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Abstract

Idiopathic pulmonary fibrosis (IPF) is a progressive disor-
der characterized by inflammation, fibroblast proliferation,
and accumulation of extracellular matrix proteins. Leuko-
trienes (LTs) are pro-inflammatory and pro-fibrogenic me-
diators derived from the 5-lipoxygenase (5-LO) pathway of
arachidonic acid metabolism. They are thought to play a
role in a number of disease processes, but have received rel-
atively little attention in investigations into the pathogene-
sis of IPF. In this study, we measured the levels of immu-
noreactive LTs B, and C, in homogenates of lung tissue
obtained from patients with newly diagnosed, untreated
IPF, as compared to levels measured in homogenates of un-
involved nonfibrotic lung tissue from patients undergoing
resectional surgery for bronchogenic carcinoma. Compared
to homogenates of nonfibrotic control lung, homogenates
from IPF patients contained 15-fold more LTB, and 5-fold
more LTC,. IPF homogenate levels of LTB, were signifi-
cantly correlated with histologic indices of both inflamma-
tion (r = 0.861) and fibrosis (r = 0.926). Activation of 5-LO
is known from in vitro studies to be associated with localiza-
tion of the enzyme at the nuclear membrane. Immunohis-
tochemical staining for 5-LO protein in alveolar macrophages
(AMs) demonstrated that such an “activated” localization
pattern was significantly more frequent in IPF lung (19.2+
3.3% of cells) than in control lung (9.30.9%); this localiza-
tion pattern was rarely seen (3.2%) in sections from a truly
normal transplant donor lung. Consistent with these data,
AMs obtained from IPF patients by bronchoalveolar lavage,
purified by adherence, and cultured in the absence of a
stimulus for 16 h elaborated significantly greater amounts
of LTB, and LTC, than did control AMs obtained from nor-
mal volunteers. These data indicate that the 5-LO pathway
is constitutively activated in the lungs of patients with IPF,
and the AM represents at least one cellular source of LT
overproduction in this disorder. We speculate that LTs par-
ticipate in the pathogenesis of IPF, and their overproduc-
tion in this disorder may be amenable to specific pharmaco-
therapy. (J. Clin. Invest. 1996. 97:1827-1836.) Key words:
leukotrienes « 5-lipoxygenase « alveolar macrophages « pul-
monary fibrosis « immunohistochemistry
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Introduction

Idiopathic pulmonary fibrosis (IPF)' is the most common of
the infiltrative or interstitial disorders of the lung parenchyma.
It is manifested as a restrictive ventilatory defect with impaired
gas exchange, and its course is typically progressive, culminat-
ing in respiratory failure and death. Histologically, IPF is char-
acterized by an accumulation of inflammatory cells in the alve-
olar space and interstitium, derangement of normal alveolar
architecture, and expansion of the mesenchymal cell popula-
tion with increased deposition of extracellular matrix compo-
nents (1). These same clinical and histopathologic features are
also observed in other interstitial lung diseases, such as those
associated with asbestos exposure (2) and collagen vascular
disorders (3).

Although little is known about the inciting circumstances
which lead to the development of IPF, some information re-
garding the evolution of this lesion is available (4). An early
phase of the disease likely involves an expansion of the popu-
lation of resident alveolar macrophages (AMs) and the re-
cruitment from peripheral blood of inflammatory cells such as
neutrophils and eosinophils. Interactions among these re-
cruited inflammatory cells, the resident alveolar lymphocytes
and AMs, and the endothelial and epithelial cells comprising
the normal alveolar wall then result in cellular injury as well as
the generation of growth signals. The ultimate consequence of
these signals is fibroblast proliferation and collagen deposi-
tion.

It is inevitable that the evolution of IPF involves the inter-
play of numerous mediator cascades. Indeed, a host of specific
mediators have been implicated in the pathogenesis of IPF
(5-10). One group of mediators which has received relatively
little attention in this condition are the 5-lipoxygenase (5-LO)
metabolites of arachidonic acid. These substances, which in-
clude leukotrienes (LTs) B, (LTB,) and C, (LTC,), possess a
wide spectrum of biological actions of a generally pro-inflam-
matory nature. Accordingly, they are thought to play impor-
tant roles in both normal host defense as well as in a variety of
inflammatory disorders (11, 12). Pulmonary disorders in which
overproduction of LTs is implicated include asthma (13, 14)
and the adult respiratory distress syndrome (15, 16). These
lipid mediators are synthesized from arachidonic acid in a mul-
tistep pathway initiated by the enzyme 5-LO. In view of the
pathophysiologic significance of LTs, understanding the mo-
lecular and cellular events involved in 5-LO activation has
been an investigative priority in recent years (17). It is now
recognized, for example, that activation of the enzyme entails
its Ca?*-dependent translocation from a soluble locale to the
nuclear envelope (18, 19).
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1. Abbreviations used in this paper: 5-LO, 5-lipoxygenase; AM, alveo-
lar macrophage; BAL, bronchoalveolar lavage; EIA, enzyme immu-
noassay; FLAP, 5-lipoxygenase activating protein; IPF, idiopathic
pulmonary fibrosis; LT, leukotriene.

5-Lipoxygenase Activation in Idiopathic Pulmonary Fibrosis 1827



Table I. Demographic and Clinical Characteristics of IPF Subjects

Used for Smoking status
Duration of
Subject Tissue AM Age Gender N/F/C# pack-yr yr quit symptoms TLCY D, CO P(A-a O,)!
yr M/F* yr % pred % pred mm Hg

a X 56 M F 60 0.7 2 84 34 46

b X 69 M F 48 1 2 75 32 60

c X 28 F F 2 0.9 1 46 33 58

d X 74 F F 7 44 1 88 60 47

e X 37 M N 1 77 52 33

f X 65 M F 51 3 3 70 51 48

g X X 59 F N 1 72 62 42

h X X 63 F N 1 80 27 54

i X X 37 F F 5 7 1 82 47 33

j X 76 M N 1.5 61 29 54

k X 66 M F 12 31 5 83 36 41

1 X 69 F F 7 13 2 49 60 42

m X 67 F N 2 69 43 38
mean 58.9 1.8 72 435 45.8
SEM 42 0.3 3.6 3.5 2.4

*male/female; never/former/current; $total lung capacity (% of predicted value); | diffusing capacity of lung for carbon monoxide (% of predicted

value); Talveolar-arterial oxygen gradient at rest breathing room air.

The present investigation addressed the hypothesis that
IPF is characterized by constitutive activation of 5-LO in the
lower respiratory tract. Our results document that LT levels in
lung homogenates of IPF patients exceeded those in control
patients. Furthermore, the AM is one likely source of this con-
stitutive overproduction of LTs in the IPF lung, on the basis of
both in situ demonstration of 5-LO translocation to the nu-
clear envelope in AMs of IPF lung, as well as LT analysis of
conditioned medium from cultured AMs.

Methods

Study populations. The IPF study group consisted of 13 previously
untreated patients from the University of Michigan Specialized Cen-
ter of Research in Interstitial Lung Disease project. All patients had
clinical, radiographic, and physiologic findings consistent with IPF;
those with findings suggestive of alternative diagnoses such as col-
lagen-vascular disorders, asbestosis, hypersensitivity pneumonitis,
sarcoidosis, or exposure to pneumotoxic substances, were excluded.
Histologic confirmation of IPF was made by open lung biopsy in all
patients. Their demographic and clinical characteristics are summa-
rized in Table 1. In nine of these patients (subjects a-i), lung tissue
obtained at open biopsy was used for LT determinations and immu-
nohistochemical analysis. In seven of these patients (subjects g—-m),
AMs obtained by bronchoalveolar lavage (BAL) were studied.
Three different control groups were used. (a) Eight patients with
bronchogenic carcinoma undergoing surgical resection were used as a
source of nonfibrotic lung tissue for LT determinations and immuno-
histochemical analysis; these patients served as a comparison popula-
tion for the IPF patients (a—i) on whom tissue data were obtained.
The demographic characteristics and histologic diagnoses of these
cancer control patients are presented in Table II. (b) Six normal vol-
unteers underwent BAL in order to obtain AMs for comparison to
the AMs from IPF patients g-m; these subjects denied current or
prior respiratory symptoms, any history of smoking, and recent (3
mo) upper respiratory infection or medication use, and had normal
physical examinations of the lungs. This group was comprised of 4
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males and 2 females, and their age was 28.7+2.3 (mean+SEM) years.
(c) Finally, lung tissue from one deceased individual whose lung was
harvested as a potential transplant donor was also available for im-
munohistochemical analysis only. This individual was a 19-yr-old
male with no history of respiratory disease or smoking who died from
a motor vehicle accident. This experimental protocol was approved
by the University of Michigan Medical Center Institutional Review
Board for Approval of Research Involving Human Subjects.

Lung tissue and preparation of lung homogenates. For IPF patients,
separate surgical biopsy specimens were obtained from each of three
different bronchopulmonary segments, and one small (12 mm?®) piece
from each segmental specimen was combined for subsequent homog-
enization. For bronchogenic carcinoma patients, tissue was isolated
from an area of parenchyma distant from the tumor and was con-

Table II. Demographic and Clinical Characteristics of Lung
Cancer Control Subjects

Smoking status

Subject Age Gender N/F/C' pack-yr yr quit Histologic type
yr  M/F*
1 74 M C 38 squamous
2 68 F C 42 squamous
3 56 M F 38 5 bronchoalveolar
4 59 F F 26 3 large cell undifferentiated
5 77 M F 58 2 squamous
6 53 F C 37 squamous
7 68 M F 44 1.5 small cell undifferentiated
8 34 M C 8 undifferentiated
mean 61.1
SEM 49

*male/female; *never/former/current.



firmed to contain no neoplasm and to exhibit no fibrosis and normal
architecture by histologic examination. Specimens from IPF and con-
trol lung were placed in 3 ml of homogenizing buffer (PBS, 2 mM
phenylmethylsulfonyl fluoride, and 1 pg/ml each of antipain, aproti-
nin, leupeptin, and pepstatin A) and homogenized for 90 s with a Tis-
sue Tearor (model 985-370; Biospec Products, Racine, WI). Homoge-
nates were then sonicated for 30 s using a model 250 sonifier
(Branson Ultrasonics Corp., Danbury, CT) at power level 1, 100%
duty cycle, and centrifuged for 10 min at 500 g. The resulting superna-
tants were frozen at —70°C for subsequent LT determination. Total
protein was calculated for each sample using a microtiter plate modi-
fication (Pierce Biochemical, Rockford, IL) of the Bradford method
(20) using bovine serum albumin as standard.

Isolation and culture of AMs. For isolation of AMs, IPF patients
and healthy normal volunteers underwent fiberoptic bronchoscopy
and bronchoalveolar lavage as previously described (10) using stan-
dard techniques. Lavage fluid was subsequently centrifuged at 500 g
for 10 min and the resulting cell pellet was resuspended in PBS and
cells enumerated using a hemacytometer. The percentage of lavage
cells which were AMs was determined by examination of Diff-Quik-
stained cytocentrifuge preparations. Cells were centrifuged again and
then resuspended in Dulbecco’s modified Eagle’s medium (DME) at
0.5 X 10° AMs/0.1 ml, and 0.2 ml (10° AMs) were placed into each
well of a 96-well plate and incubated for 2 h at 37°C in a humidified
atmosphere of 5% CO,in air. Nonadherent cells were removed by
washing twice with PBS, and the remaining adherent cells were incu-
bated in DME for an additional 16 h. These adherent cells were 97%
AMs based on morphologic criteria and staining with nonspecific es-
terase. Following the 16 h incubation, the conditioned medium was
frozen at —70°C for subsequent analysis of LTs.

Quantitation of LTB, and LTC, in lung homogenates and in AM
supernatants. Before determination of LTs in lung homogenates, po-
tentially cross-reacting material was removed by extracting lipids
with C;g Sep-Pak cartridges as previously described (21). This proce-
dure has been used previously as a preparative step in assaying LT
levels in bronchoalveolar lavage fluid (22, 23). The resulting lipid ex-
tract was evaporated to dryness under N, and resuspended in assay
buffer in order to quantitate LTs. AM culture supernatants were as-
sayed directly without prior Sep-Pak extraction. In both cases, LTB,
and LTC, levels were determined with enzyme immunoassay kits ob-
tained from Cayman Chemical (Ann Arbor, MI). For each sample,
the average of duplicate determinations was calculated.

Immunohistochemical staining of lung tissue for 5-LO protein.
Lung tissue specimens from IPF or bronchogenic carcinoma patients
were fixed in 4% paraformaldehyde for at least 24 h. The tissue was

then embedded in paraffin and 3—4-pm-thick sections were cut and
mounted on Superfrost/PLUS slides (Fisher Scientific, Pittsburgh,
PA). Paraffin was removed from fixed sections with Americlear
(Baxter Diagnostics, Deerfield, IL) and tissue was then rehydrated by
sequential immersion for 1 min in descending concentrations of etha-
nol (100% X 2,50% X 2,0% [PBS, pH 7.35] X 2. Staining was per-
formed using the Vectastain ABC Elite immunohistochemistry sys-
tem (Vector, Burlingame, CA). To reduce nonspecific binding,
rehydrated tissue was incubated with Power Block (Biogenics, San
Ramon, CA) for 15 min according to the manufacturer’s instructions
and then with 25% normal goat serum for 30 min. Slides were incu-
bated at 4°C for 24 h with either rabbit anti-human 5-LO antiserum
(generously provided by Dr. Jilly Evans, Merck Frosst Canada,
Pointe Claire-Dorval, Quebec) or nonimmune rabbit serum at dilu-
tions of 1:1000-1:5000 in 25% normal goat serum in PBS. Slides were
then washed 2X for 10 min in PBS containing 2.5% NaCl and 0.17%
Triton X-100 (wash buffer) and biotinylated goat anti-rabbit IgG
(1:600 dilution) was applied for 30 min. Sections were again flooded
with wash buffer for 10 min X 2, after which they were incubated with
avidin-conjugated horseradish peroxidase reagent for 45 min. After
removal of the horseradish peroxidase reagent, sections were washed
twice for 10 min each in wash buffer and then incubated with True-
Blue peroxidase substrate (KPL Laboratories, Gaithersburg, MD).
Incubation times (usually 5-10 min) were determined by monitoring
changes in specific signal and background staining over time via light
microscopy. Sections were counterstained with Contrast Red (KPL
Laboratories). The percentage of AMs in a given section of IPF or
lung cancer control lung which demonstrated nuclear membrane lo-
calization of 5-LO was determined by evaluating all positively stained
cells in 20 high power (1000X) fields. In the single transplant donor
lung, 85 high power fields were assessed.

For confocal microscopic examination, immunostaining was per-
formed as described above, with the following modifications: block-
ing was carried out by incubating with 50% normal goat serum for 30
min, the primary antiserum dilution was 1:500-1:1000, and detection
was with the Vectastain ABC alkaline phosphatase system (Vector)
using Vector Red as the chromophore/fluorophore. Samples were vi-
sualized on a Bio-Rad MRC-600 laser confocal microscope at an exci-
tation wavelength of 550 nm. 1-wm-thick optical sections were col-
lected and relative intensity of fluorescence was converted to a
pseudocolor display.

Histologic assessment of IPF lung tissue. Sections from each of the
three bronchopulmonary segments sampled at open lung biopsy of
IPF patients and stained with hematoxylin/eosin were evaluated sep-
arately for inflammation as well as fibrosis using a semi-quantitative

Figure 1. LT levels in homogenates from
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Figure 2. Immunohistochemical staining of 5-LO protein in control and IPF lung tissue. Sections from lung cancer control (A and B) and IPF (C
and D) lung tissue were incubated with either nonimmune rabbit serum (A) or anti-3-LO antiserum (B-D). Antigen was detected using an avi-
din-biotin-peroxidase system visualized with TrueBlue; Contrast Red was used as the counterstain. A-C were photographed at low magnifica-
tion and D at high magnification. A and B are from the same specimen of control lung tissue; C and D are from two different IPF patients. The
arrowhead in A indicates an AM. In B-D, open arrows indicate representative cells demonstrating diffuse nuclear staining (“resting pattern”)
and filled arrows indicate representative cells demonstrating staining concentrated at the nuclear margin (“activated pattern”).

Figure 4. Pseudocolor display of 5-LO immunostaining in IPF lung tis-
sue examined by confocal microscopy. A section of IPF lung tissue was
incubated with anti-5-LO antiserum, and antigen was detected with
Vector Red using confocal microscopy. Intensity of 5-LO fluorescence
is displayed on a pseudocolor scale in which red represents most in-
tense, and blue represents least intense staining. The arrow indicates
one of a cluster of AMs exhibiting an “activated pattern” of 5-LO stain-
ing which is most intense at the nuclear margin. This can be compared
to a very low-intensity staining alveolar wall lacking AMs in the upper
left region of the photograph.
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Figure 3. Frequency of perinuclear localization of 5-LO in AMs from
control and IPF lung tissue. Sections of lung tissue from a single nor-
mal transplant donor lung (“Txp donor”), from cancer controls
(“C”), and from IPF patients (“IPF”) were subjected to immunohis-
tochemical staining for 5-LO protein, and the frequency of a perinu-
clear (“activated”) localization pattern among positively stained AMs
was determined in 85, 20, and 20 high power (1000X) fields, respec-
tively. For controls, individual values are represented as open circles;
for IPF patients, individual values are represented by lower case let-
ters corresponding to their identifying designation in Table I. The
mean (=SEM for cancer controls and IPF) for each group is repre-
sented by the closed square (and bars). *P < 0.05 vs. C.

scoring system previously described (24). The mean inflammation
and fibrosis scores for each patient were then determined as the
means of the individual values derived from each of the three seg-
ments. Although individual histologic scores are presented only for
those patients whose tissue was analyzed for LTs (subjects a-i; de-
picted in Fig. 5), the mean inflammation (16.8+1.7) and fibrosis
(14.5%1.1) scores for this subgroup were no different than those of
the group from which AMs were harvested for culture (subjects g-m;
inflammation, 15.1+1.1; fibrosis, 14.0=1.0).

Data analysis. LT levels in homogenates or in AM supernatants
were expressed as the mean+=SEM. Differences between the mean
homogenate LT levels of IPF and cancer control groups were ana-
lyzed by the unpaired Student’s ¢ test, and between mean AM super-
natant levels by the Mann-Whitney rank sum test. Differences be-
tween IPF and cancer control lung tissue with respect to the mean
frequency of nuclear membrane 5-LO staining were analyzed by the
Mann-Whitney rank sum test. Correlations between homogenate LT
levels and histologic indices were determined by linear regression
analysis. A P value < 0.05 was taken as indicative of statistical signifi-
cance.

Results

LTB,and LTC,levels in lung homogenates. The levels of LTB,
and LTC, determined by immunoassay of lipid extracts of lung
homogenates from patients with IPF and cancer controls are
presented in Fig. 1. Both mediators were detectable in all pa-
tients, with LTB, levels exceeding LTC, levels in all samples.
Notably, mean levels of both LTs were significantly (P < 0.01)
higher in IPF lung homogenates than in control homogenates;
the concentration of LTB, was ~ 15-fold greater, and that of
LTC,, ~ 5-fold greater than the control concentration. For
both of these LTs, there was relatively little overlap between

values in the IPF group and those in the control group. These
data demonstrate that the 5-LO pathway of arachidonic acid
metabolism is constitutively activated in lung tissue from pa-
tients with IPF.

Immunohistochemical staining of lung tissue for 5-LO pro-
tein. In a variety of cell types studied to date, in vitro stimulation
of cellular LT synthesis has been associated with the transloca-
tion of 5-LO protein from its cytosolic or intranuclear locales
in resting cells to the nuclear envelope (18, 19, 25-27). We
therefore reasoned that the constitutive activation of the 5-LO
pathway in lung tissue from IPF patients might be associated
with a similar accumulation of 5-LO protein at the nuclear en-
velope of the cell type or types responsible for LT overproduc-
tion in this disorder. To examine this possibility, paraffin-embed-
ded sections of lung tissue from IPF patients, lung cancer
controls, and a single transplant donor were subjected to im-
munohistochemical staining using nonimmune rabbit serum or
rabbit anti-human 5-LO antiserum. Peripheral lung architec-
ture was normal in sections from cancer control patients (Fig.
2, A and B) and from the transplant donor (not shown). How-
ever, it was grossly abnormal in sections from IPF patients
(Fig. 2, C and D), demonstrating thickening of the alveolar
septa, increased interstitial and intraalveolar cellularity, and
increased numbers of fibroblasts as well as extracellular matrix
deposition.

Incubation with nonimmune serum gave negligible staining
in either control (Fig. 2 A) or IPF lung (not shown). Anti-5-LO
antiserum appeared to stain only AMs in sections of either
cancer control (Fig. 2 B), normal transplant donor (not
shown), or IPF (Figs. 2, C and D) lung tissue. The number of
AMs staining positively for 5-LO was similar in the cancer
control (15.9+5.2 cells/high power field) and IPF (11.9+2.3
cells/high power field) groups, but substantially greater than
the number seen in the one normal transplant donor lung (2.4
cells/high power field). These results suggest that, although the
uninvolved lung from cancer controls was architecturally nor-
mal, it did contain an increased number of AMs comparable to
that observed in IPF.

Positively stained cells were then scored in order to deter-
mine the percentage exhibiting a pattern of nuclear membrane
localization consistent with activation of 5-LO. The results
from the various groups are presented in Fig. 3. In the truly
normal transplant donor lung, most AMs showed diffuse intra-
nuclear > cytoplasmic staining, a pattern very similar to that
which we have observed in human AMs isolated by bronchoal-
veolar lavage, mounted on slides, incubated with the same
anti-5-LO antiserum, and examined by immunofluorescence
microscopy (19, 27). An example of this pattern (in a section
from a cancer control) is depicted in Fig. 2 B. A small number
(3.2%) of all stained AMs in the transplant donor lung exhib-
ited a distinctly different staining pattern, in which the diffuse
nuclear staining was diminished but intense staining could in-
stead be visualized at the nuclear margin; this pattern was
strikingly reminiscent of that seen in AMs activated in vitro
(19, 27). In contrast to the transplant donor lung, however, an
activated 5-LO staining pattern was identified in 19.2+3.3%
(range, 8-38%) of all positively stained AMs scored from the
various IPF patients. Examples of perinuclear 5-LO staining
from two different IPF patients are seen in Fig. 2, C and D.
Perinuclear staining of AM 5-LO was confirmed by confocal
microscopy of Vector Red-stained sections of IPF lung (Fig.
4). Pseudocolor display revealed that the intensity of 5-LO
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Figure 5. Correlations between homogenate LTB, levels and histo-
logic indices of inflammation and fibrosis in IPF lung tissue. Mean
histologic scores for inflammation (A) and fibrosis (B), derived from
three separate biopsy specimens, are plotted against homogenate
LTB, levels in lung tissue from each of 8 patients in the IPF study
group. Individual values are represented by lower case letters corre-
sponding to the identifying subject designations in Table I. Note that
LTB, data for one patient in this group is unavailable. Regression
analysis indicated that the relationship between LTB, and inflamma-
tion is described by the equation y = 27.271 X —136.009; r = 0.861,
P < 0.01. The relationship between LTB, and fibrosis is described by
the equation y = 23.928 X —2.867; r = 0.926, P < 0.001.

staining was greatest at the nuclear margin of AMs, modest in
the cytoplasm and in the nuclear interior of AMs, and minimal
in a region of thickened alveolar wall lacking AM. These re-
sults are consistent with constitutive translocation of 5-LO to
the nuclear envelope of many AMs in IPF lung, and suggest
that the AM is one cell whose 5-LO enzyme is activated in this
disorder. Fig. 3 also shows that lung tissue from cancer control

patients likewise demonstrates a modest increase over normal
transplant donor lung in the percentage of stained AMs with
an activated localization pattern for 5-LO (9.3+0.9%; range,
6-12%). This is in keeping with the increased number of
stained AMs counted in sections from these patients. Nonethe-
less, the percentage of cells exhibiting this activated pattern in
cancer controls was significantly less (P < 0.05) than that seen
in IPF patients, although some overlap was present between
the two groups (Fig. 3). A comparison of the data presented in
Figs. 1 and 3 indicates that the frequency of perinuclear stain-
ing of 5-LO in AMs and the LT content of the corresponding
tissue did not appear to be closely related among individual
IPF patients.

Correlations between homogenate LTB, levels and histo-
logic abnormalities. We sought to correlate levels of the pre-
dominant LT, LTB,, with histologic indices of inflammation
and fibrosis in the tissue obtained from IPF patients. Since
LTB, determinations were made on tissue specimens pooled
from three different bronchopulmonary segments, mean histo-
logic scores were similarly calculated for each patient from the
3 individual segmental values. Linear regression analysis was
then performed between LTB, level and both (a) mean in-
flammation score and (b) mean fibrosis score for the group of
IPF patients. Homogenate LTB, levels were significantly (P <
0.01) correlated with mean inflammation scores (r = 0.861;y =
27.271x —136.009) (Fig. 5 A). Interestingly, they were also
highly correlated with mean fibrosis scores (r = 0.926; y =
23.928%x —2.867; P < 0.001)(Fig. 5 B). This is to be expected,
since an inspection of the individual data points in Figs. 5, A
and B indicates that inflammation and fibrosis scores paral-
leled each other in this group of patients.

Accumulation of LTB, and LTC, in AM conditioned me-
dium. In view of the immunohistochemical evidence that IPF
was characterized by an increased number of AMs exhibiting
5-LO activation, we isolated AMs from normal control sub-
jects and IPF patients, purified them by adherence, and exam-
ined the accumulation of their major 5-LO metabolite, LTBy,
during culture for 16 h in the absence of an exogenous stimu-
lus. In some of these subjects (normals, n = 3; IPF, n = 4), this
conditioned medium was also assayed for the minor AM me-
tabolite, LTC,. LTB, was detected in AM conditioned me-
dium from only two of 6 normal control subjects. In contrast, it
was detectable in medium from all seven IPF patients. Even
when the undetectable LTB, levels in normal volunteers were
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Figure 6. Constitutive LTB, production
by cultured AM from normal and IPF

h subjects. AM obtained by BAL from nor-
mal volunteers (N) and IPF patients

m (IPF) were purified by adherence and
* } | cultured for 16 h in the absence of a stim-
j ulus. Culture medium was collected and
g analyzed by EIA for LTB,, which was ex-
k pressed as pg/10° plated AM. Individual

values for normal controls are repre-

i sented by open circles, and those for the
IPF subjects by the lower case letters cor-
responding to the identifying designa-
tions in Table I. The mean=SEM for
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considered to be equal to the lower limit of detection of the as-
say for the purpose of comparison of the group means, their
AMs elaborated significantly less (P < 0.01) LTB, than did
cells from IPF patients (Fig. 6). Similar findings were observed
for LTC;: this eicosanoid was undetectable in the conditioned
medium from all 3 normal subjects in which it was assayed, but
was detectable in all 4 IPF patients examined (11.4+2.9 pg/10°
cells), albeit at a lower concentration than LTB,. These data
confirm that the AM represents one cell type which contrib-
utes to the overproduction of both LTB, and LTC, observed in
lung homogenates from IPF patients (Fig. 1).

Discussion

In the present study, we have demonstrated for the first time
that levels of LTs B, and C, were greatly elevated in lung tis-
sue obtained from open biopsies in patients with newly diag-
nosed IPF, as compared with levels measured in regions of
nonfibrotic lung tissue obtained from patients undergoing re-
sectional surgery for bronchogenic carcinoma. As these in-
creases in LT levels were detected in tissue processed immedi-
ately after surgical removal and in the absence of exogenously
added stimuli which might promote LT synthesis, these results
suggest that the 5-LO metabolic pathway was constitutively ac-
tivated in vivo to overproduce LTs. In view of the biological
actions of LTs, discussed below, and the strong correlations
identified between tissue LT levels and histologic degrees of
inflammation and fibrosis, we speculate that these mediators
may be important participants in the pathogenesis of IPF.

Two findings from our study point to the AM as one likely
source of LT overproduction in the IPF lung. First, immuno-
histochemical staining of lung sections for 5-LO protein re-
vealed that many AMs in IPF lung exhibited their most intense
specific staining around the margins of the cell nuclei, consis-
tent with translocation of enzyme to the nuclear envelope.
This finding was noted with both conventional light micro-
scopic as well as confocal microscopic examination. A nuclear
envelope staining pattern, which is known to accompany 5-LO
activation with resultant LT synthesis when cells are stimu-
lated in vitro (18, 19, 25-27), was rarely observed in AMs
within normal lung harvested from a potential transplant do-
nor, nor in other cell types in the IPF lung; however, it was ob-
served to an intermediate degree in nonfibrotic lung from con-
trol patients with lung cancer. Second, AMs obtained from IPF
patients by bronchoalveolar lavage and purified by adherence
elaborated greater quantities of both LTB, and LTC, during
overnight culture than did control AMs obtained from normal
volunteer subjects. Of note, they did so in the absence of an ex-
ogenous stimulus, again suggesting that the 5-LO pathway of
these cells had been activated in vivo. Interestingly, the ratio of
LTB4LTC, (~ 12:1) found in IPF lung homogenates was simi-
lar to that produced by normal human AMs in response to ex-
ogenous stimuli (28, 29).

The basal overproduction of LTB, and LTC, by AMs from
IPF patients is indicative of constitutive activation of the 5-LO
enzyme; however, it is additionally possible that the steady-
state expression per AM of 5-LO and/or 5-LO activating pro-
tein (“FLAP”) (30) is upregulated in this disorder. Addressing
this question will require further studies capable of detecting
quantitative differences which cannot be accomplished by im-
munohistochemical analysis. Nonetheless, the fact that AM
numbers are greatly increased in IPF (1) would certainly be

expected to amplify the contribution of these cells; this may
well be reflected in the measured levels of LTs in IPF lung ho-
mogenates. The in vivo stimulus for 5-LO activation in AM re-
mains to be determined. However, one substance which is
both sufficient to stimulate LT synthesis in AMs in vitro (31,
32) and is present in the circulation of some patients with IPF
(33) is immune complexes. Alternatively, it is possible that cy-
tokines such as interleukin-8, also reported to be increased in
the lower respiratory tract of patients with IPF (9, 10), could
stimulate or prime AMs for enhanced LT synthesis (34).

It is interesting to note that elevated LTB, levels have pre-
viously been reported in bronchoalveolar lavage fluid from pa-
tients with IPF (22, 23) as well as asbestosis (35). Ozaki and
colleagues (23), however, failed to detect an increase in LTB,
elaboration by AMs from IPF patients as compared with nor-
mal volunteers. This difference from our findings may reflect
the fact that they harvested AM conditioned medium after
only 4 h, while we utilized a 16 h culture time. In view of the
evidence that AMs overproduce LTs in IPF (present data) and
asbestosis (35), it is not surprising that this abnormality would
be reflected in analyses of lavage fluid. We chose to perform
LT analyses on peripheral lung tissue homogenates instead,
reasoning that this method too should detect LTs on the alveo-
lar surface, albeit with less potential for dilution than lavage.
Analysis of homogenates offers the added advantage of being
able to detect those molecules found in the lung interstitium.
Since LTB, instilled into the airways of rats is rapidly trans-
ferred out of the alveolar compartment (36), LTs present in
the interstitium might originate in either alveolar or interstitial
compartments; on the basis of our findings, macrophages in ei-
ther or both of these compartments can be postulated as the
source of these eicosanoid mediators. Regardless of the cellu-
lar source, LT accumulation in the interstitium could be highly
relevant in fibrotic disorders such as IPF, since it is primarily in
this compartment that the characteristic exuberant fibroblast
proliferation and collagen production take place.

The activation of cellular LT synthesis in vitro by incuba-
tion with experimental agonists has been associated with a re-
distribution of 5-LO protein from a soluble site to a membrane
site (37, 38). The locale of soluble 5-LO in resting cells has
been shown to vary depending on the cell type, but both cyto-
solic and intranuclear pools have been recognized (19, 25, 26,
39). By contrast, loss of 5-LO from these soluble sites and an
increase in 5-LO exclusively at the nuclear envelope has been
a universal finding in a number of cell types, including neutro-
phils (18, 19, 27) and AMs (19, 27), following agonist stimula-
tion. This translocation event is thought to represent an essen-
tial early step in the activation of 5-LO. As the nuclear
envelope has been shown to be an important site for both the
liberation of arachidonic acid (40) and the localization of
FLAP (18, 19, 25), it is likely that translocation serves to bring
5-LO in close proximity to both its substrate and this impor-
tant “helper” protein to allow concerted catalysis. The immu-
nohistochemical demonstration of 5-LO localization at the nu-
clear envelope in AMs present within the lung of patients with
IPF represents the first in situ evidence of enzyme transloca-
tion in any disease process. This finding serves to validate the
veracity and relevance of information regarding 5-LO translo-
cation heretofore derived exclusively from stimulation of iso-
lated cells in vitro. It also suggests the possibility that in situ
demonstration of translocation can be used as evidence of
5-LO activation in other disease processes where LTs are
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thought to be involved, such as asthma. Moreover, this method
should have the capability to provide information regarding
the cell type(s) in which 5-LO is activated in vivo.

Although the frequency of perinuclear localization of 5-LO
(~ 20%) was much greater in AM in IPF lung than in the nor-
mal lung from a transplant donor (~ 3%), several limitations
of these data must be acknowledged. First, we had access to
only a single transplant donor lung for immunohistochemical
analysis. Second, the frequency of an activated pattern of 5-LO
localization in AM was also increased in sections of nonfibrotic
lung resected at surgery for bronchogenic cancer, albeit signifi-
cantly less than in IPF lung. Nonfibrotic lung from the cancer
control patients also exhibited an increased total number of
AMs per high power field as compared to the normal trans-
plant donor lung. Thus, although this tissue was architecturally
normal and nonfibrotic, it exhibited evidence of AM recruit-
ment and activation as compared to truly normal lung tissue.
Since half of these patients had ceased smoking for atleast one
year prior to resectional surgery, current smoking per se is un-
likely to account for the increased number and state of activa-
tion of AMs in their lungs. Whether this instead reflects the
consequences of prior smoking, of some degree of obstructive
lung disease, or of lung cancer itself (41) remains to be deter-
mined. In any case, it is clear that this tissue from cancer pa-
tients serves as an imperfect control. Nonetheless, IPF lung
significantly exceeded lung cancer control lung with respect to
the content of LTs and the frequency of perinuclear localiza-
tion of 5-LO; it is likely, however, that these data underesti-
mate the differences in the degree of activation of 5-LO in IPF
lung as compared to truly normal lung. Third, the frequency of
an activated AM pattern of 5-LO localization varied substan-
tially among IPF patients, with some exhibiting a 3- to 4-fold
increase, and others a 7- to 12-fold increase over that seen in
the normal transplant donor lung. Interpreting the possible
significance, relationship to tissue LT content, and clinical and
histologic correlates of such biological variation will require a
far greater understanding of the process of 5-LO translocation
and its consequences and reversibility than is presently available.

Although LTs have not classically been considered in fibro-
genesis, their actions could be relevant to the pathogenesis of
IPF in several ways. First, resident AM have a substantially
greater capacity to synthesize LTB, than do macrophages from
other anatomic sites (28, 42, 43). In addition, this molecule is a
potent chemoattractant and functional activator of granulo-
cytic cells, including neutrophils and eosinophils (44), and has
been shown to account for an appreciable amount of the neu-
trophil chemotactic activity elaborated by AM (45); LTB, syn-
thesized by AMs could therefore play an important direct role
in the leukocyte recruitment which characterizes IPF. Second,
5-LO metabolites enhance or play a permissive role in the
elaboration of a variety of cytokines, including AM-derived fi-
broblast growth factor (46), tumor necrosis factor (47), inter-
leukin-8 (48), interleukin-6 (49), and interferon-y (50); via this
mechanism, they could amplify other pro-inflammatory and fi-
brogenic mechanisms. Third, LTs can exert direct effects on fi-
broblasts or other mesenchymal cells themselves. For exam-
ple, they stimulate fibroblast chemotaxis (51), proliferation
(52), and collagen synthesis (53). They have also been shown
to augment the mitogenic effect of insulin-like growth factor
on smooth muscle cells (54). The growth-promoting actions of
LTs on lung fibroblasts are enhanced when endogenous fibro-
blast production of prostaglandin E,, which itself suppresses
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cell proliferation (55, 56), is pharmacologically inhibited (52);
in this regard, we have recently reported (57) that fibroblasts
isolated from the lungs of patients with IPF have a diminished
capacity to synthesize prostaglandin E,. This defect would
therefore tend to magnify the effects on fibroblast prolifera-
tion of increased LT levels in the milieu of the IPF lung.

Correlations between histologic abnormalities and LT
measurements of any kind have not been made previously in
IPF. Given the potent neutrophil chemotactic effects of LTB,
in the lung (58), it is not surprising that lung homogenate LTB,
levels would be highly correlated (r = 0.861) with histologic
evidence of inflammation. On the contrary, it is somewhat sur-
prising that LTB, levels were so highly correlated with histo-
logic fibrosis scores (r = 0.921). It is generally assumed that fi-
brosis in IPF and other fibrotic disorders of the lung and
elsewhere is the end-result of chronic inflammation. This para-
digm might predict that by the time extensive histologic fibro-
sis is present, production of inflammatory mediators would
have subsided. Although the number of subjects studied is ad-
mittedly small, our data suggest that LT overproduction is cer-
tainly ongoing in at least some patients with a severe degree of
fibrosis.

Finally, the data presented here have implications for treat-
ment of IPF. Standard treatment of IPF with corticosteroids is
quite disappointing (59). Yet it is interesting to note the im-
pressive efficacy demonstrated a decade ago for first-genera-
tion lipoxygenase inhibitors in attenuating the development of
pulmonary fibrosis in a murine model of pulmonary fibrosis
(60). In view of the recent development of far more potent and
specific 5-LO inhibitors and LT receptor antagonists which
have shown promise in the treatment of asthma in humans (61,
62), implicating LTs in the pathogenesis of IPF would provide
the rationale for applying such specific targeted pharmacother-
apy to this disorder as well. That LT overproduction appears
to be a characteristic of even those with severe degrees of fi-
brosis means that the tendency of patients to reach clinical at-
tention at fairly late stages in disease evolution would not ex-
clude them from consideration of this therapeutic approach.
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