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ABSTRACT Human alveolar macrophages obtained by bron-
choalveolar lavage were labeled overnight with [3H]arachidonic
acid. The cells were stimulated with calcium ionophore A23187,
and the 20:4 oxygenated metabolites released into the culture
medium were identified by reverse-phase HPLC. Leukotriene B4
was the major 20:4 metabolite produced by these cultures. Leu-
kotriene B4 was identified by its reverse-phase HPLC elution
time, its UV spectrum, and its chemotactic and chemokinetic ac-
tivities for neutrophils. In addition, the macrophage. and neutro-
phil-derived leukotriene B4 free acids and methyl esters were
found to have identical HPLC retention times.

The leukotrienes are a recently discovered class of biologically
active compounds that are formed from arachidonic acid (20:4)
via the lipoxygenase pathway. They include leukotriene B4
[LTB4, (5S, 12R) dihydroxy-6, 14-cis-8, 10-trans-icosatetraenoic
acid] (1), a compound with multiple proinflammatory actions,
including chemotactic activity for neutrophils (2), and the slow-
reacting substances, leukotrienes C4 [(5S)-hydroxy-(6R)-S-glu-
tathionyl-7,9-trans-11, 14-cis-icosatetraenoic acid] and D4 [(5S)-
hydroxy-(6R)-S-cysteinylglycine -7,9-trans-11, 14 -cis-icosatetra-
enoic acid] (3, 4), which have vasoactive properties in addition
to their contractile activity on select smooth muscle.

All major classes ofgranulocytes have been shown to produce
leukotrienes in vitro. However, recent studies with murine pul-
monary and peritoneal macrophages indicated that macro-
phages may be a particularly rich source of these compounds,
with LTC4 being the major lipoxygenase product (5, 6). To date,
the macrophage is the only cell type known to synthesize sub-
stantial quantities of leukotrienes in response to inflammatory
stimuli such as zymosan (5), and IgG (7) and IgE (8) immune
complexes.

In this paper, we report the capacity of human alveolar mac-
rophages to produce leukotrienes. Pulmonary alveolar macro-
phages represent a large population of resident leukocytes in
the lung and as such are believed to be the first line of defense
against inhaled material. These cells therefore are ideally po-
sitioned to initiate inflammatory and allergic reactions in the
lung. The available evidence suggests that human alveolar mac-
rophages generate a low molecular weight chemotactic factor
for neutrophils that may be a lipid (9). Our work identifies one
such molecule and demonstrates that LTB4 is the major lipoxy-
genase product of these cells when they are stimulated with
calcium ionophore A23187.

MATERIALS AND METHODS
Isolation ofHuman Alveolar Macrophages. Human alveolar

macrophages were obtained by fiberoptic bronchoscopy with
bronchoalveolar lavage in patients who had given informed con-
sent. Lidocaine (2%) was used to anesthetize the nose and upper

airways. The bronchoscope (model FB-19D, Pentex Precision
Instrument, Norwood, NJ) was then passed transnasally and
wedged into a subsegmental bronchus of the right middle lobe
or lingula. Lidocaine (1%) was used as needed to suppress
cough. Sterile saline, 100 to 150 ml in 50-ml aliquots, was in-
stilled into and then withdrawn from the lung.

Macrophages from three patients were used for the initial
quantification of 20:4 release and metabolism in response to a
stimulus of opsonized zymosan or calcium ionophore A23187.
In two of the patients, fiberoptic bronchoscopy was performed
to evaluate a solitary pulmonary nodule; in these cases the la-
vage was performed on the lung contralateral to the side of the
lesion. These patients were smokers, and the diagnosis was
adenocarcinoma of the lung. The third patient, a nonsmoker,
underwent fiberoptic bronchoscopy as a part of the diagnostic
work-up of a single episode of hemoptysis. The procedure re-
vealed no abnormalities and the patient's symptom has not re-
turned. Alveolar macrophages from an additional eight patients
were used for the separation of LTB4 and the (5S,12S)-dihy-
droxyicosatetraenoic acid (di-HETE) stereoisomer as described
below.

Characterization of Macrophage Cultures. Between 10 and
60 X 106 nucleated cells were obtained per procedure. Differ-
ential cell counts of Wright's stained preparations after cyto-
centrifugation indicated that 90% of the cells from each lavage
were macrophages.

Release of 20:4 by Macrophage Cultures. After centrifu-
gation at 800 x g for 10 min, cells were suspended in phosphate-
buffered saline (Pi/NaCl), centrifuged again, and finally resus-
pended in RPMI 1640 medium (GIBCO) containing 20% fresh
human serum and penicillin at 100 units/ml plus streptomycin
at 100 ,ug/ml.

Approximately 5 X 106 cells (3 ml) were added to 60-mm
plates. After 2 hr at 37°C in 95% air/5% CO2, the cultures were
washed three times with Pi/NaCl and incubated for 16 hr in
fresh medium containing 10% serum and [5,6,9,11,12,14,15-
3H]20:4 ([3H]20:4; 95.4 Ci/mmol; New England Nuclear; 1 Ci
= 3.7 X 1010 becquerels) at 5 ,tCi/ml.

At the end of the 16-hr labeling period, the cultures were
washed three times with Pi/NaCl and overlaid with fresh RPMI
1640 medium without serum. A single culture was incubated
for 4 hr at 37°C in the absence of a stimulus (control culture).
The remaining cultures were divided into equal portions; one-
half was exposed to calcium ionophore A23187 (Calbiochem-
Behring) at 10 ,tg/ml for 20 min. The other cultures were in-
cubated for 4 hr with zymosan at 500 ,tg/ml that had been op-

Abbreviations: 20:4, arachidonic acid; LTB4, (5S, 12R)-dihydroxy-6, 14-
cis-8, 10-trans-icosatetraenoic acid; LTC4, (5S)-hydroxy-(6R)-S-gluta-
thionyl-7,9-trans-11,14-cis-icosatetraenoic acid; LTD4 (5S)-hydroxy-
(6R)-cysteinylglycine-7,9-trans-11,14-cis-icosatetraenoic acid; Pi/NaCl,
phosphate-buffered saline; [3H]20:4, [5,6,8,9,11,12,14,15-3H]20:4;
mono-HETE, monohydroxyicosatetraenoic acid; di-HETE, dihydroxy-
icosatetraenoic acid.
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sonized at 370C for 20 min with 50% fresh human serum in sa-

line.
Extraction and Separation of20:4 Metabolites. For the char-

acterization of 20:4 metabolites released by macrophages, alh-
quots (50 pl) of the medium were taken for radioactivity mea-

surements and the medium was placed on ice. The cells were

washed and then scraped twice into 750-,ul portions of 0.05%
Triton X-100 (Rohm and Haas). Portions (50 1d) of the Triton
X-100 cell lysates were assayed for radiolabel content, and pro-

tein was determined by the method of Lowry et al. (10) with
bovine serum albumin as a standard.

The 20:4 metabolites were extracted from the culture me-

dium by the method of Unger et al. (11). Briefly, the medium
was made 50% (vol/vol) in ethanol and adjusted to pH 3 with
formic acid (10 ,l./ml of medium), and the resulting solution
was extracted twice with 1 vol each of chloroform containing
0.005% butylated hydroxytoluene (BHT; Sigma). The chloro-
form phases were taken to dryness under a stream of nitrogen,
and the 20:4 metabolites were resuspended in 400 pA of the
appropriate starting buffer for HPLC. The 20:4 metabolites
were further purified and separated by reverse-phase HPLC
on 5-,tm-particle Ultrasphere columns (4.6mm X 25cm; Altex,
Rainin Instruments, Woburn, MA). Fractions (1 ml) were col-
lected at a flow rate of 1 ml/min. Sequential elution was carried
out with 60 ml ofmethanol/water/acetic acid, 65:34.9:0.1 (vol/
vol), adjusted to pH 5.4 with ammonium hydroxide, followed
by 40 ml of methanol/water/acetic acid, 75:25:0.01 (vol/vol),
and 40 ml of methanol/acetic acid, 100:0.01 (vol/vol). The ab-
sorbance ofcolumn effluents was monitored at 280 nm by using
a Kratos UV monitor (Spectroflow Monitor SF 770, Kratos,
Schoeffel Instrument Division, Westwood, NJ). After the re-

moval of 50-,ul aliquots for radioactivity determinations, ultra-
violet spectra of the appropriate fractions were obtained with
a Perkin-Elmer 557 double-wavelength double-beam spectro-
photometer. Quantities of LTB4 were calculated from the ab-
sorbance at 281 nm [E = 39,500 M-1 cm-' (1)]. Radioactivity
was measured by liquid scintillation counting in Hydrofluor
(National Diagnostics, Somerville, NJ). As described previously
(12), the elution characteristics of prostaglandins, monohy-
droxyicosatetraenoic acids (mono-HETEs), and 20:4 were de-
termined by the use of radiolabeled standards. Those of dihy-
droxyicosatetraenoic acids (di-HETEs), including LTB4 and its
stereoisomers, were elucidated by comparison with corre-

sponding 20:4 metabolites produced by neutrophils (1).
Human neutrophils were isolated and labeled with [3H]20:4

as described (13). After a 15-min incubation with calcium iono-
phore A23187, the reaction was terminated by the addition of
1.5 vol of cold methanol and the medium was extracted by the
method of Borgeat and Samuelsson (14). The medium extracts
were dried under nitrogen and subjected to silicic acid chro-
matography (15). LTB4 was purified from the appropriate silicic
acid column fraction by reverse-phase HPLC as described
above for the macrophage-derived LTB4.

Separation of LTB4 and (5S,12S)-di-HETE by Formation
of Methyl Esters. Alveolar macrophages obtained from an ad-
ditional eight patients were labeled with [3H]20:4 and exposed
to calcium ionophore as described above. After extraction from
culture media, the 20:4 metabolites were separated by reverse-

phase HPLC. The contents of fractions containing leukotrienes
(as assessed by UV spectra) with elution times characteristic of
LTB4 were pooled and dried under reduced pressure. A total
of 7.6 ,g of leukotrienes was recovered as determined by the
absorbance at 281 nm.

LTB4-containing fractions from reverse-phase HPLC were

to normal-phase HPLC on a 1xPorasil column (10-Mim particles,
3.9 mm X 30 cm, Waters Associates). Sequential elution was
carried out with 60 ml of isopropyl alcohol/hexane/acetic acid,
5:95:0.01 (vol/vol), at a flow rate of 1 ml/min. The UV absor-
bance of column effluents was monitored at 280 nm, and UV
spectra of the appropriate fractions were determined as de-
scribed above. Preparations of LTB4 from human neutrophils
labeled with [3H]20:4 and treated with calcium ionophore
A23187 were similarly treated.

Chemotaxis and Chemokinesis Assays. Neutrophils were
isolated from the citrated blood of normal human volunteers by
Hypaque/Ficoll and dextran sedimentation techniques (17,
18). 'The resulting cell fraction contained approximately 98%
neutrophils with 98-99% viability as determined by trypan blue
exclusion. Prior to use, neutrophils were suspended in Gey's
balanced salt solution (M A Bioproducts) containing 2% (wt/
vol) bovine serum albumin, penicillin at 63 units/ml, and strep-
tomycin at 138 tg/ml.

Neutrophil chemotaxis and chemokinesis assays were per-
formed in a 48-well microchemotaxis assembly (19) (Neuro-
probe, Bethesda, MD) according to the method of Harvath et
al. (20). Neutrophils were stimulated to traverse the 10-gm-
thick polyvinylpyrrolidine-free polycarbonate filter sheet (3-
,um pore) by the addition of LTB4 (1,000, 100, 10, 1 nM) to
either the lower compartment (chemotaxis, eight wells for each
LTB4 concentration) or both compartments (chemokinesis, two
wells for each LTB4 concentration). After a 20-min incubation
at 37°C in a 95% air/5% CO2 atmosphere, the filters were re-
moved and stained with Diff-Quick (Harle, Gibbstown, NJ).
The cells that had migrated were counted with an Artek

counter (Artek Systems, Farmingdale, NY). The lower filter
surface was examined at a magnification of x 50 and four or five
fields were counted per well (each field was 0.8 mm2). These
were compared to neutrophils stimulated to undergo chemo-
taxis or chemokinesis in response to 100 nM fMet-Leu-Phe
(Peninsula Laboratories, San Carlos, CA). Controls consisted
of cells incubated by Gey's balanced salts solution without ad-
ditions.
The LTB4 derived from the alveolar macrophages of each of

the three patients described above was separately assayed for
chemotactic activity. The chemokinetic assay was performed on
the LTB4 from a single patient.

RESULTS
Human alveolar macrophages maintained in serum took up 83-
98% of the [3H]20:4 supplied in the culture medium. Of the
incorporated radiolabel, 4-6% (n = 3) was released on exposure
of the cultures to calcium ionophore A23187 at 10 ,ug/ml for 20
min. In contrast, the quantity of radiolabel released by cultures
challenged with a maximal phagocytic load of opsonized zymo-
san (0-4%, n = 2) was not significantly greater than that of con-
trol cultures (0-1% in 20 min and 1-2% in 4 hr, n = 3), although
opsonized zymosan was readily ingested by these cultures with
maximal uptake of approximately 10 particles per cell by 1 hr.

Using HPLC conditions that allow the mutual separation of
cyclooxygenase and lipoxygenase products, we examined the
total 20:4 metabolites synthesized by human alveolar macro-
phages challenged with calcium ionophore A23187. A repre-
sentative chromatogram is shown in Fig. 1. Di-HETEs, as evi-
denced by the prominent peaks of radiolabel eluting at 25-50
min, constitute a major species of20:4 metabolites released by
these cells. Based on elution times of radiolabeled standards,
other 20:4 metabolites include cyclooxygenase products (4-16
m , mono-HETEs (90-105 m n), and unreacted 20:4 (110-
120 min). The metabolites with elution times of 55-90 min re-
main to be identified. However, these may include additional
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dried completely under reduced pressure and exposed to diazo-
methane in diethyl ether (16). The methyl esters were subjected
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FIG. 2. UV absorbance spectrum of LTB4 produced by human al-
veolar macrophages stimulated with calcium ionophore A23187.
HPLC fractions 35-45 (Fig. 1) were pooled and the UV spectrum was
recorded.

FIG. 1. Reverse-phase HPLC profiles of 20:4 metabolites released
by [3H]20:4-labeled human alveolar macrophages exposed to calcium
ionophore A23187 at 10 gg/ml for 20 min. The 20 4 metabolites were
extracted from the medium and subjected to HPLC. The UV absor-
bance profile of the column effluent was monitored at 280 nm, and the
radiolabel content of fractions (1 ml) was determined. The elution
times for the relevant standards are cyclooxygenase products, 4-16
min; di-HETEs, 25-50 min; mono-HETEs, 90-105 min; andiunreacted
20:4, 110-120 min.

di-HETEs and also 12L-hydroxy-5,8,10-heptadecatrienoic acid
(HHT), a.product of the cyclooxygenase pathway.
The 20:4 metabolites in fractions 35-45 (Fig. 1, 16-24% of

the total recovered radiolabel) have elution characteristics of
LTB4. The UV spectrum of this -material (Fig. 2) indicated an
absorbance maximum at 270 nm with shoulders at 260 and 280
nm, confirming the. presence of a conjugated triene structure.
The yield ofthis triene from calcium ionophore-stimulated mac-
rophages was 96 ± 42 nmol/109 cells or 0.67 ± 0.16 pmol/pug
of cell protein,

Because the reverse-phase HPLC elution and UV spectral
characteristics of the material in fractions 35-45 were identical
to those of LTB4 isolated from human neutrophils (data not
shown), the chemotactic and chemokinetic activities of these
compounds were examined as a further means of identification.
The macrophage-derived leukotriene produced a neutrophil
chemotactic response that was concentration dependent (Fig.
3). Activity was evident at the lowest concentration (10-9 M) of
the leukotriene tested. At 10-7 M in three separate experi-
ments, the chemotactic response was 55-85% of that elicited
by fMet-Leu-Phe (10-7 M). The control cells incubated in buff-
er showed 11-16% of the response obtained with 1.O7 M fMet-
Leu-Phe. Chemokinesis was evident at concentrations of 10-7
to 10-8 M ofthe macrophage product and had 33% ofthe activity
of 10-7 M fMet-Leu-Phe.

The chemotactically inactive (5S, 12S) stereoisomer of LTB4
chromatographs with LTB4 on the reverse-phase HPLC system
used in this study. LTB4 may be separated from this isomer by
normal-phase HPLC after conversion to methyl esters (16).
Because neutrophils release this inactive triene in addition to
LTB4 when stimulated with calcium ionophore, the possibility
existed that the LTB4 isolated from alveolar macrophages might

be similarly contaminated. The normal-phase HPLC profiles
of the neutrophil- and alveolar macrophage-derived LTB4
methyl esters are shown in Fig. 4. Two majorpeaks ofradiolabel
that also showed absorbance at 280 nm (Fig. 4A) were obtained
from the neutrophil material as described (16). UV spectrom-
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FIG. 3. Chemotactic activity of alveolar macrophage-derived LTB4.
Macrophages were stimulated with calcium ionophore A23187 and the
LTB4 was isolated by reverse-phase HPLC (fractions 35-45, Fig. 1).
Neutrophils were stimulated to traverse a 10-,m-thick polycarbonate
sheet by the addition of LTB4 or fMet-Leu-Phe to the lower compart-
ment of the chemotaxis chamber. Controls consisted of cells incubated
in buffer without additions. After 20-min incubation at 37°C, the filters
were removed and stained and the neutrophils that had migrated to
the lower filter surface were counted. Solid and broken horizontal lines
indicate the mean ± SD, respectively, of the chemotactic response of
neutrophils to fMet-Leu-Phe (10-7 M, eight wells) or buffer. o, Chemo-
tactic response to the indicated concentrations of LTB4 (eight wells for
each concentration).
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etry indicated that the compound in peak 1 (retention time, 16-
18 min) had an absorbance maximum at 269 nm with shoulders
at 259 and 278 nm, indicating that the compound contained a

conjugated triene structure. These UV absorbance and elution
characteristics suggest that this compound is the (5S, 12S) ste-
reoisomer of LTB4 (16). The compound in peak 2 (retention
time, 23-25 min), the major radiolabeled compound, had an UV
maximum at 271 nm and shoulders at 261 and 281 nm. The ab-
sorbance maxima at higher wavelengths plus the longer elution
time is consistent with this compound's being LTB4 as previ-
ously described (1, 16).
The normal-phase elution profile of the alveolar macrophage-

derived LTB4 methyl esters is shown in Fig. 4B. The single
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FIG. 4. Normal-phase HPLC of neutrophil- (A) and alveolar mac-

rophage- (B) derived LTB4 isolated by reverse-phase HPLC. LTB4
(fractions 35-45, Fig. 1) was converted to the methyl ester by exposure

to diazomethane in ether. LTB4 and the (5S,12S)-di-HETE methyl es-

ters were separated by normal-phase HPLC. Column effluents were
monitored at 280 nmand the radiolabel content of fractions (1 ml) was
determined.

major radiolabeled product had a retention time (23-25 min)
identical to that of the neutrophil-derived LTB4 (peak 2, Fig.
4A). The ratio of the (5S, 12S)-di-HETE to LTB4, as estimated
from the radiolabel content of the appropriate fractions, was 1:3
for the neutrophil material but 1:14 for the macrophage ma-
terial. Interestingly, the chemotactic activity of the alveolar
macrophage LTB4 isolated by reverse-phase HPLC is higher
than for the neutrophil-derived LTB4 similarly isolated. The
lower ratio (1:14) of the (5S, 12S) isomer to LTB4 in the mac-
rophage preparation may account for this difference because the
(5S, 12S) compound exhibits weak or no chemotactic activity
(21). In summary, the chromatographic data presented above
together with the chemotactic activity of the macrophage leu-
kotriene strongly suggest that human alveolar macrophages re-
lease LTB4 in response to a calcium ionophore stimulus.

DISCUSSION
The data presented in this report indicate that human alveolar
macrophages release a variety of 20:4 oxygenated metabolites
on challenge with calcium ionophore A23187. The major portion
of the released 20:4 is metabolized by the lipoxygenase path-
way, with LTB4 being the predominant product. From HPLC
profiles we estimate that LTB4 represents approximately 28%
of the total 20:4 metabolites and 16-24% of the total radiolabel
recovered from these cells. The identification of the macro-
phage di-HETE as LTB4 rests on its coelution with neutrophil-
derived LTB4 on reverse-phase HPLC, the coelution of its
methyl ester with the methyl ester of the neutrophil-derived
LTB4 on normal-phase HPLC, and the chemotactic and che-
mokinetic activity of the macrophage di-HETE for human neu-
trophils.

LTB4 has several activities that are distinct from those of the
slow-reacting substances, leukotrienes C and D. LTB4 is che-
motactic and chemokinetic for human neutrophils with an ac-
tivity comparable to that of fMet-Leu-Phe on a molar basis (2,
22). LTB4 also causes margination of neutrophils in vivo (23) and
promotes neutrophil aggregation in vitro (22); it has been sug-
gested that these effects of LTB4 on neutrophils may be me-
diated by a calcium influx (24). In the presence of a vasodilator
such as prostaglandin E2, LTB4 has been shown to cause a sig-
nificant increase in vascular permeability (25). In addition to
these proinflammatory actions, LTB4 causes contraction ofpul-
monary parenchymal strips at concentrations significantly less
than histamine but greater than those of the closely related
leukotrienes C4 and D4 (26). This action of LTB4 is thought to
be mediated by prostaglandins (27). Thus, LTB4 may be an im-
portant mediator of inflammation and may, in addition, cause
bronchospasm of the small airways.
The question of what role macrophage-derived LTB4 might

play in inflammatory diseases of the lung is an intriguing one.
Pulmonary macrophages are present in the interstitium and in
the alveoli. These cells therefore are ideally positioned to re-
spond to systemic or inhaled antigenic challenges to the lung.
The release of a potent chemotactic factor by pulmonary mac-
rophages could be important not only in the initiation of acute
inflammatory reactions but also in the pathogenesis of certain
chronic lung diseases. In many puhnW .iy diseases, as diverse
as adult respiratory distress syndrome and emphysema, the in-
flux and subsequent degranulation of neutrophils have been
postulated to be primary causes of damage to the lung paren-
chyma. Whether LTB4 is an important mediator of these in-
flammatory changes requires further investigation.
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