations in
plasma histamine® and in both histamine and mast
cell tryptase in BAL.** This finding occurs within
minutes of challenge, and urinary secretion ot a major
catabolite, N-methylhistamine, is increased for a tew
hours after the challenge.” Mast cells recovered from
the airways by lavage within the first 15 minutes of
allergen challenge have all the morphologic features
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of noncytotoxic degranulation.5'"* Human lung mast
cells also elaborate LTC,, PGD,, various chemotactic
peptides, proteolytic enzymes, and proteoglycans.
However, the pathophysiologic role of these lipid me-
diators, proteolytic enzymes, and proteoglycans is as
yet unknown.

Mast cells are present in various stages of degran-
ulation in subjects with asthma but not in control sub-
jects, which supports the suggestion that degranula-
tion and mediator release occur continuously within
the bronchial mucosa of subjects with atopic asthma.®
Activation of mast cells as a pathogenetic mechanism
of immediate bronchoconstriction is not limited to
allergen exposure, since there is some evidence that
it is also involved in asthma provoked by exercise,
cold air, and hyperventilation.”” In ongoing, day-to-
day asthma, there is an inverse correlation between
the methacholine PC,, and the percentage of mast cells
in BAL’ and the amounts of histamine in BAL fluid.*
Furthermore, subjects with asthma with airway hy-
perreactivity have significant increases in spontaneous
histamine release from BAL mast cells.

What is the role of the mast cell in LPRs, airway
reactivity, and ongoing asthma? More than a decade
ago it was demonstrated that F(ab)', anti-IgE, when
it was injected into the skin, produced an LPR that
had many of the histopathologic features of allergen-
induced LPR. For this reason, it was hypothesized
that mast cells were essential for the LPR and that
mast cell-derived chemotactic factors accounted for
the subsequent infiltration of EOSs, neutrophils, and
basophils. More recently, a similar dependency on IgE
was demonstrated for the induction of an aeroallergen-
induced LPR in the airways of rabbits (inflammation
and bronchoconstriction).”® However, these findings
do not prove the involvement of mast cells, since the
anti-IgE or Ag may also have interacted with mac-
rophages or lymphocytes through IgE on their Fc.R
II; these cells, in turn, may have contributed to the
LPR. The airway LPR was inducible in rabbits pas-
sively sensitized with IgE-containing serum, further
suggesting a so-called “type I allergic reaction.” In
contrast, evidence is now accumulating that the LPR
(mainly from the skin, and to a lesser extent in the
lung) is associated with the presence of lymphocytes
and may therefore include elements of delayed-type
hypersensitivity (type IV reactions) (see below).

It has recently been reported that Fc R I receptor-
mediated activation of murine mast cells results in the
production of GM-CSF and IL-3.”* mRNA for several
other cytokines, including IL-5 and IFN-v, has also
been identified in similarly activated mast cell
clones.'® These cytokines, previously believed to
be secreted only by lymphocytes and mononuclear
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phagocytes, have the ability to recruit, prime, and
activate neutrophils, monocytes, and EOSs. Their
elaboration by mast cells in response to allergen
would enable the local defence system to become
self-regulated and could also provide a mechanism by
which the mast cell could participate in the LPR.

Thus, the evidence that mast cells are involved in
immediate bronchoconstriction to immunologic and
nonimmunologic stimuli is strong. The evidence that
mast cells play an essential role in the LPR is debated,
and there is little evidence for or against the suggestion
that the products of this cell are important in ongoing,
day-to-day, chronic asthma. Mast cells may be in-
volved in inflammation in general and are found in
association with a variety of pulmonary pathologies.
Indeed, the most dramatic increases in mast cell num-
bers in the lung are found in fibrotic conditions,'
although, as noted above, the presence of the cell does
not necessarily indicate what role it may play in patho-
physiologic processes.

Monocytes and macrophages
{mononuclear phagocytes)

The role of mononuclear phagocytes as accessory,
Ag-presenting cells is well established; it is reasonable
to assume that in health and disease such cells are
present in and around the bronchi in which they
process Ag and present it to local T cells in a ma-
jor histocompatibility complex, class 1 or class II-
restricted fashion. Experiments in rodents suggest
that, under normal circumstances, alveolar macro-
phages play an important role in attenuating local im-
munity in the bronchial mucosa by preventing optimal
Ag presentation by dendritic cells to T cells.’* Ia*
dendritic cells have been clearly demonstrated in
human'® and experimental animal bronchial epithe-
lium.'® It has been suggested that in asthma there
may be an escape from local immune tolerance when
susceptible individuals are repeatedly exposed to al-
lergen.

Most cells recovered from BAL in normal as well
as in subjects with asthma are macrophages. These
cells contain functional IgE receptors (Fc R II),'*- 1%
and the numbers of these IgE-bearing cells are sub-
stantially higher in atopic subjects with asthma than
in normal control subjects.’® Macrophages have the
capacity to produce a wide range of lipid mediators,
including eicosanoids from the lipoxygenase and cy-
clooxygenase pathways, as well as PAF. Mononuclear
phagocytes also make and secrete an array of proteins
and peptides, such as IL-8, C5a, platelet-derived
growth factor, tumor necrosis factor, GM-CSF,
IL-1, and various partially characterized histamine-
releasing factors. These all have biologic activities that
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may contribute to the airway reactions. It would be
very surprising if this cell type did not participate, at
least in part, in airway responses to inhaled allergens.
Appreciable amounts of B-glucuronidase were recov-
cred free in BAL.'™ although the macrophage is only
one potential source of this marker for lysosomal en-
zyme secretion; a substantial increase in the num-
ber of macrophages has been reported after allergen
challenge.® This increase appears to be due to the
migration of monocytes into the lung because most
of the increase can be accounted for by peroxidase-
positive cells (a characteristic feature of monocytes
compared with that of alveolar macrophages).

Lung macrophages are also activated in the LPR
after allergen challenge, as revealed by an increase in
the number of complement rosettes.?® Subjects with
chronic severe asthma who are relatively unresponsive
to corticosteroids have increased numbers of circu-
lating activated monocytes.'™ Furthermore, an as yet
unidentified monocyte-derived, neutrophil-activating
factor has been identified from corticosteroid-resistant
asthma. '

These observations provide only circumstantial
support for the mononuclear phagocyte as a player in
the pathogenesis of asthma. Nevertheless, the cell type
is pluripotential and is involved not only in most in-
flammatory reactions but also in the afferent arm of
the immune response as well. Histologically, the in-
flammatory lesions in asthma include mononuclear
phagocytes. and they may be presumed to be partic-
ipating in the process. However, it is also worth rec-
ognizing the role that the mononuclear phagocyte se-
ries of cells plays in the resolution of inflammation.'"
Thus, it is unclear at the present time whether these
cells contribute actively to the pathophysiology of
asthma and/or are involved in removing and modu-
lating the effects of other cells and the mediators they
produce. Because macrophages can manifest many
different functional phenotypes, it is entirely possible
that the airways of subjects with asthma may contain
macrophages that are contributing to the disease as
well as cells that are serving to limit the extent of the
inflammation and of the pathophysiology.

Platelets

Initial experiments in the rabbit and in the guinea
pig suggested that platelet depletion prevented PAF-
induced airway responses,''" ''? although the presence
of these cells may not always be necessary.''* ''* Plate-
lets have been reported in the BAL fluid after allergen
challenge,'” and platelet-like structures have been
identified histologically in the inflamed airways of
guinea pigs.''® Unfortunately, it is not always possible

to identify platelets clearly by morpholog.c o .
and specific markers (e.g., MADbs) have nov v seen

used. However, Jeffery et al.® found that. a:aouvn
platelet numbers (as assessed by electron ncroscops )
were not increased in subjects with asthnia rh e s
aggregation of platelets. together with cicitior Ceone

fibrous material at the airway lumina! cdec i sy
specimens from subjects with symptomatic asthinia but
not in control subjects. The question of how piateiets
might cross blood vessel walls and nugraw o rhe
tissues has not been addressed. The celix are only
poorly phagocytic in vitro and have not yet beea dem-
onstrated to have that property in vivo. Alternativels,
the platelets might be present as i result of toss of
vessel-wall integrity.

In another approach to possible platelet wvolve-
ment, platelet factor 4 was identified in the plasma of
atopic subjects,'"” but additional studies have not pro-
vided confirmation.'"* Platelets do bear the second IgE
FcR in a functionally active form. as demonstrated
by IgE-dependent oxidative metabolism and cvtotox-
icity.""” By and large, the evidence that platelets play
a pivotal role in human asthma and are directly in-
volved in airway hyperresponsiveness is absent. The
observations that suggest a role raise some important
questions relating to the possible mechanisms by
which platelets might become involved. Intravascular
participation of platelets in inflammatory rcactions in
general, and in airway inflammation in particular, ap-
pears highly likely; the cells can release many mol-
ecules and mediators that could contribute to the pro-
cess. If platelets migrate into the tissues themselves.
they would certainly represent a potentially important
additional inflammatory cell. However, this pracess
needs to be formally demonstrated. In any cvent, onc
intriguing role that could be playved by this cell is as
a major source of lipid mediators.

Lymphocytes

Activated T cells. An area of considerable current
interest is the role of the T-lymphocyte in the regu-
lation and expression of the inflammation associated
with allergy and asthma. The T cell-derived lym-
phokines, IL-4, IL-5 and IFN-y. are intimately in-
volved in the regulation of IgE production." Some
lymphokines are active in the control of EOS pro-
duction by the bone marrow (IL-5. GM-CSFE. and 11-
3) and in the regulation of mast cell differentiation.
Other lymphokines have chemotactic activity for neu-
trophils, EOSs, and basophil granulocytes. as well as
monocytes, and can activate or degranulate these ef-
fector cells. T-lymphocytes also play a general role
in the regulation of specific immune responses and
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are a possible target cell for desensitization im-
munotherapy. The cytokine profile of the CD4*
helper T cell is diagrammatically represented in
Fig. 2.

Direct evidence for T-lymphocyte changes in
asthma and allergy come from a variety of sources.
Postmortem examination of the airways of patients
with asthma revealed large numbers of lympho-
cytes.”? Increased numbers of “atypical intraepithe-
lial lymphocytes” were found in an ultrastructural
morphologic study of bronchial biopsy specimens ob-
tained during life with subjects with mild asthma.® *!
That these lymphocytes are activated is supported by
recent analysis of the cellular infiltrate with MAbs
and immunocytochemical techniques in subjects with
atopic asthma with rhinitis and in nonatopic control
subjects.” No significant differences were observed
between the groups in total leukocyte or total lym-
phocyte numbers. There were, however, significantly
higher numbers of activated (IL-2R*) T cells in the
group with asthma. Increased natural killer cell activ-
ity has been described in the peripheral blood of pa-
tients with asthma.'** Natural killer cell activity is an
inducible property of T cells and of non-T-, and non-
B-lymphocytes and is thus a nonspecific indicator of
lymphocyte activation.

Corticosteroid-resistant asthma. Measurements in
subjects with chronic asthma indicated that patients
who were relatively refractory to treatment with cor-
ticosteroids had a relative decrease in the numbers of
circulating suppressor (CD8) T cells.'* These patients
also had an abnormality of T cell growth in vitro
(colony counts in soft agar) since, unlike T cells from
normal individuals and corticosteroid-responsive sub-
jects, cell proliferation from the refractory patients
were not inhibited by optimal concentrations of methyl
prednisolone.'* A defect in concanavalin A-induced
suppressor-cell function has been described in
asthma,'*'® and successful immunotherapy was as-
sociated with an increase in the relative number of
suppressor T cells (OKT8)."*°

Allergen inhalational challenge. T-lymphocyte
subset changes have also been studied with the model
of bronchial allergen challenge in three separate stud-
ies.®- ! 132 The design of each of these investigations
was different, but taking these studies together, it ap-
pears that T-lymphocytes bearing the CD4 marker
(helper/inducer subset) were depleted in peripheral
blood and selectively retained in the lung after chal-
lenge, but the kinetics and significance of this finding
is as yet unclear. In addition, it appears that there is
a difference in the profile of regulatory T cell subsets
present in BAL in subjects with asthma who respond
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FIG. 2. Cytokines and CD4* (“T helper”) cells. Most of our
knowledge of T cell-derived cytokines is derived from
studies of CD4* T cell lines and clones. In the diagram,
Ag is presented in major histocompatibility complex class
i (HLA-DR)-restricted fashion by Ag-presenting cells
{APC). In asthma, important Ag-presenting cells might in-
clude dendritic cells, lung macrophages, endothelial cells,
and B cells. The cytokines are grouped according to func-
tion; TNF-a, tumor necrosis factor; 7S, T suppressor lym-
phocyte; TGF-B, transforming growth factor.

with an early reaction alone as compared with the
dual asthmatic (early and LPR) responders, suggesting
that subjects who progress to an LPR to allergen chal-
lenge may have a relative inability to recruit CD8* T-
lymphocytes to the lung.'*

T cells and the LPR. A study of cell traffic and
activation in human allergen-induced LPRs in the skin
revealed a lymphocyte infiltration that was almost ex-
clusively CD4-positive (helper/inducer subset).'”
Some of these T cells were activated in that they
stained positively for the presence of IL-2 receptors.
Additional evidence of T-lymphocyte activation was
provided by the observation that endothelial cells in
the allergen-challenged biopsy specimens demon-
strated an increased density of HLA-DR expression
compared with that of control sites. EOS accumulation
and activation were also striking features of the skin
LPR with numerous activated EOS (EG2*) present at
6 hours after challenge and persisting in tissue for up
to 48 hours.

In situ hydridization studies. Two types of murine
T cell clones have been defined on the basis of the
cytokines they produce. Th 1 cells express mRNA
and secrete IL-2 and IFN-vy, but not IL-4 or IL-5.
Th 2 cells produce IL-4 and IL-5, but not IFN-
v or IL-2. Both cell types produce IL.-3 and GM-CSF.
The genes for IL-3, IL-4, IL-5, and GM-CSF have
been cloned and are clustered in the region of the long
arm of human chromosome 5 (5q 23-32).'** This very
close linkage suggests a common evolutionary origin.



902 Kay

IL-5 mRNA+ cells in asthma and controls
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FIG. 3. IL-5 messenger RNA" cells in bronchial mucosal biopsy specimens from atopic subjects
with asthma and normal atopic normal control subjects with the technique of in situ hybrid-

ization. (Data from Hamid et al.'*)

Wierenga et al.'* have demonstrated that in atopic
individuals allergen (house dust mite)-specific T cell
clones produced a Th 2-like pattern of cytokine pro-
duction (IL-4, high; IFN-y, low), whereas nonaller-
gen Ag-specific clones from the same patient produced
high IFN-y and low IL-4. We recently tested the hy-
pothesis that the infiltrating cells associated with
allergen-induced LPR have the IL-3, IL-4, [L-5, and
GM-CSF gene cluster cytokine profile and, as such,
have similarity with murine Th 2-type cells. We used
the technique of in situ hybridization on sections from
skin biopsy specimens obtained from the sites of
allergen-induced LPRs in 14 subjects.'”

At the allergen-injected sites, most biopsy spec-
imens had positive hybridization signals for IL-3
(8/14), 11.-4 (10/14), IL-5 (11/14), and GM-CSF
(13/14), whereas only 5/14 were positive for 1L-2
mRNA. At the diluent-injected sites, there werc a
few cells that expressed weak hybridization signals
for IL-4 (2/14), IL-5 (1/14), and GM-CSF (3/14).
No hybridization was detected for IFN-y mRNA in
biopsy specimens from either the allergen- or diluent-
challenged sites. When the allergen-injected site was
compared with the diluent-injected control site, there
were significant increases in the numbers of cells ex-
pressing mRNA for IL-3, IL-4, IL-5, and GM-CSF;
the differences for IL-2 and IFN-y were not signif-
icant.

In general, the cytokine mRNA-positive cells were
located among the inflammatory infiltrate at the upper
part of the dermis. There was no hybridization in the
epithelial or connective tissue cells. The specificity of
the hybridization signals obtained with the probes was
confirmed by the presence of similar intense labeling
of cells expressing mRNA for 1L.-2, IL-3. IL-4, IL-
5. and the GM-CSF in a concanavalin-A-stimulated
T cell clone from the hyper-IgE syndrome, and IFN-
vy mRNA in cytospins obtained from lymphoblast cul-
tures 24 hours after PHA stimulation. The absence of
hybridization signals with the appropriate sense
probes and/or ribonuclease pretreatment provided ad-
ditional support for the specificity of the hybridization
reaction.

We also found significant correlations between IL-
5 mRNA-positive cells and IL-3, 11.-4, and GM-CSF
mRNA-positive cells at the allergen-injected sites; the
correlation between IL-5 and IL-2 mRNA " cells was
not significant. This supports the possibility of linked
transcription of the IL-3, 1L.-4, IL-5, and GM-CSF
gene cluster. There was also evidence of an association
between the degree of eosinophilic inflammation and
cytokine expression, since there were significantly
more EG2 ™ cells in those biopsy specimens that had
the highest number of positive signals for IL-S and
IL-4 mRNA. There was a similar trend for IL-3 and
GM-CSF, but this was not significant.
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FIG. 4. Correlations between IL-56 mRNA* cells and CD25*, EG2", and total EOSs in bronchial
mucosal biopsy specimens from atopic subjects with asthma with the technique of in situ

hybridization. {Data from Hamid et al.’®).

The detection of mRNA does not necessarily equate
with protein synthesis, and it will be necessary to dem-
onstrate that translation and secretion of these lym-
phokines also occurs. In addition to T-lymphocytes,
mast cells also produce lymphokines,'*® as do mac-
rophages and fibroblasts. Nevertheless, we believe
that the cytokine profile observed in the 24-hour LPR
provides evidence that, in atopic subjects, allergen
induces activation and/or proliferation of cells having
the Th 2 pattern. That the antigen itself determines
the cloning frequency of murine Th 1 and Th 2 cells
was recently stressed by Street et al.'®

As a follow-up to this study, we also attempted to
identify mRNA for IL-5 in biopsy specimens from
endobronchial mucosa obtained from subjects with
asthma and control subjects.'* Bronchial biopsy spec-
imens were obtained from 10 subjects with asthma
and nine nonatopic, normal control subjects. Specific
hybridization signals for IL-5 mRNA were demon-
strated within the bronchial mucosa in six of the 10
subjects with asthma (Fig. 3). Cells exhibiting hy-
bridization signals were located beneath the epithelial

basement membrane. In contrast, there was no hy-
bridization in the control group. No hybridization was
observed with the sense probe.

The six IL-5 mRNA™ subjects with asthma tended
to have more severe disease than the mRNA-negative
subjects with asthma, as assessed by symptoms and
lung function, and demonstrated a significant increase
in the degree of infiltration of the bronchial mucosa
by secreting (EG2*) EOSs and activated (CD25%) T-
lymphocytes. In the subjects who demonstrated pos-
itive IL-5 mRNA, there was a correlation between IL-
5 mRNA expression and the number of CD25" and
EG2™ cells and total EOS count (Fig. 4).

This study provides evidence for cellular localiza-
tion of IL-5 mRNA in bronchial mucosa of subjects
with asthma and supports the concept that this cyto-
kine regulates EOS function in bronchial asthma.

Guinea pig model. The kinetics and phenotype of
T-lymphocytes infiltrating the airways of guinea pigs
undergoing LARs have also been studied with MAbs,
cytofluorimetry, and immunocytochemistry.'* Chal-
lenge of sensitized animals with aerosolized ovalbu-
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FIG. 5. A scheme to explain the relationship between early, late-phase, and ongoing chronic
asthma. The early phase is believed to be dependent on products derived from Fc,R-bearing
mediator cells /MC). It is suggested that the LPR is dependent on mast cell-derived chemotactic
factors (i.e., LTB,, PAF, and NCA) as well as products derived from CD4 Th cells. it is speculated
that an important feature of ongoing chronic asthma is “chronically activated CD4 lymphocytes”
that orchestrate EQOS maturation and activation that in turn lead to epithelial cell damage,
hyperreactivity, and mucus hypersecretion. (The diagram is greatly simplified; for instance, IL-
1 and IL-8 are derived from T cells as well as Ag-presenting celils.)

min was followed by early (2 hour) and late-phase
(17 hour) bronchoconstriction. The induction of hy-
persensitivity by aerosolized Ag was associated with
an increase in mucosal T cell numbers, which con-
sisted almost entirely of CD8* T cells. After allergen
challenge of fully sensitized animals, a biphasic rise
in total T cell (CD3*) numbers was observed in the
bronchial mucosa, peaking at 17 and 48 hours. A
similar pattern of T cell accumulation was observed
in the bronchial adventitia but with an extra, early
peak at 2 hours. In contrast to the T cell influx of the
sensitization phase. the postchallenge infiltrate con-
sisted largely of CD3~ CD8~ cells. EOS numbers
were elevated in both submucosa and adventitia, with
a single broad peak between 17 and 48 hours. Al-
though correlations between T cell and EOS numbers
varied during the 96 hours of the experiment, strong
associations were observed between CD8 ' numbers
and EOSs in the adventitia at 6 hours and between
CD3~ CD8" numbers and EOSs in the submucosa at
72 hours. No significant changes were detected in

T cell or EOS numbers in the lung parenchyma. There
was a postchallenge increase in EOSs (but not T cells)
in BAL. In contrast, analysis of blood leukocytes dem-
onstrated no changes in T cell total or subset numbers
during the progression of the LAR. These observa-
tions indicate that accumulation of T cells in the air-
ways is a feature of the LAR in this model and are
consistent with human BAL and skin studies of the
allergen-induced LPR. This study also illustrates that
evaluation of distant compartments (blood and BAL)
may not fully reflect rapidly evolving tissue infiltration
in the bronchial mucosa.

ASA (status asthmaticus). Additional evidence to
support the view that T cells are involved in the
pathogenesis of chronic asthma comes from studies
of ASA (status asthmaticus). Corrigan et al.'** were
able to demonstrate significant elevations of the ex-
pression of three surface proteins associated with T-
lymphocyte activation (IL-2R, class 1l histocompati-
bility Ag [HLA-DR], and VLA-1) (Fig. 5) in ASA
compared with their expression in control subjects
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(subjects with mild asthma and chronic obstructive
airway disease and normal individuals). Phenotypic
analysis of the IL-2R-positive T-lymphocytes dem-
onstrated that these cells were exclusively of the CD4
“helper-inducer” phenotype. In contrast, CD8 cells
were devoid of IL-2R and VLA-1 in both subjects
with asthma and control subjects, and the expression
of HLA-DR on these cells was not increased above
that on cells of control subjects.

The percentages of IL-2R and HLA-DR-positive
(but not VLA-1-positive) lymphocytes tended to de-
crease as the patients were treated and improved clin-
ically. In addition, the serum concentrations of IFN-
v and soluble IL-2R were significantly elevated in
patients with ASA as compared with all the control
groups.'** Concentrations decreased as the patients
improved clinically during the first 3-day period of
hospital treatment. At 3 days, a significant correlation
was observed between the improvement in airway
obstruction, as measured by the change in peak ex-
piratory flow rate, and (1) the decrease in percentages
of peripheral blood CD4 T-lymphocytes expressing
IL-2R and (2) the decrease in the serum concentrations
of soluble IL-2R.

Atopic subjects with ASA had significantly smaller
numbers of peripheral blood CD4 T cells on admission
than nonatopic patients and also tended to have lower
or normal serum concentrations of soluble T cell me-
diators, suggesting that additional factors may have
been contributing to the acute bronchoconstriction in
these patients. In those patients studied for 7 days, a
peak expiratory flow rate of <50% of predicted was
associated with significantly higher numbers of acti-
vated CD4 T cells and serum concentrations of IL-2R
and IFN-vy.

Thus, taken together, these observations provide
additional evidence that CD4 T-lymphocyte activation
may contribute to the pathogenesis of ongoing, as well
as ASA.

Concluding comments

An attempt has been made to review the importance,
or otherwise, of various inflammatory cells in the
pathogenesis of asthma. The possible participation
of neutrophils, EOSs, mast cells, basophils, mono-
nuclear phagocytes, platelets, and lymphocytes have
been considered, particularly since products from
these cell types have the potential for contributing
directly to the features of bronchial asthma. This is
diagrammatically represented in Fig. 5. The bronchial
epithelium, which has not been considered in this
review, is a dynamic tissue that may also play a role
in defense as well as damage to the airways. In asthma
and in other inflammatory diseases of the airways,
there are conspicuous alterations in the epithelium,
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many of which may be presumed to result from the
inflammatory process itself. In contrast, the epithe-
lium is by no means passive and almost certainly
contributes to, and modulates, the inflammation itself.

It is not possible at the present time to judge the
importance or otherwise of each individual cell type.
It appears far more likely that they act together in a
complex cascade. However, in the absence of knowl-
edge of the dynamics of the bronchial pathology as-
sociated with the asthma process, anything more than
speculation is unwarranted at the present time. Fur-
thermore, the heterogeneity of asthma and associated
pathology is still poorly understood; therefore, the
likelihood exists that different cells and their media-
tors may have importance in the various forms of
asthma and at different stages in their natural history.

The etiology of asthma remains unknown. One pos-
sibility is that, as with allergic asthma in which the
inflammation is an inappropriate response to Ag, all
asthma is Ag driven. The resident inflammatory cells
of the bronchial mucosa, after inappropriate Ag rec-
ognition, might become misdirected, forsaking their
probable defensive role for one of tissue damage. The
nature of the putative activating Ag in nonatopic
asthma is unclear. It appears unlikely that asthma can
be explained on the basis of atopy in association with
common aeroallergens. In contrast, it was of interest
that the prevalence of asthma was closely related to
the serum IgE level standardized for age and sex.'*
Other etiologic possibilities in asthma include infec-
tious agents, altered (autoimmune) Ags, or a pre-
dominantly T cell response to an inhaled aeroaller-
gen independent of the presence of an IgE response.
An alternative hypothesis is that epithelial cell loss
is the primary defect, exposing the submucosal cells
to increased Ag penetration and other inflammatory
stimuli.

Nevertheless, there remains a number of particular
issues that need to be carefully addressed. These in-
clude

1. The elucidation of the factors responsible for the
persistence of the inflammation in asthma; this
might explain why, in the case of some occupa-
tional Ags, the inflammation (and asthma) may
continue long after exposure has ceased.

2. The relationship of mucosal inflammation to
both bronchial hyperresponsiveness and clinical
asthma; this would account for the severe patho-
logic changes that are sometimes present, even in
the absence of clinical disease.

3. The relationship between the immediate and the
LPR in provoked asthma (and, in turn, the signif-
icance of the LPR to the hyperresponsiveness of
persistent asthma).



906 Kay

4. The relevance or otherwise of clinical models of
asthma and hyperresponsiveness to the natural dis-
ease; the role of bronchial hyperresponsiveness in
asthma has been the subject of much debate, and
recent observations'* that individual measure-
ments were not consistently related to concurrent
asthma severity suggest that nonspecific bronchial
reactivity is only one mechanism underlying air-
flow obstruction in asthma.

Therapeutic possibilities are based on clinical and
pathologic knowledge and include pharmacologic ma-
nipulation of mediators and cytokines and the use of
MAbs against cell-surface molecules on various cell
types, subsets, or clones. Advances in technology and
the ability to probe the airways by methods such as
fiberoptic bronchoscopy and mucosal biopsy, together
with prospects for analyzing complex biologic fluids
in the microenvironment of the bronchial mucosa,
may pave the way to a greater understanding of the
pathogenesis of asthma.

This CME article is an extensively revised version of Kay
AB, Henson PM, Hunninghake GW, Irvin C, Lichtenstein
LM, Nadel JA. Cellular mechanisms. In: Holgate ST, How-
cll JBL. Burney PGJ, et al.. eds. The role of inflammatory
processes in airway hyperresponsiveness. Oxford: Black-
well Scientific, chap 5, 1989:151-78.

REFERENCES

I. Houston JC. De Navasquez S, Trounce JR. A clinical and
pathological study of fatal cases of status asthmaticus. Thorax
1953:8:207-13.

2. Dunnill MS. The pathology of asthma with special reference
to changes in the bronchial mucosa. J Clin Pathol 1960;13:27-
33.

3. Dunnill MS, Massarella GR, Anderson JA. A comparison of
the quantitative anatomy of the bronchi in normal subjects.
in status asthmaticus, in chronic bronchitis, and in emphy-
scma. Thorax 1969;24:176-9.

4. Filley WV, Holley KE, Kephart GM. Gleich GJI. Identifi-
cation by immunofiuorescence of cosinophil granule major
basic protein in lung tissues of patients with bronchial asthma.
Lancet 1982;2:11-6.

5. Wardlaw AJ, Dunnette S, Gleich GJ, Collins JV, Kay AB.
Eosinophils and mast cells in bronchoalveolar lavage in mild
asthma: relationship to bronchial hyperreactivity. Am Rev
Respir Dis 1988;137:62-9.

6. Beasley R, Roche WR, Roberts JA, Holgate ST. Cellular
cevents in the bronchi in mild asthma and after bronchial prov-
ocation. Am Rev Respir Dis 1989;139:806-17.

7. Azzawi M, Bradley B, Jeffery PK, et al. Identification of
activated T-lymphocytes and eosinophils in bronchial biopsies
in stable atopic asthma. Am Rev Respir Dis 1990;142:1407-
13.

8. Jeffery PK. Wardlaw Al, Nelson FC, Collins JV, Kay AB.
Bronchial biopsies in asthma: an ultrastructural quantitative
study and correlation with hyperreactivity. Am Rev Respir
Dis 1989;140:1745-53.

20.

21,

22.

23.

24.

25.

26.

28.

. Fick RB Jr, Metzger W], Richerson HB, et ai

J ALLERGY (N, iMMUNGL.
MAY 1991

. Roche WR, Beasley R, Williams JH, Holgate ST. Subepi-

thelial fibrosis in the bronchi of asthmatics. Lancet 1989:
2:520-3.

. Ryley HC, Brogan TD. Variation in the composiion ot spu-

tum in chronic chest diseases. Br ] Exp Pathol 1968:49:2%

. Brogan TD, Ryley HC, Neale 1., Yassa L. Soluble proteins

of bronchopulmonary secretions from patients with ¢ysric :+-
brosis, asthma, and bronchitis. Thorax 1975;30:72.9

. Lam S. LeRiche JC. Kijek K. Phillips RT. Effect of bronchial

lavage volume on cellular and protein recovers Chest

1985.88:856-9.

. Boschetto P, Fabbri LM, Zocca E, ct al. Prednisone inhibits

late asthmatic reactions and airway inflammation induced by
toluene diisocyanate in sensitized subjects. J AtvirGy CLN
IMMuNOL 1987:80:261-7.

Increased
bronchovascular permeability after allergen exposure in sen-
sitive asthmatics. ] Appl Physiol 1987:63:1147.53

. llowite ]S, Bennett WD, Sheetz MS, Groth ML.. Nicrman

DM. Permeability of the bronchial mucosa to ™ Te-DTPA in
asthma. Am Rev Respir Dis 1989;139:1139-43

. Saria A, Lundberg JM, Skofitsch G, Lembeck F. Vascular

protein leakage in various tissues induced by substance P.
capsaicin, bradykinin, serotonin, histamine. and by antigen
challenge. Naunyn Schmiedebergs Arch Pharmacol 1983:
324:212-8.

. Persson CGA. Leakage of macromolecules from the tracheo-

bronchial circulation. Am Rev Respir Dis 1987:135:871

. Hua X-Y. Dahlen S-E. Lundberg JM, Hammarstrom S,

Hedqvist P. Leukotrienes C, and E, cause widespread and
extensive plasma extravasation in the guinea pig Naunyn
Schmiedebergs Arch Pharmacol 1985:330:136-41

. Evans TW, Chung KF. Rogers DF. Bames PI. Effect of

platelet-activating factor on airway vascular permeability:
possible mechanisms. J Appl Physiol 1987:63:479-84
Lundberg JM, Saria A, Lundbiad L. ¢t al. Bioactive peptides
in capsaicin-sensitive C-fiber afferents of the airways: func-
tional and pathophysiological implications. In: Kaliner MA,
Bames PJ. eds. Neural control in health and disease
New York: Marcel Dekker. 1987:417.

Henson PM, Johnston RB Jr. Tissue injury in inflammation:
oxidants. proteinases. and cationic proteins. | Clin Invest
1987.79:669-74.

Papageorgiou N, Carroll M, Durham SR. lee TH. Walsh
GM. Kay AB. Complement receptor enhancement as evi-
dence of neutrophil activation after exercise-induced asthma.
Lancet 1983;2:1220-3.

Mogbel R, Durham SR. Shaw RJ, et al. Enhancement of
leukocyte cytotoxicity after exercise-induced asthma. Am Rev
Respir Dis 1986:133:609-13.

Carroll M, Durham SR, Walsh GM, Kay AB. Activation
of neutrophils and monocytes after allergen- and histamine-
induced bronchoconstriction. ] ALLERGY CLIN IMMUNOI
1985,75:290-6.

Durham SR, Carroll M, Walsh GM, Kay AB. Leucocyte
activation in allergen-induced late-phase asthmatic reactions.
N Engl J Med 1984;311:1398-1402.

Diaz P. Gonzalez MC, Galleguillos FR, et al. Leucocytes and
mediators in bronchoalveolar lavage during allergen-induced
late-phase asthmatic reactions. Am Rev Respir Dis 1989:
139:1383-9.

. Lam S, LeRiche J, Phillips D, Chan-Yeung M. Cellular and

protein changes in bronchial lavage fluid after late asthmatic
reaction in patients with red cedar asthma. J ALLERGY CLIN
IMMUNOL 1987,80:44-50.

Atkins PC. Norman M, Weiner H, Zweiman B. Release



VOLUME 87
NUMBER 5

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43,

45.

of neutrophil chemotactic activity during immediate hyper-
sensitivity reactions in humans. Ann Intern Med 1977;86:
415-8.

Nagy L, Lee TH, Kay AB. Neutrophil chemotactic activity
in antigen-induced late asthmatic reactions. N Engl J Med
1982;306:497-501.

Lee TH, Nagy L, Nagakura T, Walport MJ, Kay AB. The
identification and partial characterisation of an exercise-
induced neutrophil chemotactic factor in bronchial asthma.
J Clin Invest 1982;69:889-99.

Lee TH, Nagakura T, Papageorgiou N, likura Y, Kay AB.
Exercise-induced late asthmatic reactions with neutrophil che-
motactic activity. N Engl J Med 1983;308:1502-5.
Buchanan DR, Cromwell O, Kay AB. Neutrophil chemotactic
activity in acute severe asthma (“status asthmaticus”). Am
Rev Respir Dis 1987;136:1397-1402.

Nagy L, Corrigan CJ, Tsai J-J, Kay AB. Neutrophil che-
motactic activity (NCA) detectable in the serum of patients
with acute severe asthma is elaborated spontaneously by cul-
tured peripheral blood mononuclear cells [Abstract]. Thorax
1989;44:319P.

Yoshimura T, Matsushima K, Tanaka S, et al. Purification of
a human monocyte-derived neutrophil chemotactic factor that
has peptide sequence similarity to other host defense cyto-
kines. Proc Natl Acad Sci USA 1987,84:9233-7.

Van Damme J, Van Beeumen J, Opdenakker G, Billiau A.
A novel, NH,-terminal sequence-characterized human mono-
kine possessing neutrophil chemotactic, skin-reactive, and
granulocytosis-promoting activity. J Exp Med 1988;167:
1364-76.

Gregory H, Young J, Schréder I-M, Mrowietz U, Christo-
phers E. Structure determination of a human lymphocyte-
derived neutrophil activating peptide (LYNAP). Biochem
Biophys Res Commun 1988;151:883-90.

Maestrelli P, O’Hehir RE, Lamb JR, Tsai J-J, Cromwell O,
Kay AB. Antigen-induced neutrophil chemotactic factor
from cloned human T-lymphocytes. Immunology 1988;65:
605-9.

Maestrelli P, Tsai J-J, Cromwell O, Kay AB. The identifi-
cation and partial characterization of a human mononuclear
cell-derived neutrophil chemotactic factor apparently distinct
from IL-1, IL-2, GM-CSF, TNF, and IFN-gamma. Immu-
nology 1988;64:219-25.

Lee L-Y, Bleecker ER, Nadel JA. Effect of ozone on bron-
chomotor response to inhaled histamine aerosol in dogs.
J Appl Physiol 1977;43:626-31.

Chung KF, Becker AB, Lazarus SC, Frick OL, Nadel JA,
Gold WM. Antigen-induced airway hyperresponsiveness and
pulmonary inflammation in allergic dogs. J Appl! Physiol
1985;558:1347-53,

Murphy KR, Wilson MC, Irvin CG, et al. The requirement
for polymorphonuclear leukocytes on the late asthmatic re-
sponse and heightened airways reactivity in an animal model.
Am Rev Respir Dis 1986;134:62-8.

Holtzman MJ, Fabbri LM, O’Byme PH, et al. Importance of
airway inflammation for hyperresponsiveness induced by
ozone in dogs. Am Rev Respir Dis 1983;127:686-90.
O’Byme PH, Walters EH, Gold BD, et al. Neutrophil de-
pletion inhibits airway hyperresponsiveness induced by ozone
exposure. Am Rev Respir Dis 1984;130:214-9.

. Marsh WR, Irvin CG, Murphy KR, Behrens BL, Larsen GL:

Increases in airway reactivity to histamine and inflammatory
cells in bronchoalveolar lavage after the late asthmatic re-
sponse in an animal model. Am Rev Respir Dis 1985;131:
875-9.

Hutchinson AA, Hinson JM Jr, Brigham KL, Snapper JR.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Asthma and inflammation 907

Effect of endotoxin on airway responsiveness to aerosol his-
tamine in sheep. J Appl Physiol 1983;54:1463-8.

. Hinson JM Jr, Hutchinson AA, Brigham KL, Meyrick BO,

Snapper JR. Effect of granulocyte depletion on pulmonary
responsiveness to aerosol histamine. J Appl Physiol 1984;
56:411-7.

Abraham WM, Perruchoud AP, Sielczak MW, Yerger LD,
Stevenson JS. Airway inflammation during antigen-induced
late bronchial obstruction. Prog Respir Res 1985;19:48-88.
Irvin CG, Berend N, Henson PM. Airways hyperreactivity
and inflammation produced by aerosolization of human C5a
des arg. Am Rev Respir Dis 1986;134:777-83.

Irvin CG, Baltopoulos G, Henson P. Airways hyperreactivity
produced by products from phagocytosing neutrophils [Ab-
stract]. Am Rev Respir Dis 1985;131:A278.

Hutson PA, Church MK, Clay TP, Miller P, Holgate ST. Early
and late phase bronchoconstriction after allergen challenge of
nonanesthetised guinea pigs. 1. The association of disordered
airway physiology to leucocyte infiltration. Am Rev Respir
Dis 1988;137:548-57.

Church MK, Hutson PA, Holgate ST. Comparison of nedo-
cromil sodium and albuterol against late phase bronchocon-
striction and cellular infiltration in guinea pigs {Abstract]. Am
Rev Respir Dis 1988;137:136.

Diaz P, Galleguillos FR, Gonzalez MC, Pantin CFA, Kay
AB. Bronchoalveolar lavage in asthma: the effect of disodium
cromoglycate (cromolyn) on leukocyte counts, immunoglob-
ulins, and complement. J ALLERGY CLIN IMMUNOL 1984;
74:41-8.

Martin RJ, Cicutto LC, Ballard RD, Szefler SJ. Airway in-
flammation in nocturnal asthma. Am Rev Respir Dis 1988;
137:284.

Laitinen LA, Heino M, Laitinen A, Kava T, Haahtela T.
Damage to the airway epithelium and bronchial reactivity in
patients with asthma. Am Rev Respir Dis 1985;131:599-606.
Salvato G. Some histological changes in chronic bronchitis
and asthma. Thorax 1968;23:168-72.

Durham SR, Kay AB. Eosinophils, bronchial hyperreactivity
and late-phase asthmatic reactions. Clin Allergy 1985;15:411-
18.

Frick WE, Sedgwick JB, Busse WW. The appearance
of hypodense eosinophils in antigen-dependent late phase
asthma. Am Rev Respir Dis 1989;139:1401-6.

Gundel RH, Gerritsen ME, Wegner CD. Antigen-coated Se-
pharose beads induce airway eosinophilia and airway hyper-
responsiveness in cynomoigus monkeys. Am Rev Respir Dis
1989;140:629-33.

de Monchy JG, Kauffman HF, Venge P, et al. Bronchoal-
veolar eosinophils during allergen-induced late asthmatic re-
actions. Am Rev Respir Dis 1985;131:373-6.

Metzger WJ, Zavala D, Richerson HB, et al. Local allergen
challenge and bronchoalveolar lavage of allergic asthmatic
lungs: description of the model and local airway inflamma-
tion. Am Rev Respir Dis 1987;135:433-40.

Gleich GJ, Frigas E, Loegering DA, Wassom DL, Steinmuller
D. Cytotoxic properties of the eosinophil major basic protein.
J Immunol 1979;123:2925-7.

Flavahan NA, Slifman NR, Gileich GJ, Vanhoutte PM. Hu-
man eosinophil major basic protein causes hyperreactivity of
respiratory smooth muscle. Am Rev Respir Dis 1988;
138:685-8.

Gundel RH, Wegner CD, Letts LG, Gleich GJ. Human eo-
sinophil major basic protein induces airway constriction and
airway hyperresponsiveness in primates [in press]. J Clin
Invest.

Jorg A, Henderson WR, Murphy RC, Klebanoff JJ. Leu-



908 Kay

65.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

kotriene generation by eosinophils. J Exp Med 1982,155:390-
402.

Weller PF, Lee CW, Foster DW, Corey EJ, Austen KF, Lewis
RA. Generation and metabolism of 5-lipoxygenase pathway
leukotrienes by human cosinophils: predominant production
of leukotriene C,. Proc Natl Acad Sci USA 1983:80:7626-
30.

. Shaw RJ, Cromwell O, Kay AB. Preferential generation of

leukotriene C, by human cosinophils. Clin Exp Immunol
1984:56:716-22.

Shaw RJ, Walsh GM, Cromwell O, Mogbel R, Spry CJF,
Kay AB. Activated human eosinophils generate SRS-A leu-
kotrienes following physiological (IgG-dependent) stimula-
tion. Naturc 1985;316:150-2.

Mogbe!l R, MacDonald AJ. Kay AB. Release of leukotriene
C, (LTC,) from human eosinophils following adherence to
IgE- and IgG-coated schistosomula of Schistosoma mansoni.
Immunology 1990;69:435-42.

Wardlaw AJ, Hay H, Cromwell O, Collins JV, Kay AB.
Lcukotrienes, LTC, and LTB,, in bronchoalveolar lavage fluid
in bronchial asthma and other respiratory discases. J ALLERGY
CrIN IMMUNOL 1989:84:19-26.

Lee TC. Lenihan DJ, Malone B, Ruddy LL, Wasserman SI.
Increased biosynthesis of platelet-activating factor in activated
human eosinophils. J Biol Chem 1984;259:5520-30.

Nisse O, Lindau M. Cromwell O, Kay AB, Gomperts B.
Intracellular application of GTP-gamma-S induces exocytotic
granule fusion in guinca pig cosinophils. J Exp Med
1990;171:775-86.

Wardlaw AJ, Mogbel R, Cromwell O. Kay AB. Platelet-
activating factor: a potent chemotactic and chemokinetic fac-
tor for human cosinophils. J Clin Invest 1986:78:1701-6.
Kimani G, Tonnesen MG, Henson PM: Stimulation of eo-
sinophil adherence to human vascular endothelial cells in vitro
by platelet-activating factor. J Immunol 1988:140:3161-6.
Cuss FM. Dixon CM, Barnes PJ. Effects of platelet-activating
factor on pulmonary function and bronchial responsiveness
in man. Lancet 1986;2:189-92.

Henocq E. Vargaftig BB. Accumulation of cosinophils in
response to intracutancous PAF-acether and allergens in man.
Lancet 1986:1:1378-9.

Henocq E, Rihoux JP. Does reversed type anaphylaxis in
healthy subjects mimic a real allergic reaction? Clin Exp
Allergy 1990:20:269-72.

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

Yamaguchi Y. Hayashi Y, Sugama Y, ct al. Highly purificd
murine interleukin-$ (IL-5) stimulates cosinophil function and
prolongs in vitro survival: IL-5 is an eosinophil chemotactic
factor. J Exp Med 1988:167:1737-42.

Walsh GM. Hartnell A, Wardlaw AJ, Kurihara K. Sanderson
CJ. Kay AB. IL-5 ¢nhances the in vitro adhesion of human
eosinophils but not neutrophils. in a leucocyte integrin
(CD11/18)-dependent manner. Immunology 1990:71:258-65.
Rothlein R, Dustin ML, Marlin SD, Springer TA. A human
intercellular adhesion molecule (ICAM-1) distinct from LFA-
1. J Immunol 1986:137:1270-4.

Dustin ML. Rothlein R. Bhan AK, Dinarello CA. Springer
TA. Induction by IL-1 and interferon-gamma: tissue distri-
bution, biochemistry. and function of a natural adherence
molecule (ICAM-1). J Immunol 1986;137:245-54.

Wegner CD. Gundel RH, Reilly P. Haynes N. Letts L.G,

83,

84,

86.

87.

88.

89.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100

43 ALLERGY G 82MUNC.

AAY 19¢

Rothlein R. Intercellular adhesion molecule-t 11CAM-1:
the pathogenesis of asthma. Science 1990.247:456-4
Mentzer SJ. Burakoft SJ, Faller DV. Adhesior ot |
lymphocytes to human endothelial cells 1s reguiatad by the
LFA-1 membrane molecule. J Cell Physiol 1986:126 285.90
Lamas AM, Marcotte GV, Schleimer RP. Humarn cidothelia
cells prolong eosinophil survival: reguiation by cvtoxines and
glucocorticoids. J Immunol 1989:142:3978-84

. McFadden ER Jr. Corticosteroids and cromolyn swdii
modulators of atrway inflammation. Chest [985:9< 18] 4
Yukawa T. Krocgel C. Chanez P, et al. Effect of theophylline
and adenosine on eosinophil function. Am Rev Respir Dis
1989;140:327-33.

Irani A-M, Schwartz LLB. Mast cell heterogeneny. ¢ hin Exp
Allergy 1989:19:143-55.

Howarth PH. Durham SR. Lec TH. Kay AB. Church MK
Holgate ST. Influence of albuterol. cromolyn sodium. and
ipratropium bromide on the airway and circulating mediator
responses to antigen bronchial provocation in asthnmia A
Rev Respir Dis 1985:132:986-92

Holgate ST, Church MK, Cushley MJ, Robinson C. Mann
JS. Howarth PH. Pharmacological modulation ot airway cal-
ibre and mediator release in human models of bronchial
asthma. In: Kay AB. Austen KF. Lichtenstein .M. cds.
Asthma: physiology. immunopharmacology. and treatment.
London: Academic Press, 1984:391-415.

. Burge PS. Efthimiou J. Tumner-Warwick M. Nelmes TJ.
Double-blind trials of inhaled beclomethasone dipropionate
and fluocortin butyl ester in allergen-induced immediate and
late asthmatic reactions. Clin Allergy 1982:12:523.31]

King SJ. Miller HRP, Newlands GFJ. Woodbury RG. De-
pletion of mucosal mast cell protease by corticosteroids: effect
on intestinal anaphylaxis in the rat. Proc Natl Acad Sci USA
1985:82:1214-8.

Otsuka H. Denburg JA, Befus AD. ct al. Effect of beelo
methasone dipropionate on nasal metachromauc cell subpop-
ulations. Chin Allergy 1986:16:589.95.

Lee TH. Brown MJ. Nagy L. Causon R, Walpori MJ. Kay
AB. Exercise-induced release of histamine and neutrophil
chemotactic factors in atopic asthmatics. J AtlLtRGY CLIN
IMMUNOL 1982.70:73-81.

Casale TB. Wood D. Richerson HB, Zehr B, Zavala D. Hun-
ninghake GW. Direct evidence of a role for mast cells in the
pathogenesis of antigen-induced bronchoconstriction. J Clin
Invest 1987:80:1507-11.

de Monchy JG. Keyzer JJ. Kauffman HEF, Beaumont b, de
Vries K. Histamine in late asthmatic reactions following house
dust mite inhalation. Agents Actions 1985;16:252-5.
Metzger WJ. Richerson HB. Warden K. Monick M, Hun-
ninghake GW. Bronchoalveolar favage of allergic asthmatic
patients following allergen provocation. Chest 1986;89:477-
83.

Lee TH. Assouti BK, Kay AB. The link between exercise.
respiratory heat exchange. and the mast cell in bronchial
asthma. Lancet 1983:1:520-2.

Behrens BL, Clark RAF. Marsh W, Larsen Gl.. Modulation
of the late asthmatic response by antigen-specific immuno-
globulin G in an animal model. Am Rev Respir Dis
1984:130:1134-9.

Wodnar-Filipowicz A. Heusser CH, Moront C. Production
of the haemopoietic growth factors GM-CSF and interlcukin-
3 by mast cells in response to IgE receptor-mediated acti-
vation. Nature 1989:339:150-2.

. Burd PR, Rogers HW. Gordon JR. et al. Interleukin-3-



VOLUME 87
NUMBER 5

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113,

114.

115.

116.

117.

dependent and independent mast cells stimulated with IgE
and antigen express multiple cytokines. J Exp Med 1989;
170:245-57.

Wardlaw AJ, Cromwell O, Celestino D, Fitzharris P, Geddes
DM, Collins JV, Kay AB. Morphological and secretory prop-
erties of bronchoalveolar lavage mast cells in respiratory dis-
eases. Clin Allergy 1986;16:163-73.

Holt PG, Schon-Hegrad MA, Phillips MJ, McMenamin PG.
la-positive dendritic cells form a tightly meshed network
within the human airway epithelium. Clin Exp Allergy
1989;19:597-601.

Holt PG, Schon-Hegrad MA, Oliver JJ. MHC class II antigen-
bearing dendritic cells in pulmonary tissues of the rat: reg-
ulation of antigen presentation activity by endogenous mac-
rophage populations. J Exp Med 1988;167:262-74.
Melewicz FM, Kline NE, Cohen AB, Spiegelberg HL. Char-
acterization of Fc receptor for IgE on human alveolar mac-
rophages. Clin Exp Immunol 1982;49:364-70.

Joseph M, Tonnel AB, Torpier G, Capron A, Aroux B,
Benveniste J. Involvement of IgE in the secretory processes
of alveolar macrophages from asthmatic patients. J Clin Invest
1983;71:221-30.

Capron M, Jouault T, Prin C, et al. Functional study of a
monoclonal antibody to IgE-Fc receptor of eosinophils,
platelets, and macrophages (Fc R,). ] Exp Med 1986;164:
72-89.

Tonnel AB, Gosset P, Joseph M, Fournier E, Capron A.
Stimulation of alveolar macrophages in asthmatic patients
after local provocation test. Lancet 1983;1:1406-8.

Kay AB, Diaz P, Carmichael J, Grant IWB. Corticosteroid-
resistant chronic asthma and monocyte complement receptors.
Clin Exp Immunol 1981;44:576-80.

Wilkinson JRW, Crea AEG, Clark TJH, Lee TH. Identifi-
cation and characterisation of a monocyte-derived neutrophil-
activating factor in corticosteroid-resistant bronchial asthma.
J Clin Invest 1989;84:1930-41.

Haslett C, Henson PM. Resolution of inflammation. In: Clark
RAF, Henson PM, eds. The molecular and cellular biology
of wound repair. New York: Plenum Publishing, Chap 7,
1988:185-211.

Mazzoni L, Morley J, Page CP, Sanjar S. Induction of airway
hyperreactivity by platelet-activating factor in the guinea pig.
J Physiol 1985;365:107P.

Vargaftig BB, Lefort J, Chignard M, Benveniste J. Platelet-
activating factor induces a platelet-dependent bronchocon-
striction unrelated to the formation of prostaglandin deriva-
tives. Eur J Pharmacol 1980;65:185-92.

Stimler NP, O’Flaherty JT. Spasmogenic properties of
platelet-activating factor: evidence for a direct mechanism in
the contractile response of pulmonary tissue. Am J Pathol
1983;113:75-84.

Lefort J, Rotilio D, Vargaftig BB. The platelet-independent
release of thromboxane A, by PAF-acether from guinea pig
lungs involves mechanisms distinct from those for leuko-
triene. Br J Pharmacol 1984;82:565-75.

Metzger WJ, Hunninghake GW, Richerson HB. Late asth-
matic reactions: inquiry into mechanisms and significance.
Clin Rev Allergy 1985;3:145-65.

Lellouch-tubiana A, Lefoit J, Pirotzky E, Vargaftig BB, Pfis-
ter A. Ultrastructural evidence for extravascular platelet re-
cruitment in the lung upon intravenous injection of platelet-
activating factor (PAF-acether) to guinea pigs. Br J Exp Pathol
1985;66:345-55.

Knauer KA, Lichtenstein LM, Adkinson NF Jr, Fish JE.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Asthma and inflammation 909

Platelet activation during antigen-induced airway reactions in
asthmatic subjects. N Engl J Med 1981;304:1404-7.
Durham SR, Dawes J, Kay AB. Platelets in asthma. Lancet
1985;2:36.

Joseph M, Auriault C, Capron A, Vorng H, Viens P. A new
function for platelets: IgE-dependent killing of schisotsomes.
Nature 1983;303:310-2.

Leung DYM, Geha RS. Regulation of the human IgE antibody
response. Intern Rev Immunol 1987;2:75-91.

Jeffery PK, Nelson FC, Wardlaw AJ, Kay AB. Quantitative
analysis of bronchial biopsies in asthma. Am Rev Respir Dis
1987;135:A316.

Timonen T, Stenius-Aarnala B. Natural killer cell activity in
asthma. Clin Exp Immunol 1985;59:85-90.

Poznansky MC, Gordon ACH, Grant IWB, Wyllie AH. A
cellular abnormality in glucocorticoid resistant asthma. Clin
Exp Immunol 1985;61:135-42.

Poznansky MC, Gordon ACH, Douglas JG, Krajewski AS,
Wyllie AH, Grant IWB. Resistance to methylprednisolone
in cultures of blood mononuclear cells from glucocorticoid-
resistant asthmatic patients. Clin Sci 1984;67:639-45.
Harper TB, Gaumer HR, Waring W, Brannon RB, Salvaggio
JE. A comparison of cell-mediated immunity and suppressor
T cell function in asthmatic and normal children. Clin Allergy
1980;10:555-63.

Rola-Pleszczynski M, Blanchard R. Suppressor cell function
in respiratory allergy. Int Arch Allergy Appl Immunol
1981;64:361-70.

Rivlin J, Kuperman O, Freier S, Godfrey S. Suppressor
T-lymphocyte activity in wheezy children with and with-
out treatment by hyposensitization. Clin Allergy 1981;11:
353-6.

Hwang KC, Fikrig SM, Friedman HM, Gupta S. Deficient
concanavalin A-induced suppressor-cell activity in patients
with bronchial asthma, allergic rhinitis, and atopic dermatitis.
Clin Allergy 1985;15:67-72.

Iifeld D, Kivity S, Feierman E, Topilsky M, Kuperman O.
Effects of in vitro colchicine and oral theophylline on sup-
pressor cell function of asthmatic patients. Clin Exp Immunol
1985;61:360-7.

Rocklin RE, Sheffer AL, Greineder DR, Melmon KL. Gen-
eration of antigen-specific suppressor cells during allergy de-
sensitization. N Engl J Med 1980;302:1213-9.

Gerblich AA, Campbell AE, Schuyler MR. Changes in T-
lymphocyte subpopulations after antigenic bronchial provo-
cation in asthmatics. N Engl J Med 1984;310:1349-52.
Gonzalez MC, Diaz P, Galleguillos FR, Ancic P, Cromwell
O, Kay AB. Allergen-induced recruitment of bronchoalveolar
(OKT#4) and suppressor (OKT8) cells in asthma: relative in-
creases in OKT8 cells in single early responders compared
with those in late-phase responders. Am Rev Respir Dis
1987;136:600-4.

Frew AJ, Kay AB. The relationship between infiltrating
CD4" lymphocytes, activated eosinophils, and the magni-
tude of the allergen-induced late phase cutaneous reaction.
J Immunol 1988;141:4158-64.

Mosmann T, Coffman RL. THI1 and TH2 cells: different
patterns of lymphokine secretion lead to different functional
properties. Ann Rev Immunol 1989;7:145.

van Leuwen BH, Martinson ME, Webb CG, Young IG. Mo-
lecular organization of the cytokine gene cluster, involving
the human IL-3, IL-4, IL-5, and GM-CSF genes, on human
chromosome 5. Blood 1989;73:1142.

Wierenga EA, Snoek M, De Groot C, et al. Evidence



910 Kay

137.

138.

139.

for compartmentalization of functional subsets of CD4* T-
lymphocytes in atopic patients. J Immunol 1990.144:4651.
Kay AB, Sun Ying, Vamey V, et al. Messenger RNA expres-
sion of the cytokine gene cluster, IL-3, IL-5, and GM-CSF.
in allergen-induced late-phase cutaneous reactions in atopic
subjects. J Exp Med 1991:173:775.

Plaut M, Pierce JH, Watson CJ, Hanley-Hyde J. Nordan RP.
Paul WE. Mast cell lines produce lymphokines in response
to cross-linkage of Fc-epsilon RI or to calcium ionophores.
Nature 1989;339:64.

Street NE, Schumacher JH, Fong TAT, et al. Heterogeneity
of mouse helper T cells: evidence from bulk cultures and
limiting ditution cloning for precursors of Th1 and Th2 cells.
J Immunol 1990;144:1629.

. Hamid Q, Azzawi M, Sun Ying, et al. Expression of mRNA

for interleukin-5 in mucosal bronchial biopsies from asthma
lin press]. J Clin Invest.

141.

144.

145.

< ALLERGY CLIN. IMMUNOL.
MAY 1961

Frew AJ, Mogbel R, Azzawi M. ct al. T-lymphocyies and
eostnophils in allergen-induced late phase asthmatic reac-
tions in the guinea pig. Am Rev Respir Dis 1990:141:407-
13.

. Corrigan CJ, Hartnell A. Kay AB. T-lymphocyte activation

in acute severe asthma. Lancet 1988:1:1129-32

. Corrigan CJ. Kay AB. CD4 T-lymphocyte activation in acule

severe asthma: relationship to disease severity and atopic stu-
tus. Am Rev Respir Dis 1990:141:970-7

Burrows B. Martinez FD. Halonen M. Barbee RA. Chne
MG. Association of asthma with serum IgE levels and skin-
test reactivity to allergens. N Engl J Med 1989:320:271.7.
Josephs LK. Gregg 1. Mullee MA. Holgate ST Nonspecific
bronchial reactivity and its relationship to the clinical expres
sion of asthma. Am Rev Respir Dis 1989:140:350.7

Raymond G. Slavin, MD (USA).

AVAILABLE NOW! The PROCEEDINGS OF THE INTERNATIONAL CONGRESS OF
ALLERGOLOGY AND CLINICAL IMMUNOLOGY can be purchased from the Publisher.
This collection of *‘state-of-the-art’’ presentations from the XII Congress held October 20-
25, 1985, in Washington, D.C., brings together the current advances in basic and applied
aspects of allergy and allergic diseases. It includes 528 pages covering such topics as IgE,
roles of the different cell types and their products, clinical problems, asthma, rhinitis, and
reactions to foods and drugs and occupational agents, collected and reviewed by Editor
Charles E. Reed, MD (USA) and Associate Editors Joseph Bellanti, MD (USA), Robert J.
Davies, MD (UK), Sidney Friedlaender, MD (USA), Albert Oehling. MD (Spain), and

To purchase, call or write: Mosby—Year Book, Inc., 11830 Westline Industrial Dr.,
St. Louis, MO 63146-3318, or telephone FREE 1-800-325-4177. Joumal Fulfillment, ext.
4351 (in Missouri call collect at 314-872-8370, Journal Fulfillment, ext. 4351). Prepayment
required. Make checks payable to Mosby—Year Book, Inc. (All payments must be in US
funds drawn on a US bank.) Price: $36.50 in the US, $40.50 in Canada, and $41.50
international (surface shipping charges included).




