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Tumor Necrosis Factor Participates in the Pathogenesis
of Acute Immune Complex Alveolitis in the Rat
Jeffrey S. Warren, Karen R. Yabroff, Daniel G. Remick, Steven L. Kunkel, Stephen W. Chensue,
Robin G. Kunkel, Kent J. Johnson, and Peter A. Ward
Department of Pathology, The University of Michigan Medical School, Ann Arbor, Michigan 48109-0602

Abstract

Wehave examined the role of intrapulmonary TNF in a rat
model of acute immune complex-triggered alveolitis. Intratra-
cheal instillation of IgG anti-bovine serum albumin (anti-BSA)
followed by intravenous infusion of BSA results in acute al-
veolitis. Over the 4-h course of evolving lung injury, a 10-fold
increase in TNF activity occurred in bronchoalveolar lavage
(BAL) fluid. Immunohistochemical analysis of lung sections
and BAL cells revealed that alveolar macrophages are the
chief source of TNF. Antibodies that specifically neutralize rat
TNF activity were raised in rabbits immunized with recombi-
nant mouse TNFa. When administered into the lungs with
anti-BSA, anti-TNF resulted in a marked reduction (up to
61%) in lung injury. Intratracheal instillation of exogenous
TNF alone, or in combination with anti-BSA, resulted in an
increase in lung injury compared to controls. Morphometric
analysis and measurements of myeloperoxidase activities in
whole lung extracts from rats treated with anti-TNF revealed a
marked reduction in neutrophils compared to positive controls.
The anti-TNF antibody preparation did not inhibit in vitro
complement activation or diminish neutrophil chemotactic ac-
tivity present in activated rat serum. These data indicate that
intrapulmonary TNF activity is required for the full develop-
ment of acute immune complex-triggered alveolitis, that alveo-
lar macrophages are the primary source of this cytokine,
and that TNF participates in the pathogenesis of immune
complex alveolitis through a mechanism involving neutrophil
recruitment.

Introduction

Tumor necrosis factor (TNF)1 is a hormone-like polypeptide
that possesses a wide range of metabolic, immunologic and
inflammatory activities (reviewed in 1). Once attributed to the
direct effects of bacterial endotoxin, many of the metabolic
and physiologic derangements of endotoxic and septic shock
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1. Abbreviations used in this paper: BAL, bronchoalveolar lavage;
HPF, high power field; LPS, lipopolysaccharide; NCF, neutrophil che-
motactic factor; TNF, tumor necrosis factor.

are thought to be mediated by endogenous cytokines, notably
TNF. Physiologically significant, even lethal, quantities of
TNFhave been detected in the sera of animals after infusion of
endotoxin or viable bacteria (2, 3). Studies in several mamma-
lian species have shown that most of the pathophysiologic
manifestations of endotoxemic shock can be reproduced by
injection of recombinant TNF (2, 4-7). Passive immunization
of mice and rabbits with anti-TNF antibodies before infusion
of lethal doses of endotoxin attenuates major pathophysiologic
manifestations of endotoxic shock and reduces the incidence
of endotoxin-mediated death (4, 8).

It has been proposed that locally regulated generation of
TNFat sites of injury represents an important autocrine-para-
crine control mechanism operative in acute inflammatory re-
sponses. In vitro studies suggest that TNF is chemotactic for
neutrophils (9), induces their degranulation (10), induces their
adhesion to endothelium (1 1), and stimulates their release of
oxygen-derived metabolites (10, 12). TNF also activates mac-
rophages resulting in IL- 1 and PGE2 production (13), aug-
mented cytotoxic potential (14, 15), and enhanced superoxide
anion production after exposure to immune complexes (16).
TNF has been shown to directly increase endothelial cell pro-
coagulant activity by several mechanisms (17-21). TNF in-
duces the synthesis of endothelial cell surface factors that in-
crease neutrophil adherence to the endothelial surface through
mechanism(s) dependent on subunits of the neutrophil mem-
brane adhesion complex CDwl 8 (Mac-I/LFA-I/p1 50,95) (1 1,
22). Horvath et al. (23) have shown that intravenous infusion
of human TNF into sheep results in increases in pulmonary
vascular resistance, transvascular fluid filtration, and trans-
vascular protein clearance. Both in vivo and in vitro studies
suggest that TNF increases endothelial permeability to pro-
teins through a neutrophil-independent mechanism (23). TNF
has also been reported to trigger platelet-activating factor syn-
thesis by endothelial cells (24). Recently, Strieter et al. (25)
demonstrated that TNFcan stimulate endothelial cell produc-
tion of a 7,500-D neutrophil chemotactic factor (NCF) and
mRNAtranscripts that encode NCF.

Although TNFappears to be an important mediator in the
shock syndrome caused by infusion of live bacteria or bacterial
endotoxin and apparently modulates a variety of inflamma-
tory cell functions, the role of TNF in compartmentalized
acute inflammatory processes in vivo has been studied only
preliminarily. A synergistic effect between TNF and IL- 1 has
been described in the induction of Shwartzman-like reactions
(26) and in the induction of neutrophil emigration (27), while
studies of neutrophil emigration triggered by intradermal en-
dotoxin injections suggest that TNFa by itself does not medi-
ate neutrophil emigration (28). In mice, intradermal injection
of TNFa has been shown to trigger acute dermal inflammation
(29). These studies serve to emphasize the prevailing uncer-
tainties surrounding the role of TNF in acute inflammation.
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In the present study we examined the role of intrapulmo-
nary TNF in the pathogenesis of acute immune complex-in-
duced alveolitis in the rat. Wesought to determine whether
TNF is produced in the lung during the evolution of immune
complex-induced lung injury, which pulmonary cells produce
TNF, and to what extent this cytokine may contribute to the
pathogenesis of acute alveolitis. The results of this study dem-
onstrate that TNF is an important mediator of acute immune
complex alveolitis and that it influences this process through a
mechanism involving neutrophil recruitment.

Methods

Animal model of immune complex alveolitis. Male Long-Evans specific
pathogen free rats (300-400 g; Charles River Breeding Laboratories,
Inc., Wilmington, MA) were used for all studies. Intraperitoneal injec-
tions of ketamine (2.5-5.0 mg/100 g body wt) and sodium pentobar-
bital (5 mg/I00 g body wt) were given for sedation and anesthesia.
Immune complex lung injury was induced as previously described (30,
31). Antibody solutions (250 ug anti-BSA unless otherwise specified),
recombinant mouse TNFa (Genzyme, Boston, MA), or mixtures of
antibody and TNF, were instilled into the lungs via a tracheal cannula.
In all cases, a final volume of 200 tl was instilled into the lungs.
Antigen (BSA, 10 mg) was injected intravenously. Rats were sacrificed
at the indicated times and BAL fluid harvested (see below) or lung
injury quantitated. Pulmonary injury was quantitated by permeability
measurements as well as by morphometric analysis. Permeability
indices were calculated by comparing the leakage of '251-labeled
bovine gammaglobulin from the circulation into the lung to the
counts per minute '251I-labeled colloid in 1 ml of blood as previously
described (30).

Collection of BALfluid and isolation of alveolar macrophages. Al-
veolar macrophages were recovered from normal rats using a pre-
viously described modification of the method of Van Oud Alblas and
Van Furth (32).

BAL contents for cytokine measurements and cellular function
assays were collected using 5 ml of 370C, serum-free RPMI 1640. At
least 90% of the administered fluid was always recovered, centrifuged
(400 g; 7 min) to remove cells, and stored at -20°C before analysis.

Morphometric analysis of lung injury. Transmission electron mi-
crographs were prepared from whole lungs fixed in 4%glutaraldehyde
under constant pressure inflation (25 cm H20), washed in 0.1 Mcaco-
dylate buffer (pH 7.3), and embedded in plastic. 1-,um-thick sections
were stained with toluidine blue and processed for transmission elec-
tron microscopy by using a 401 transmission electron microscope
(401; Philips Electronic Instruments, Mahwah, NJ). As previously de-
scribed (33), morphometric analysis was carried out by an experienced
electron microscopist (R. G. Kunkel) who was blinded to sample ori-
gin. For each condition five lung samples were examined. In each
sample, 45-60 randomly selected 40X microscopic fields were ana-
lyzed.

Preparation of IgG anti-BSA. Rabbit (or mouse) IgG rich in anti-
body directed against BSAwas used to induce lung injury and to form
precipitating polyclonal IgG-BSA immune complexes. Antibody con-
tent and production of immune complexes have been previously de-
scribed in detail (30). Briefly, IgG was prepared from hyperimmune
serum by precipitation with saturated ammonium sulfate (50%), fol-
lowed by dialysis against 0.005 MPBS and passage through a DEAE
cellulose column. Where indicated, antibody was heat denatured
(100°C, 20 min). The IgG anti-BSA and BSA (low endotoxin; ICN
Biomedicals, Costa Mesa, CA) preparations contained < 0.02 ng/ml
and 0.0 12 ng/ml of endotoxin activity, respectively, as estimated using
the Limulus amebocyte lysate (LAL) assay (E-toxate; Sigma Chemical
Co., St. Louis, MO). Antigen-antibody equivalence has previously
been shown to occur at a 1:5 (wt/wt) ratio (30).

Preparation of TNF and IL-I-rich conditioned medium from al-
veolar macrophages. Rat alveolar macrophages were suspended in
RPMI 1640 (KC Biological, Lenexa, KS), supplemented with 100
U/ml penicillin, 100 gg/ml streptomycin, 300 gg/ml fresh glutamine,
and 10% heat-inactivated fetal calf serum (FCS; Gibo Laboratories,
Grand Island, NY). Alveolar macrophages (2 X 106/ml) were plated in
35-mm polystyrene dishes (Corning Glass Works, Corning, NY) and
maintained in a humidified 5% CO2 atmosphere at 370C to allow
macrophages to adhere. After 2 h, the dishes were gently washed twice
with serum-free 370C RPMI 1640 and Escherichia coli lipopolysac-
charide 0111 :B4 (Sigma Chemical Co.) (10 gg/ml) was added to cul-
ture dishes. The dishes were maintained for 4 h in serum-free RPMI
under the same conditions as above. After the incubation period, su-
pernatants were collected, and aliquots assayed for IL-l and TNF
activity.

TNFassay. TNF activity was measured by means of modification
of the procedure of Ruff and Gifford (34). Briefly, equal volumes of
log2 dilutions (final volume 0.1 ml) of sample-containing media were
made in 96-well microtiter plates (Costar, Cambridge, MA) containing
target LM cells (mouse fibroblast cell line derived from NCTCclone
929; American Type Culture Collection) (5 X 104 cells per 0.1 ml) in
the presence of actinomycin D (final concentration, 1 gg/ml). In a
separate set of wells, a standard consisting of serially diluted recombi-
nant human TNF (Cetus Immune Laboratories, Palo Alto, CA) was
added. The cells were incubated at 370C for 18 h, the supernatants
discarded, and the remaining viable adherent cells washed with PBS
and then stained by adding crystal violet (0.2% in 2% ethanol) for 5
min. Microtiter plates were rinsed three times with PBSand allowed to
air dry. The absorbance of each well was read at 620 nm with a Mi-
croELISA Autoreader (BioTek Instruments, Winooski, VT). Units of
TNFare defined as the reciprocal of the dilution at which 50%cytolysis
occurs.

IL-I assay. IL- 1 levels were measured by means of a thymocyte
coproliferation assay, as modified from the procedure of Mizel et al.
(35). Briefly, 5 X 105 murine (C3H/HeJ) thymocytes in 0.1 ml of
complete RPMI 1640 containing 2.5 gg/ml of phytohemagglutinin
(Burroughs Welcome, Research Triangle Park, NC) were added to
each well of a 96-well culture plate. Equal volumes of log2 dilutions of
sample were added to the wells in triplicate. After 66 h incubation at
37°C in 5% C02/95% air, the thymocytes were pulsed with 0.5 gCi
[3H]thymidine (6.9 Ci/nmol; ICN Nutritional Biochemicals, Irvine,
CA) and were collected 6 h later on glass fiber strips by using an
automatic cell harvester. [3H]Thymidine incorporation was deter-
mined by using a liquid scintillation counter. For standardization, data
are expressed as counts per minute of [3H]thymidine incorporated by
thymocytes that were incubated with a 1/32 dilution of macrophage
supernatant. In addition, a known recombinant human IL-I# stan-
dard (The Upjohn Co., Kalamazoo, MI) was assayed concomitantly
with unknown samples. In the IL-l assay, the unstimulated back-
ground response averaged 200 cpm, whereas the response to 0.25 unit
of the commercially available standard averaged 2,700 cpm.

Preparation of IgG anti-TNF antibodies. Anti-TNF alpha was pro-
duced by immunization of rabbits with recombinant murine TNF as
previously described (36). The resulting antiserum was affinity purified
using a protein A Sepharose column (Sigma). Anti-TNF serum was
diluted 1: 1 with PBS (I100 mMphosphate, pH 8.0, 150 mMNaCl) and
applied slowly to the PBS-washed column. After extensive washing
with PBS, the column was stripped with 100 mMsodium acetate
buffer, pH 3.0. l-ml fractions were collected in tubes containing 50 Al
of 1 MTris buffer, pH 8.0. The affinity purified IgG fraction was then
dialyzed against PBSand characterized as described below.

Western immunoblot analysis of anti-TNF. Recombinant murine
IL-lI3 (100 ng), IL-la (200 ng), and TNFa (200 ng) were electropho-
resed in 12.5% SDS-PAGEwith a 7% stacking gel according to the
method of Laemmli (37). The electrophoretically separated proteins
were transblotted to nitrocellulose (0.45 ,im; Bio-Rad Laboratories,
Richmond, CA) for 20 min at 24 V with a Genie transblot apparatus
(Idea Scientific, Corvallis, OR). After transfer, the gel was blocked by
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treatment with Tween-Tris-buffered saline ([T-TBS], 20 mMTris-
HC1, pH 7.5, 500 mMNaCi, 0.05% vol/vol Tween) containing 5%
lowfat milk and 1% normal goat serum for 1 h. The gel was twice
washed with T-TBS, followed by addition for 1 h of purified rabbit
anti-mouse TNF at a final concentration of 1 Ag/ml. The gel was then
washed twice with T-TBS followed by addition of biotinylated goat
anti-rabbit IgG (1:3,000) for 1 h. After two additional washes, strepta-
vidin-alkaline phosphatase complex was added for 1 h, the nitrocellu-
lose washed, and bands developed. Biotinylated protein standards were
used to assess molecular weights.

Immunohistochemical analysis of lung sections and BAL cells. Im-
munochemical analyses of lung sections and BAL cells were carried
out using adaptations of previously described methods (36). In order to
avoid potential binding of biotinylated secondary antibody (goat anti-
rabbit) to the rabbit anti-BSA routinely used to induce alveolitis,
mouse IgG anti-BSA was substituted. Comparison studies have shown
rabbit and mouse IgG anti-BSA preparations to be indistinguishable in
this model system (data not shown).

At the indicated times after induction of lung injury, a 3:1 mixture
(vol/vol) of OCTembedding medium (Miles Laboratories, Naperville,
IL) and PBS (10 mM,pH 7.4) was instilled into whole rat lungs, which
were then frozen (-20'C). Frozen sections were fixed for 10 min in
acetone, rehydrated with PBS, and fixed (3 min) in absolute methanol.
The slides were rinsed again with PBSand treated with a 1:50 dilution
of normal goat serum for 10 min at 370C, then decanted and exposed
to a 1:1,000 dilution of anti-TNFa or a similar dilution of nonimmune
rabbit serum. After 20 min of incubation at 370C, the slides were
rinsed three times with PBS, then overlaid with biotinylated goat anti-
rabbit IgG (1:100) (Vector Laboratories, Burlingame, CA) and incu-
bated another 10 min, followed by three additional rinses with PBS.
The slides were next treated with alkaline phosphatase labeled strepta-
vidin and levamisole (endogenous alkaline phosphatase inhibitor), in-
cubated again, rinsed three times, then overlaid with substrate chro-
mogen (Kit I, Vector Red) for 5 min at 37°C to allow for color develop-
ment. Mayer's hematoxylin was used as a counterstain.

In separate experiments, BAL cells were harvested 0, 1, 2.5, and 4 h
after initiation of lung injury. The cells were washed and suspended in
serum-free RPMI 1640 at 106 cells/ml. Cells (250 Al) were then added
to 8-well slide tissue culture chambers (Lab-Tek, Miles Laboratories) at
37°C in 5%C02, humidified atmosphere. After 1 h, nonadherent cells
were rinsed away with warm RPMI 1640. BAL cell monolayers were
fixed and stained as described above except that the slides were treated
with 3% hydrogen peroxide solution to inactivate any remaining en-
dogenous peroxidase activity. After treatment of the slides with biotin-
ylated anti-rabbit IgG, the slides were treated with peroxidase-labeled
streptavidin (Sigma Chemical Co.) and developed with 3-amino-9-
ethylcarbazole.

Whole lung myeloperoxidase activities. Whole lungs were homoge-
nized with a Polytron homogenizer (4 X 10 s at a setting of 4) using 6
ml of homogenization buffer. The homogenization buffer (50 mM
phosphate, pH 6.0) contained 0.5% hexadecyltrimethyl ammonium
bromide (Sigma) and 5 mMEDTA. Homogenized samples were then
sonicated (3 X lO s at a setting of 5) and centrifuged (3,000 X g; 30 min)
at 4°C. Myeloperoxidase activity in supernatants was assayed by mea-
suring the change in A460 resulting from decomposition of H202 in the
presence of o-dianisidine (38).

Neutrophil chemotaxis and serum activation. Heparinized caval
blood was collected from Long-Evans rats and the neutrophils isolated
by centrifugation over a Histopaque-1077 gradient (Sigma) after sedi-
mentation of red blood cells with hydroxy ethyl starch (6% Volex;
McGawLaboratories, Glendale, CA) (39). Residual erythrocytes were
removed by hypotonic lysis. The purified neutrophils (83-86% by
Wright stain morphology) were suspended at 1.5 X 106/ml in HBSS
with calcium (1.8 mM), magnesium (0.8 mM)and 1% BSA. Chemo-
taxis was performed in blind multi-well Boyden chemotactic chambers
(40). 225 ,l HBSSwas placed in the bottom well with either HBSS
alone, zymosan (0.1 mg/ml) activated rat serum (25 Ml) or unactivated
rat serum (25 gd). A 3 ,um polycarbonate filter (polyvinylpyrrolidone

3u0 Figure 1. Elaboration of

E ok, * intrapulmonary (BAL
fluid) TNFduring the

= 20 evolution of IgG im-
mune complex-me-
diated lung injury. Rats
were sacrificed at the

s 10 / indicated time points
U-
z and lungs lavaged with

serum-free RPMI 1640
0 (5 ml). BAL TNF activ-

0 1 2 3 4 5 ities were assayed from
TIME (hours) IgG immune complex-

injured rats (o), nega-
tive control rats (nonspecific intratracheal IgG) (e), and noninjured
(normal) rats (A). The data expressed represent means±SEMof three
experiments in which three to five animals were employed for each
variable. For normal rats, three animals were employed in a single
experiment. Data were analyzed by one-way analysis of variance
with significance assigned for P < 0.05 (46). * Indicates significant
differences versus injured rats at time zero, negative control rats, and
normal rats.

free; Nucleopore Corp., Pleasanton, CA) was placed in the assembly
and 333 Ml of neutrophil suspension placed in the top chamber. The
neutrophils were incubated at 370C in a humidifed chamber. The
filters were removed and stained with Diff-Quik (Baxter Corp., Chi-
cago, IL). Locomotion indices were calculated as described by Mader-
azo et al. (41). Experiments addressing the effects of anti-TNF on
serum activation were conducted similarly, except that varying con-
centratidns of anti-TNF or control antibody were added to rat serum
during exposure to zymosan. The resulting supernatants were then
assayed for chemotactic activity.

Results

Elaboration of intrapulmonary TNFduring IgG immune com-
plex-induced lung injury. Bronchoalveolar lavage (BAL) fluids
were examined for the presence of TNF as a function of time
after airway instillation of anti-BSA and intravenous infusion
of antigen. It is apparent that very little increase in TNFactiv-
ity could be detected in the first 2 h (Fig. 1). After this time
there was a rapid rise in BAL TNFactivity; by 4 h, TNF levels
had increased 10-fold. In animals that received anti-BSA in the
absence of antigen or heat-denatured anti-BSA in the presence

150- Figure 2. Preformed
IgG immune complexes
trigger release of TNF

E °° from isolated alveolar
Zi gmacrophages. Rat al-

veolar macrophages sus-
Z. 50- /pended in RPMI 1640

with 10% heat-inacti-
. r 1/vated fetal bovine

serum were allowed to
o 0 10 20 30 40 50 60 adhere to polystyrene

IgG Immune Complex (gg antibody) culture dishes (2
X 106/35 mmdish),

washed, and incubated for 4 h in serum-free RPMI 1640 containing
varying concentrations of preformed IgG immune complexes (-) in
presence (x) or absence of polymyxin B (50 Mg/ml). Negative controls
included equivalent concentrations of IgG alone (o) or BSAalone
(A). These data are expressed as means±SEMof three experiments in
which duplicates or triplicates were employed for each variable. All
values are normalized for adherent cell number.
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Table I. Immune Complex Alveolitis: Immunohistochemical
Staining of BAL Cells for TNF*

Time Percent positively staining cellst

h

0 5.6±5.5
1 3.0±1.0
2.5 13.0±6.0
4 25.2±13.0

* BAL cells were obtained at the indicated times following induction
of immune complex alveolitis. Cells were incubated in eight-well
slide tissue culture chambers for I h before nonadherent cells were
washed away.
t Controls consisted of identically prepared samples incubated with
normal rabbit serum instead of anti-TNF. Less than 1% of control
cells stained positively at each time point. At least 300 cells were
counted for each condition.

of antigen (BSA), the BAL control at 4 h contained < 3 U/ml
TNF (data not shown). These controls suggest that endotoxin
contamination of the anti-BSA or BSA is not responsible for
eliciting BAL fluid TNFand that the intrapulmonary elabora-
tion of this cytokine is dependent on the functional integrity of
the anti-BSA.

In vitro elaboration of TNFby isolated rat alveolar macro-
phages. Since alveolar macrophages represent the major resi-
dent mononuclear phagocyte population in the lung and are a
likely source of intraalveolar TNF, we measured TNF secre-
tion by isolated alveolar macrophages stimulated by immune
complexes derived from the same reagents employed in vivo.
As shown in Fig. 2, incubation of alveolar macrophages with
increasing concentrations of preformed IgG immune com-
plexes resulted in dose-dependent release of TNF. Incubation
of macrophages with IgG alone or BSAalone resulted in min-
imal TNF release, suggesting that cell stimulation is due to the
presence of immune complexes and not due to a factor such as
bacterial lipopolysaccharide present in antigen or antibody
preparations. Furthermore, addition of polymyxin B had no
suppressive effect on immune complex-triggered TNF release,
suggesting that endotoxin contamination is not responsible for
macrophage activation.

Immunohistochemical localization of TNF production in
acute alveolitis. Immunohischemical studies were carried out
to determine the in vivo source(s) of intrapulmonary TNF
elaboration during the development of immune complex al-
veolitis. Examination of lung sections obtained 0, 1, 2.5, and 4
h after induction of lung injury revealed a progressive increase
in the proportion of alveolar macrophages that stained posi-
tively for TNF (Fig. 3). At each time point, TNF activity ap-
peared to be largely restricted to alveolar macrophages.

In a separate experiment, immune complex lung injury
was induced and BAL cells were harvested after 0, 1, 2.5, or 4
h. Samples of BAL cells were placed into 8-well slide tissue
culture chambers, where after 1 h, nonadherent cells were

150 Figure 4. In vitro neu-

km i VG tralization of TNF ac-
100s tivity with affinity puri-

_ \ fied IgG anti-TNFa.
so \Rat TNF activity

Z \ (where I unit= 50%
009 lysis of murine LMcells

01 550 100 150 134]) was assayed in
Anti-TNF (gg) serum-free conditioned

medium (RPMI 1640)
obtained from LPS-stimulated rat alveolar macrophages. Microtiter
wells containing serial dilutions of conditioned medium and LM
cells were incubated in the presence of preimmune rabbit serum (A)
(50 ,l), irrelevant affinity purified rabbit IgG (m), or affinity purified
anti-TNFa (o). The data expressed represent the means±SEMof two
experiments in which each variable was assayed in quadruplicate. In
both experiments, aliquots of conditioned medium were obtained
from the same stock. All LMcell cultures contained a final volume
of 200 ,l.

washed away. Immunohistochemical staining revealed a pro-
gressive increase in the percentage of alveolar macrophages
that stained positively for TNF(Table I). These studies provide
strong evidence that alveolar macrophages are the chief source
of intrapulmonary TNFactivity in evolving immune complex
alveolitis.

In vitro neutralization of rat TNF activity with specific
anti-TNF antibodies. Specific anti-murine TNF antibodies
were raised in rabbits immunized with recombinant mouse
TNFa. Immunoblot analysis of the anti-TNF revealed reactiv-
ity with TNFand the absence of reactivity with either IL- I a or
IL- 113 (data not shown). In order to permit analysis of the role
of TNFin immune complex alveolitis we examined the capac-
ity of this antibody preparation to specifically neutralize rat
TNF activity.

Aliquots of serum-free TNFand IL- 1 -rich conditioned me-
dium from rat alveolar macrophage cultures were used to test
the neutralizing capacity of the anti-TNF antibody and to ver-
ify the absence of cross-reactivity with a potentially relevant
cytokine, IL- 1. Affinity purified IgG anti-TNF antibodies
blocked rat TNFactivity in a dose-dependent manner (Fig. 4).
Equivalent concentrations of irrelevant affinity purified rabbit
IgG had no neutralizing effect on rat TNF activity. Likewise,
addition of heat-inactivated preimmune rabbit serum had no
inhibitory effect on TNFactivity. The negligible differences in
TNF activity present in aliquots incubated with preimmune
serum versus TNF activity present in aliquots not exposed to
any added serum or antibody suggest that the presence of IgG
per se does not influence measurements of TNF activity. Nei-
ther anti-TNF (72 ,g), irrelevant rabbit IgG (72 ,ug), nor
preimmune rabbit serum had any blocking effect on IL- 1 ac-
tivity present in conditioned medium.

Blockade of IgG immune complex alveolitis with anti-TNF
antibodies. Intratracheal instillation of anti-TNF resulted in a
61% reduction in IgG immune complex induced lung injury
(Fig. 5). Lung injury was quantitated by measuring increases in
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Figure 3. Immunohistochemical localization of intrapulmonary TNFproduction in acute immune complex alveolitis. A and B reveal lung sec-
tions obtained 0 and 4 h after initiation of lung injury, respectively. These sections were incubated with normal rabbit serum (negative con-
trols). Cand Dshow lung sections obtained 0 and 4 h after initiation of lung injury, respectively. These sections were stained with anti-TNF
antibody. A, B, C, and D are X 162, counterstained with Mayer's hematoxylin.
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rats received intratracheal anti-BSA but no intravenous BSA. Lung
injury was quantitated by determining permeability indices 4 h after
instillation of anti-BSA as previously described (30). These data rep-

resent means±SEMof four experiments in which three to four rats
per variable were employed. The data were analyzed by one-way

analysis of variance with significance assigned for P
< 0.05. * Indicates a significant difference vs. positive controls.

pulmonary vascular permeability as determined by leakage of
'25l-labeled colloid into the airspace and lung parenchyma
(30). Substitution of equivalent concentrations of heat-inacti-
vated anti-TNF or nonspecific rabbit IgG for anti-TNF failed
to suppress immune complex lung injury (< 10% reduction)
suggesting that the anti-TNF antibodies exerted a specific neu-

tralizing effect. Lung permeability indices in rats that received
sterile saline in place of nonspecific IgG or preimmune serum

were all similar (< 10%difference) suggesting that there was no

suppression of lung injury attributable to a nonspecific "pro-
tective effect" of protein instilled into the lungs (data not
shown). To confirm that intratracheal instillation of anti-TNF
neutralized intrapulmonary TNF, we measured BAL fluid
TNFactivity 4 h after lung injury was induced in the presence

of the blocking antibody preparation. Instillation of intratra-
cheal anti-TNF resulted in nearly complete neutralization of
intrapulmonary (BAL) TNF activity (Fig. 6).

Effect of added TNF on the development of lung injury.
Recombinant mouse TNFa was instilled into the lungs of rats
in order to determine whether exogenous TNF directly in-
duces lung injury. Instillation of mouse TNFquantities equiv-
alent to the maximumendogenous TNFactivities measured in
BAL fluid during evolving immune complex alveolitis resulted
in modest increases in pulmonary vascular permeability
(Table II). Histologic examination of lung sections revealed
small, scattered foci of intraalveolar hemorrhage and neutro-
phil accumulation within alveolar septae (data not shown).
Mouse TNF was also mixed with anti-BSA to determine
whether the addition of exogenous TNFexhances the develop-
ment of immune complex alveolitis. In these experiments,

30 Figure 6. In vivo neu-

tralization of intrapul-
E monary TNF activity.
(I) Anti-TNF (30 Mg) was

2 20- instilled into rat lungs
> /upon initiation of im-

mune complex lung in-

< 10 //jury. Positive control
L /rats received an equiva-77m/////mTlent concentration of ei-

ther nonspecific rabbit
0

C IgG (shown in this fig-POS CON Anti- TNF ure) or preimmune rab-
bit serum (200 Ml) in place of anti-TNF. Negative control rats re-
ceived intratracheal IgG anti-BSA but no intravenous BSA (not
shown). BAL fluid TNF activities were measured after 4 h as de-
scribed previously. These data represent the means±SEMfrom four
rats in each group.

submaximal lung injury was induced by reducing the intratra-
cheal anti-BSA from 250 to 80 Mg. As shown in Table II, the
addition of exogenous TNF to anti-BSA resulted in a small,
dose-dependent augmentation of immune complex lung in-
jury. These experiments provide additional evidence that TNF
participates in the pathogenesis of acute immune complex al-
veolitis in the rat.

Evidence that TNF contributes to lung injury through a
neutrophil-mediated mechanism. Transmission electron mi-
crographs of lung sections from rats with immune complex
alveolitis revealed the expected extensive intraalveolar hemor-
rhage and large neutrophil influx. In contrast, rats that re-
ceived anti-TNF (30 ,g) exhibited a marked reduction in in-
traalveolar hemorrhage and a striking reduction in neutrophils
(Fig. 7). Morphometric analysis of lung sections confirmed the
diminished neutrophil influx and hemorrhagic changes in
lungs of rats treated with anti-TNF (Table III).

Another method for measuring neutrophil content in lungs
was also employed. Whole lungs from rats in each of the treat-
ment groups were homogenized and assayed for myeloperoxi-
dase activity (Table IV). There was a marked reduction in the
myeloperoxidase activity present in lungs from rats treated
with anti-cytokine antibodies compared with positive control
animals. These data suggest that TNF is necessary for the re-
cruitment of neutrophils into lungs of animals developing im-
mune complex alveolitis.

Anti-TNF does not impair rat complement activation or
chemotactic activity in activated serum. Measuring migra-
tional responses of rat neutrophils, relevant concentrations of
anti-TNF did not impair the chemotactic activity contained in
rat serum that had been activated with zymosan (Table V).
Similarly, incubation of anti-TNF (43 ,ug) with fresh rat serum
(25 Ml) did not impair complement activation by zymosan
particles (0.1 mg/ml) as measured by rat neutrophil chemo-
taxis (data not shown). These experiments provide evidence
that the anti-TNF antibody preparation does not interfere with

Figure 7. Evidence that anti-TNF leads to reduced intrapulmonary neutrophil influx during immune complex alveolitis. In positive control rats

(intratracheal nonspecific rabbit IgG; 30 Mig) there is extensive lung injury manifested by hemorrhage, neutrophil influx, interstitial edema and

intraalveolar fibrin deposition (A and C). Rats that received anti-TNF (30 ,g) exhibit markedly reduced lung injury (B and D). A and B are

X250 toluidine blue stained 1 Amplastic sections. Cand Dare uranyl acetate and lead citrate stained transmission electron micrographs; C

X4025; D X4950.
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Table I. Effect of Exogenous TNFon the Development
of Lung Injury

Lung injury

Permeability index
Intratracheal instillation (±SEM)* P valuet

A. Buffer alone 0.09±0.04
B. TNF (100 U)§ 0.23±0.11 NSvs. A
C. TNF (200 U) 0.33±0.06 <0.05 vs. A

D. Nonspecific rabbit IgG (80 Ag) 0.14±0.04
E. Anti-BSA (80 Mg) 0.34±0.05
F. Anti-BSA (80 Ag) + TNF(50 U) 0.39±0.08 NS vs. E
G. Anti-BSA (80 Ag) + TNF (100 U) 0.47±0.02 <0.05 vs. E
H. Anti-BSA (80 Ag) + TNF (200 U) 0.49±0.03 <0.05 vs. E

* These data represent the means±SEMof three experiments in
which three to five rats per variable were employed. All rats received
intravenous BSA (10 mg).
$ Data were analyzed by one-way analysis of variance (46).
§ Recombinant mouse TNFa was used in all experiments.

complement activation or with complement-mediated che-
motactic responses of neutrophils.

Discussion

A diverse set of immunologic, metabolic, and proinflamma-
tory activities has been attributed to TNF (1). On the basis of
several of these activities, it can be inferred that TNF may
function in anatomically compartmentalized sites of acute in-
flammation. The experiments described in this study were de-
signed to determine whether TNF is required for the full devel-
opment of acute immune complex-mediated alveolitis. Using
a well characterized experimental model, we have obtained
evidence that pathologically relevant concentrations of TNF
are elaborated within the lungs during the evolution of acute
alveolitis, that this cytokine is required for the development of
lung injury, and that it influences neutrophil recruitment into
the inflammatory site. Immunohistochemical studies suggest
that alveolar macrophages are the chief source of intrapul-
monary TNF.

The presence of increasing concentrations of TNF in BAL
fluid over the 4-h course of developing alveolitis indicates that
intrapulmonary elaboration of this cytokine occurs within a
time frame compatible with the development of acute immune
complex lung injury. Measurements of TNF in BAL fluid

Table III. Morphometric Analysis of Immune Complex
Alveolitis: Effect ofAnti-TNFAntibodies*

Neutrophil influx Alveolar hemorrhage

PMN/ RBC/
Intervention 40X HPF P value 40X HPF P valuet

None (positive control) 92±4.6 - 26.7±2.8
Anti-TNF 20.2±1.7 <10-6 6.4±0.9 <10-6

* Immune complex alveolitis and anti-TNF interventions were con-
ducted as described in Figs. 5 and 7.
* One-way analysis of variance (46).

Table IV. Neutrophil Influx into Lungs in IgG Immune Complex
Alveolitis: Whole Lung Myeloperoxidase Activity*

Myeloperoxidase activity

Mean (±SD)
Intervention (n = 3) P valuet

A Nonspecific antibodies
(positive control) 0.411±0.09

B No intravenous BSA
(negative control) 0.019±0.02

C Anti-TNF 0.173±0.05 <0.005 vs. A

* MPOactivity (whole lung homogenates) is expressed as AOD(A4)
per minute resulting from decomposition of H202 in the presence of
o-dianisidine (38).
t One-way analysis of variance (46).
Immune complex alveolitis and anti-TNF interventions were con-
ducted as described in Figs. 5 and 7.

provide only minimal estimates of the actual amounts of TNF
produced during the course of lung injury. It is possible that
greater quantities of TNF are elaborated but either consumed
by binding to biological targets (including receptors on neutro-
phils), catabolized, effectively excluded from retrieval (in BAL
fluid) by adsorption (specific or nonspecific) to intrapulmo-
nary constituents or by inactivation due, for example, to ef-
fects of leukocytic proteases. In addition, measurements of
BAL fluid TNFactivity do not take into account the potential
contribution of plasma membrane-associated TNF (36). Re-
gardless of the absolute quantity, precise anatomic distribu-
tion, and metabolic fate of intrapulmonary TNF, the mea-
sured BAL concentrations of this cytokine are sufficient to
support a phlogistic role in the lung. The delay (at least 2 h)
between induction of lung injury and the rapid increase in
BAL fluid TNF activity is similar to that reported by Chensue
et al. (36) who examined the kinetics of TNF synthesis and
secretion by Freund's adjuvant-elicited mouse peritoneal mac-
rophages. Based on measurements of TNF bioactivity in su-
pernatants of macrophage cultures, in conjunction with im-
munohistochemical and TNF mRNAanalyses, these investi-
gators have provided evidence that TNF is probably not held
in large cytoplasmic stores but is synthesized and secreted
upon cell activation. Our kinetic data show that the rise in
BAL fluid TNF activity over time is paralleled by an increase
in the proportion of alveolar macrophages that stain positively
for TNF. This observation also suggests that TNF synthesis
and secretion are triggered by cell activation.

It appears that alveolar macrophages constitute the major
intrapulmonary source of TNF in this model. Based on pre-
vious studies, the lungs of a 350-g rat contain -10 alveolar
macrophages and 1.5 to 4 X 106 additional interstitial lung
macrophages (42, 43). In vitro activation of isolated alveolar
macrophages with IgG immune complexes results in dose-de-
pendent release of TNF. Under idealized in vitro conditions in
which isolated, adherent alveolar macrophages are exposed to
preformed immune complexes, TNF production easily sur-
passes the quantities demonstrated in BAL fluids. It is unclear
to what extent the total intrapulmonary TNF pool is deter-
mined by the proportion of activated (TNF secreting) macro-
phages versus the quantity of TNF secreted per cell. Studies
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Table V. Effect ofAnti-TNFAntibodies on Neutrophil Chemotaxis

Locomotion index* (Mm)

Condition Experiment I Experiment 2

Unactivated rat serum (25 Ml) 14±6 24±6
Activated rat serum (25 ul)

plus HBSSalone 57±8 82±11
plus irrelevant rabbit IgG (330 ,g) 51±6 78±6
plus anti-TNF (43 Mg) 51±5 81±5
plus anti-TNF (29 Mug) 56±8 74±9
plus anti-TNF (14 Mg) 52±9 77±12

* Locomotion index (mean±SD) was calculated using a modified mi-
cropore filter assay for granulocyte leukotaxis (39, 40). Duplicate
wells contained the chemotactic stimulus (serum) in a final volume
of 225 ,l HBSS. The neutrophil chambers contained 1.5 X 106/ml
PMNin 333 Ml of HBSSwith 1% BSA.
Serum was activated with 0.1 mg/ml zymosan for 30 min at 370C.

focusing on cell activation and the regulation of TNFsynthesis
and secretion will be required to sort out these issues.

Direct analysis of the pathogenetic role of TNFin immune
complex alveolitis is predicted on the ability to selectively neu-
tralize rat TNF activity. To this end, neutralizing antibodies
were raised in rabbits immunized with recombinant mouse
TNFa. The specificity of anti-TNF has been confirmed by
Western immunoblot analysis. Subsequent in vitro and in vivo
neutralization studies have provided evidence that this reagent
specifically neutralizes rat TNF, that it does not cross react
with IL- 1, and that it neutralizes TNF within rat lungs as
determined by analysis of BAL fluid.

The in vivo studies summarized in Fig. 5 demonstrate that
intrapulmonary instillation of anti-TNF results in marked at-
tenuation of immune complex-mediated lung injury. The
specificity and neutralizing capacity of anti-TNF, in conjunc-
tion with the lack of suppressive effects exhibited by control
antibodies, strongly suggest that intrapulmonary TNF plays a
major role in the pathogenesis of immune complex alveolitis.
This conclusion is further supported by the observation that
the intrapulmonary instillation of exogenous TNF, either
alone or with anti-BSA, can recapitulate or amplify the lung
injury associated with alveolar immune complex deposition.

Morphometric analysis of intraalveolar hemorrhage cor-
roborates the pulmonary vascular permeability data and pro-
vides evidence that the differences in permeability between
protected and unprotected rats reflect differences in lung in-
jury, not solely net differences in transcapillary solute trans-
port. Morphometric analysis revealed a striking reduction in
neutrophils in lungs of rats treated with anti-TNF. Whole lung
myeloperoxidase activity measurements confirmed the
marked reduction in pulmonary neutrophil influx. The reduc-
tion in intraalveolar hemorrhage observed in rats treated with
anti-TNF does not preclude the possibility that TNF directly
influences transvascular protein clearance distinct from capil-
lary disruption due to neutrophil-mediated tissue injury. Re-
cent studies by Horvath et al. (23) indicate that infusions of
TNFa into sheep result in increased pulmonary transvascular
protein clearance through a mechanism independent of neu-
trophils. These investigators suggest that TNFmay play a role
in pulmonary microvascular leakage through neutrophil-inde-

pendent process(es). Anti-TNF does not impair complement
activation or the chemotactic activity present in zymosan-ac-
tivated serum. These experiments provide evidence against the
possibility that anti-TNF antibodies directly interfere with
complement-mediated neutrophil recruitment.

The salient mechanism(s) involved in TNFmediated neu-
trophil influx are not known in this model, but several activi-
ties ascribed to this cytokine could play a role. While it is clear
that TNF is linked to neutrophil influx, it is unknown whether
this effect is direct or indirect. For instance, TNFis thought to
be chemotactic for neutrophils (9) although this action is de-
bated (44). TNF induces the expression of endothelial and
neutrophil adhesion molecules (11, 22) which appear to be
critical in directing neutrophils into inflammatory sites. TNF
can trigger endothelial cells to produce platelet-activating fac-
tor (24), which in turn is chemotactic for neutrophils (45).
Recently, Strieter et al. (25) have shown that TNF can induce
the synthesis of a neutrophil chemotactic factor by several
types of cells that are indigenous to the lung. It is possible that
the requirement for TNF is related to the sequential actions of
more than one cytokine. For instance, TNF can trigger IL-1
and IL-6 production by endothelial cells and fibroblasts (1). In
this scenario, neutralization of TNF would prevent elabora-
tion of other cytokines. The present studies support the con-
cept that locally elaborated TNF plays a major role in regu-
lating a compartmentalized acute inflammatory response.
Further investigation will be required to determine the precise
relationships between TNF and other important proinflam-
matory mediator systems.
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