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Isolation and Partial Characterization of a Human Alveolar
Macrophage-derived Neutrophil-activating Factor

James E. Pennington, Thomas H. Rossing, Lisa W. Boerth, and Tak H. Lee
Department of Medicine, Harvard Medical School, and Brigham and Women’s Hospital, Boston, Massachusetts 02115

Abstract

Human alveolar macrophages (AM) were obtained from eight
normal volunteers using fiberoptic bronchoscopic lavage to
explore potential interrelationships among leukocytes in pul-
monary defense against infection. AM placed in monolayer
tissue cultures released material into culture supernatants with
the capacity to enhance the bactericidal capacity of human
neutrophils. Neutrophils preexposed to supernatants killed
Pseudomonas aeruginosa from 70 to 90% more efficiently than
control cells (P < 0.02). AM culture supernatants contained
this material by 4 h of incubation, and in vitro stimulation of
AM cultures with heat-killed P. aeruginosa further increased
its production.

Gel filtration of AM culture supernatants with a G-50
Sephadex column allowed isolation of a 6,000-D neutrophil-
activating factor (NAF) that was resistant to heat (56°C, 30
min). The isoelectric point of NAF, as determined by chro-
matofocusing, was ~7.6. Enzyme digestion of NAF specimens,
prepared sequentially by gel filtration and chromatofocusing,
demonstrated 50-70% loss of activity after incubations with
trypsin, chymotrypsin, and neuraminidase. NAF was only
minimally chemotactic and eluted from Sephadex G-50 with
particles of a different molecular size than those of AM-
derived chemotactic factors (i.e., ~10,000 D and <500 D).
Preincubation of neutrophils with NAF resulted in greater
release of superoxide anion upon their subsequent stimulation
by either bacterial phagocytosis or by phorbol myristate acetate,
as compared with control neutrophils stimulated in a like
manner. These studies indicate that human AM secrete a heat-
stable, low molecular weight basic protein, with the capacity
to enhance oxidative microbicidal activity of neutrophils.

Introduction

The human alveolar macrophage (AM)' is a potent secretory
cell. In recent years, it has become evident that certain of
these secretory activities may be critical to intrapulmonary
defenses against infection (1-4). We have recently observed
that supernatants obtained from short-term cultures of normal
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1. Abbreviations used in this paper: AM, alveolar macrophages; cfu,
colony-forming units; f-met-leu-phe, formyl-methionyl-leucyl-phenyl-
alanine; GBSS, Gey’s balanced salt solution; HIFBS, heat-inactivated
fetal bovine serum; IL-1, interleukin-1; LTB,, leukotriene B,; NAF,
neutrophil-activating factor; NANA, N-acetylneuraminic acid; PMA,
phorbol myristate acetate; SOD, superoxide dismutase.
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human AM contain material that, upon exposure to neutrophils,
enhances bactericidal activity of neutrophils (5). Neutrophils
incubated with these supernatants demonstrated an increased
respiratory burst during subsequent phagocytic challenge, an
effect that was not related to increased phagocytic rates among
the supernatant-exposed neutrophils. The addition of cyclo-
heximide to AM tissue cultures eliminated most of the neutro-
phil-activating material in culture supernatants, suggesting that
this material was synthesized and secreted by macrophages. It
was not clear from these initial observations, however, whether
AM culture supernatants contained one or several active
principles. Nor was it clear whether these studies had detected
a previously unknown substance, or whether they were simply
describing new functional properties for previously identified
AM secretory products (2-4, 6). The present study was under-
taken to address these issues.

Methods

Bronchoalveolar lavage. Fiberoptic bronchoscopy was performed on
eight healthy human volunteers (six male, two female) after informed
consent was obtained. Volunteers were 25-36 yr of age, and half were
smokers. The nose and upper airways were anesthetized with 4%
lidocaine and a bronchoscope (model BF B2; Olympus Corporation
of America, New Hyde Park, NY) was passed transnasally. The
bronchoscope was wedged in a subsegmental bronchus of the right
middle lobe or lingula and 200-250 ml of sterile isotonic saline was
instilled in 50-ml aliquots and aspirated by suction apparatus (1).

Preparation of AM tissue cultures and culture supernatants. Bron-
choalveolar lavage fluid specimens were filtered through coarse gauze
to remove mucus, then centrifuged at 500 g for 9 min at 4°C to
sediment cells. Supernatants were removed and cells resuspended and
washed by gentle agitation in modified Hanks’ balanced salt solution
(HBSS) (Ca**- and Mg**-free; Grand Island Biological Co., Grand
Island, NY). Cells were counted by hemocytometer, and differential
counts were made using Wright-Giemsa stained smears. In addition,
wet mounts were prepared with dilute neutral red stain to differentiate
macrophages from lymphocytes (7). Cell viability was assessed by
trypan blue dye exclusion (>95% viable). Respiratory cell preparations
were brought to a final concentration of 2 X 10° AM/ml in Medium
199 (M199; Grand Island Biological Co.) plus 10% heat-inactivated (2
h at 56°C) fetal bovine serum (HIFBS) (Grand Island Biological Co.)
plus 2% penicillin-streptomycin (Grand Island Biological Co.).

2-ml aliquots of cell suspension were placed into 15 X 30 mm-
flat-bottom plastic tissue culture dishes (Falcon Labware, Becton,
Dickinson & Co., Oxnard, CA), and cultures were incubated at 37°C
in a moist atmosphere of 5% CO, for 2 h so that monolayers of AM
could adhere to culture plates. Nonadherent cells were then washed
from plates with HBSS and cell cultures were refed with 2 ml serum-
free M199 plus 2% penicillin-streptomycin. Selected cell cultures were
examined by inverted microscopy for each experiment and found to
consist of 98-99% neutral red positive mononuclear cells. Cell-free
tissue culture dishes containing equal volumes of M199 plus penicillin-
streptomycin were also prepared during each experiment to provide
control M199 (see below). Tissue cultures and cell-free plates were
then incubated (37°C, 5% CO,) 4, 24, or 72 h. In selected experiments,
AM (2 X 10%/ml) were placed into 13 X 100 mm-round-bottom plastic



tubes (Falcon Labware) and incubated in suspension using a tilting
rack. In addition, selected AM cultures were exposed to heat-killed
Pseudomonas aeruginosa (see below) at 1 X 107 colony-forming units
(cfu)/ml concentration, or latex particles (1.099 um) (Dow Chemical
U.S.A., Health & Consumer Products Div., Indianapolis, IN) suspended
at 2% concentration, during 4- or 24-h incubations. After incubation,
AM culture supernatants and fluids from cell-free plates were removed
by Pasteur pipette, centrifuged at 500 g for 8 min to remove cellular
debris, passed through micropore filters (0.45 pm), and frozen to
—70°C.

Preparation and preincubation of neutrophils. Venous blood from
healthy volunteers was collected into syringes containing heparin and
sedimented with dextran (Macrodex 6%; Pharmacia Fine Chemicals,
Div. of Pharmacia Inc., Piscataway, NJ); neutrophils were then collected
by processing the leukocyte-rich fractions over density cushions (Ficoll-
Paque; Pharmacia Fine Chemicals) (8), and residual erythrocytes were
lysed with 0.2% saline exposures. Tonicity was rapidly restored using
1.6% saline. Resultant cell preparations contained 99% polymorpho-
nuclear leukocytes with ~95% viability (trypan blue dye exclusion).
Wright-Giemsa stains revealed that >95% of these cells were neutrophils.
Neutrophils were suspended to a concentration of 1 X 107 cells/ml in
either M199 from the cell-free plates plus 10% HIFBS, native AM
culture supernatants plus 10% HIFBS, or partially purified AM super-
natants (by gel filtration and chromatofocusing, see below). Each of
these mixtures was incubated for 15 min at 37°C in a shaking water
bath, after which neutrophils were sedimented at 500 g, supernatants
removed, and cells resuspended to 1 X 107 neutrophils/ml in HBSS
with Ca** and Mg**. Cell viabilities of these final suspensions were
routinely 98-99% (trypan blue dye).

Bactericidal assay. A serum-resistant strain of P. aeruginosa (Pseu-
domonas, strain 220) was prepared as described previously (9), and
suspended in isotonic saline to a final concentration of 1 X 108 cfu/
ml. Mixtures (0.3 ml vol) containing 1 X 107 bacteria, 1 X 10° prein-
cubated neutrophils (see above), and 7% fresh autologous human
serum were prepared in triplicate in plastic tubes (12 X 75 mm; Falcon
Labware) and incubated at 37°C in a shaking water bath. After 0 and
120 min, samples were serially diluted in distilled H,O and cultured
using the pour-plate technique.

Positive-pressure ultrafiltration and gel filtration of AM culture
supernatants. AM supernatant specimens were fractionated using a
positive-pressure ultrafiltration apparatus (Amicon Corp., Scientific
Sys. Div., Danvers, MA). For fractionation, 2-ml samples were diluted
with M199 to 10 ml, then filtered using a filter (model UM-10;
Amicon Corp.) and concentrated to original volumes. Filtrates were
collected and also concentrated to original volumes using another filter
(model UM-05; Amicon Corp.). Resulting fractions, containing material
of >10,000 D (model UM-10), or between 500 and 10,000 D (model
UM-05), were then assayed for neutrophil-activating capacity.

1-ml samples of supernatant fluids from selected AM cultures were
gel-filtered using 1.0 X 60-cm columns containing Sephadex G-50
(Pharmacia Fine Chemicals). The columns were operated at 4°C using
sterile phosphate-buffered saline (PBS), pH 7.4, and 1.5-ml fractions
were collected. Alternate eluant fractions were then assayed for their
capacity to increase bactericidal activity of neutrophils. The columns
were calibrated with blue dextran (2 X 10° D), soybean trypsin inhibitor
(20,100 D), cytochrome ¢ (12,400 D), insulin (5,200 D), glucagon
(3,400 D), and tryptophan (260 D). All markers were obtained from
Sigma Chemical Co., St. Louis, MO.

Chromatofocusing. Eluant fractions obtained from gel filtration
and found to contain peak neutrophil-activating activity were pooled
and dialyzed overnight at 4°C against 0.025 M Tris-CH;COOH buffer,
pH 8.3, and 15-ml samples were applied to a 1.8 X 30-cm column of
polybuffer exchanger 94 (Pharmacia Fine Chemicals), which had been
previously equilibrated with the same buffer. A solution of polybuffer
96 (30%; Pharmacia Fine Chemicals) and polybuffer 74(70%)-
CH;COOH, pH 5.0 (Pharmacia Fine Chemicals), was used for elution
using a flow rate of 35 ml/h (4°C). A linear pH gradient of 800 ml
from pH 8.0 to pH 5.0 was generated and 5.0-ml fractions were

collected. Every fifth fraction was dialyzed overnight at 4°C against
one change of 100X vol HBSS, pH 7.35, and fractions were then
assayed undiluted for neutrophil-activating capacity. The column was
regenerated with 1 M NaCl and reequilibrated with the 0.025 M Tris-
CH;COOH buffer before each experiment. The fractions collected
during 1 M NaCl washes were also collected, pooled, dialyzed as above,
and assayed for neutrophil-activating capacity.

Enzyme digestion. Insoluble trypsin, chymotrypsin, and neuramin-
idase were obtained from Sigma Chemical Co. Enzyme digestion
experiments were performed on neutrophil-activating factor (NAF)
that had been partially purified by gel filtration, followed by chroma-
tofocusing, and finally dialyzed against HBSS (as above). Enzyme
concentrations used for digestions were 3.2% (6.4 U/ml) trypsin, 1.6%
(7.2 U/ml) chymotrypsin, and 1.6% (0.64 U/ml) neuraminidase. For
experiments, enzymes were suspended in 1.0-ml aliquots of NAF and
mixtures were incubated on a tilter at 37°C for 45 or 180 min. After
incubations, insoluble enzyme was separated from NAF by centrifu-
gation (3,000 g), and supernatants were then assayed for neutrophil-
activating capacity. Control experiments included HBSS incubated
with each of the enzymes, and NAF and HBSS preincubated for 180
min without enzymes.

To document that the neuraminidase used for these digestions was
active at physiologic pH, we carried out enzyme digestions of N-acetyl
neuraminlactose (from bovine colostrum; Sigma Chemical Co.) at pH
5.5 and at physiologic pH (7.35), both in HBSS. Reaction mixtures
were incubated for 30 min at 37°C, and micromoles of N-acetylneu-
raminic acid (NANA) in the samples was assayed by the thiobarbituric
acid method of Warren (10). Synthetic NANA (Aldrich Chemical Co.,
Inc., Milwaukee, WI) was used to establish the standard curve. In
comparing the micromoles of NANA released per milliliter at each
pH, there was a 38% reduction in activity at the higher pH, indicating
that our enzyme as used in this study did retain considerable activity.
Neuraminidase used for assays was lot 33F-9560 (Sigma Chemical
Co.) and contained minimal protease activity (0.007 U protease/l U
neuraminidase).

Chemotactic assay. Chemotactic assays were carried out on alternate
eluant fractions from the gel filtration preparations using modified
Boyden chambers (Ahlco Manufacturing Co., Inc., Southington, CT).
For these assays, human neutrophils were collected and prepared as
described above, except that final suspensions were made in Gey’s
balanced salt solution (GBSS) plus 0.4% bovine serum albumin (BSA;
Sigma Chemical Co.), at a concentration of 2.5 X 10° cells/ml. For
assays, 400 ul of neutrophil suspension was placed in the upper
compartments of the chambers, and the eluant fraction (or control
substances) loaded into the lower compartment. Negative controls
included GBSS plus 0.4% BSA, and also PBS with and without 0.4%
BSA. No significant differences in chemotactic activity were detected
among the three negative control suspensions used. For positive
controls, a 107%-M suspension of formyl-methionyl-leucyl-phenylalanine
(f-met-leu-phe) was used (11). Upper and lower compartments were
separated by 3-um pore cellulose nitrate filters (Membranfilter; Sartorius,
Gottingen, Federal Republic of Germany), and chambers were incubated
for 30 min at 37°C in a moist atmosphere of 5% CO,. Filters were
then removed, fixed in methanol, and prepared for microscopy, as
previously described (11). Triplicate filters were obtained for each
specimen (or control). The distance in micrometers the leading pair of
neutrophils had migrated into each filter was determined using a
microscope micrometer (12), and readings were repeated five times
per filter. Chemotaxis for each specimen was expressed as the mean
distance (um) of migration for all readings.

Leukotriene B, (LTB,) assay. AM from four different volunteers
were prepared in culture exactly as described above. Supernatants were
then harvested after 24-h incubations, 1.5 vol of absolute methanol
was added, and the samples stored at —70°C, under argon, until used
for measurement of LTB,. Before the LTB, assay, the specimens were
evaporated to dryness under vacuum. The residues were resuspended
in 500 ul of 10 mM Tris-HCl buffer, pH 7.4, containing 0.15 M NaCl
and 0.1% gelatin, and a 100-ul sample of each was assayed in a
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radioimmunoassay for LTB, (13, 14). The standard curve for the
inhibition of binding of *H-LTB, to anti-LTB, antibody was obtained
over the ranges of 0.01-10 ng LTB,; the IDs, for LTB, was 0.18 ng
(15). The LTB, used was made by total chemical synthesis (16) (kindly
given by Professor E. J. Corey, Harvard University, Cambridge, MA).
The purity of the compound was confirmed by its elution as a
homogeneous peak after reverse phase high pressure liquid chromatog-
raphy, and its concentration was determined from the maximum UV
absorbance using the maximal molar extinction coefficient of 51,000
cm~'M™'. To assess the recovery of immunoreactive LTB, from AM
supernatants, defined quantities of LTB, as determined by UV absor-
bance were added to AM supernatants. The supernatants were processed
as described above and recoveries of immunoreactive LTB, were
consistently >90% for 0.03-10 ng LTB,.

Superoxide anion (03) assay. The production of O3 by neutrophils
preincubated with partially purified (gel filtration) NAF was measured
by the capacity of O; to reduce ferricytochrome c to ferrocytochrome
¢ (17). Control neutrophil preparations were preincubated with PBS
only. After preincubation for 15 min, neutrophils were washed and
resuspended (5 X 10 cells in HBSS with Ca** and Mg**) with ferri-
cytochrome ¢, type VI (1.24 mg/ml) (Sigma Chemical Co.), either with
or without superoxide dismutase (SOD, 100 pg/ml; Sigma Chemical
Co.). These reagents were prepared immediately before usage. Phorbol
myristate acetate (PMA; Sigma Chemical Co.) or viable P. aeruginosa
were used to trigger the respiratory burst. All preparations were made
in triplicate. Neutrophil reaction-mixtures were incubated for 45 min
at 37°C in a shaking water bath, after which cells were sedimented at
300 g, and supernatants removed for assay. Identically prepared reaction-
mixtures were also assayed without incubation, to determine background
activity. Supernatants were diluted 1:4 in HBSS with Ca** and Mg**
and assayed for reduction of ferricytochrome ¢ by spectrophotometric
analysis (Cary 219, recording spectrophotometer; Cary Instruments,
Monrovia, CA). Nanomoles of cytochrome ¢ reduced were calculated
from the maximal increase in absorbance measured using an absorption
coefficient of 21.1 mM™'cm™" (18). Superoxide-dependent cytochrome
¢ reduced was calculated by subtraction of the value for cytochrome ¢
reduced measured in the reaction-mixtures containing SOD from the
value measured in the reaction-mixtures without SOD. Results are
expressed as nanomoles of cytochrome ¢ reduced per 5 X 10° neutro-
phils.

Immunological methods and chemical reagents. Polyclonal goat
antisera to human Cs was obtained from Atlantic Antibodies (Scar-
borough, ME). Goat anti-human C; was kindly donated by Dr. Harvey
R. Colten, Children’s Hospital Medical Center, Boston, MA (19).
Rabbit anti-human albumin was obtained from Cappel Laboratories,
Cochranville, PA. Agar-gel double diffusion assays were carried out by
the method of Ouchterlony (20). The functional neutralizing capacity
of the anti-C; antisera used was verified by the demonstration that
anti-Cs antisera could eliminate neutrophil chemotactic activity in
zymosan-activated fresh human serum (distances migrated [um]: 1148,
activated serum; 52+7, activated serum reacted 2 h with antisera;
46+8, GBSS control). 1-ml aliquots of AM culture supernatant speci-
mens were then reacted with 0.1 ml antisera to C;, Cs, or albumin for
2 h at room temperature. Antisera to human albumin was included in
these experiments to determine whether antisera-induced neutralization
was complement specific. M199 alone was concomitantly incubated
with these antisera. Untreated AM supernatant and M199 were also
incubated for 2 h at room temperature. All reaction mixtures, plus the
untreated materials, were then used for the conventional 15-min
preexposure of neutrophils, followed by bactericidal assay.

N-f-met-leu-phe was obtained in powdered form from Bachem
Fine Chemicals (Torrance, CA), dissolved in dimethyl sulfoxide, and
diluted to working concentrations in GBSS. The final concentration
of dimethyl sulfoxide was <1%. Zymosan was obtained from Difco
Laboratories Inc. (Detroit, MI), and was used to activate fresh human
serum, as previously described (2).

Statistical analysis. Experimental data were analyzed using the
paired two-tailed ¢ test. A P value of <0.05 was considered significant.
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Results

Initial studies using the eight newly generated human AM
culture specimens confirmed our previous observation (5).
Neutrophils preexposed to supernatants from 24-h AM cultures
reduced numbers of viable Pseudomonas by 3.01+0.33 (log,o)
during 120-min incubations, while a mean decrease (log,o) of
2.13+0.27 was noted for neutrophils preexposed to medium
only (P < 0.02). There was no significant difference between
the AM supernatants obtained from smokers and nonsmokers
in their capacity to activate neutrophils. In additional experi-
ments, serial twofold dilutions of AM culture (24 h) superna-
tants were made in M 199 before neutrophil exposure. Consid-
erable neutrophil-activating capacity remained in preparations
up to dilutions of 1:8 (P < 0.05) (Fig. 1).

Influence of AM cell culture conditions on secretion of
neutrophil-activating material. The optimal incubation time
for recovery of neutrophil-activating material was 4 h, and
incubation of AM for longer periods did not increase the
amount of detectable neutrophil-activating material (Fig. 2).
The maximal recovery of AM-derived material was achieved
when the cell cultures were exposed to 107 cfu heat-killed P.
aeruginosa (Fig. 2). Challenge of monolayers with inert latex
particles did not enhance recovery of AM-derived material,
however. Finally, it was apparent that surface contact of AM
was a requirement for stimulation of AM-derived material,
since AM incubated in suspension failed to produce this
substance (Fig. 2).

Exclusion of complement components and LTB, to account
for neutrophil-activating material in AM culture supernatants.
Experiments were carried out to explore the possible association
of neutrophil-activating material in AM supernatants with
LTB,, an arachidonic acid metabolite known to be produced
by human AM (6, 14, 21), and also known to stimulate
neutrophils (22). Previous experience has indicated that calcium
ionophore stimulation of AM is necessary for optimal LTB,
production (6). However, it was our intent to duplicate the
cell culture conditions used herein for producing NAF. Thus,
all sets of AM cultures (2 X 10° cells/ml) were incubated for
24 h without calcium ionophore stimulation. The concentra-
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Figure 1. Bactericidal activity
during 120-min incubations of
neutrophils preexposed to AM
supernatants, undiluted (o), or
diluted 1:2 (D), 1:8 (a), 1:16
(x), or 1:32 (e) with M199, or
preexposed to M199 alone (V).
Cell-free killing activity (®) is
also shown. Values are mean
(+SEM) for four separate ex-
periments. Values different
than M 199 alone are the fol-
lowing: supernatants diluted
1:8 (P < 0.05), 1:2 (P < 0.02),
and undiluted (P < 0.02).
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Figure 2. Bactericidal activ-
70 ity during 120-min incuba-
tions of neutrophils preex-
posed to the following: AM
supernatants from cultures
incubated with heat-killed
P. aeruginosa (PA) for 4 h
(O), or 24 h (m); superna-
tants from cultures incu-
bated for 4 h (a), 24 h (e),
or 72 h (x) without P.
aeruginosa; supernatants
from cultures incubated in
suspension (tilted) for 24 h
(v); M199 alone (0); or
M199 with heat-killed P.
aeruginosa (»). Cell-free
controls are also included
(®). Values different than
M199 alone are the follow-
ing: super. 24 hand 72 h
(P < 0.05); super. 4 h (P
30 < 0.02); and super. 4 h and
) 720 24 h with P. aeruginosa
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tions of LTB, detected in AM cell culture supernatants (con-
taining potent neutrophil-activating capacity) from four different
volunteers were 0.38, 0.31, 0.81, and 0.33 ng/ml. These
concentrations are far less than those previously associated
with stimulation of neutrophil aggregation and respiratory
burst (22).

Since human AM are also known to secrete certain com-
plement proteins (4), and since C; and Cs may stimulate a
variety of neutrophil activities (23, 24), experiments were
carried out to explore the possible association of neutrophil-
activating material in AM supernatants with C; or Cs. Antisera
to Cs, Cs, and albumin were reacted against fresh human sera,
and also against five separate AM supernatant specimens in
agar-gel double diffusion assays. Single precipitation bands
were detected for each antiserum when reacted against serum,
but no bands were visible in reactions against the AM super-
natants (antisera were used undiluted, and also in 1:10, 1:100,
1:1,000 dilutions). In addition, an attempt was made to
neutralize neutrophil-activating capacity in the AM supernatants
by immunologic means. No reduction of neutrophil-activating
capacity was evident for any of the antisera-exposed specimens.
Nor did antisera-exposed M199 demonstrate alterations in
neutrophil-activating properties as compared with M 199 alone.

Positive-pressure ultrafiltration and gel filtration. To deter-
mine the molecular weight of neutrophil-activating materials
contained in AM culture supernatants, samples were first
screened using a positive-pressure ultrafiltration apparatus.
Ultrafiltration was carried out on two separate AM supernatant
specimens. Exposure of neutrophils to UM-05 filter fractions
resulted in 60 (specimen 1) and 74 (specimen 2) % fewer
viable Pseudomonas after 120-min incubations, as compared
with buffer controls. The UM-10 filter fractions contained no
neutrophil-activating material, suggesting that the molecule(s)
was between 500 and 10,000 D.

Based upon these screening studies, a Sephadex G-50
column was selected for more precise identification of molecular
weight(s). Molecular sieve chromatography was carried out on

five separate AM supernatant specimens (four 24-h cultures,
one 4-h culture), and the results obtained were virtually
identical. A representative experiment is shown in Fig. 3. The
major peak of neutrophil-activating material eluted with par-
ticles of ~6,000 D; this material is referred to as ‘“neutro-
phil-activating factor.” A smaller peak of neutrophil-acti-
vating material was also detected, eluting with particles of
~12,000 D.

Since previous studies have described low molecular weight
AM-derived chemotactic factors (2, 3) and since certain che-
motactic factors are known to stimulate nonlocomotive neu-
trophil activities (23, 25), we considered the possibility that
NAF and AM-derived chemotactic factors were related. The
eluant fractions collected from three separate gel filtration
experiments were thus assayed for chemotactic activity. Two
peaks of chemotactic activity were consistently detected, and
one such experiment is depicted in Fig. 4. One peak was
detected in fractions corresponding to the elution position for
material of ~10,000-12,000 D. A separate low molecular
weight peak of activity was detected in eluant fractions below
the fractionation range of the G-50 column (i.e., <1,500 D).
Little chemotactic activity was detected in the eluant fractions
corresponding to the elution position for the 6,000-D NAF. It
thus appeared that NAF was separate from AM-derived che-
motactic factors. It did appear, however, that the high molecular
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Figure 3. Chromatogram of gel filtration of AM culture supernatant
through Sephadex G-50 column. Supernatant was eluted with PBS
(pH 7.4). Elution positions of known molecular weight markers are
indicated by arrows, and protein content in elution fractions is
estimated by absorbancy (280 nm), as shown in top panel. In lower
panel, the neutrophil-activating capacity of individual eluant fractions
is shown. These activities are expressed as the percentage fewer viable
Pseudomonas in reaction mixtures after 120-min incubations with
neutrophils preexposed to the eluant fractions, as compared with
neutrophils preexposed to buffer only.
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Figure 4. Neutrophil chemotactic activity (expressed as distance mi-
grated, um) in individual eluant fractions obtained from gel filtration
of AM supernatant. Positions of known molecular weight markers
indicated by arrows. Controls for chemotaxis assay were GBSS plus
0.4% BSA and 10~ M f-met-leu-phe (FMLP). Vo, void volume.

weight chemotactic factor might possess weak neutrophil-
activating capacity (Figs. 3 and 4).

Chromatofocusing. Three separate samples containing NAF,
each of which had been partially purified by gel filtration, were
subjected to chromatofocusing, which separates proteins ac-
cording to their isoelectric points. Virtually identical results
were obtained, and a representative chromatogram is shown
in Fig. 5. A single peak of neutrophil-activating material was
consistently observed between pH 7.4 and 7.8 for all specimens.
There was no NAF detectable in pooled fractions obtained
from columns during regenerations with 1 M NaCl, indicating
that all the neutrophil-activating material had been eluted
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Figure 5. Chromatofocusing of NAF. The samples subjected to this
procedure were eluant fractions obtained from Sephadex G-50 gel
filtration of AM culture supernatants and documented to contain
NAF. Samples were dialyzed against 0.025 M Tris acetic acid buffer,
pH 8.3, before being applied to the column. Neutrophil-activating
capacity is expressed as percent fewer viable Pseudomonas in reaction
mixtures after 120-min incubations with neutrophils preexposed to
the eluant fractions, as compared with neutrophils preexposed to
buffer only.
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during chromatofocusing. Column fractions containing NAF
(fraction 40), or not containing NAF (fractions 20 and 80),
were also assayed for neutrophil chemotactic activity. Experi-
ments were repeated twice, and mean values for distances
migrated were the following (um): fraction 20, 82+6; fraction
40, 75+6; fraction 80, 78+4; GBSS control, 89+3; f-met-leu-
phe control, 148+2. Thus, NAF appeared to be devoid of
chemotactic activity after this second separation procedure.

Enzyme digestion. NAF specimens prepared sequentially
by Sephadex G-50 gel filtration and chromatofocusing were
treated with trypsin, chymotrypsin, or neuraminidase in each
of two experiments, yielding very similar results. A represen-
tative experiment is shown in Fig. 6. All three enzymes
produced between 50 to 70% reduction in NAF activity. The
efficacy of digestion appeared to be time-dependent, particularly
for chymotrypsin and neuraminidase.

Effect of heat. Two separate samples containing NAF, each
of which had been partially purified by gel filtration, were
heated (56°C) for 30 min. Heated and (paired) unheated
specimens were then assayed for neutrophil-activating capacity,
and results expressed as percent fewer viable Pseudomonas in
reaction mixtures after 120-min incubations with neutrophils
preexposed to the NAF-containing samples, as compared with
neutrophils exposed to buffer only. These values were 72 and
62% for the unheated samples, and 69 and 60% for the
respective heated samples, indicating that NAF is relatively
heat-stable.

Influence of NAF on superoxide production by resting and
stimulated neutrophils. The influence of NAF on O3 production
by resting and stimulated neutrophils was evaluated. Eluant
fractions obtained by Sephadex G-50 chromatography, and
previously shown to contain NAF (see Fig. 3), were used for
these experiments. Preexposure of neutrophils for 15 min to
eluant fractions containing NAF did not result in increased
production of O; during the preexposure, or over subsequent
45-min periods, as compared with neutrophils preexposed to
buffer alone (Fig. 7). However, neutrophils first exposed to
NAF and then stimulated by phagocytosis of viable P. aeru-
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Figure 6. Enzyme digestion of NAF exposed to 3.2% trypsin, 1.6%
chymotrypsin, or 1.6% neuraminidase, for 45 (45') or 180 (180') min
(37°C). The specimens used for digestion were sequentially and
partially purified by gel filtration and chromatofocusing. Controls
included NAF without enzymes (untreated), but also incubated for
180 min at 37°C; HBSS without enzymes, but incubated 180 min;
and HBSS incubated with enzymes for 180 min. Neutrophil-activat-
ing capacity is expressed as percent fewer viable Pseudomonas in
reaction mixtures after 120-min incubations with neutrophils preex-
posed to enzyme-treated or -untreated NAF (or enzyme-treated
HBSS), as compared with neutrophils preexposed to buffer alone.
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Figure 7. Production of O; (expressed as nanomoles
of cytochrome ¢ reduced) by neutrophils preexposed
for 15 min to PBS (0) or NAF containing eluant
fractions (e), and then stimulated with incremental
concentrations of viable P. aeruginosa (A), or phorbol
myristate acetate (B). Values are mean (+SEM) for
three separate experiments. Values for NAF-exposed
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ginosa (Fig. 7 A) or exposure to PMA (Fig. 7 B), demonstrated
enhanced O; production as compared with cells preexposed
to buffer only. Enhancement was only evident with submaximal
stimulation. For bacterial exposure, submaximal stimulation
occurred over a broad dose-response range, but with PMA a
rapid escalation to peak stimulation was noted.

Discussion

It is increasingly apparent that intrapulmonary mechanisms of
defense against infection are complex in nature and, in some
cases, unique to the lung (1, 26, 27). The notion that AM
singularly defend against bacterial pneumonia by virtue of
their phagocytic activity (28) is not substantiated by recent
observations (2, 3, 29). Rather, it now appears that AM-
mediated immune modulation (30, 31) and chemoattraction
(2, 3) of nonmacrophage inflammatory cell populations are
nonphagocytic activities of great importance to defense of the
lung. Clinical (32) and experimental (29, 33) observations
have, in fact, confirmed that one of the critical determinants
of outcome from bacterial pneumonia is the degree of neutro-
phil accumulation in airways and lung parenchyma. It thus
appears that recently described AM-derived chemotactic factors
(2, 3) have potential clinical importance. In this study, we
have isolated from human AM culture supernatants an addi-
tional factor with the potential for amplification of local
pulmonary defense against bacterial infections. NAF is ~6,000
D, has an isoelectric point of 7.6, and appears to be stable
under treatment with heat (56°C) for 30 min. In addition,
enzyme digestion studies suggest that NAF is a protein.
Incubation conditions of AM influenced their secretion of
NAF. It was apparent that cell surface stimulation was necessary
for the secretion of NAF. Thus, nonadherent AM in the lung
may not produce this material. However, since an adherent
population of AM does exist in vivo (1), it is reasonable to
postulate that in vivo surface stimulation may result in the
secretion of NAF, even in noninfected lungs. In this instance,
NAF may be important in the surveillance activities of the
lung defense apparatus. The most potent stimulus to NAF

50
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neutrophils are different than control neutrophils with
10® and 10° cfu Pseudomonas (P < 0.05) (4), and
with 0.5 ug/ml PMA (P < 0.02) (B).
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secretion in these experiments occurred during AM exposure
to bacterial cells, clearly suggesting a role for this substance in
augmenting local defenses during pneumonia.

We have addressed the possibility that NAF is one of the
previously described AM secretory products that affects neu-
trophils, such as the high molecular weight (~10,000 D) (2)
and the low molecular weight (~500 D) (2, 3) chemotactic
factor, 5S,12R -dihydroxy-6,14-cis-8,10-trans-eicosateraenoic
acid (LTB,), a 5-lipoxygenase pathway metabolite of arachidonic
acid (6, 14, 21), or complement fragments (4). The isolation
of a single peak of potent neutrophil-activating material by gel
filtration and chromatofocusing suggested that NAF was not
the net effect of several neutrophil-stimulating substances. In
addition, NAF did not resemble LTB, biochemically, nor
could significant amounts of LTB, be detected in AM culture
supernatants cultured under conditions producing NAF. Fur-
thermore, we excluded the possibility that NAF and previously
identified AM-derived chemotactic factors were the same by
carrying out concomitant bactericidal and chemotactic assays
on eluant fractions. Only weak stimulation of neutrophil-
bactericidal activity was detected in fractions containing high
molecular weight chemotactic factor. These observations were
particularly interesting in light of past studies documenting
stimulation of neutrophil-bactericidal activity by a variety of
chemotactic factors (23, 25).

The recent observations that human AM synthesize certain
complement components (4) raised the possibility that NAF
may be related to AM-derived complement proteins with the
capacity to activate neutrophils (e.g., CS,, C3y) (23, 24).
Although past studies have been unable to detect hemolytically
active C3 or C; in normal human AM culture supernatants
(4), C; has been detected in culture supernatants from activated
human AM (4). In addition, we could not exclude the possibility
that biologically active cleavage products of C; or Cs were
present in the AM supernatants. Accordingly, immunological
neutralization of NAF with polyclonal anti-C; and anti-C;
antibodies was attempted. Neither antiserum resulted in inhi-
bition of NAF activity in AM supernatant, suggesting that
biologically active fragments of C; or Cs proteins did not
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account for the neutrophil-activating capacity in AM culture
supernatants. Finally, even though recent studies suggest that
activated AM from patients with sarcoidosis produce increased
quantities of interleukin-1 (IL-1) (34), and there is evidénce
that IL-1 can affect neutrophils (35), the possibility that NAF
is related to IL-1 is remote. Only small amounts of IL-1 are-
secreted by healthy human AM (36). Furthermore, human IL-
1 is ~15,000 D, and has isoelectric points that are lower than
those of NAF (37).

Since an increase in neutrophil oxidative microbicidal
activity may be one mechanism of action for NAF, experiments
were carried out to examine the quantitative relationship of
NAF to neutrophil respiratory burst. These studies demon-
strated that NAF-mediated enhancement of Oz production by
neutrophils was a graded response, only observed when sub-
maximal stimuli were used. NAF did not increase the total
O; produced by a maximally stimulated neutrophil population.
It was also of interest that NAF exposure alone did not directly
stimulate a respiratory burst by neutrophils. This suggests that
in the noninfected lung, it is unlikely that AM generation of
NAF results in the production by neutrophils of oxygen
radicals potentially toxic to lung tissues. While the mechanism
by which NAF enhanced the neutrophil oxidase enzyme
system responsible for O; generation was not apparent, it is
noteworthy that other polypeptides have been implicated in a
dose-dependent stimulation of neutrophil respiratory burst (23,
38). It is also possible that NAF influenced nonrespiratory
mechanisms of neutrophil killing.

In summary, this study describes yet another facet of the
already complex pulmonary host defense apparatus. Determi-
nation of the biologic significance of NAF will ultimately
require an in vivo evaluation. However, this AM secretory
product is clearly oné with potential to directly enhance
pulmonary host defenses against bacterial infection.
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