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ABSTRACT Neutrophils are a characteristic feature
of the alveolitis of idiopathic pulmonary fibrosis (IPF),
a chronic disorder limited to lung. One mechanism by
which neutrophils may be selectively attracted to lung
and not other tissues is via the secretion of a neu-
trophil-specific chemotactic factor by alveolar macro-
phages. To evaluate the role of alveolar macrophages
in modulating the migration of neutrophils to the lung
in IPF, alveolar macrophages, obtained by broncho-
alveolar lavage of patients with IPF, were evaluated
for their ability to release a chemotactic factor for neu-
trophils. Unstimulated alveolar macrophages from
normal individuals did not release the factor. In pa-
tients with IPF, there was a significant correlation be-
tween the proportions of neutrophils in lavage fluid
and the release of a chemotactic factor for neutrophils
by alveolar macrophages (P < 0.001). The chemotactic
factor released by IPF alveolar macrophages was of
low molecular weight (400-600), at least partially lipid
in nature, and preferentially attracted neutrophils com-
pared with monocytes. Several lines of evidence sug-
gested that immune complexes in the lung stimulated
alveolar macrophages of patients with IPF to release
the chemotactic factor. First, immune complexes stim-
ulated normal macrophages to release the factor. Sec-
ond, there was a significant correlation between
the release of the chemotactic factor by IPF alveolar
macrophages and the levels of immune complexes in
bronchoalveolar lavage fluid. Third, bronchoalveolar
lavage fluid containing immune complexes stimulated
normal macrophages to release the factor. Fourth, IPF
alveolar macrophages that released large amounts of
the chemotactic factor had an apparent suppression of
their immunoglobulin (Ig)G Fc receptor function, sug-
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gesting that immune complexes were bound to their
surface. In contrast, the IgG Fc receptor function of
IPF alveolar macrophages that released only small
amounts of the factor was similar to that of normal
macrophages. These studies suggest that neutrophils
are attracted to the lung in patients with IPF by a
potent chemotactic factor released by alveolar macro-
phages that have been stimulated, in vivo, via their
IgG Fc receptor by immune complexes.

INTRODUCTION

Idiopathic pulmonary fibrosis (IPF)! is a chronic dis-
order, limited to lung, characterized by the presence
of an alveolitis, a disordering of lung parenchymal
cells, and a disorganization of interstitial collagen (1-
16). Current concepts of the pathogernesis of IPF sug-
gests a central role for the alveolitis, since it precedes
and likely mediates most of the parenchymal lesions
that are found within the lung (5, 10-16).

The characteristic component of the alveolitis of
IPF is the presence of neutrophils (5, 10-16). The
presence of these cells within the lung in this disease
has been documented by histological studies (5, 10,
13) and by analysis of the inflammatory and immune
effector cell populations obtained from broncho-
alveolar lavage fluid (5, 10-16) and directly from open
lung biopsies (15, 16). In contrast to the in-
creased numbers of neutrophils in the IPF lung, the
relative proportions of various other lung inflammatory
and immune effector cell populations, including
alveolar macrophages, T lymphocytes, and B lym-
phocytes, are normal (11-16). Thus, since neutrophils
are potent mediators of inflammatory processes, it is
likely that the neutrophil component of the alveolitis
plays an important role in mediating parenchymal
injury in these patients.

! Abbreviations used in this paper: hpf, high power field;

IPF, idiopathic pulmonary fibrosis; ORBC, ox erythrocytes;
PHA, phytohemagglutinin.
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Since neutrophils are rarely present in the lungs of
normal individuals (11-16), and since IPF patients
chronically have neutrophils within their lungs (11-
16), a mechanism must exist in the lungs of patients
with IPF to attract neutrophils to the alveolar struc-
tures. One of the means by which neutrophils may
be selectively attracted to the lung is by the release of a
neutrophil-specific chemotactic factor by alveolar mac-
rophages (17-23). Normal alveolar macrophages do
not spontaneously release this chemotactic factor, but
in vitro studies have demonstrated that normal mac-
rophages may be stimulated to release the factor by
a variety of agents including microorganisms, inor-
ganic particulates, and immune complexes. Thus, if
the release of this chemotactic factor by alveolar
macrophages is relevant to the maintenance of the
neutrophil alveolitis in IPF, then alveolar macro-
phages from individuals with this disorder should
spontaneously release the chemotactic factor in vitro,
presumably because the cells have been stimulated
in vivo. The purpose of the present study, there-
fore, was twofold: first, to evaluate alveolar macro-
phages from patients with IPF for the spontaneous
release of a chemotactic factor for neutrophils, and
second, to determine the mechanism by which the IPF
macrophages are stimulated to release the chemotactic
factor.

METHODS

Study population: normal controls. The normal control
population consisted of eight nonsmoking normal volunteers
(age 315 yr; [all data are expressed as the mean+SEM] four
males, four females). The pulmonary function tests and chest
roentgenograms of all eight individuals were within normal
limits and none was taking medication.

Study population: idiopathic pulmonary fibrosis. A diag-
nosis of idiopathic pulmonary fibrosis was made in 15 pa-
tients (age 51+7 yr; six females, nine males) by established
criteria (5, 10-16), including open lung biopsy. All patients
were in mid-course of their disease. Nine were taking no
medication and six were taking prednisone (15-20 mg, per
os daily). Four of the patients had a history of cigarette
smoking but they had discontinued smoking for at least 1 yr.
The remaining patients were nonsmokers. As a group, the
patients with IPF had the following functional abnormalities:
vital capacity 68+ 12% predicted, total lung capacity 66+13%
predicted, single breath diffusing capacity 55+9% predicted,
forced expiratory volume in 1 s/forced vital capacity 98+6%
predicted, resting Pao, 75+9 mm Hg, and Pao, at maximal
steady-state exercise 54+ 13 mm Hg.

Bronchoalveolar lavage. Patients and normals were pre-
medicated with valium (2-10 mg, i.v.) and atropine (0.8 mg,
im.). Following local anesthesia with 2% lidocaine spray,
evaluation of the airways was carried out with a flexible
fiberoptic bronchoscope (model BF-B2, Olympus Corporation
of America, New Hyde Park, N. Y.). The tip of the broncho-
scope was then wedged in B4 or B5 in the left lung. Lavage
was carried out with a total of 100 ml of sterile saline in five
20-ml aliquots with immediate vacuum aspiration after each
aliquot. Immediately after lavage, the fluid was filtered
through several layers of surgical gauze and the volume
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measured. The cells were then separated from the lavage
fluid by centrifugation (500 g, 5 min) and resuspended
in Hanks’ balanced salt solution (without Ca** or Mg**). The
cells were then evaluated for total number (model FN, Coulter
Electronics, Hialeah, Fla.), viability (trypan blue dye ex-
clusion), and differential count (Wright-Giemsa stained
cytocentrifuge preparation; Cytospin, Shandon Southern
Instruments, Inc., Sewickley, Pa.). The bronchoalveolar
lavage cells (in Hanks’ balanced salt solution) were then
subjected to Hypaque-Ficoll density centrifugation (24) to re-
move polymorphonuclear leukocytes, and the purified mono-
nuclear cells (referred to subsequently as alveolar macro-
phages) were suspended in RPMI-1640 medium at a concen-
tration of 107 cells/ml.

Lavage fluid from the initial centrifugation was first con-
centrated to a volume of 1 ml by pressure filtration using
an Amicon appartus (Amicon EC-20, Amicon Corporation,
Lexington, Mass.) and a UM2 membtane (molecular weight
cutoff, 2,000) as previously described (7, 12, 25). Because
protein concentrations in lavage fluid are dependent upon
the degree of dilution of the epithelial lining fluid by the
infused saline and upon the concentration of the fluid by
membrane filtration, albumin was used as a standard for
comparison of other protein components (7, 12, 25). The
concentrated lavage fluids were then diluted with normal
saline so that each contained 0.5 mg of albumin per ml of
fluid. Immunoglobulin concentrations were measured by
radial immunodiffusion.

Release of chemotactic activity by alveolar macrophages.
To evaluate the release of chemotactic activity by alveolar
macrophages, macrophages (10¢ cells/ml in RPMI 1640 me-
dium) recovered from Hypaque-Ficoll centrifugation were
incubated for 3 h in sterile tissue culture plates (24 wells/
plate, 16-mm well Diam, Costar Data Packaging, Cambridge,
Mass.) at 37°C in 5% CO, in air at 100% humidity. After 3h in
culture, the macrophage supernates were harvested by aspira-
tion and filtered through 0.45-uM filters (Swinnex-13, Milli-
pore Corp., Bedford, Mass.) to remove the cells. All supernates
were stored at —20°C and were assayed within 2 wk of
harvesting.

The macrophage supernates were evaluated for chemotactic
activity for neutrophils and mononuclear cells using a Blind-
well micropore filter technique with nuclepore filters (3-um
pore size for neutrophils, 5-um pore size for mononuclear
cells; Neuro Probe, Inc., Bethesda, Md.) (20). Mononuclear
cells and neutrophils were obtained from peripheral blood
of normal volunteers by sedimentation in Plasmagel (pyrogen
free, HTI Corp., Buffalo, N. Y.) followed by Hypaque-Ficoll
density centrifugation (24). The resulting mononuclear cell
suspensions contained >98% mononuclear cells of which
~80% were lymphocytes and 20% were monocytes, while
the neutrophil suspensions contained >98% neutrophils. 200
] of the responding cells [either neutrophils suspended at
2.3 x 10% cells/ml in Gey’s medium containing 2% bovine
serum albumin, 100 U/ml penicillin, and 100 pg/ml strepto-
mycin (all from Microbiological Associates, Walkersville, Md.)
or peripheral blood mononuclear cells suspended at 3 x 108
cells /ml in the same medium] was placed in the upper com-
partment of the chemotactic chamber and 150 ul of the
macrophage was placed in the lower compartment. Incuba-
tion times were 30 min for neutrophils and 90 min for
mononuclear cells. The filters were stained with a Diff-Quick
stain set (Harleco, American Hospital Supply Corp., Gibbs-
town, N. ].). Stained filters were examined at a magnification
of 550, and the number of cells that had migrated through the
filters was counted in 5 to 10 random fields. Chemotactic
activity was expressed as cells per high power field (hpf) reach-
ing the lower surface of the filter in the presence of the
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macrophage supernates minus the cells/hpfreaching the lower
surface of the filter in the presence of RPMI 1640 medium
alone. Triplicate chambers were used for each experimental
condition, and the means of the different experiments were
compared using the two-tailed Student’s ¢ test.

Partial characterization of the macrophage-derived chemo-
tactic factor. Molecular sieve chromatography of the alveolar
macrophage supernates was performed on a 2.5 x 100-cm
column of Sephadex G-25 (Pharmacia Fine Chemicals,
Piscataway, N. J.). The column was packed and eluted with
0.85% NaCl-40 mM phosphate, pH 7.4 (phosphate-buftered
saline) at 4°C. 3-ml fractions were collected and assayed
directly for chemotactic activity using the nuclepore filter
assay. The G-25 Sephadex column was calibrated with cyto-
chrome ¢ (12,500 daltons), vitamin By, (1,350 daltons), and
[*H]thymidine (242 daltons).

The solubility characteristics of the chemotactic factor
released by alveolar macrophages were evaluated by extract-
ing 5 ml of the macrophage supernates twice with equal
volumes of ethyl acetate, ether, or hexane (20). After each
extraction, the organic solvents were dried with a stream of
N, and the extracted material resuspended in 5 ml of RPMI
1640. This material, as well as the remaining aqueous phases,
were then tested for chemotaxis for neutrophils as described
above. Prior to testing, the aqueous phases were bubbled
with N, to remove any residual organic solvent. In all cases,
>90% of the chemotactic activity of the original macrophage
supernates was recovered in the organic plus aqueous phases.

Evaluation of lavage fluid for stimuli that induce macro-
phages to secrete the chemotactic factor. To determine
whether stimuli were present in lavage fluid that were
capable of inducing alveolar macrophages to release the
chemotactic factor, macrophages from normal nonsmoking
individuals were incubated either alone or in the presence
of lavage fluid (concentrated to contain 0.5 mg albumin/ml).
The macrophage cultures were prepared by mixing 0.7 ml
RPMI 1640, 0.1 ml of a suspension of alveolar macrophages
(107 cells /ml), and 0.2 ml of lavage fluid. After 1 h of incuba-
tion with the lavage fluid, the original media was removed
by aspiration and replaced with 1 ml of fresh media (RPMI
1640). Following an additional 3 h in culture the macrophage
supernates were harvested, stored, and evaluated for chemo-
tactic activity as described above. As a control, the lavage
fluid itself was also tested for chemotactic activity.

Detection of immune complexes in serum and lavage
fluid. Serum and lavage fluid were evaluated for the pres-
ence of immune complexes using a '?3[-Clq-binding assay
as previously described (26, 27). Briefly, 0.2 ml of serum or
concentrated lavage fluid (containing 0.5 mg albumin) was
incubated with 0.4 ml of Na, EDTA (0.2 M, pH 7.5) for 30
min at 37°C. After addition of 200 ng of '**I-Clq, 1 ml of 4%
(wt/vol) polyethylene glycol (Carbowax, 6,000, mol wt,
Fisher Scientific Co., Pittsburgh, Pa.) was added to the mix-
ture to make a concentration of 2.5% polyethylene glycol.
The mixture was incubated on ice for 1 h and then centrifuged
at 1,000 g for 20 min. The supernate was decanted and the
residual radioactivity was counted without washing the pellet.
Results were expressed as percentage of total precipitable
protein bound '**I present (determined by 10% trichloroacetic
acid precipitation). All samples were tested in duplicate.
Normal human serum or lavage fluid was used as a stand-
ard in each assay. Positive controls consisted of serial dilu-
tions of heat-aggregated human gamma globulin (Miles Lab-
oratories, Inc., Elkhart, Ind.) added to the standard normal
human serum or the standard normal lavage fluid. The least
amount of aggregated gamma globulin that could be detected
with the assay was 5 ug. The Clq binding activity of 5 ug
of aggregated gamma globulin is 6.2%; 10 ug = 14.7%; 25
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pg = 36.8%; 50 pg = 53.8%; and 100 g = 74.9%. The Clq
binding activity of serum from all normal individuals is
<10% and the Clq binding activity of lavage fluid from all
normal individuals is less than the sensitivity of the assay
(i.e., <6.2%). The test sera and lavage fluids were stored
at —40°C.

To determine whether immune complexes might be pres-
ent in the cytoplasm of alveolar macrophages as well as in
serum and lavage fluid, cytocentrifuge preparations of macro-
phages were fixed in glutaraldehyde (50% aqueous solution;
Fisher Scientific Co.) and then exposed to an appropriate
dilution of a fluorescein conjugated F(ab’), goat anti-hu-
man IgG (y-chain specific; N. L. Cappel Laboratories, Inc.,
Cochranville, Pa.) reagent. The macrophages were then
washed and examined for intracytoplasmic fluorescence as
previously described (11).

Evaluation of alveolar macrophage Fc-receptor function.
Two different assays were used to evaluate Fc-receptor func-
tion of alveolar macrophages: (a) release of chemotactic
factor by alveolar macrophages following stimulation in vitro
with IgG-coated ox erythrocytes (ORBC) (20); and (b) killing
of IgG-coated ORBC by alveolar macrophages (antibody-
dependent cellular cytotoxicity) (28-30).

To evaluate the ability of IgG-coated ORBC to stimulate
the release of chemotactic activity by alveolar macrophages,
the macrophages were incubated either alone or in the pres-
ence of IgG-coated ORBC. In further experiments Sepharose-
4B was added to the cultures. Sepharose-4B was used as an
additional stimulus since this agent also stimulates alveolar
macrophages to release chemotactic factor, but not via the
macrophage IgG-Fc receptor (20). The IgG-coated ORBC
were prepared by coating the ORBC with subagglutinating
amounts of rabbit IgG anti-ORBC antibody (N. L. Cappel
Laboratories, Inc.) and suspending the cells in RPMI 1640
at a concentration of 5 x 108 cells/ml. Sepharose-4B particles
(Pharmacia Fine Chemicals) were prepared by washing the
particles three times in Hanks’ balanced salt solution and
resuspending them in RPMI 1640 at a concentration of 10%
by volume. The macrophage cultures were prepared by mix-
ing 0.8 ml of RPMI 1640, 0.1 ml of a suspension of alveolar
marcophages (107 cells/ml), and 0.1 ml of the stimuli (IgG-
coated ORBC and for Sepharose-4B). After 1 h of incubation,
the original media was removed by aspiration and replaced
with 1 ml of fresh media (RPMI 1640). Following an addi-
tional 3 h in culture, the macrophage supernates were har-
vested and stored as described above. Since corticosteroids
are known to inhibit Fc receptor function of alveolar macro-
phages, only alveolar macrophages from untreated patients
were evaluated in this assay (28-29).

To evaluate the capacity of alveolar macrophages to
mediate antibody dependent cellular cytotoxicity, the macro-
phages were co-cultured with 3'Cr labeled-ORBC coated
with either IgG-anti-ORBC antibody or with phytohemag-
glutinin (PHA; Wellcome Research Laboratory, Beckenham,
England) (28-30). PHA-coated ORBC were used as additional
targets since killing of these cells is mediated by alveolar
macrophages, but not via the macrophage IgG-Fc receptor
(28, 29). IgG-coated ORBC were prepared as described above.
PHA-coated ORBC were prepared by incubating ORBC with
10 ug/ml of PHA for 30 min at 37°C. The cells were then
washed and resuspended in RPMI 1640 at a concentration of
5 x 10% cells/ml. Both IgG-coated-ORBC and PHA-coated
ORBC were labeled with 3'Cr as previously described
(23-29). Alveolar macrophages were co-cultured with the
ORBC targets using a previously described cytotoxicity assay
(31, 32). Briefly, cultures were performed in 1 X 7.5-cm plastic
tubes containing a total volume of 1 ml RPMI 1640 with 10%
fetal calf serum. In each assay 5!Cr-labeled ORBC coated
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with either IgG or PHA (10° cells) were incubated for 4 h
with macrophage at various effector to target cell ratios. 5'Cr
release from the target cells into the supernate was de-
termined and the percentage of cytotoxicity calculated as
previously described (28-32). Only alveolar macrophages
from untreated patients were evaluated in this assay.

RESULTS

Bronchoalveolar lavage was performed without dif-
ficulty in each of the normal individuals and patients
with IPF. Visualization of the tracheobronchial tree
prior to lavage demonstrated normal airways in all
individuals, with no evidence of inflammatory airway
disease. There was no significant difference in the total
fluid recovered from the normals and patients (P > 0.2).
The recovered fluid was sterile in all cases, except
for rare oral flora.

Presence of neutrophils in lung of normal indivi-
duals and patients with IPF. The cell yield per stand-
ard 100 ml bronchoalveolar lavage was 10+3 x 108
cells in normals and 18+5 x 10° cells in patients with
IPF. In each of the eight normals, <1% of the cells
that were present in lavage fluid were neutrophils
(Fig. 1); the remainder of the bronchoalveolar cells
were alveolar macrophages (94+3%) and lymphocytes
(6+1%). In marked contrast to normals, significant num-
bers of neutrophils were present in lavage fluid of most
of the patients with IPF (Fig. 1). In 9 of the 15 pa-
tients, neutrophils comprised >10% of the broncho-
alveolar cells. Three of the patients with >10% neu-
trophils in lavage fluid and three patients with <10%
neutrophils in lavage fluid were receiving cortico-
steroids at the time of the study; the remaining pa-
tients in each group were not receiving medication.
In patients with >10% neutrophils in lavage fluid,
there was no significant difference in the proportions
of neutrophils between ex-smokers and nonsmokers
(P >0.2).
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FIGURE 1 Percentage of neutrophils in bronchoalveolar
lavage fluid of normal individuals and patients with IPF. The
percentage of neutrophils is on the ordinate and the source of
the cells is on the abscissa.
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Release of a chemotactic factor for neutrophils by
alveolar macrophages from normals and patients
with IPF. Alveolar macrophages of normal indivi-
duals did not release detectable amounts of a chemo-
tactic factor for neutrophils following 3 h in culture
(Fig. 2). In contrast, supernates of alveolar macro-
phages from 10 of the 15 patients with IPF contained
chemotactic activity for neutrophils. In patients with
IPF, there was a strong correlation between the
proportion of neutrophils in lavage fluid and the re-
lease of a neutrophil chemotactic factor by alveolar
macrophages (P < 0.001). In five of the six patients
with <10% neutrophils in lavage fluid, chemotactic
activity for neutrophils in alveolar macrophage super-
nates was either not detected or was present at very
low levels; only one patient had sufficient chemotactic
activity in the undiluted macrophage supernate to re-
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FIGURE 2 Release of a chemotactic factor for neutrophils by
alveolar macrophages from normal individuals and patients
with IPF. Following recovery from the patient, the macro-
phages were cultured for 3 h. The chemotactic activity of the
macrophage supernates is on the ordinate and the source of the
macrophages is on the abscissa. “IPF (>10%)” = alveolar
macrophages from IPF patients with >10% neutrophils in
bronchoalveolar lavage fluid; “IPF (<10%)” = alveolar macro-
phages from IPF patients with <10% neutrophils in broncho-
alveolar lavage fluid; “normal (<1%)” = alveolar macrophages
from normal individuals; all of these individuals had <1%
neutrophils in bronchoalveolar lavage fluid. No significant
amounts of chemotactic activity were detected in macrophage
supernates from normal individuals and five of the six IPF
(<10%) patients. An undiluted macrophage supernate from
one IPF (<10%) patient had sufficient chemotactic activity to
result in a 50% maximal migration of neutrophils in the
chemotaxis assay (EDs). In four of the nine IPF (>10%)
patients, sufficient chemotactic activity was present at a 1:10
dilution of the macrophage supernates to result in a 50%
effective dose (EDj;,) migration of neutrophils; in the other five
IPF (>10%) patients, sufficient activity was present in
undiluted macrophage supernates to result in an ED;,
migration of neutrophils.
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sult in a 50% maximal migration of neutrophils in
the chemotaxis assay (20). By comparison, alveolar
macrophage supernates from all patients with >10%
neutrophils in lavage fluid contained large amounts of
chemotactic activity for neutrophils. In four of these
nine patients, sufficient chemotactic activity was pres-
ent in a 1:10 dilution of the supernates to result in at
least a 50% maximal migration of neutrophils in the
chemotaxis assay. In the other five patients, sufficient
chemotactic activity was present in undiluted macro-
phage supernates to result in at least a 50% maximal
migration of neutrophils.

The chemotactic factor released by alveolar macro-
phages from patients with IPF was of low molecular
weight (400-600 mol wt) and had more chemotactic
activity for peripheral blood neutrophils than for
peripheral blood monocytes (Fig. 3). In addition, the
chemotactic factor was also at least partially lipid in
nature (Table I). 85% of the activity of the chemotactic
factor was removed from the macrophage supernates
following extraction into ethyl acetate, 70% with ether,
and 40% with hexane. In each case, the activity
that was removed from the macrophage supernates
was completely recovered from the respective organic
solvents.
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FIGURE3 Sephadex G-25 column chromatography of the
chemotactic factor present in supernates of alveolar macro-
phages from patients with idiopathic pulmonary fibrosis.
The column was eluted at 4°C with 40 mM phosphate-
buffered saline, pH 7.4. The chemotactic activity of the
macrophage supernates (expressed as cells migrated per hpf)
for neutrophils is on the ordinate at the left and the chemo-
tactic activity for mononuclear cells is on the ordinate at
the right. Molecular weight markers include: cytochrome
¢ (CYT C; 12,500 mol wt), vitamin B,, (1,350 mol wt), and
[*Hlthymidine ([*H]T; 242 mol wt). Fractions with the greatest
amount of chemotactic activity could be diluted fivefold and
still result in a 50% maximal migration of neutrophils in the
chemotaxis assay. In contrast, these same fractions, when
undiluted, did not result in a 50% maximal migration of
monocytes in the chemotaxis assay.
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TABLE I
Organic Solvent Extraction of the Alveolar Macrophage
Chemotactic Factor Derived from Patients with
Idiopathic Pulmonary Fibrosis

Percent original activity

Solvent extracted
Chemotactic factor alone 100
Extracted into ethyl acetate 85
Extracted into ether 70
Extracted into hexane 40

Alveolar macrophages (10° cells/ml) were incubated for 3 h in
RPMI 1640 medium. 5 ml of the macrophage supernates were
then extracted twice with equal volumes of ethyl acetate,
ether, or hexane. Following extraction, the organic solvents
were dried with a stream of N, and the extracted material
resuspended in 5 ml of RPMI 1640. This material, as well
as the remaining aqueous phases, were then tested for
chemotaxis for neutrophils. In all cases, >90% of the chemo-
tactic activity of the original macrophage supernates was
recovered in the organic plus aqueous phases. The percentage
of original activity was estimated by determining the dilution
of the chemotactic factor that resulted in a 50% maximal
migration of neutrophils in the chemotaxis assay as previously
described (20).

Presence of immune complexes in blood of normals
and patients with IPF. The release of the chemo-
tactic factor by alveolar macrophages correlated with
the presence of circulating immune complexes in pa-
tients with IPF (Fig. 4). In normal individuals, alveolar
macrophages did not release the chemotactic factor
and the serum Clq binding activity was <10%. The
serum Clq binding activity was also <10% in patients
with IPF whose alveolar macrophages did not release
the chemotactic factor or released only small amounts
of the factor (Fig. 4). In marked contrast, there was a
significant elevation in the serum Clq binding activity
in patients with IPF whose alveolar macrophages re-
leased large amounts of the chemotactic factor com-
pared to normals and compared to patients with IPF
whose macrophages did not release large amounts of
the factor (P < 0.01 both comparisons, Fig. 4).

Presence of immune complexes in lung of normals
and patients with IPF. Several lines of evidence sug-
gested that immune complexes were present in lung
as well as in blood of IPF patients whose macro-
phages released the chemotactic factor.

First, the Clq binding activity was significantly
increased in lavage fluid of patients with IPF whose
alveolar macrophages released the chemotactic factor
compared to normals and compared to patients with
IPF whose macrophages did not release the factor
(Table II; P < 0.01 each comparison).

Second, lavage fluid obtained from IPF patients with
circulating immune complexes stimulated macrophages
from normal individuals to release the chemotactic
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FIGURE4 '*]-Clq binding activity in serum of normal in-
dividuals and patients with IPF. The **I-Clq binding activity
is on the ordinate and the patient groups are indicated on
the abscissa. “IPF(+)” — IPF patients whose alveolar macro-
phages release large amounts of a chemotactic factor for
neutrophils (>50 cells/hpf, see Fig. 2); “IPF(-)” = IPF pa-
tients whose alveolar macrophages release either no de-
tectable amounts of chemotactic factor or only small amounts
of the factor (<50 cells/hpt, see Fig. 2); “normal” = normal
individuals.

factor (Fig. 5). In contrast, lavage fluid from normals
and patients with IPF withoutcirculating immune com-
plexes did not stimulate normal macrophages to release

TABLE I1
125]-C1q Binding Activity in Bronchoalveolar Lavage Fluid of
Normals and Patients with Idiopathic Pulmonary Fibrosis

Patient group Cl1q binding activity in lavage fluid

Percent protein bound '*I*

Normals Not detected}
IPF (+)§ 11.2+1.2"
IPF (-)Y Not detected}

* Clq binding activity was measured using an '**I-C1q-bind-
ing assay (26, 27).

{ The Clq binding activity of lavage fluid from all normal
individuals and IPF— patients was less than the sensitivity
of the assay (i.e., 6.2%—equivalent to 5 ug of aggregated
gamma globulin).

§ IPF patients whose alveolar macrophages released large
amounts of chemotactic factor (see Fig. 2).

"9 of 10 IPF+ patients had increased Clq binding activity in
lavage fluid. The mean Clq binding activity of lavage fluid
in these patients is equivalent to ~8 ug of aggregated gamma
globulin. It is unlikely that the Clq binding activity in the
IPF+ patients was due to the presence of aggregated IgG
since there were similar amounts of IgG in lavage fluids of
the IPF + patients compared to the IPF~ patients (P > 0.2).
9 IPF patients whose alveolar macrophages released either
no detectable amounts of the chemotactic factor or only small
amounts of the factor (see Fig. 2).

All data is expressed as mean+=SEM.
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FIGURE 5 Release of a chemotactic factor for neutrophils
by alveolar macrophages from normal individuals following
stimulation with bronchoalveolar lavage fluid from normal
individuals and patients with IPF. The chemotactic activity
of the macrophage supernates is on the ordinate (expressed
as cells migrated/hpf) and the source of the lavage fluid is on
the abscissa. The lavage fluids from patients with IPF are
divided into two groups: lavage fluids from patients with
circulating immune complexes and lavage fluids from patients
without circulating immune complexes. No significant amounts
of chemotactic activity were detected in supernates of
macrophages exposed to bronchoalveolar lavage fluid from
normal individuals or IPF patients without immune com-
plexes. Sufficient amounts of chemotactic activity were pres-
ent in undiluted supernates of macrophages exposed to
bronchoalveolar lavage fluid from IPF patients with im-
mune complexes to result in at least a 50% maximal migra-
tion of neutrophils in the chemotaxis assay.

the factor; for each of the groups studied, the lavage
fluid itself was not chemotactic for neutrophils (data
not shown). The failure of lavage fluid from normals
or patients without circulating immune complexes to
stimulate normal macrophages to release the factor
was not due to the presence of decreased amounts of
IgG in these lavage fluids; when the lavage fluids from
both groups were adjusted to have an amount of IgG
comparable to that present in lavage fluid from IPF
patients with circulating immune complexes, the fluids
still did not stimulate normal macrophages to release
the chemotactic factor (data not shown).

Third, IPF alveolar macrophages which released
large amounts of chemotactic factor exhibited an ap-
parent suppression of IgG Fc receptor function, sug-
gesting their Fc receptors were occupied (i.e., by IgG
immune complexes). The release of the chemotactic
factor by alveolar macrophages following in vitro stim-
ulation with IgG-coated ORBC requires an available
IgG Fc receptor, whereas Sepharose 4B stimulates
macrophages by a mechanism independent of the IgG
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Fc receptor (20). Alveolar macrophages from both
normals and IPF patients without circulating immune
complexes released large amounts of chemotactic
activity following in vitro stimulation with either IgG-
coated ORBC or Sepharose 4B (Fig. 6). In contrast,
the amount of chemotactic factor released by alveolar
macrophages from IPF patients with circulating im-
mune complexes was not increased following in vitro
stimulation with IgG-coated ORBC (P > 0.2), but was
increased following stimulation with Sepharose 4B
(P < 0.01).

Fourth, all IPF alveolar macrophages which released
a chemotactic factor for neutrophils demonstrated
intracytoplasmic granular fluorescence for IgG; only
one of five of the IPF alveolar macrophages not re-
leasing the factor and one of eight of the normal
macrophage suspensions showed a similar pattern of
fluorescence.
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FIGURE 6 Role of immune complexes in causing release
of a chemotactic factor by alveolar macrophages from pa-
tients with IPF. All macrophage cultures were for 3 h. In
some of the macrophage cultures no stimuli were added;
in the other cultures, macrophages were stimulated with
either IgG immune complexes (IgG-coated ORBC) and/or
Sepharose 4B. The chemotactic activity of the macrophage
cultures is on the ordinate (expressed as neutrophils migrated/
hpt) and the source of the alveolar macrophages is on the
abscissa. The macrophages from patients with IPF are divided
into two groups: macrophages from patients with circulating
immune complexes and macrophages from patients without
circulating immune complexes.

Lung Neutrophils in Idiopathic Pulmonary Fibrosis

Further evidence suggesting IPF macrophages have
occupied Fc receptors came from studies demonstrat-
ing that alveolar macrophages from IPF patients with
circulating immune complexes exhibited a defective
killing of IgG-coated ORBC (Fig. 7). Alveolar macro-
phages kill IgG-coated ORBC via a mechanism that is
mediated by the macrophage IgG Fc receptor; PHA-
coated ORBC are killed by a mechanism that is inde-
pendent of the macrophage IgG Fc receptor (28, 29). At
various effector to target cell ratios, the killing of
both IgG- and PHA-coated ORBC by alveolar mac-
rophages was similar in normals and IPF patients
without circulating immune complexes (P < 0.2, each
comparison). By comparison, the killing of IgG-coated
ORBC by alveolar macrophages from IPF patients
with circulating immune complexes was significantly
decreased at each effector to target cell ratio compared
with macrophages from both normals and IPF patients
without circulating immune complexes (P < 0.01, each
comparison). The killing of PHA-coated ORBC by
alveolar macrophages from IPF patients with circulat-
ing immune complexes was not significantly different
from that of macrophages from normals or IPF pa-
tients without circulating immune complexes (P > 0.2,
each comparison).

DISCUSSION

The current concepts of the pathogenesis of IPF hold
that destruction of the lung parenchyma results from
the chronic presence of neutrophils in the alveolar
structures (5, 10-16). It is likely that neutrophils
mediate this parenchymal injury by secreting various
enzymes, including collagenase, which are capable of
deranging the connective tissue matrix of the lung
(33-35). In addition, neutrophils that are present
within the alveolar structures of patients with IPF
may also directly injure lung parenchymal cells (36).
Thus, since neutrophils are normally not present within
the lung (11-16), at least one determinant of lung
parenchymal injury in IPF is the mechanism(s) by
which neutrophils are attracted to the alveolar structures.

The present study has delineated a mechanism by
which neutrophils may be attracted to the lung in this
disease: alveolar macrophages of patients with large
numbers of neutrophils in their alveolar structures
release a potent chemotactic factor for neutrophils.
By comparison, alveolar macrophages of IPF patients
with small numbers of neutrophils in their alveolar
structures release only small amounts of the chemo-
tactic factor. Thus, in patients with IPF, there appears
to be an in vivo correlation between the numbers of
neutrophils in the alveolar structures and the amounts
of chemotactic factor that is released by alveolar
macrophages.
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FIGURE 7 Comparison of the killing of IgG-coated ORBC and PHA-coated ORBC by alveolar
macrophages from normal individuals and patients with IPF. The ORBC were labeled with
51Cr and cell killing is expressed as percent *'Cr release. The macrophages from patients with
IPF are divided into two groups: macrophages from patients with circulating immune complexes
and macrophages from patients without circulating immune complexes. The killing of the 3Cr-
labeled ORBC is quantitated on the ordinate as the percent 5'Cr release and the ratio of effector
cells (alveolar macrophages) to target cells (ORBC) is on the abscissa.

The chemotactic factor released by IPF alveolar mac-
rophages is similar to the factor released by normal
alveolar macrophages following in vitro stimulation
with a variety of agents (20). It is of low molecular
weight (400-600 mol wt), at least partially lipid in
nature, and preferentially attracts neutriphils com-
pared to monocytes.

Several lines of evidence suggest that immune
complexes are the in vivo stimulus that induces the
IPF alveolar macrophage to release the chemotactic
factor for neutrophils.

(a) Immune complexes stimulate macrophages from
normal individuals to release the chemotactic factor (20).

(b) IPF patients whose macrophages release large
amounts of the chemotactic factor have immune com-
plexes in their bronchoalveolar lavage fluid. In con-
trast, lavage fluid from IPF patients whose alveolar
macrophages release only small amounts of the factor
do not contain detectable levels of immune complexes.
These observations are consistent with previous stud-
ies that have also demonstrated immune complexes
in serum and in lung biopsies of patients with IPF
that have intense alveolitis (37).

(¢) In patients with IPF, only bronchoalveolar
lavage fluid with elevated levels of immune complexes
stimulates normal macrophages to release the chemo-
tactic factor.

(d) All alveolar macrophages which released the
chemotactic factor for neutrophils showed intracyto-
plasmic granular fluorescence for IgG, suggesting
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that IgG immune complexes had been ingested by
these cells.

(e) In untreated patients with IPF, alveolar macro-
phages that release large amounts of the chemotactic
factor exhibit decreased function of their IgG Fc re-
ceptor. In contrast, the IgG Fc receptor function of
IPF macrophages that release only small amounts of
the factor is similar to that of normal macrophages.
The apparent altered function of the Fc receptor of
macrophages that released the chemotactic factor ap-
pears not to be a generalized inhibition of macro-
phage function since these cells function normally
when stimulated by mechanisms that are independent
of the IgG Fc receptor. A likely mechanism for the
altered Fc receptor function of these cells is that im-
mune complexes are bound to the macrophage Fc
receptor. Similar alterations in Fc receptor function are
found on macrophages of the spleen and liver in other
types of patients with circulating immune complexes
(38, 39). In addition, Griffin has also demonstrated
that following ingestion of immune complexes, macro-
phages exhibit a selective alteration of their IgG
Fc receptor function (40).

In addition to immune complexes, other agents such
as microorganisms and inorganic particulates are
known to stimulate alveolar macrophages to release
the chemotactic factor for neutrophils (19, 20, 22). It is
unlikely that IPF alveolar macrophages release the
chemotactic factor as a result of an interaction with
microorganisms since lung biopsies of these patients,
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bronchoalveolar lavage fluid, and the macrophage cul-
tures themselves were sterile. In addition, none of the
patients had a history of exposure to inorganic materials
known to cause interstitial lung disease and these
materials were not found on direct analysis of the lung
biopsies. In addition to these types of inorganic
particulates, the particulates that are present in cig-
arette smoke also stimulate alveolar macrophages to
release a chemotactic factor for neutrophils (23). How-
ever, the IPF patients in the present study either were
nonsmokers or had discontinued smoking for at least
1 yr. Therefore, it is unlikely that the release of
the chemotactic factor by alveolar macrophages from
these patients can be attributed to the presence of
particulates of cigarette smoke in the lower respiratory
tract.

Although it is clear that alveolar macrophages of
some IPF patients release large amounts of a potent
chemotactic factor tor neutrophils, it is possible that
other chemotactic factors, such as the complement-
derived chemotactic factors, are also generated as a
result of the presence of immune complexes in lung as
well as in blood of patients with this disorder (41-45). It
is unlikely, however, that the complement-derived
chemotactic factors that are generated in the vascular
spaces are important in terms of the pathogenesis of
IPF since experimental studies have demonstrated
that, in the vascular spaces, these factors do not
mediate migration of neutrophils into the alveolar
structures (46). In support of this concept are studies
showing that patients with active systemic lupus ery-
thematosis (SLE) have only small numbers of neu-
trophils in the lung in spite of the fact that these
patients have high titers of circulating immune com-
plexes and activation of the complement system (12).
In addition, alveolar macrophages of patients with
active SLE either do not release detectable amounts
of the chemotactic factor or release only small amounts
of the factor (data not shown). Since both patients with
active SLE and active IPF have circulating immune
complexes (37, 38), these observations also suggest
that either not all circulating immune complexes reach
the surface of the alveolar macrophage, or that cer-
tain immune complexes that are present in the lung
do not stimulate macrophages to release the chemo-
tactic factor. Alternatively, it is reasonable to hypothe-
size that, in IPF, the immune complexes are formed
in lung and are subsequently spilled over into blood.
The latter possibility is attractive in terms of the
pathogenesis of IPF since this disorder, in contrast to
SLE, is not a systemic disorder but is limited to lung.
In support of this hypothesis are studies that dem-
onstrate that, in IPF, IgG production (and, thus, likely
also immune complex formation) is localized to lung
(47-48) whereas in SLE increased amounts of IgG are
also produced in extrapulmonary sites (48).

Lung Neutrophils in Idiopathic Pulmonary Fibrosis

Since complement proteins are present in the alveolar
structures of patients with IPF (12, 25), it is possible
that chemotactic factors could be generated from these
proteins following an interaction with immune com-
plexes. However, even if these complement-derived
chemotactic factors are generated in the lung in IPF, it
is possible that the primary effect of these factors on
neutrophil migration to the lung is mediated via stim-
ulation of alveolar macrophages to release the macro-
phage-derived chemotactic factor (21-22). In support
of this hypothesis are recent studies by Henson et al.
(21) which demonstrated that, following intratracheal
injection of a purified complement-derived chemotactic
factor (C5ages arg) into rabbit lung, the neutrophils
which were attracted to the lung exhibited a greater
“desensitization” to the macrophage-derived factor
than to the complement-derived factor (21). These
neutrophils were “desensitized” to the macrophage-
derived factor, presumably by prior in vivo exposure
to the macrophage-derived chemotactic factor. How-
ever, independent of whether neutrophils are at-
tracted to the lung in IPF solely by the macrophage-
derived chemotactic factor or by this factor in conjunc-
tion with other chemotactic factors, it is clear that
the alveolar macrophage plays a central role in mod-
ulating the migration of neutrophils to the lung by
secreting a potent chemotactic factor for neutrophils.
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