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Abstract

Wehave examined the effects of direct intratracheal instilla-
tion of purified eosinophil granule proteins on pulmonary func-
tion and airway responsiveness in primates. The results of this
study show for the first time that installation of major basic
protein (MBP) directly into the trachea of primates results in a
significant and dose-related increase in airway responsiveness
to inhaled methacholine. Furthermore, MBPand eosinophil
peroxidase (EPO) induce a transient bronchoconstriction imme-
diately after instillation that resolves by 1 h postinstillation. In
constrast, instillation of other eosinophil granule proteins had
no effect on airway responsiveness or pulmonary function.
These data indicate a direct role of the eosinophil in the patho-
genesis of airway hyperresponsiveness.

Wesuggest that the MBPof human eosinophils has an
effector role in the pathogenesis of airway hyperresponsiveness
which may involve active interaction with resident airway tissue
cells. MBPmay also mediate altered lung function in various
inflammatory lung diseases associated with pulmonary eosino-
philia. (J. Clin. Invest. 1991. 87:1470-1473.) Key words: eo-
sinophil granule proteins * airway hyperreactivity- bronchocon-
striction * monkeys * asthma

Introduction

Nonspecific airway hyperresponsiveness is defined as an ex-
treme bronchial sensitivity to pharmacological or physiological
stimuli and is a characteristic feature of bronchial asthma (1).
Whereas the underlying mechanism(s) in the pathogenesis of
acute and chronic airway hyperresponsiveness are largely un-
known, many recent studies have suggested an active role of
nonresident proinflammatory cells that infiltrate specific locali-
ties of the lung and which are capable of releasing potent pre-
formed and/or newly generated proinflammatory mediators
(2-4). In particular, an association between blood and lung
eosinophilia and bronchial asthma has been firmly established,
but the mechanism by which the eosinophil might produce
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bronchial hyperresponsiveness has been lacking. The most sug-
gestive studies to date have shown that the degree of peripheral
blood eosinophilia inversely correlates with the severity of
asthma (5).

Wehave previously demonstrated that repeated antigen in-
halation results in the development of persistent airway hy-
perresponsiveness (6). This chronic airway hyperresponsive-
ness correlated with both increased numbers of airway eosino-
phils and the amount of MBPrecovered in bronchoalveolar
lavage fluid in a primate model of extrinsic asthma. As a result
of these findings we reasoned that toxic cationic eosinophil
granule proteins, including the major basic protein (MBP).'
eosinophil cationic protein (ECP), eosinophil peroxidase
(EPO), and eosinophil-derived neurotoxin (EDN), might be
primary mediators capable of inducing airway hyperrespon-
siveness and thereby alter lung function. In this report we show
for the first time, that eosinophil-granule MBPcan induce
transient changes in lung function and airway responsiveness
in vivo providing direct evidence for an eosinophil contribu-
tion to pulmonary dysfunction in primates. Both MBPand
EPOcaused an acute, transient decrease in airway caliber oc-
curring immediately after instillation which was resolved by 60
min. However, only MBPinduced a dose-related increase in
airway responsiveness to inhaled methacholine 2 h postinstilla-
tion which returned to baseline values (preinstillation) by 4 h.
ECPand EDNhad no effect on airway responsiveness or pul-
monary function. These studies strongly suggest that MBP, a
component of the crystalline core of the eosinophil granule,
may be involved in the pathogenesis of acute airway hyperre-
sponsiveness and altered lung function seen in asthma and
other allergic inflammatory lung diseases.

Methods

Animals. The animals used in this study were wild-caught adult male
cynomolgus monkeys (Macaca fascicularis) weighing 3.5-7.5 kg
(Charles River Breeding Laboratories, Inc., Primate Imports, Port
Washington, NY). Each animal was housed individually in a specially
designed open mesh cage and provided with food twice a day and water
ad libitum.

Study protocol. Each animal was anesthetized with an intramuscu-
lar injection of ketamine (4 mg/kg; Ketaset, Myoderm Medical Supply,
Norristown, PA) and xylazine (1 mg/kg; Rompun, Miles Laboratories,
Inc., Naperville, IL), intubated with a cuffed endotracheal tube and
seated in an upright position in a specially designed support chair.
Ketamine (4 mg/kg, i.m.) was used as supplemental anesthesia as

1. Abbreviations used in this paper: ECP, eosinophil cationic protein,
EDN, eosinophil-derived neutrotoxin, EPO, eosinophil peroxidase,
MBP, major basic protein.
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needed. Baseline R. was monitored for 15 min followed by methacho-
line dose response determinations. After completion of the methacho-
line dose response each animal received an intratracheal injection of
either vehicle or purified eosinophil-derived granule protein. Rr, was
then monitored for 1 h postinstillation, after which the animals were
allowed to recover from anesthesia. At 2 and again at 4 h postinstilla-
tion each animal was anesthetized (ketamine/xylazine) and intubated,
and methacholine dose response determinations were carried out. The
study design was a modified cross-over in which each of the five ani-
mals received vehicle instillations and each of the purified granule pro-
teins in random order during separate experiments. Animals were
rested 3 to 4 wk between studies.

Intratracheal protein instillations. Eosinophil cytoplasmic granule
proteins were isolated and purified as previously described (7). Granule
proteins were stored at -701C until just before intratracheal instilla-
tion. Proteins were diluted in PBS(pH 7.0) to appropriate concentra-
tions (total volume instilled was 5 ml in each case) immediate before
instillation. Proteins were slowly infused into the trachea via a 20-cm-
long piece of PE 240 tubing attached to a 5-ml syringe.

Rrs measurements. Respiratory system impedance (Zn,) was mea-
sured by discrete frequency (4-40 Hz in eight equal logarithmic steps)
sinusoidal forced oscillations superimposed on tidal breathing as
previously described by Wegner and associates (8). The mean of the
real or in-phase component of Z,, over the entire frequency range was
then computed to provide a single value representation of Rr.

Methacholine dose-response determinations. To assess bronchial re-
sponsiveness to inhaled methacholine, cumulative dose response
curves were constructed by administering increasing concentrations of
methacholine until increases in R. of 100-200% were obtained. A ve-
hicle control challenge was performed before the first dose of metha-
choline. Changes in R., were measured at I and 3 min postaerosol
challenge. Aerosol challenges were separated by 5-8 min or until Rr
returned to baseline values.

Determination ofPCIOO values. Linear interpolation on a logarith-
mic scale was used to estimate the dose at which a 100% increase in Rrs
would have occurred.

Statistical analysis. Changes in methacholine PCOOvalues were
evaluated statistically with the use of Fischer's paired t test. In each

case statistical significance was accepted when P < 0.05. Values are
means±SE.

Results

The acute effects of purified granule proteins on pulmonary
function were evaluated and the results are illustrated in Fig. 1.
MBP(1 mg) and EPO(2 mg) induced consistent increases in
R~, occurring immediately after administration, usually peak-
ing at 10 min, that were resolved to preinstillation levels by 60
min. ECP instillation caused an increase in two of the five
animals studied while instillation of EDNhad no effect on R,.

The effects of direct intratracheal instillation of purified
eosinophil-derived granule proteins on airway responsiveness
to inhaled methacholine were assessed and compared to the
effect of column buffer instillation in a randomized cross-over
study design in five animals. MBPinstillation resulted in a
dose-related decrease in the PC100 values for each animal indi-
cating an increase in airway sensitivity to inhaled methacholine
(Table I). The mean change in log PC100 values for 500 and
1,000 ,g MBPwere -0.39±0.13 and - 1.02±0.36, respectively.
MBP-induced increases in airway responsiveness were indi-
cated by a parallel shift to the left in the cumulative methacho-
line dose response curves (Fig. 2). Airway responsiveness re-
turned to baseline (preinstillation) levels 4 h post-MBP instilla-
tion. In contrast, instillation of ECP, EPO, EPO+ H202 + KI,
EDN, and column buffer (obtained during protein purifica-
tion) in the same group of animals did not significantly in-
crease airway responsiveness.

Discussion

Asthma is characterized by a large infiltration of eosinophils in
the bronchial mucosa (9). Studies have shown that eosinophil
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Table L Effects of Eosinophil Granule Proteins
on Airway Responsiveness

Substance Dose Change in log methacholine PC100

mg

MBP 0.5 -0.39±0.13*
1.0 - 1.02±0.36*

ECP 0.5 0.18±0.49
1.0 0.37±0.17

EPO 0.5 -0.03±0.27
1.0 -0.15±0.21
2.0 -0.09±0.20

EPO+ H202 +KI 1.0 -0.18±0.14
EDN 1.0 0.04±0.06
Buffer 0.02±0.08

* P < 0.05, x±SD, n = 5. H202 (2 X 10-1 M), KI (10-4 M).

counts and MBPlevels are elevated in BAL fluid obtained from
asthmatics as compared to nonasthmatics and correlate with
the severity of asthma (10). Furthermore, MBPhas been shown
to be localized on damaged epithelial surfaces and in mucus
plugs in the airways of patients who died from status asthmati-
cus (1 1). One hypothesis of the mechanism of action of eosino-
phil involvement in bronchial hyperresponsiveness has there-
fore focused on the cytotoxic effects of the eosinophil-derived
granule proteins (reviewed in reference 1 1). Data supporting
this hypothesis come from studies demonstrating that each of
the granule proteins, with the exception of EDN, are toxic to
guinea pig tracheal epithelium resulting in exfoliation and ci-
liostasis (12, 13). Exfoliation of epithelial cells may lead to hy-
perresponsive airways as many studies have demonstrated in-
creased responsiveness of airway smooth muscle to constrictor
mediators after the epithelium has been removed in vitro (1 1).
However, more recent studies have shown that MBP, at subcy-
totoxic concentrations, can increase the responsiveness of
smooth muscle, indicating that changes in responsiveness can
occur with an intact epithelium (14). Furthermore, data from
other studies have indicated that MBP-induced increases in
smooth muscle responsiveness may require an intact epithe-
lium and suggest the release of an epithelial-derived constrict-
ing factor(s) and/or the inhibition of a relaxing factor(s) (15,
16). In previous studies, wedemonstrated that repeated antigen
inhalation caused chronic airway eosinophilia and airway hy-
perresponsiveness in primates (6, 17). In those studies, the in-
crease in airway responsiveness directly correlated with the in-
crease in airway eosinophils (assessed by bronchoalveolar la-
vage BAL and histological examination) and the level of BAL
MBP. Histological examination of lung tissue demonstrated in
all cases an intact epithelium indicating that the increase in
airway responsiveness occurred without cell denudation rais-
ing the intriguing possibility that it maybe dependent on epithe-
lial cell integrity. The results of our present study are consistent
with this hypothesis in that increased responsiveness occurred
2 h post-MBP instillation and returned to baseline (preinstilla-
tion) values by 4 h. Thus, exfoliation of airway epithelial cells
seems unlikely to be involved in the presently observed in-
crease in airway responsiveness. A more likely explanation
may involve the interaction of MBPwith resident luminal/tis-
sue cells lining the airways. This interaction appears to be a

A

175

I 150-

3 125-

75-
5t 0

25

0O
O.<

B 200

175

W 150
c

3 125

g 100

75

1 50

25

0-0 Control
0-0 + 2 h

1.000

UMthooholn dos"
0-0 Control
0-0 +2 h

0

w~~~~~

o10 0.100 1.000 1 0.000
Uthachollne does

C 200.
175

.150.
C

2 125
0

I oo.E 10
4. 75.
E 50.

25

0-0 Control
0-0 +2 h

0/

o0.01
-

0.100 1.000

Methacholine dog

10.000

Figure 2. Methacholine dose response curves from one animal re-
ceiving intratracheal instillation of (A) column buffer, (B) MBP(0.5
mg), and (C) MBP(1.0 mg). MBPinstillation resulted in a dose-re-
lated increase in airway responsiveness to inhaled methacholine as
indicated by a shift to the left in dose response curves. The adminis-
tration of column buffer had no effect on airway responsiveness.

unique property of MBPas the other highly cationic molecules
did not produce the same effect on airway sensitivity. Thus, the
actions of MBPon the airways cannot be solely explained by
cationic charge alone. Other studies have demonstrated differ-
ential effects of MBPas well. For example, Zheutlin and co-
workers have shown that MBPinduces histamine release from
human basophils, whereas equimolar concentrations of ECP
and EDNwere ineffective (7). Thus, MBPmay induce the re-
lease of bronchoactive and vasoactive chemical mediators
which may alter the responsiveness of airway smooth muscle
and contribute to the pathogenesis of asthma and other inflam-
matory airway diseases.
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