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Abstract

Acid aspiration lung injury may be mediated primarily by
neutrophils recruited to the lung by acid-induced cytokines.
We hypothesized that a major acid-induced cytokine was
IL-8 and that a neutralizing anti-rabbit-IL-8 monoclonal
antibody (ARILS.2) would attenuate acid-induced lung in-
jury in rabbits. Hydrochloric acid (pH = 1.5 in ' normal
saline) or ; normal saline (4 ml/kg) was instilled into the
lungs of ventilated, anesthetized rabbits. The rabbits were
studied for 6 or 24 h. In acid-instilled rabbits without the
anti—IL-8 monoclonal antibody, severe lung injury devel-
oped in the first 6 h; in the long-term experiments, all rabbits
died with lung injury between 12 and 14 h. In acid-instilled
rabbits given the anti—IL-8 monoclonal antibody (2 mg/kg,
intravenously) either as pretreatment (5 min before the
acid) or as treatment (1 h after the acid), acid-induced
abnormalities in oxygenation and extravascular lung water
were prevented and extravascular protein accumulation was
reduced by 70%; in the long-term experiments, anti—IL-8
treatment similarly protected lung function throughout the
24-h period. The anti-IL-8 monoclonal antibody also sig-
nificantly reduced air space neutrophil counts and IL-8 con-
centrations. This study establishes IL-8 as a critical cytokine
for the development of acid-induced lung injury. Neutraliza-
tion of IL-8 may provide the first useful therapy for this
clinically important form of acute lung injury. (J. Clin. In-
vest. 1995. 96:107-116.) Key words: acute lung injury
edema - neutrophil-activating protein-1  lung endothelial
permeability

Introduction

Aspiration of gastric contents is the second most common clini-
cal event associated with the development of the adult respira-
tory distress syndrome (ARDS) and the mortality for ARDS
resulting from acid aspiration ranges from 40-50% (1, 2).
Although the acid itself may directly injure the lung, acid aspira-

Address correspondence to Hans G. Folkesson, Cardiovascular Research
Institute, University of California San Francisco, 505 Parnassus Avenue,
HSW-1346, Box 0130, San Francisco, CA 94143-0130. Phone: 415-
476-2807; FAX: 415-476-0722.

Received for publication 19 September 1994 and accepted in revised
form 8 March 1995.

J. Clin. Invest.

© The American Society for Clinical Investigation, Inc.
0021-9738/95/07/0107/10  $2.00

Volume 96, July 1995, 107-116

tion—induced acute lung injury may be mediated in part by
neutrophil-dependent mechanisms. In several studies, acid-in-
duced lung injury has been reduced either by blocking neutro-
phil products or by depleting neutrophils (3—9). Presumably,
acid aspiration induces neutrophil recruitment into the lung by
inducing the release of a variety of chemotactic and inflamma-
tory molecules chiefly from alveolar macrophages (3, 5-7).
Once recruited to the lung, neutrophils may then induce injury
upon binding to or migrating through the pulmonary capillary
endothelium (10-12). The major chemotactic stimulus for neu-
trophil recruitment into the lung after acid aspiration has not
been determined.

IL-8 has been proposed as a major chemotactic factor for
recruitment of neutrophils to extravascular sites of inflamma-
tion, including those in the lung (13, 14). Not only is IL-8
a potent chemoattractant for neutrophils, it also up-regulates
neutrophil £, adhesion receptors for endothelium (15), medi-
ates neutrophil migration across activated endothelium (16, 17),
and primes neutrophils for activation (18, 19). IL-8 is also
known to be produced by several cells in the lung, including
alveolar macrophages, alveolar type II epithelial cells, bronchial
epithelial cells, and pulmonary fibroblasts (20—24). In clinical
studies, measurements of IL-8 in edema fluid and bronchoal-
veolar lavage fluid support an important role for IL-8 in acute
lung injury (12, 25, 26). In one study of patients with acute
lung injury (12), higher IL-8 concentrations were associated
with an increase in mortality, and in a study of patients at risk
for acute lung injury, IL-8 concentrations were higher in those
who developed adult respiratory distress syndrome than in those
who did not (26). In two recent experimental studies in rats
and rabbits, antibodies to human IL-8 reduced neutrophil influx
and lung injury caused by IgG immune complexes (27) and
ischemia reperfusion (28). Based on these data, we hypothe-
sized that the lung injury after acid aspiration was mediated by
neutrophils recruited to the lung by IL-8.

The first objective of these studies was to determine if pre-
treatment with an anti—IL-8 antibody would reduce the magni-
tude of acute lung injury after acid aspiration. The anti—rabbit-
IL-8 antibody used in this studies (ARIL8.2) was developed
by us to be species-specific and was shown to be effective in
decreasing endotoxin-induced neutrophil influx into the pleural
space of rabbits by > 75% (29). Since the results of the pre-
treatment studies demonstrated a significant reduction in the
severity of the acute lung injury from acid aspiration, the second
objective was to determine if treatment with the anti—IL-8 anti-
body given 1 h after acid instillation would be effective in
both short-term (6 h) and long-term experiments (24 h). These
studies were designed to measure the three critical indices of
acute lung injury: gas exchange, lung fluid balance, and endo-
thelial barrier permeability to protein. To confirm the biologic
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activity of the anti—IL-8 antibody, the number of neutrophils
and the concentration of free IL-8 (not bound by the anti—IL-
8 monoclonal antibody) were measured in the air spaces at the
end of the experiment.

Methods

Animals, surgical preparations and ventilation. Male New Zealand
white rabbits (n = 34, weighing 2.5-3.5 kg; Nitabell, Hayward, CA)
were surgically prepared as described earlier (30). Briefly, the rabbits
were initially anesthetized using 4% halothane in 100% O, ; the anesthe-
sia was then maintained with 0.8% halothane in 100% O,. Pancuronium
bromide (0.3 mg/h X kg body weight; Pavulon®; Organon Diagnostic,
West Orange, NJ) was given intravenously for neuromuscular blockade.

A 22-gauge Angiocath® (Deseret Medical, Inc., Becton Dickinson
and Co., Sandy, UT) was inserted in the marginal ear vein for adminis-
tering fluid and drugs. A PE-90 (Clay Adams, Becton Dickinson and
Co., Parsippany, NJ) catheter was inserted in the right carotid artery to
monitor systemic blood pressure and to obtain blood samples. A 4.0-
mm inside diameter endotracheal tube was inserted through a tracheos-
tomy. The rabbits were maintained in the prone position during the
experiments and ventilated with a constant-volume piston pump (Har-
vard Apparatus Co., S. Natick, MA) with an inspired oxygen fraction
of 1.0 and with a peak airway pressure of 15-18 cm H,O during
the baseline period, and supplemented with a positive end-expiratory
pressure of 4 cm H,0. During the baseline period, the respiratory
rate was adjusted to maintain the arterial Pco, between 35-40 mmHg.
Thereafter, the ventilator settings were kept constant throughout the
experiment.

The protocol for the studies was approved by the University of
California San Francisco Animal Research Committee.

Preparation of the instillate. A solution of 100 mOsm/kg of NaCl
('/; normal saline) was prepared with isotonic 0.9% saline and distilled
water. The '/ normal osmolality was chosen to match the osmolality
of gastric aspirates. Then, HCl was added to the solution and titrated
to a pH of 1.5. In the negative control studies, '; normal saline was
used as the instillate. Evans blue dye (1 mg; Aldrich Chemical Co. Inc.,
Milwaukee, WI) was added to all instillates to confirm at postmortem
examination that the instilled fluid was distributed equally to both lungs.

. Generation of the monoclonal antibody to rabbit rIL-8. The genera-
tion of the mAb to rabbit recombinant IL-8 (rIL-8)' (ARILS8.2) has
been described in detail (29). ARIL8.2 was selected by virtue of its
ability to recognize rabbit IL-8, to inhibit binding of '*I-labeled rabbit
rIL-8 to its receptor, to block rabbit rIL-8—induced signal transduction
via its receptor, and to inhibit rabbit rIL-8—induced chemotactic activity
for rabbit neutrophils (29). ARIL8.2 had a high affinity for rabbit IL-
8 (K4 = 0.42 nM). ARILS.2 did cross-react with human IL-8, but not
with closely related cytokines (hnMGSA, platelet factor-4, 8-thrombo-
globulin), other human cytokines (IL-18, TNF-a), or other chemotactic
factors (FMLP, C5a). The antibody preparation was sterile filtered and
by Limulus assay endotoxin was undetectable.

General experimental protocol. In all experiments, after the surgical
preparations, a 1-h baseline of stable heart rate, systemic blood pressure,
and arterial blood gases was required before the instillation. 15 min
into the baseline period, 3 uCi '*'I-labeled human serum albumin ('*'I-
albumin; Frosst Laboratories, Montreal, Canada) was injected intrave-
nously as a vascular tracer protein. Blood samples were obtained every
15 min for the remaining 45 min of the baseline period. The vascular
tracer was used to calculate the flux of plasma protein into the extravas-
cular spaces of the lung.

For the instillation, a tubing (5 Fr., Accumark® Premarked Feeding
Catheter; Concord/Portex, Keene, NH) was gently passed through the

1. Abbreviation used in this paper: rIL, recombinant IL.

tracheal tube until it was placed ~ 1 cm above the carina. Then, HC1
or ' normal saline (4 ml/kg body weight) was instilled into both
lungs over 3 min. After the instillation was completed, the tubing was
withdrawn.

30 min after the instillation and hourly thereafter during the 6- or
24-h experimental periods, blood was sampled.

At the end of the 6- or 24-h experiments, the abdomen was opened
and the rabbit was exsanguinated by transection of the abdominal aorta.
The lungs were removed through a median sternotomy. An alveolar
sample was aspirated via a sampling catheter gently passed through the
trachea to a wedged position in a distal airway. Then, the left lung was
clamped at the main bronchus for later use in extravascular lung water
and tracer protein measurements (see below). The right lung was then
lavaged two times, using 6 ml of isoosmolar 0.9% NaCl containing 12
mM lidocaine (Sigma Chemical Co., St. Louis, MO) each time.

The radioactivity of the samples was measured. Total and differential

~ cell counts were measured on the blood and bronchoalveolar lavage

samples. The total cell counts were calculated as cells per milliliter
lavage multiplied by the lavage volume used (12 ml). Free, unbound
IL-8 levels were measured in the plasma samples and the alveolar sam-
ples (see below).

By TCA precipitation of the instillates and selected samples from
each experiment, it was established that the vascular tracer *'I remained
> 98% bound to protein.

Specific experimental protocol. There were seven experimental
groups. Six of these groups received HCl instillation and one received
!5 normal saline instillation.

In the positive control group (n = 10), 5 min before the HCl
instillation, the rabbits received either 0.9% NaCl (2 ml/kg body wt)
or an irrelevant monoclonal antibody (2 mg/kg body wt) intravenously
and were studied for 6 h. The irrelevant monoclonal antibody was of
the same isotype as ARIL8.2 (IgG2a) and directed against the gp120
envelope protein on the human immunodeficiency virus (29). Because
there were no differences in the studied parameters, the rabbits given
the irrelevant monoclonal antibody and those given NaCl intravenously
were combined into one group.

In the pretreatment group (n = 6), 5 min before the HCl instillation,
the rabbits received the monoclonal antibody against IL-8 (ARILS.2, 2
mg/kg body wt) intravenously and were studied for 6 h.

In the treatment group (n = 6), 1 h after the HCI instillation, the
rabbits received ARIL8.2 (2 mg/kg body wt) intravenously and were
studied for 6 h.

In the negative control group (n = 4), 5 min before the '/; normal
saline instillation, the rabbits received 0.9% NaCl (2 ml/kg body wt)
intravenously and were studied for 6 h. i

In the neutrophil-depleted group (n = 4), all circulating neutrophils
had first been depleted by administering vinblastine sulfate (0.75 mg/
kg body wt; Sigma Chemical Co.) in the marginal ear vein 4 d before
the experiment. On the day before the experiment, the depletion of
circulating neutrophils was confirmed by finding no neutrophils on a
blood smear stained with modified May-Griinwald Giemsa. On the day
of the experiment, the rabbits received the HCI instillation and were
studied for 6 h.

In the positive control (long-term) group (n = 3), 1 h after the HCI
instillation, the rabbits received the irrelevant monoclonal antibody, anti-
gp120 (2 mg/kg body wt) intravenously. The experiments were planned
for 24 h, however all rabbits in this group died between 12—14 h after
the HCI instillation.

In the treatment (long-term) group (n = 3), 1 h after the HCl
instillation, the rabbits received ARIL8.2 (2 mg/kg body wt) intrave-
nously. The rabbits were then studied for 24 h.

Hemodynamics, airway pressure, and arterial blood gases. The
heart rate, systemic blood pressure, and airway pressure were measured
using calibrated pressure transducers (Pd23 inside diameter; Gould Inc.,
Oxnard, CA) and recorded continuously on a polygraph (model 7; Grass
Instrument Co., Quincy, MA). Arterial blood gases and pH and the
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systemic arterial pressure were measured every 30 min. The alveolar-
arterial oxygen difference was calculated.

Extravascular lung water. Our method for the determination of
extravascular lung water has been described previously in detail (31,
32). In brief, the left lung was homogenized and the extravascular
lung water was determined by measuring the extravascular water-to-dry
weight ratio (gram water/gram dry lung). Because the right lung was
lavaged for cell counts, the data for extravascular lung water was ob-
tained for the left lung only. The bronchoalveolar lavage from the right
lung and the homogenates from both lungs were used for measurement
of radioactivity (see below). .

Lung vascular permeability. For measurement of lung endothelial
permeability to protein, the clearance of the vascular tracer protein, '*'I-
albumin, across the endothelium into the extravascular compartments
of the lungs was measured. The total extravascular '*'I-albumin accumu-
lation in the lung was calculated by taking the total lung '*'I-albumin
(in lung homogenate and in the alveolar samples) and subtracting the
vascular space *'I-albumin. The '*'I-albumin in the vascular space was
calculated by multiplying the counts in the final plasma sample by the
calculated plasma volume in the lungs, as we have done previously (31,
32). The extravascular accumulation of '*'I-albumin in the lung was
expressed as plasma equivalents, or the milliliters of plasma that would
account for the radioactivity in the lung.

Measurement of free IL-8 concentrations. The concentrations of free
IL-8, not bound by the anti—IL-8 monoclonal antibody, were measured
by ELISA in plasma, in the final alveolar sample, and in the bronchoal-
veolar lavage fluid as described (29). In this assay ARIL8.2 was used
as the primary capture mAb so that it would not capture IL-8 already
bound to ARILS8.2. Microtiter plates (96-well; Alameda Chemical &
Science, Oakland, CA) were coated with ARIL8.2 (10 pg/ml), and
then blotted dry and blocked with PBS containing 0.5% BSA (Sigma
Chemical Co.) for 1 h. Standards of rabbit rIL.-8 mixed with ARILS.2,
plasma samples and alveolar samples in several dilutions were added
to the wells for a 1-h incubation. After washing, the secondary antibody
(8C1.1.6), conjugated to long-arm biotin (Biotin-S-NHS; Research Or-
ganics, Inc., Cleveland, OH), was added for 2 h followed by horseradish
peroxidase—conjugated streptavidin (1:5,000; Zymed Laboratories, Inc.,
South San Francisco, CA) for 1 h. Tetramethyl benzidine (TMB, 2
component system; Kirkegaard & Perry Laboratories, Inc., Gaithers-
burg, MD) was then added and color was allowed to develop in room
temperature for 10 min. Optical density was then measured with an
ELISA plate reader at a wave length of 405 nm. Sample values were
determined by interpolation using a 4-parameter program (Genentech
Inc., South San Francisco, CA) from a standard curve generated over
a range of 2,000-31 pg/ml. For the nonneutralized samples, the results
for the dilutions were averaged over their linear range. However, when
detecting antigen in the presence of a soluble antibody identical to the
capture antibody, an ELISA can be nonlinear at increasing dilutions,
perhaps because antigen dissociates from the soluble antibody and is
subsequently bound by the capture antibody. Therefore, for the neutral-
ized samples, we chose the lowest dilution (1:10) for quantitating free
IL-8, knowing that this may still be an overestimate of the free IL-8
present. When testing the ELISA with standards of rabbit rIL-8 mixed
with ARIL8.2, we found that, as ARIL8.2 concentrations increased, the
free IL-8 detected decreased until, at a molar ratio of 5:1 and higher
(mAb:IL-8), no IL-8 could be detected. All samples were coded so that
the experimental condition was not known by the individual doing the
assays.

Statistical analysis. One-way ANOVA with repeated measurements
analysis was used to compare samples obtained at several time points
from the same animal. One-way ANOVA (factorial) was used when
comparing other single groups. Student-Newman-Keuls test was used
as a post hoc statistical test. Values are expressed as either means+SD
or means+=SEM as indicated in tables and figure legends. The data
from the 6-h HCl-instilled rabbits pretreated with either the irrelevant
monoclonal antibody, anti-gp120, or with saline were combined because
there were no significant differences between the groups.
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Figure 1. Alveolar—arterial oxygen tension difference in the positive
control, pretreatment, treatment, and negative control groups over 6 h
(a) and over 24 h (). In the 6-h experiments, the alveolar—arterial
oxygen tension difference in the pretreatment and treatment groups was
significantly less than that in the positive control group from 2 h onwards
and was no different from that in the negative control group (a). In the
24-h experiments, the alveolar—arterial oxygen tension difference was
significantly less in the treatment (long-term) group than in the positive
control (long-term) group by 2 h and remained low for 24 h. All the
rabbits (n = 3) in the positive control (long-term) group died at 12—
14 h (b). Data are means+SEM, *P < 0.05 vs the negative control
group (a) or the treatment (long-term) group (b), 'P < 0.05 vs the
pretreatment group (a), *P < 0.05 vs the treatment group (a).

Results

Oxygenation, ventilation and pH. In the short-term experiments,
the alveolar—arterial oxygen tension differences in the ARILS.2
pretreatment and treatment groups were significantly lower than
in the positive control group by 2 h after the acid instillation
and remained lower for the 6-h experiment (Fig. 1 a and Table
I). In both the ARILS8.2 pretreatment and treatment groups, the
alveolar—arterial oxygen tension difference was not signifi-
cantly different from that in the negative control group (Fig. 1
a and Table I). In the neutrophil-depleted group, the alveolar—
arterial oxygen tension difference was also significantly lower
than in the positive control group but higher than in the ARILS.2
pretreatment and treatment groups (Table I).
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Table I. Oxygenation, Ventilation, Arterial pH, Systemic Blood Pressure, Heart Rate, and Airway Pressure

in the Short-Term Experiments

Alveolar—arterial Arterial Mean systemic Peak airway
Condition oxygen difference Pco, pH arterial pressure Heart rate pressure
mmHg mmHg mmHg beats/min cm H,O0
Positive control group (HCl), n = 10
Baseline 107£31 37+4 7.44+0.06 68+13 300+30 17+3
6 h after instillation 390+137* 67+18* 7.19+0.13* 56+21 285+23 26+8*
Pretreatment group (ARIL8.2, HCl), n = 6
Baseline 107+35 36+4 7.44+0.05 61+13 307+38 172
6 h after instillation 136+48* 38+8%* 7.37+0.04* 52+10 276+35 22+4*
Treatment group (HCl, ARIL8.2), n = 6
Baseline 108+40 32+3 7.46+0.08 63+12 304+34 16x1
6 h after instillation 149+40* 39+5%¢ 7.36+0.03¢ 52+18 288+28 23+3*
Neutrophil Depletion Group (HCl), n = 4 )
Baseline 110+54 30+3 7.47+0.07 64+15 301+23 16+2
6 h after instillation 241+64** 33+6* 7.36+0.05* 53*13 280+19 22+2%
Negative Control Group (1/3 normal saline), n = 4
Baseline 109+22 36+2 7.41+0.09 61+4 300+29 17+2
6 h after instillation 108+51* 41+3%¢ 7.38+0.05% 62+12 298+21 20+2%

Data are means + SD; * P < 0.05 vs baseline; * P < 0.05 vs positive control group.

In the long-term experiments, the alveolar—arterial oxygen
tension difference was significantly lower in the treatment
(long-term) group than in the positive control (long-term) group
by 2 h after HCI instillation (Fig. 1 b and Table II). In the
positive control (long-term) group, the rabbits died with severe
hypoxemia between 12—14 h. In the treatment (long-term)
group, on the other hand, the rabbits lived for 24 h without
hypoxemia.

The acid-induced abnormalities in PaCO, and pH were pre-
vented by either pretreatment with ARILS8.2 both in the 6- and
24-h studies, as well as by neutrophil depletion (Tables I
and II).

Extravascular lung water. In the short-term experiments,
the extravascular lung water (water-to-dry weight ratio) in the

pretreatment and treatment groups was 35% lower than in the
positive control group and not significantly different from that
in the negative control group at 6 h (Fig. 2 a). In the neutrophil-
depleted group, the extravascular lung water (4.8+0.2 grams
water/gram dry lung) was also no different from that in the
negative control group. In the long-term experiments, the extra-
vascular lung water in the treatment (long-term) group at 24 h
was 100% lower than in the positive control (long-term) group
at 12-14 h (Fig. 2 b).

Lung vascular permeability. In the short-term experiments,
the extravascular accumulation of plasma equivalents in the
lungs of the pretreatment and treatment groups was 70% lower
than in the positive control group at 6 h (Fig. 3 a), although
the extravascular accumulation of plasma was significantly

Table II. Oxygenation, Ventilation, Arterial pH, Systemic Blood Pressure, Heart Rate, and Airway Pressure

in the Long-Term Experiments

Alveolar-arterial Arterial Mean systemic Peak airway
Condition oxygen difference Pco, pH arterial pressure Heart rate pressure
mmHg mmHg mmHg beats/min cm H,O
Positive control (long-term) group (HCl), n = 3
Baseline 110*12 31x2 7.42+0.05 55+16 292+7 18+2
6 h after instillation 484 +88* 68+1* 7.22+0.03* 59+23 284+18 28+4*
12 h after instillation® 504+115* 87x19* 7.12+0.10* 48+7 256+30 31+5%
Treatment (long-term) group (HCl, ARIL8.2), n = 3
Baseline 112+18 30+4 7.42+0.02 56+8 284+7 17x1
6 h after instillation 15219** 33+2% 7.36x0.06 57+4 288+21 211+
12 h after instillation 122+14* 33+2%¢ 7.34+0.04** 54+4 280+18* 211
24 h after instillation 161+29* 30+2 7.36+0.01* 49+6 272*+14 21+£3*

Data are means+SD; * P < 0.05 vs baseline; * P < 0.05 vs positive control (long-term) group; °® all rabbits in this group died between

12-14 h.
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Figure 2. The extravascular lung water in the positive control, pretreat- -

ment, treatment, and negative control groups at 6 h (a) and in the
positive control (long-term) group at 12—14 h and treatment (long-
term) group at 24 h (b). In the short-term studies, the extravascular
lung water in the pretreatment and treatment groups was 35% lower
than in the positive control groups and no different from that in the
negative control group (a). The extravascular lung water of a normal
uninstilled rabbit lung is 3.2 grams water/gram dry lung. In the long-
term studies, the extravascular lung water was 100% lower in the treat-
ment (long-term) group than in the positive control (long-term) group
(b). Data are means*SD, *P < 0.05 vs the positive control greup (a)
or the positive control (long-term) group (b).

higher than in the negative control group. In the neutrophil-
depleted group, the extravascular accumulation of plasma
equivalents (5.3+1.6 ml) was not different from that measured
in the pretreatment and treatment groups. In the long-term ex-
periments, the extravascular accumulation of plasma equiva-
lents in the lung was 75% lower in the treatment (long-term)
group at 24 h than in the positive control (long-term) group at
12-14 h (Fig. 3 b).

Systemic blood pressure, heart rate, and peak airway pres-
sure. No differences were observed in the blood pressure or
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Figure 3. Endothelial permeability in the lung measured as the accumu-
lation of the vascular protein tracer, '*'I-albumin, in the extravascular
spaces of the lung and expressed as extravascular plasma equivalents
in the positive control, pretreatment, treatment, and negative control
groups at 6 h (a), and in the positive control (long-term) group at 12—
14 h and the treatment (long-term) group at 24 h (b). In the short-term
studies, the extravascular plasma equivalents were decreased by 70%
in the pretreatment and treatment groups compared to the positive con-
trol group at 6 h (a). The same reduction in extravascular plasma

. equivalents was observed in the treatment (long-term) group at 24 h

compared to the positive control (long-term) group at 12—14 h (b).
Data are means*SD, *P < 0.05 vs the positive control group (a) or
the positive control (long-term) group (b), *P < 0.05 vs the negative
control group (a).

heart rate at any time among the experimental groups (Table
I). The peak airway pressure rose in all groups within 5 min
after instillation. While the airway pressure in the positive con-
trol group remained high, the airway pressure in the negative
control group decreased by 6 h. In the pretreatment, treatment,
and neutrophil-depleted groups, the airway pressure tended to
decrease, although this did not reach statistical significance (Ta-
ble I). Similar findings were observed in the long-term studies
(Table II).

Cell counts in bronchoalveolar lavage fluid and in periph-
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Figure 4. The number of neutrophils lavaged from the air spaces of
rabbits in the positive control, pretreatment, treatment, and negative
control groups at 6 h (a) and in the positive control (long-term) group
at 12—14 h and the treatment (long-term) group at 24 h (). In the
short-term studies, the number of neutrophils was 50% lower in the
pretreatment and treatment groups than in the positive control group
and no different from that in the negative control group at 6 h (a). In
the long-term studies, the number of neutrophils was 75% lower in the
treatment (long-term) group at 24 h than in the positive control (long-
term) group at 12—14 h (b). Data are means*SD, *P < 0.05 vs the
positive control group (a) or the positive control (long-term) group
(b).

eral blood. In the short-term experiments, the number of PMN
lavaged from the air spaces in the pretreatment and treatment
groups was more than 50% lower than in the positive control
group and no different from that in the negative control group
(Fig. 4 a). In the neutrophil-depleted group, no neutrophils
were lavaged from the air spaces in any rabbit. In the long-term
experiments, the number of lavaged neutrophils in the treatment
(long-term) group at 24 h was 75% lower than in the positive
control (long-term) group at 12—14 h (Fig. 4 b). No significant
difference were seen in the number of alveolar macrophages
between the different groups (data not shown). In the peripheral

Table III. Free rabbit IL-8 concentrations (IL-8 not bound by the
anti-IL-8 monoclonal antibody, ARIL8.2) in alveolar fluid and
lavage fluid in the various experimental groups

IL-8 IL-8
Time of concentrations concentrations
Condition sampling in alveolar fluid in lavage fluid
ng/ml ng/ml
Positive control group 6h 40.5+18.2 6.7x2.5
(HCDH ® )}
Pretreatment group 6h 3.3+1.9% nd
(ARILS8.2, HC]) 6)
Treatment group 6h 3.0x1.7* 0.6+0.3*
(HCI, ARILS8.2) (6) 3)
Negative control group 6h na 1.4*+1.6*
(1/3 normal saline) A3)
Neutrophil depletion 6h 31.5+34 26.1+5.1
group (HCI) 0)) @
Positive control (long- 12-14 h 29+22 2.1+2.8
term) group (HCl) 3) A3)
Treatment (long-term) 24 h na 0.2+0.2*
group 3)
(HC], ARILS8.2)

* P < 0.05 vs positive control group; * P < 0.05 vs positive control
(long-term) group; na, sample not possible to obtain; nd, not determined;
number of determinations within parentheses; values are means*SD.

blood, there was an identical small increase in the neutrophil
count in all groups, except in the neutrophil-depleted group,
where no circulating neutrophils were observed at any time
during the experiment.

Concentration of free interleukin-8 in plasma, alveolar fluid,
and bronchoalveolar lavage fluid. In the short-term experi-
ments, the concentrations of free IL-8 (not bound by the anti—
IL-8 monoclonal antibody, ARIL8.2) in the final alveolar fluid
samples were 10-fold lower in the pretreatment and treatment
groups than in the positive control group at 6 h (Table IIT). In
the neutrophil-depleted group, the concentration of free IL-8 in
the alveolar fluid samples at 6 h was no different from that in
the positive control group. Because no undiluted alveolar fluid
could be aspirated in the negative control group, free IL-8 was
also measured in bronchoalveolar lavage fluid. As was the case
in the alveolar fluid, free IL-8 concentrations in the lavage fluid
were 10-fold lower in the pretreatment and treatment groups
than in the positive control group (Table III). Of interest, the
free IL-8 in lavage fluid in the treatment group was not different
from the negative control group (Table III). In the long-term
experiments, alveolar fluid could not be aspirated from the treat-
ment (long-term) group. However, in the lavage fluid, the free
IL-8 concentrations were significantly lower in the treatment
(long-term) group than in the positive control (long-term) group
(Table IIT). In the plasma, the concentration of free IL-8 was
low at all times and similar for all groups (330+28 pg/ml).

Discussion

The fundamental hypothesis of this study was that acid-induced
lung injury was mediated by neutrophils recruited to the lung
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by IL-8—dependent mechanisms. Based on relevant studies of
acid aspiration and of IL-8, the steps of this hypothesis were
as follows. Direct injury from the acid instilled into the lung
would be limited in extent, perhaps because the acid itself is
rapidly neutralized after instillation (33). Acid instillation, how-
ever, would stimulate the release of substantial quantities of IL-
8 from a variety of cells in the lung including airway epithelial
cells, alveolar epithelial cells, and alveolar macrophages (20,
22, 23). Once generated in the air spaces, IL-8 would diffuse
toward the pulmonary endothelium, thereby establishing a che-
motactic gradient for neutrophils. Such a gradient could be
maintained either by soluble IL-8 or by IL-8 bound to the inter-
stitial tissues (34). After reaching the pulmonary vessels, IL-8
could then bind to the luminal endothelial surface where it
would interact with circulating neutrophils (34, 35). The inter-
action of IL-8 with neutrophils would then induce up-regulation
of neutrophil adhesion molecules for the endothelium, neutro-
phil migration through the activated endothelium, and the prim-
ing of neutrophils for activation by other mechanisms (15, 18,
19, 36, 37). Neutrophils recruited to the lung by IL-8 could
thus be responsible for the endothelial injury that is necessary
for the formation of protein-rich pulmonary edema fluid that is
characteristic of acid aspiration lung injury.

The results of this study confirm the hypothesis that acid
aspiration—induced lung injury is primarily mediated by neutro-
phils recruited to the lung by IL-8. First, in the rabbits instilled
with acid, large numbers of neutrophils were recovered from
the air spaces in association with markedly elevated quantities
of IL-8. The nearly undetectable concentration of IL-8 in the
plasma in all groups supports the assumption that IL-8 was
generated locally in the lung after acid aspiration. The concen-
tration of IL-8 in the air spaces 6 h after acid aspiration (4118
ng/ml) is biologically relevant; in in vitro assays of chemotaxis
and neutrophil priming, IL-8 is biologically active at 10-fold
lower concentrations (38). Second, the role of the neutrophil
in injuring the lung was supported by the marked reduction of
lung injury after neutrophil depletion. Third, the role of IL-8 in
mediating the recruitment of neutrophils and the resultant lung
injury after acid instillation was established by neutralizing IL-
8. The anti—IL-8 antibody effectively reduced the concentra-
tions of free IL-8 to < 10% of the concentration in the positive
control (acid instilled) rabbits, to a level at the lower limit of
the biological activity of IL-8 in both in vitro and in vivo studies
(38, 39). This IL-8 concentration was probably close to that in
the negative control (saline instilled) rabbits, as judged by the
similar IL-8 concentrations in the bronchoalveolar lavage fluid.
The use of the anti—IL-8 monoclonal antibody led to a > 50%
decrease in the neutrophil influx and, more importantly, to a
dramatic reduction in the severity of the acute lung injury due
to acid aspiration. After neutralization of IL-8, the acid-induced
abnormalities in gas exchange, extravascular lung water, and
lung vascular permeability were nearly completely prevented.

The three separate indices of lung injury demonstrated inter-
nally consistent and convincing results in both the short-term
(6 h) and the long-term (24 h) studies. First, the alveolar—
arterial oxygen tension difference was nearly normal in acid-
instilled rabbits given the anti—IL-8 monoclonal antibody, indi-
cating the absence of alveolar edema. Second, when IL-8 was
neutralized, the extravascular lung water in acid-instilled rabbits
was not different from that in rabbits instilled with saline alone.
The water-to-dry weight ratio of 4.2—4.4 grams water/gram dry

lung in the pretreatment and treatment groups and in the saline-
instilled control group is most consistent with mild interstitial
edema. In the positive control group, on the other hand, the
water-to-dry weight ratio of 7.0 grams water/gram dry lung at
6 h and 8.0 grams water/gram dry lung at 12—-14 h clearly
indicates significant alveolar edema. These differences become
more obvious when the lung water is expressed as the calculated
milliliters of water accumulated in the lung in excess of that in
a normal rabbit lung (3.2 grams water/gram dry lung). In the
positive control group at 6 h, the excess water in both lungs
was ~ 9.2 ml, or more than threefold higher than the amount
(1.6-2.6 ml) in the negative control, pretreatment, and treat-
ment groups. Finally, the endothelial barrier was significantly
protected in the acid-instilled rabbits given the anti—IL-8 mono-
clonal antibody. There was a small increase in lung endothelial
permeability that was not prevented by pretreatment or treat-
ment with the monoclonal antibody to IL-8. This increase, how-
ever, was not sufficient to cause a net accumulation in extravas-
cular lung water. A small increase in lung endothelial perme-
ability without an accompanying increase in lung water has
previously been described in sheep given an endotoxin infusion
(32). Overall, once IL-8 was neutralized, the effects of acid on
the lung were not different from the effects of saline alone.
Neutrophil depletion prevented the increase in lung edema
and significantly decreased the alveolar—arterial oxygen tension
difference and the vascular permeability after acid instillation.
Although the importance of neutrophils has been reported pre-
viously after acid aspiration (8), it was necessary to demon-
strate the role of neutrophils in our own model. It strengthens
our conclusion that IL-8 induces lung injury indirectly, by re-
cruiting the neutrophils that ultimately injure the lung. The fact
that neutrophil depletion did not provide as complete a protec-
tion as anti—IL-8 therapy may indicate that IL-8 can recruit
other cells that participate in the injury. For example, although
relatively specific for neutrophils, IL-8 is also known to be
chemotactic for T lymphocytes (40) and eosinophils (41).
The fact that the anti—IL-8 monoclonal antibody was
equally effective when given 1 h after the acid instillation as
when given 5 min before confirms that the development of lung
injury is delayed after acid instillation. Such a time course is

* consistent with the kinetics expected for IL-8 expression. Stud-

ies in which IL-8 concentrations have been measured sequen-
tially in vivo demonstrate that biologically relevant IL-8 con-
centrations are first found 2 h after an endotoxin stimulus (29,
42). With additional time, IL-8 concentrations may be amplified
further by the action of proximal macrophage-derived cytokines
such as TNF-a or IL-1 on the nearby bystander cells, such as
epithelial cells (20, 23). The important role of proximal cyto-
kines in acid-induced lung injury has been suggested by an
earlier study by Goldman et al. (5) in which neutralization of
TNF-a significantly reduced the injury caused by acid-aspira-
tion. Since TNF-« is a major proximal cytokine leading to the
production of IL-8 by many cells, neutralization of TNF-a may
have been effective indirectly by reducing IL-8 concentrations.
However, because TNF-a appears earlier than IL-8 in the in-
flammatory cascade, it is unlikely that anti—TNF-a would be
effective as late after acid-instillation as anti-IL-8. Another
factor that may contribute to the relatively wide therapeutic
window of anti—IL-8 (at least 1 h) is that after its production,
IL-8 must also diffuse to the endothelium and interact with
neutrophils. Given the time necessary for IL-8 production and
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diffusion, it is conceivable that anti—IL-8 therapy given later
than 1 h after acid aspiration would also be effective.

In any neutralization study, it is important to determine
whether the antibody effectively bound and neutralized the tar-
get cytokine. First, the data support the conclusion that the
antibody to IL-8 given in these experiments neutralized all IL-
8 in the lung. Because IL-8 was presumably generated in the
air spaces, the IL-8 concentration would have been highest in
that compartment. Therefore, if the antibody given intrave-
nously was able to bind the IL-8 in the air spaces, it would also
have been able to bind the IL-8 found at lower concentrations
elsewhere in the lung. It is known that IL-8 bound by the anti-
body is effectively neutralized because ARIL8.2-bound rabbit
IL-8 cannot activate the rabbit IL-8 receptor in transfected cells
(29). It is also known that the antibody has a high affinity for
rabbit IL-8 and does not react with other closely related human
cytokines (29). Because rabbit chemokines are not available to
test, one cannot exclude the possibility that the anti—rabbit-IL-
8 antibody cross-reacts with other closely related rabbit mem-
bers of the IL-8 family. This monoclonal anti—IL-8 antibody
(ARILS.2) was first tested in vivo in a rabbit model of endo-
toxin pleurisy, in which it inhibited neutrophil influx by ~ 80%
(29). Of note, in that study, there was a similar amount of IL-
8 generated in both treated and untreated groups, indicating that
the antibody did not alter IL-8 production. Also, in that study,
the free IL-8 assay was first used to confirm the effective bind-
ing of the IL-8 by the anti—IL-8 monoclonal antibody in vivo.
The low concentrations of free IL-8 measured in that study and
in this study are convincing evidence of effective in vivo bind-
ing and neutralization of IL-8. The low concentrations that we
observed are even more impressive considering that, since
bound IL-8 can dissociate from the antibody during the ELISA
dilutions, these concentrations of free IL-8 may be overesti-
mates of the actual free IL-8 concentrations in vivo. Therefore,
we conclude that the antibody given in these experiments was
of sufficient specificity, biologic activity, and concentration to
neutralize IL-8 and to prevent its interaction with circulating
neutrophils.

Neutralization of IL-8 reduced, but did not prevent, neutro-
phil influx into the air spaces of the lung, indicating the likely
presence of other chemotactic factors for neutrophils. Leuko-
triene B, (LTB,) and CS5a, for example, have been shown to
be important chemotactic factors in the air spaces of the lung,
based on both experimental and clinical studies (3, 7, 43). The
large reduction in the numbers of neutrophils in the air spaces
after administration of the anti—IL-8 monoclonal antibody sug-
gests that most of the neutrophils were recruited to the air spaces
by IL-8, and not by LTB, or C5a. And, more significantly, it
was the neutrophils recruited to the lung by IL-8 that were
associated with the development of acute lung injury.

Although the data in this study indicate that IL-8 is critical
for the development of the acute lung injury after acid aspira-
tion, it is likely that IL-8 mediates injury in conjunction with
other proinflammatory molecules. When used alone, IL-8 ap-
pears to be a relatively weak neutrophil activator, although in
vitro studies indicate that it is an effective primer of activation
by other mechanisms (15, 18, 19, 36, 37). In in vivo studies
in which IL-8 alone was injected into normal human skin, neu-
trophils were recruited without the appearance of wheal or flare
(44). Similarly, when IL-8 alone was instilled into a normal
tracheal segment in dogs, neutrophils were recruited without

releasing elastase or lysozyme (45). In contrast to these studies
in which IL-8 was used alone, in acid aspiration lung injury,
IL-8 is undoubtedly generated in conjunction with other cyto-
kines, such as TNF-a and IL-1, and other inflammatory media-
tors, such as leukotrienes, complement fragments, and platelet
activating factor. However, in spite of the different cytokines
and inflammatory mediators generated after acid aspiration into
the lung, inhibition of IL-8 alone is capable of preventing the
experimental lung injury generated by acid aspiration in rabbits.

Aspiration of gastric contents is a major clinical cause of
morbidity and mortality (1, 2) and effective therapy for this
condition is currently unavailable. Current management is lim-
ited to positive pressure ventilation and careful management of
fluid therapy. The data in this study suggest a promising thera-
peutic potential for anti—IL-8 therapy for this condition. There
are several possible advantages of this approach. Because IL-8
is a distal cytokine, its neutralization may have more limited
effects than neutralization of a more proximal, pluripotent cy-
tokine, such as TNF-a. Also, neutralization therapy might be
required only for a short time, during the time that IL-8 is
generated. In in vivo studies after endotoxin stimulation, IL-8
concentrations have returned toward normal in < 12 h (29, 42).
In our own long-term studies, at 12—14 h after acid aspiration,
alveolar fluid IL-8 concentrations in untreated rabbits were sig-
nificantly lower than at 6 h, suggesting that a need for long-
term anti—IL-8 therapy following a single acid aspiration might
be unnecessary. The time of onset of the aspiration would be
known with certainty in many cases because gastric aspiration is
frequently witnessed (46), whereas in other clinical conditions,
such as sepsis, the time of onset is often difficult to identify
(47). And, most importantly, the delay in onset of the acid
aspiration injury allows a clinically feasible therapeutic window
of at least 1 h. A potential limitation of anti—IL-8 therapy is
that, like any antiinflammatory therapy, it might inhibit the host
immunity and increase the risk of infection. Indeed, secondary
bacterial pneumonia is a known complication of acid aspiration,
occurring 2—-10 d after aspiration (46). This issue surely de-
serves further experimental studies, although there are reasons
to believe that anti—IL-8 therapy would not increase the risk of
infection. For one, anti—IL-8 therapy did not completely prevent
the neutrophil influx into the air spaces of the lungs. In fact,
the total number of neutrophils in the air spaces remained high,
which may be important for host defense. For another, a reduc-
tion in the underlying lung injury may reduce the risk of subse-
quent lung bacterial infections after acid aspiration. Finally, in
mice lacking a murine homologue of an IL-8 receptor, bacterial
infections have not been a problem despite an impairment in
extravascular neutrophil recruitment to stimuli such as endo-
toxin (48). These findings are encouraging and suggest that
short-term anti-IL-8 therapy might be a rational and safe ap-
proach to prevention of acid aspiration lung injury.

Compared to anticytokine approaches, one major alternative
strategy for blocking neutrophil-mediated injury to the lung
after acid aspiration would be to block neutrophil adhesion to
the pulmonary endothelium. The factors that mediate neutrophil
adhesion in the pulmonary microcirculation under different
pathologic conditions, however, are complex and include physi-
cal factors (blood flow, neutrophil size and deformability, and
capillary geometry) as well as an uncertain contribution from
specific neutrophil and endothelial adhesion molecules (49,
50). For example, Doerschuk and coworkers (51) found that
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anti-CD18 therapy did not prevent neutrophil influx into the
lung after acid aspiration. Anti—IL-8 therapy may prove more
effective than antiadhesion strategies in this model.

In summary, acid aspiration resulted in high concentrations
of IL-8 and large numbers of neutrophils in the air spaces 6 h
after the aspiration in anesthetized, ventilated rabbits. There was
severe lung injury, as indicated by poor oxygenation, pulmonary
edema, and lung endothelial injury. Anti-IL-8 neutralizing
monoclonal antibody given 5 min before or 1 h after the acid
instillation was equally effective in preventing lung injury. Neu-
tralization of the IL-8 was confirmed by the finding of low free
IL-8 concentrations. In the long-term studies, anti—IL-8 given
1 h after the acid instillation prevented death from severe acid-
induced lung injury. The results of these studies have provided
the first evidence of the critical role of IL-8 in mediating acute
lung injury after acid aspiration. These experimental findings
have potentially important implications for the treatment of
acute lung injury after witnessed aspiration of gastric contents.
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