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Abstract

Eicosanoids derived from lipoxygenase (LO)-catalyzed reac-
tions play important roles in pulmonary inflammation. Here,
we examined formation of LO-derived products by human al-
veolar macrophages (HAM). HAM converted 11-4Cl-
arachidonic acid to a product carrying '4C-radiolabel that was
identified as 15(S)-hydroxy-5,8,11-cis-13-trans-eicosatetra-
enoic acid (15-HETE) by physical methods. 15-LO mRNA
was demonstrated in HAMby reverse transcription-polymer-
ase chain reaction. Incubation of HAMfor 3 d with interleukin
4 (IL-4) before exposure to j1-"4Clarachidonic acid led to both
increased mRNAfor 15-LO and a 4-fold increase in 15-HETE
formation. In contrast, 5(S)-hydroxy-6-trans-8,11,14-cis-ei-
cosatetraenoic acid generation was not significantly altered by
prior exposure to IL-4. Additionally, lipoxins (LXA4 and
LXB4) were detected from endogenous substrate, albeit in
lower levels than leukotriene B4 (LTB4), in electrochemical
detection/high performance liquid chromatography profiles
from HAMincubated in the presence and absence of the che-
motactic peptide (FMLP) or the calcium ionophore (A23187).
Exposure of HAMto leukotriene A4 (LTA4) resulted in a 2-
fold increase in LXA4 and 10-fold increase in LXB4. These
results demonstrate the presence of 15-LO mRNAand enzyme
activity in HAMand the production of LXA4 and LXB4 by
these cells. Along with 5-LO-derived products, the biosynthe-
sis of 15-LO-derived eicosanoids by HAMmay also be rele-
vant in modulating inflammatory responses in the lung. (J.
Clin. Invest. 1993. 92:1572-1579.) Key words: cytokines * ei-
cosanoids * inflammation * interleukin 4

Introduction

Humanalveolar macrophages (HAM)' are cells that may play
a major role in host defense, and conversely display significant
phlogistic potential ( 1 ); there is reason to believe that some of
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their diverse bioactions may be mediated by the generation of
eicosanoids (1). For example, HAMexposed to a variety of
stimuli in vitro can generate 5-lipoxygenase (5-LO) products
including leukotriene B4 (LTB4) (2, 3), a potent chemoat-
tractant (reviewed in reference 4). Despite an abundance
of 15(S)-hydroxy-5,8,1 1-cis-13-trans-eicosatetraenoic acid
( 1 5-HETE) in bronchoalveolar lavage (BAL) fluid and human
lung (5, 6), 15-lipoxygenase (15-LO) activity has not been
documented in HAM. 1 5-HETE generation in the respiratory
tract may be important since, in vitro, this eicosanoid can both
regulate LT production (4) and serve as one of the substrates
for conversion to lipoxins (reviewed in references 4 and 7).

Cytokines can regulate the formation of LO-derived prod-
ucts. IL-4 is found in the microenvironment of HAM, espe-
cially in disease states such as asthma (8). Moreover, macro-
phages possess IL-4 receptors (9) and the induction of 1 5-LO
by IL-4 was recently demonstrated in human peripheral blood
monocytes (10).

Lipoxins (LX), formed by interactions between individual
lipoxygenases (reviewed in references 4 and 7), are also found
in BAL fluid from patients with a variety of respiratory diseases
( 11). There is growing evidence that these compounds, in sub-
micromolar amounts, act as endogenous regulators of leuko-
triene (LT)-induced responses (reviewed in reference 7). De-
spite potential roles for LX in the human lung ( 12), LX pro-
duction by HAMhas not yet been evaluated.

Given the documented actions for both 1 5-HETE and LX
in the respiratory tract (4, 13, 14), we have examined HAM
contribution to their production. Here, we report that 15-
HETE is generated by HAMand that its production is en-
hanced by IL-4. In addition, evidence is provided for LX gener-
ation by HAMfrom both endogenous and exogenous sub-
strates.

Methods

Materials. lonophore (A23187), FMLP, aspirin, and indomethacin were
from Sigma Chemical Co. (St. Louis, MO). Synthetic eicosanoids were

1. Abbreviations used in this paper: AA, arachidonic acid; BAL, bron-
choalveolar lavage; ED, electrochemical detection; HAM, human
alveolar macrophages; 5-HETE, 5(S)-hydroxy-6-trans-8, 1 1,14-cis-ei-
cosatetraenoic acid; 15-HETE, 15(S)-hydroxy-5,8,1 1-cis-13-trans-ei-
cosatetraenoic acid; 13-HODE, 13-hydroxy-9-cis-1 1-trans-octadeca-
dienoic acid; LO, lipoxygenase; LTA4 (leukotriene A4), 5(S)-trans-
5,6-oxido-7,9-trans- 1 1, 14-cis-eicosatetraenoic acid; LTB4(leukotriene
B4), 5 (S), 12(R)-dihydroxy-6, 14-cis-8, l0-trans-dihydroxyeicosatetra-
enoic acid; LX, lipoxin; LXA4 (lipoxin A4), 5(S),6(R),15(S)-trihy-
droxy-7,9,13-trans-11-cis-eicosatetraenoic acid; LXB4 (lipoxin B4),
5(S), 14(R), 15(S) -trihydroxy-6, 10, 12-trans-8- cis-eicosatetraenoic
acid; RT, reverse transcription.
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purchased from Cascade Biochem Ltd. (Reading, England) and radio-
labeled arachidonic acid was from NENResearch Products (Boston,
MA). Recombinant IL-4 was from Genzyme (Cambridge, MA). Re-
verse transcription (RT) and PCRbuffers, deoxynucleoside triphos-
phates (dNTPs), and acetylated BSA were obtained from Promega
Corp. (Madison, WI), RNacin, Moloney murine leukemia virus
(mmLV), and Thermus aquaticus DNApolymerase were from Gibco
BRL (Gaithersburg, MD) and Apa-I and Pst-I were from Pharmacia
Inc. (Piscataway, NJ). Other chromatographic materials and solvents
were as described in references 15 and 16.

Cell isolation. HAMwere obtained from healthy, nonsmoking sub-
jects who denied taking medication (including aspirin) for at least 7 d
before lavage. None of the donors had a history of asthma, bronchitis,
pneumonia, recent viral infection, or other lung disease. All subjects
were volunteers and had given written informed consent to a protocol
approved by the Brigham and Women's Hospital Committee for the
Protection of HumanSubjects from Research Risks.

HAMwere obtained by BAL using 4-6 50-ml aliquots of sterile
0.9% saline. All tubing on the bronchoscope was changed just before
lavage. The fluid was collected by gentle suction, pooled, and placed in
polypropylene tubes in an ice bath until centrifugation (300 g for 10
min at 4VC). Cell pellets were suspended in Dulbecco's PBS, pH 7.45.
Cell enumeration, viability, and differential cell counts were assessed.
Cytocentrifuge preparations of lavaged cells stained with modified
Wright-Giemsa were examined microscopically and verified by nonspe-
cific esterase. For incubations with IL-4, HAM( 1-1.2 x 106 cells/ml)
suspended in conditioned media (RPMI 1640 + 10% FCScontaining
L-glutamine and antibiotics) were seeded into 35-mm multiwell plates.
After 1 h at 370C in atmosphere containing 5%C02, nonadherent cells
were removed and HAMwere supplemented with fresh medium alone
or with IL-4 (500 pM). The incubations were continued at 370C in an
atmosphere of 5%CO2 in air for 72 h.
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Incubation conditions. HAMwere washed with PBS, then sus-
pended with PBScontaining 1 mMCaC12, 1 mMMgCl2, and 1.8 mM
ATP, and incubated either intact or after freeze-thaw. HAMwere per-
meabilized to increase substrate availability and LO-derived product
formation by rapid freezing in a dry ice-acetone bath, thawed to room
temperature (full cycle - 30 min), and taken directly for incubations
( 15). Suspensions were then exposed to arachidonic acid (AA; 20M4M)
plus [1-'4C]AA (1.6 MM, 52 mCi/mmol) for 20 min at 37°C. Intact
cells were also exposed to A23187 (5 ,uM). For some incubations, cells
were treated with indomethacin (100 ,uM, 10 min, 37°C) before addi-
tion of [1- '4C]AA. When examined directly after BAL, HAMwere
washed with PBSand then incubated either alone or in the presence of
A23187(5,MM), FMLP(0.1 MM), or LTA4 (15 jMM) for 25 min at 37°C.
All incubations were terminated with iced MeOH(2 vol) containing
either PGB2 or 13-hydroxy-9-cis-1 l-trans-octadecadienoic acid ( 13-
HODE)as internal standards.

Isolation and RTof RNA. HAM(2 x 106) were lysed with guani-
dine isothiocyanate (4 M) to extract total cellular RNAwhich was
isolated by centrifugation through cesium chloride (5.7 M) at 100,000
g for 18 h ( 17). Because small amounts of RNAwere present, transfer
RNA(20 Mg) from Escherichia coli was added to each sample to serve
as carrier before centrifugation. RNApellets were resuspended in 300
Ml RNase-free water, phenol/chloroform extracted, ethanol precipi-
tated in the presence of NaAcetate (3M, pH 5.2), dried, resuspended in
50 ,l of RNase-free water, and quantified by the presence of ultraviolet
(UV)-adsorbing material at 260 nm. This procedure was also used
with RNA isolated from peripheral blood monocytes (10). Non-
smoker lung RNAwas donated by the Brigham and Women's Hospital
Lung Transplantation Tissue Bank.

RNA from each volunteer was reverse transcribed as described
(18). Briefly, each sample contained 500 ng of total cellular RNA, RT
buffer, 1 mMdNTPs, 0.2 Mgpoly(T) antisense coding oligonucleotide

Figure 1. HAMgeneration of 15-
E HETEand 5-HETE. HAMwere
0 seeded at 106 cells/ml in 35-mm

multiwell plates, exposed to IL-4
(500 pM) or vehicle control for 72

15-HETE 5-HETE h (37°C, 5%C02), and incubated
after a rapid freeze-thaw with AA

80 (20,MM): [1-'4C]AA ( 1.6MM, 52
mCi/mmol) for 20 min at 37°C.
Products were extracted, injected

.40 on RP-HPLC, and eluted with
MeOH/H20/acetic acid
(75:25:0.01, vol/vol/vol) (See
Methods). Products eluting with the

-0 I \same retention time as authentic
1 5-HETE were obtained from sev-
eral incubations (n = 3) with cells
from different donors, collected after
RP-HPLC, pooled, concentrated,
rechromatographed (inset), and

15 20 25 30 35 eluted as indicated above. Inset:
Coelution of 1 5-HETE from HAM

Time (min) with authentic 15-HETE.
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primer, 40 URNacin, 60Mgg acetylated BSA, and 400 UmmLV.After
incubation at 25°C for 10 min and 42°C for 60 min, the reactions were
terminated by heating to 100°C for 10 min. Samples were kept at 4°C
until used.

Preparation of oligonucleotide primers. Oligonucleotide primers
were constructed from published cDNAsequences of 15-LO (19) and
,B-actin (20). The primers for 15-LO were selected to minimize the
considerable sequence homology between 5-, 12-, and 15-LO (21).
The primers were synthesized using a model 392 DNA/RNAsynthe-
sizer (Applied Biosystems, Inc., Foster City, CA), quantified by UV
absorbance at 260 nm, and stored at 4°C. The sequence of the 15-LO
primers was 5' ATGGGTCTCTACCGCATCCGCGTGTCCACT3'
(coding sense) corresponding to bases 1-30 of the cloned full-length
sequence and 5' CACCCAGCGGTAACAAGGGAACCTGACCTC3'
(anticoding sense), which anneals to bases 274-303. The fl-actin
primers spanned nucleotide positions 1139-1632 of ,B-actin mRNA
(20). The predicted sizes of the amplified 15-LO and f-actin DNA
products were 300 and 493 bp, respectively.

Amplification of IS-LO cDNAsand identification ofproducts. Each
sample contained the sense and anti-sense primers (0.3 ag), dNTPs
(500 MuM), DMSO(5%), PCRbuffer, Thermus aquaticus DNApoly-
merase (2.5 U), and 5,Ml of each RTmixture (HAMRNAplus E. coli
T-RNA) to act as a template. The suspensions were overlaid with two
drops of mineral oil and amplified for 25-40 cycles in a thermal cycler
(M.J. Research, Cambridge, MA). The amplification sequence con-
sisted of denaturation at 96°C for 1 min, primer annealing at 55°C for
2 min, and extension at 72°C for 2.5 min. The reaction was terminated
by cooling at 4°C. After completion of the PCR, 25 Ml of the suspension
was electrophoresed through a 2% (wt/vol) agarose gel in TBE buffer
(Tris base [89 mM], boric acid [89 mM], EDTA [pH 8.0, 2 mM])
containing ethidium bromide (0.5,Mg/ml) and photographed with UV
illumination.

Restriction endonucleases, Apa- I and Pst- 1, were identified using
the Mac Vector program (version 4.0) with unique targets in the first
300 bp of putative 15-LO and 5-LO products, respectively. The ampli-
fied products (25 Ml) obtained using oligonucleotides for presumed
15-LO were incubated (42°C, 16 h) with each enzyme, electrophoresed

Std. PBM
HAM
IL4-

HAM
IL4+

Table L IL-4-induced Increase in 15-HETE Generation

5-HETE 15-HETE 5-HETE/15-HETE

ng/106 cells

HAM 6.71±0.66 4.15±0.43 1.63±0.15
HAM+ IL-4 11.44±5.88 20.43±3.90* 0.52±0.18*

HAM(0.95-1.2 X 106 cells/ml) were isolated from BAL fluid and in-
cubated 72 h in the presence or absence of IL-4 (500 pM). After
rapid freeze-thaw, cells were exposed to arachidonic acid (20 MM):
[1-'4C]AA (1.6,uM, 52 mCi/mmol) for 20 min at 370C. Products were
extracted and chromatographed as described in Methods. Results
represent mean±SEMfrom three separate donors. Recovery of inter-
nal standard was 74.5±5.0%. *Statistical significance, P < 0.05.

through a 3% (wt/vol) agarose gel in TBE buffer containing ethidium
bromide (0.5 Mg/ml), and visualized by UV illumination.

Eicosanoid analysis. LO products were extracted and quantitated
as in (15, 16). After centrifugation, samples were rapidly loaded into
cartridges (C18 Sep-Paks), washed with H20, and eluted with hexane,
methyl formate, and MeOH. Materials eluted from methyl formate
and MeOHfractions were concentrated with N2, examined for UV-ab-
sorbing materials, and injected into a RP-HPLCsystem. 6-trans-LTB4,
12-epi-6-trans-LTB4, LTB4, and LX were resolved using tandem elec-
trochemical (ED)-UV detection with RP-HPLC. This system was
equipped with both a Lambda Max UVdetector (model 481; Waters
Associates, Milford, MA) and an on-line ED, model M460 (Waters
Associates) operated with a Ag/ AgCl2 reference electrode (Waters As-
sociates). The column, a Beckman Instruments Inc. (Palo Alto, CA)
Ultrasphere-ODS (4.5 mmX 25 cm) was eluted with MeOH/H20
(65:35, vol/vol), trifluoroacetic acid (1 mM), at a flow rate of 1 ml/
min. The electrode potential was set at 1.345 V to optimize the detec-
tion of LX and the UVdetector was set at 270 nm(to monitor LT) and

LUNG

_~~~~~- Actin~~~~~~~~~-- 15 LO

1 2 3 4 5 6 7 8 9 10 11
Figure 2. RT-PCRof total cellular RNAfrom HAM: effect of IL-4. Total cellular RNAwas extracted and purified from human peripheral blood
monocytes, lung tissue, and alveolar macrophages after 72 h in the presence or absence of IL-4 (500 pM) (see Methods). RT was performed
with RNA(500 ng) using a poly (T) antisense coding primer, and the PCRwas carried out in the presence of specific nested primers for either
,B-actin (25 cycles) (lanes 2, 4, 6, and 8) or 15-LO (30 cycles) (lanes 3, 5, 7, and 9). Equal amounts of the amplified products generated from
RNAof HAMin the presence of IL-4 were incubated (18 h, 42°C) with either Apa-l (25 U) or Pst-l (10 U) (lanes 10 and 11). The first 300
bp of 15-LO DNAhas an Apa-l site consistent with the observed cleavage, whereas 5-LO has only a Pst-l site (19). Samples were electrophor-
esed through a 3%(wt/vol) agarose gel in TBE buffer containing ethidium bromide (0.5 ug/ml) and photographed under UV illumination.
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301 nm (to monitor LX). Detection limits of the LX and LT in this
system were determined to be in the picogram range; these values were
consistent with those reported by Herrmann et al. (22).

Mono-HETEs were resolved using an RP-HPLC system equipped
with a Lambda Max UVdetector, model 481, and the column (Beck-
man Ultrasphere-ODS, 5 um, 4.6 mmX 25 cm) was eluted at 1 ml/
min with MeOH/H20/acetic acid (75:25:0.01, vol/vol/vol). The UV
detector was set at 234 nm. Fractions (1 ml) were collected and the
presence of radiolabel determined by scintillation spectrophotometry.
LT and LX were identified by comparison of individual retention
times with those obtained for synthetic standards in each RP-HPLC
system. Their quantities were determined by comparing peak areas
obtained for calibrated standards in each HPLCsystem with the corre-
sponding products from individual incubations after correction for the
recovery of internal standard. EDpeak heights were not used for quan-
titation in the present experiments but ED reactivities served as an
additional criterion to identify amounts of LX, < 5 ng, present in some
UV tracings.
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Cells obtained and viability. The mean cell number was
11.3±3.7 X 106 per bronchoscopy (mean±SD) with a viability
by trypan blue exclusion of 95.6±3.2% (n = 10), which re-
mained at 92.5±3.2% after incubations. Analysis of cell types
revealed 96.1±0.7% macrophages, 3.0±0.5% lymphocytes,
0.6±0.2% neutrophils, and 0.3±0.2% eosinophils.

15-HETE formation by HAM: regulation by IL-4. Consis-
tent with prior reports ( 1-4), HAMexposed to [ 1 - "'C ] AAgen-
erated a product carrying the '4C-radiolabel with the retention
time of authentic 5-HETE (Fig. 1). In these incubations, HAM
also produced material which eluted with the same retention
time (21 min) as 1 5-HETE; this product carried radiolabel and
coeluted with authentic 1 5-HETE (Fig. 1).

To determine whether HAM1 5-LO activity and 1 5-HETE
generation are regulated by IL-4, as in monocytes (1O), cells
were incubated in the presence or absence of IL-4. HAMwere
permeabilized to facilitate substrate availability before addition
of [1-'4C]AA (20 min, 370C). Cells exposed to IL-4 generated
four to five times more 15-HETE than cells cultured in its
absence (Table I). Increases in 15-HETE formation were also
obtained with intact cells incubated with IL-4 (n = 3; data not
shown). In contrast, 5-HETE production by HAMwas not
influenced in a statistically significant manner by IL-4 treat-
ment (Table I), suggesting that IL-4 specifically upregulates
1 5-LO activity.

Identification of HAM15-LO. 1 5-HETE can be generated
by both 1 5-LO-dependent and -independent pathways from
AA (23, 24). Since the cDNA sequence for 15-LO has been
determined ( 19), the presence of this transcript was evaluated
in HAM. Given the limited cell numbers ( 10-15 X 106 HAM/
BAL) obtained from nonsmokers, RT-PCR was performed
utilizing total cellular RNA(see methods). The RT-PCRprod-
uct was a 300-bp segment of DNAwhich corresponded to the
first 100 amino acids at the amino terminus of the enzyme.
Cycle number and the amount of total cellular RNAwere opti-
mized for both f3-actin and 1 5-LO so that differences in ampli-
fied products between samples would be preserved (data not
shown). Fig. 2 documents the presence in HAMof an ampli-
fied product which corresponds to that expected for 15-LO

PGE2 15-HETE

Figure 3. 1 5-HETE generation by HAMin the presence of cyclooxy-
genase inhibition. After exposure (72 h, 370C) to IL-4 (500 pM),
HAM(2 X 106 cells) were permeabilized with a rapid freeze/thaw,
incubated ( 15 minm 370C) in the presence or absence of indomethacin
( 100 AM), and then exposed (20 min, 370C) to [1-'4CIAA:AA (20
,MM). Products were extracted, injected on RP-HPLC, and eluted with
MeOH/H20/acetic acid (75:25:0.01, vol/vol/vol) (see Methods).
Peaks for PGE2and 1 5-HETE were identified by comparison with
the retention time for authentic standards and quantities were deter-
mined by peak area of "4C dpm on radiochromatograms after correc-
tion for recovery of the internal standard (PGB2). Results are ex-
pressed as the percent of control represented by parallel incubations
carried out in the absence of indomethacin (mean±SEM, n = 3).

mRNA. Peripheral blood monocyte and human lung tissue
RNAwere used as known negative ( 10) and positive sources of
15-LO mRNA(25), respectively. The RT-PCR product was
digested by Apa- 1 and not by Pst-l verifying its origin from
15-LO mRNAand not from 5-LO (Fig. 2). In the presence of
IL-4, the amount of the amplified product was substantially
increased.

Since 1 5-HETE can also be produced via cyclooxygenase-
dependent pathways (23, 24, 26), we examined the generation
of 15-HETE by HAMin the presence of cyclooxygenase inhibi-
tors: indomethacin (100 ,M) and aspirin (500 ,M). At these
concentrations, formation of PGE2 was inhibited while 15-
HETE production remained 80.7% (P < 0.04, n = 3) and
102.5% (P = ns, n = 2) of control during incubations in the
presence of indomethacin and aspirin, respectively (Fig. 3).
These results indicate that HAMare able to generate 1 5-HETE
utilizing either 15-LO or, to some extent, an indomethacin-
sensitive cyclooxygenase, although the lipoxygenase pathway
appears to be the major route.
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Figure 4. Representative ED-UV RP-HPLCprofiles from stimulated
HAM. HAMwere incubated with A23,87 (5 AM) for 25 min at 370C.
Products were extracted and chromatographed with MeOH/H20
(65:35, vol/vol) and trifluoroacetic acid (I mM)(See Methods).
Upper panel: Retention times of the synthetic standards optimized
for ED detection of LX. Lower panel: Results in each tracing are
representative of incubations with cells from three separate BAL: UV
tracing (solid line) and EDdetection (dashed tracing). Vertical seg-
ments indicate UVmonitoring at 301 nm to detect lipoxins. There
was a 10-s recording delay for the tandem EDprofile. The EDwas
optimized for the chemical reactivity of the lipoxins.

LX generation by HAM. With both 5- and 1 5-LO, HAM
possess the ability to produce LX by the sequential lipoxygena-
tion of unesterified AA. Although LXA4 has been identified in
BAL fluids of patients with pulmonary diseases ( 1 1), the con-

tribution of HAMto LX generation has not yet been exam-
ined. To this end, HAMwere stimulated (25 min, 370C) with
either the calcium ionophore (A23187) or FMLPand the prod-
ucts obtained were extracted and characterized. HAMacti-
vated by ionophore generated predominantly LTB4 and LTA4
(as monitored by appearance of its non-enzymatic hydrolysis
products, 6-trans- and 12-epi-6-trans-LTB4) (Fig. 4). These
chromatograms also revealed materials with the same reten-
tion times and electrochemical reactivity as synthetic LXA4
and LXB4 (Fig. 4). LXA4, LXB4, and LTB4 were also present
to some degree when HAMwere incubated alone in the ab-
sence of stimuli (Table II). LXB4 levels increased with both
A23,87- and FMLP-triggered stimulation as did LTB4; the
amounts of both LXA4 and LXB4 were clearly less than those
of agonist-induced LTB4 formation. In contrast, LXA4 levels
were evident before addition of HAMagonists and did not
increase after activation. The ratios of LT to LX production
were 0.6, 2.3, and 21.0 with no stimulus, FMLP, or A23187,
respectively.

A role for LTA4 in LX generation by HAM. Since 15-LO
can convert LTA4 to LX (7, 27), we examined whether the low
levels of LX produced by HAMfrom endogenous sources
could be increased by exposure to LTA4. In the presence of
LTA4, HAMgenerated - 2 times more LXA4 and 10 times
more LXB4 (Table III). In these experiments, LTB4 formation
also increased 7-fold after LTA4 exposure. Incubation with IL-
4 (72 h) did not further enhance HAMproduction of LX from
LTA4 with either intact or permeabilized HAMusing these
conditions. Also, IL-4-primed HAMstimulated with A23187 (5
AM, 20 min, 370C) did not generate statistically significant
increases in LX levels from endogenous source of substrate
above those reported in Table II (data not shown).

Discussion

The present results indicate that HAMpossess 1 5-LO activity
and can generate 1 5-HETE. 1 5-HETE was identified by several
criteria: retention time on RP-HPLC, radiolabeling, and coelu-
tion with authentic 15-HETE (Fig. 1). 15-LO mRNAwas also
demonstrated by RT-PCRand selective digestion with a restric-
tion endonuclease of the amplified product (Fig. 2). Exposure
of HAMto IL-4 selectively increased 15-HETE formation (Ta-
ble I) and 15-LO mRNAlevels (Fig. 2). In addition, HAM
production of 1 5-HETE was reduced by only 20% in the pres-
ence of indomethacin, but was not affected by aspirin (Fig. 3).
These cells were also able to generate LXB4 from endogenous
stores in the presence of stimuli (Fig. 4, Table II) and both
LXA4 and LXB4 when incubated in the presence of exogenous
LTA4 (Table III). Together these observations are the first to
identify 1 5-LO activity in HAMand demonstrate a potential
role for these cells in contributing to the formation of the 15-
HETEand LX found in BAL fluid (5, 1 1).

Several cell types of the respiratory tract can produce 15-
HETE including human tracheal epithelial cells, eosinophils,
and polymorphonuclear leukocytes (reviewed in reference
23). In the present study, the cell population from freshly ob-
tained BAL fluids represented > 96%HAM, and thus, the 15-
HETEidentified by physical methods (Fig. 1 ) does not appear

1576 Levy et al.



Table II. Stimulus-induced LX and LT Formation

A6-trans-LTB4
LXA4 LXB4 LTB4 + 12-epi-6-trans-LTB4 ZLT/ZLX

ng/106 cells

HAM 1.30±0.22 0.17±0.04 0.30±0.24 0.29±0.18 0.63
HAM+ fMLP (10-7 M) 0.60±0.13 0.23±0.13 1.77±0.91 0.88±0.57 2.26
HAM+ A23187 (5 AM) 0.70±0.08 0.51±0.15* 30.22±6.47* 10.77±1.84* 20.95

HAM(1.85-3.35 X 106 cells/ml) isolated from BAL fluid were incubated (25 min, 370C) with either A23187 (5 MM), FMLP(0.1 MM), or vehicle
alone. Materials were extracted and chromatographed as described under Methods. Results represent the mean±SEMof three separate experi-
ments. Values for LXA4 and LXB4 are corrected for isolation-induced isomerization (see reference 15). 6-trans-LTB4 and 12-epi-6-trans-LTB4
were produced in approximately equal amounts in each chromatogram. PGB2recovery was 89.2±8.5%. * P < 0.10.

to be the result of contaminating cells. The presence of 1 5-LO
activity and its induction in HAMmay be relevant in humans,
since 1 5-LO-derived products display actions in experimental
models involving the respiratory tract (4). 15-HETE inhibits
vascular cyclooxygenase (23), diverts LT production, and regu-
lates signal transduction after esterification into membrane
phospholipids from where it can be released upon subsequent
cell activation and serve to "prime" the cell membrane (28).
1 5-HETE is a major eicosanoid in lung tissues (5, 6) and levels
of both 15-HETE, identified by gas chromatography/mass
spectrometry, and 15-LO mRNA, identified by RT-PCR, in-
crease in BAL fluid from asthmatics after antigen challenge (5,
25, 29). Since HAMare the predominant cell type in BAL
fluid and possess 15-LO mRNA, they are a likely source of
1 5-LO transcription. Thus, HAMhave the potential to contrib-
ute to 1 5-HETE production in lung tissues.

In addition to 15-LO, 15-HETE can be generated by cy-
clooxygenase-dependent pathways in endothelial (23) and epi-
thelial cells (24). Recently, isozymes of PGHsynthase were
identified whose ability to generate 1 5-HETE is enhanced by
aspirin and inhibited by indomethacin (24, 26). The data
shown in Fig. 3 demonstrates that, in concentrations which
blocked PGE2 formation by HAM, indomethacin suppressed
1 5-HETE production by 19.3% (P < 0.04) while aspirin had no
apparent impact. These results suggest that the generation of
1 5-HETE by HAMoccurs primarily via the 1 5-LO pathway;

Table III. LTA4-induced Increase in LX and LT Formation

LXA4 LXB4 LTB4 ZLT/ZLX

ng/106 cells

HAMalone 1.34±0.39 0.43±0.06 0.95±0.43 0.93
HAM+ LTA4 3.05±0.51 4.12±1.79* 6.56±0.96* 0.69

* P < 0.10. $P < 0.02. HAM(1.0-1.5 x 106 cells/ml) were incu-
bated (25 min, 37°C) either alone or in the presence of LTA4 (15
MgM). Results represent the mean±SEMfrom three separate bron-
choalveolar lavages. Values for LXA4 and LXB4 are corrected for
isolation-induced isomerization (see reference 15). PGB2recovery was
75.4±4.8%.

however, these cells can also convert AA into 1 5-HETE by an
indomethacin-sensitive PGHsynthase.

Wefound that the 1 5-LO activity present in HAMis upreg-
ulated after IL-4 treatment (Table I); our observation extends
the previous demonstration of 1 5-LO induction by IL-4 in pe-
ripheral blood monocytes (10), known precursors of HAM.
High levels of IL-4 are present in asthmatic lungs secondary to
elaboration by the TH2 subset of T-helper lymphocytes and
mast cells (8). It follows that 1 5-HETE generation by HAM
exposed to IL-4 may represent a critical aspect of cell-cell inter-
actions during immune responses in the lung.

It has been previously shown that LXA4 is detected in BAL
fluids from patients with respiratory diseases (11); the cell
types involved in LX formation in the lung are not known.
Formation of LX by activated HAM(Fig. 4, Table II) suggests
interactions between 5-LO and 15-LO. For example, 5-LO
could provide LTA4 for conversion to LX by HAM15-LO.
This route proceeds via a 5 (6 )-epoxytetraene intermediate, the
equivalent of 15-hydroxy-LTA4, and has been documented
with soybean 15-LO (27), bronchial tissue, and nasal polyps
(30). In support of this biosynthetic origin, LX formation is
increased when HAMare incubated in the presence of LTA4
(Table III). Utilization of extracellular LTA4 by HAMmay be
an important biosynthetic route for LX, as multiple cell types
found in the lung such as mast cells (31), cytokine-primed
neutrophils ( 16), and macrophages themselves (as monitored
in the present study by detection of LTA4-derived nonenzy-
matic hydrolysis products; Table II) are capable of releasing
LTA4 into the extracellular milieu. In addition, 1 5-LO can also
provide 1 5-HETE to 5-LO for further conversion to LX. Re-
cently, HAMwere reported to generate prodigious amounts of
LX (32) via the transcellular metabolism of exogenous 15-
HETE similar to previous observations with human neutro-
phils (7). In this regard, airway epithelial cells display high
levels of 1 5-LO activity (7, 21 ). Since LXA4 was detected in
HAMprior to the addition of agonists, it is possible that the
mechanical agitation of bronchoscopy may have triggered
LXA4 and to some extent LXB4 formation present in the in
vitro incubations (Table II). Thus HAMcould participate in
the generation of lipoxins via at least two routes: ( 1 ) sequential
1 5-LO (donated 1 5-HETE) followed by 5-LO of HAM, or (2)
by transformation of exogenous LTA4 by 1 5-LO of HAM. Al-
though LXA4 levels were not increased by typical HAMago-
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nists (FMLP and A23187), LXB4 formation was clearly in-
creased (Table II). Together with the finding that LTA4 in-
creases LXB4 formation (10 times), it appears that HAM
possess a LXB4 synthetase (Table III). Macrophages from
other species, such as the rainbow trout, generate microgram
amounts of LX from endogenous sources of substrate (33),
indicating that the lipoxin structure has a long evolutionary
history and suggesting that its formation in humans may mark
a basic functional role of these eicosanoids.

Because there are large numbers of HAMin alveoli and LX
possess modulatory actions in experimental models at concen-
trations in the range of those reported in Table III, the partici-
pation of HAMin the formation of LX in the lung may be
relevant in humans. For example, LXA4 antagonizes LTC4-in-
duced contraction of human bronchi (13) and bronchocon-
striction of asthmatic human airways ( 14). LXA4 also inhibits
LTB4-induced inflammation (34) and down-regulates LTB4
receptors on lymphocytes (35). The role of LXB4 in the lung
remains to be fully appreciated; however, LXB4 has been dem-
onstrated in submicromolar amounts to inhibit both LTB4-
and FMLP-stimulated neutrophil chemotaxis (36), stimu-
late myelopoiesis (37), and exert a radioprotective effect in
vitro (38).

In conclusion, HAMpossess 1 5-LO activity and can partici-
pate in the biosynthesis of both 1 5-HETE and LX in the respira-
tory tract. Furthermore, the production of these compounds by
HAMcan be enhanced by cytokines, such as IL-4, and exoge-
nous substrates, such as LTA4. Cell-cell interactions in the
lung may represent important regulatory mechanisms for
bioactive eicosanoid formation and action during pulmonary
inflammation.
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