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Abstract

The mechanisms that allow circulating basement membrane
antibodies (Ab) to interact with the alveolar basement mem-
brane (ABM) inducing Goodpasture's hemorrhagic pneumoni-
tis are unknown. In laboratory animals the ABMis inaccessi-
ble to phlogogenic amounts of ABMAb unless the permeabil-
ity of the unfenestrated alveolar endothelium is increased. This
study was designed to test the hypothesis that in the mouse
polypeptide mediators, generated by activated lymphoid cells
or cells infected by viruses, contribute to the pathogenesis of
passive Goodpasture's hemorrhagic pneumonitis. In naive
mice that received rabbit ABMAb, these bound to the glo-
merular basement membrane but not to the ABMand their
lungs were normal. In the lungs of mice injected with human
recombinant IL-2 and IFN-a specific binding of ABMIgG,
C3, and fibrinogen to the ABM, diffuse and severe erythrocyte
extravasation, and accumulation of mononuclear and polymor-
phonuclear leukocytes were constantly observed. ABMAb and
IL-2 or ABMAb and IFN-a did not produce comparable ef-
fects. Mice injected only with IL-2 and IFN-a had enlarged,
edematous lungs without pulmonary hemorrhages. The results
show that the synergism of IL-2 and IFN-a convert the lung
into a preferential target for AMBAb, suggesting that cyto-
kines may have a role in the pathogenesis of human Goodpas-
ture's pneumonitis. (J. Clin. Invest. 1990. 85:1507-1515.)
Goodpasture's pneumonitis * basement membrane antibodies.
cytokines

Introduction

Goodpasture's disease is characterized by the association of
severe glomerulonephritis and hemorrhagic pneumonitis in-
duced by autoantibodies reactive with antigens of the base-
ment membranes (1). Although the pathogenesis of the glo-
merulonephritis is well established, some crucial aspects of
hemorrhagic pneumonitis remain unknown. There is no
clear-cut relationship between the levels of circulating anti-
basement membrane antibodies and episodes of pulmonary
hemorrhage (1-3), which are only occasionally associated with
a rise in anti-basement membrane antibody titer but are often
related to the onset of intercurrent infections, suggesting that
additional factors contribute to pulmonary injury (2, 3).
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Experimentally, only glomerulonephritis can be induced in
sheep by active (4) or passive (5) immunization with basement
membrane preparations. Monkeys injected with human anti-
basement membrane antibodies develop glomerulonephritis
but not hemorrhagic pneumonitis (6). In rodents anti-base-
ment membrane antibodies readily bind to the glomerular
basement membrane (GBM)' but not to the alveolar basement
membrane (ABM) (7-10). The preferential binding of anti-
basement membrane antibodies to the GBMis attributed to
the largely fenestrated glomerular endothelium which con-
trasts with the unfenestrated alveolar endothelium, acting as a
barrier preventing or restraining the access of circulating anti-
bodies to the ABM. Previous studies have shown that rodents
injected with nephritogenic doses of anti-basement membrane
IgG did not develop pulmonary hemorrhage unless the perme-
ability of the alveolar endothelium was increased by prolonged
exposure to high concentrations of inspired oxygen (7, 8) or by
tracheal instillation of gasoline (9). Administration of oxygen
or of gasoline, however, are artificial procedures, unlikely
counterparts of an autoimmune response.

The present study was designed to test the hypothesis that
an inflammatory antigen-antibody reaction at the level of the
ABMrequires an increased permeability of the alveolar endo-
thelium by mediators generated by activated lymphoid cells
and cells infected with viruses. The results show that IL-2 and
IFN-a exert a critical role in the pathogenesis of an experimen-
tal model of passive Goodpasture's hemorrhagic pneumonitis.

Methods

Mice
Female mice, 6-10 wk old, of the following strains were used: C57BL/6
(Charles River Breeding Laboratories, Inc., Wilmington, MA); and
beige C57BL/6J-bgl and C57BL/6J (Jackson Laboratory, Bar Harbor,
ME). The mice were allowed free access to mouse pellets (Teklad,
Winfield, CT) and water.

Experimental design
Groups of 10 mice were used in separate experiments. The mice were
killed on day 4 of the experiments, 2 h after the last injection of
cytokines. Blood was collected from the right axillary artery under
ether anesthesia. Lungs and kidneys were removed and processed for
radioisotope, immunofluorescence (IF), and light and electron micros-
copy techniques. The designs of the experiments are summarized in
Table I.

Groups Ia and Ib. C57BL/6 mice received for two consecutive days
one intraperitoneal injection of 5 mgrabbit (Rb) ABMIgG. Groups Ia
and lb included mice that received two different preparations of 12511
RbABMIgG, respectively (preparations I and 2).

1. Abbreviations used in this paper: ABM, alveolar basement mem-
brane; GBM, glomerular basement membrane; IF, immunofluores-
cence; K, kidney; L, lungs; NRb, normal rabbit; Rb, rabbit.
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Table I. Experimental Design

RbABM NRb 251I-RbABM 1311-NRb
Group Strain IL-2 IFN-a IgG IgG IgG IgG

Ia C57BL/6 - - + - Prep I
lb C57BL/6 - - + - Prep2

II C57BL/6 + + - - -

I11a C57BL/6 + + + - Prep 1
IIb C57BL/6 +* +* + - Prep 2
IIc C57BL/6 + + + + Prep I +
I1d C57BL/6 - - + + Prep I +

IV C57BL/6 + - + - Prep 2

V C57BL/6 - + + - Prep 2

VIa C57BL/6J-bgJ +* +* + - Prep 1
VIb C57BL/6J +* +* + - Prep 1

VIIa C57BL/6J-bgJ + - + - Prep 1
VIIb C57BL/6J + - + - Prep 1

For details, see text. * 50,000 U/injection instead of 100,000 U/injection administered to mice in other groups. Prep, preparation.

Group I. C57BL/6 mice received intraperitoneal injections of
100,000 U IL-2 and 100,000 U IFN-a, twice the first day, three times
daily for the subsequent 2 d, and once the fourth day before killing
(total of nine injections) (11).

Groups lIla, IIb, IMIc, and hId. C57BL/6 mice were injected with
IL-2, IFN-a, and RbABMIgG. The schedule of cytokine injection was
as in group II. RbABMIgG was given in two fractionated doses of 5 mg
each on days 2 and 3 to assure persistence of antibodies in the circula-
tion during the entire period of cytokine administration. Group I11a
included mice injected with 100,000 U IL-2 and IFN-a per injection
and a total of 10 mgRbABMIgG. Group IIIb included mice injected
with 50,000 U IL-2 and IFN-a per injection, and a total of 10 mgof
RbABMIgG. Groups IIc and IlId included mice used for paired label
radioisotope studies (see below). They received 100,000 U IL-2 and
IFN-a, 10 mg RbABMIgG, and 10 mg normal rabbit (NRb) IgG
(group IIc). The results obtained in group IIIc were compared with
those obtained in another group of mice (group hIId) injected with 10
mgRbABMIgG and 10 mgNRb IgG only.

Group IV. C57BL/6 mice were injected with 100,000 U IL-2 with
the same schedule used for group II, and with 10 mgRbABMIgG.

Group V. C57BL/6 mice were injected with 100,000 U IFN-a, with
the same schedule used in group II, and 10 mgof RbABMIgG.

Groups VIa and VIb. These groups included beige C57BL/6J-bg'
mice deficient in NK cells (12-14) (group VIa), and NK cell normal
C57BL/6J mice that served as control (group VIb). Both groups were
injected with 50,000 U of IL-2 and IFN-a following the schedule used
in group II, and with 10 mgRbABMIgG.

Groups VIMa and VIIb. These groups included beige C57BL/6J-bg'
mice injected with 100,000 U IL-2 following the schedule used in mice
in group II, and 10 mgRbABMIgG (group VIMa). As control, normal
C57BL/6J mice were similarly injected with IL-2 and RbABMIgG
(group VIIb).

Preparation of rabbit anti-rat ABMserum
Rat ABMwas prepared according to a modification (7) of a method
described by Meezan et al. (15). The yield of Iyophilized ABMwas 730
mg per 120 pairs of lungs (Pel-Freeze Biologicals, Rogers, AR). New
Zealand White rabbits (Rb) (Beckens Farms, Sanburn, NY) were im-
munized intradermally three times, at 2-wk intervals, with 2 mgABM
in complete Freund's adjuvant (Difco Laboratories Inc., Detroit, MI).

When the titer of the antisera, measured by indirect IF microscopy,
was > 1:2,000, the rabbits were bled and reimmunized. Bleedings and
booster injections were repeated every other week for four times, and
the animals were then killed. Pooled sera were heat inactivated (56°C
for 30 min) and stored at -20°C in 10-ml aliquots. Gammaglobulin
fractions of immune sera and of sera obtained from normal rabbits
were isolated by precipitation with 4 mol ammonium sulfate. IgG
fractions were prepared by filtration on a column of protein A agarose
(Sigma Chemical Co., St. Louis, MO). The same pools of immune or
nonimmune IgG were used throughout the study. The titer of RbABM
IgG was 1:5,120 and 1:2,560 when tested, respectively, on sections of
normal mouse lung and kidney.

Cytokines
Highly purified human recombinant IL-2 (Cetus Corp., Emeryville,
CA), produced from Escherichia coli had a sp act of 3 X 106 Cetus
units/mg protein. The biochemical and immunologic properties of the
preparation have been described previously (16). Humanrecombinant
IFN-a (Hoffmann-La Roche Inc., Nutley, NJ), active in murine cells,
had a sp act of 7.9 X I07 U/mg protein, and its biochemical and
immunologic properties have been previously described (17, 18). Both
cytokines were diluted in distilled water containing 0.2% BSA (INC
Immuno-Biologicals, Lisle, IL).

IF microscopy
FHTC-conjugated IgG anti-rabbit IgG and anti-mouse C3 (Cappel
Laboratories, Cochranville, PA), anti-mouse fibrinogen, and albumin
(Nordic Immunological Laboratories, Capistrano Beach, CA) were
monospecific when tested by immunoelectrophoresis and immunodif-
fusion. For direct IF, sections of mouse lung and kidney tissues ob-
tained at death were processed as described in a previous publication
(19). Indirect IF was performed by incubating sections of normal
mouse or rat kidney and lung with RbABMIgG as a primary antibody,
and FITC-conjugated goat anti-rabbit IgG as a secondary antibody.
Stained sections were examined with an Ortholux microscope (E.
Leitz, Inc., Rockleigh, NJ) equipped with an HBO-200 high-pressure
mercury vapor lamp and appropriate exciting and barrier filters. The
amount and extent of the immune deposits were semiquantitatively
graded on a scale from 0 to 3 (0, absent; 1, minimal; 2, moderate; 3,
marked and extensive).
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Morphologic light and electron microscopy studies
Fragments of lung and kidney tissue were fixed in 10% buffered for-
malin and embedded in paraffin. 3-Mm-thick sections, stained with
hematoxilin-eosin or periodic acid-Schiff, were studied by light mi-
croscopy. Additional light microscopy studies were performed using
1-Mm-thick sections of tissue, processed for electron microscopy as
described below, and stained with toluidine blue. The extent and sever-
ity of lesions was semiquantitatively evaluated on a scale from 0 to 3
(20). Tissue for electron microscopy was fixed with the Karnovsky's
paraformaldehyde-glutaraldehyde solution (21), postfixed with 1%os-
mium tetroxide, and embedded in Epon 812-Araldite. Thin sections
stained with uranyl acetate and lead citrate were studied with a JEOL
IOOS electron microscope.

Studies with radiolabeled RbABMIgG and NRb IgG
Immune and nonimmune Rb IgG were radioiodinated using the chlo-
ramine-T method (22). The specific activities of the two preparations
of '25I-RbABM IgG used in the study were 0.87 and 0.35 gCi/ug,
respectively. The sp act of '31I-NRb IgG was 1.07 tCi/tg. Radiolabeled
IgG was mixed with 5 mgof unlabeled RbABMIgG or NRb IgG and
given intraperitoneally on days 2 and 3 of the experiments. Harvested
lungs and kidneys were weighed, thoroughly rinsed, and counted in an
LKB-Wallace 1282 compugamma counter (LKB Diagnostics, Inc.,
Gaithersburg, MD). The radioactivity of 0.5 ml mouse blood and of
the injected preparations was also measured.

Experiments performed with 125I-RbABMIgG. Mice in groups Illa,
VIa and VIb, and VIIa and VIIb were injected with -1 X 106 cpm
'25I-RbABM IgG and the results were compared with those obtained in
mice of group Ia injected with the same radiolabeled preparation. Mice
in groups IlIb, IV, and V were injected with 2.5 X 107 cpm 125I.
RbABMIgG and the results were compared with those obtained in
mice of group lb injected with the same radiolabeled preparation. The
results were calculated as counts/minute per 0.2 g of tissue. When
groups Ia, IlIa, and IlIb were compared, the results were expressed in
terms of radioisotope disintegration per 0.2 g of tissue.

Paired label radioisotope studies (23). Mice in groups IlIc and IhId
were simultaneously injected with 1 X 106 cpm 1251I-RbABM IgG and 1
X 106 cpm '3'I-NRb IgG mixed with 5 mgunlabeled RbABMIgG and
5 mgNRbIgG. The specific binding of RbABMIgG to the lungs (L) or
kidneys (K) was calculated using the following formula (24):

1251 (L) or (K) = 1251I (L) or (K) -[3I (L) or (K)Xbd51 blood]

Statistical analysis
The nonparametric Mann-Whitney U test for paired samples was used
(25) and the results were given as mean±SEM. P values < 0.05 were
considered significant.

Results

When tested by indirect IF, RbABMIgG reacted with the
basement membranes in lungs and kidneys of rats and mice.
Rats injected intravenously for two consecutive days with 5
mgof RbABMIgG developed proteinuria and glomerular le-
sions during the autologous phase. Linear deposits of Rb IgG
were present in the GBMbut not in the ABM(data not
shown).

Groups Ia and Ib: mice injected with RbABMIgG only.
Macroscopically the lungs and the kidneys appeared normal.
The wet weight of the lungs was normal (Table II). RbABM
IgG was bound more to the kidneys than to the lungs (groups
Ta and Ib, Fig. 1). By IF technique deposits of Rb IgG were
undetectable in the ABM(Fig. 2) but prominent in the GBM
(Fig. 3). By light microscopy examination (Table II) the lungs
were normal, and only a few polymorphonuclear leukocytes

Table II. Weights and Morphologic Findings in Lungs of Mice

Inflammatory
Group Weight Edema Hemorrhages cells

g

Ia 0.11±0 0 0 0.4±0.1

II 0.20±0* 1.6±0.3* 0.3±0.3 1.3±0.1*

lIla 0.21±0* 1.9±0.3* 1.5±0.2*$ 0.9±0.1*
IlIb 0.22±0* 3±0* 1.6±0.2* 1.8±0.1 *

IRIc 0.20+0* 1.5±0.1* 1.8±0.2*$ 1.3±0.2*
IlId 0.1 1±0§ 0§$ 0.6±0.2§ 0.7±0.2$

IV 0.16±0* 0.6±0.2 0.2±0.1 1.2+0.1*

V 0.11±0 0 0.2±0.1 0.9±0.1

VIa 0.13±0 0.5±0.2 0.1±0.1 0.6±0.3
VIb 0.25±01" 3±011 3±01" 1±0

VIIa 0.18±0 0.5±0.5 0.3±0.2 1.2±0.2
VIIb 0.17±0 1±0.2 0.9±0.11 2±0.2

* P < 0.05 compared with group Ia; $P < 0.05 compared with group
II; §P < 0.01 compared with group IlIc; "1P < 0.05 compared with
group VIa; 'P < 0.05 compared with group VIIa.

were seen in some glomeruli. The study by electron micros-
copy confirmed the absence of pulmonary lesions, and with
the exception of the presence of a small number of polymor-
phonuclear leukocytes, the renal glomeruli also appeared nor-
mal. These results indicated that, though not highly nephrito-
genic, the heterologous anti-rat ABMIgG used in the experi-
ments was adequate to test the hypothesis proposed in this
study.

Group II: mice injected with IL-2 and IFN-a. The lungs
were enlarged and edematous, and their wet weight was in-
creased (Table II). The kidneys were pale. Large amounts of
fluid were found in the abdominal and pleural cavities. Mini-
mal and focal deposits of fibrinogen but not albumin were
present in the alveolar septa. By light microscopy large, cir-

zD60 - Lungs Figure 1. Results of two
groups of experiments

50 L are shown on the left
0o Lungs Kidneys Kidneys and on the right side of
cm T X the figure. On the left,o40 binding of RbABMIgG

o to the lungs and kid-
x 30 neys of mice injected

with RbABMIgG only
20 (group Ia), and mice in-

10 jected with RbABM
c 10 _ IgG, IL-2, and IFN-a

(group IIa). I1-2 and
6~saels bI~blV IbbV IFN-a increase the

Group binding of Rb IgG to
the lungs and decrease
the binding to the kid-

neys. On the right it can be seen that IL-2 and IFN-a, even in lower
doses, exert the same effect (group IIIb) as compared with mice in-
jected with RbABMIgG alone (group Ib). In contrast, IL-2 only
(group IV) and IFN-a only (group V) do not increase binding of
RbABMIgG to the lungs.
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Figure 2. IF micrograph. Absence of immune deposits in the alveolar
capillary walls of a mouse injected with RbABMIgG (group Ia). X400.

cumferential areas of fluid extravasation were seen around
veins, venules, and some arteries (Table II) (Fig. 4). The endo-
thelium of these vessels was swollen and vacuolated, and the
alveolar septa contained an increased number of mononuclear
leukocytes. By electron microscopy adhesion of lymphocytes

Figure 3. IF micrograph. Linear deposits of Rb IgG in the GBMof a
mouse injected with RbABMIgG (group Ia). X400.

Figure 4. Light micrograph showing part of the lung of a mouse in-
jected with IL-2 and IFN-a (group II). Edema (asterisks) around a
vein (V) and an artery (A). Hemotoxylin and eosin. X400.

and polymorphonuclear leukocytes to the endothelium with
detachment of the endothelium from the ABM(Fig. 5) and
extravasation of fluid into the alveolar capillary walls and the
alveolar space were observed.

Group III: mice injected with IL-2, IFN-a, and RbABM
IgG. A group of mice received 100,000 U of IL-2 and IFN-a
(group I1a), while another group received 50,000 U of IL-2
and IFN-a per injection (group IlIb) (Fig. 1). The findings in
the two groups were comparable and therefore are described
together.

The lungs were enlarged, edematous, and hemorrhagic.
The wet weight was increased when compared with mice in
group Ia (Table II). The kidneys were pale. Large amounts of
hemorrhagic fluid were present in the abdominal and pleural
cavities.

The study conducted in group I11a with radiolabeled
RbABMIgG showed that IL-2 and IFN-a reversed the lung/
kidney binding ratio of RbABMIgG, as compared with mice
in groups Ia and lb (Fig. 1). In contrast, fixation of RbABM
IgG to the kidneys was significantly decreased as compared
with mice in group Ia (P = 0.0005) (Fig. 1). In mice injected
with 50,000 U IL-2 and IFN-a (group ITlb) the binding of
RbABMIgG to the lung was not significantly lower than in
mice injected with 100,000 U (group lIla) (Fig. 6).

Evidence that IL-2 and IFN-a induced a marked, preferen-
tial, and specific binding of RbABMIgG to the lungs was
provided by studies performed with the paired label radioiso-
tope technique (Fig. 7). IL-2 and IFN-a did not cause a statis-
tically significant increase in binding of RbABMIgG to the
kidneys compared with control. In contrast, IL-2 and IFN-a
significantly increased the specific binding of RbABMIgG to
the lungs (P < 0.00009).
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Figure 7. Results of an experi-
ment performed with the
paired label isotope technique.
Injections of IL-2 and IFN-a
(open bars) significantly in-
creased the specific binding of
RbABMIgG to the lungs but
not to the kidneys (group IlIc),
as compared with controls
(hatched bars) injected only
with RbABMIgG and NRb
IgG (group hIId).

Figure 5. Electron micrograph: mouse of group II. Characteristic
aspects of the interaction between the endothelium of an alveolar
capillary wall and two polymorphonuclear leukocytes. A rim of en-
dothelium (small arrowheads) is adherent to the surface of polymor-
phonuclear leukocytes (P). A few thin stretches of endothelial cyto-
plasm (small arrows) maintain the contact with the endothelium still
attached to the basal lamina, which, in some part, is devoid of endo-
thelial cover (open arrow). Asterisk, An abnormal space resulting
from the detachment of the endothelium from the basal lamina. A,
Alveolar space. X l 5,000.

Marked, focal, and linear deposits of Rb IgG were consis-
tently found in the ABM, usually adjacent or in proximity to
veins and venules (Fig. 8). Similar, but less abundant, deposits
of C3 (Fig. 9) and fibrinogen (Fig. 10) were present in the same
areas. Deposits of albumin were absent. By light microscopy
examination severe edema, hemorrhages, and marked exuda-
tive lesions (mainly polymorphonuclear leukocytes) were

i' Lungs Kidneys Figure 6. Binding of the
, 80 - RbABMIgG to the

H0 70 L l I lungs and kidneys of
0 70-
0) _ groups of mice injected

c\1 60 with RbABMIgG
;0 (group Ia); RbABM

2 50 X IgG, 100,000 U/injec-
x 40 tion of IL-2, and IFN-a
.C ~~~~~~~~~(group 11la); and

30- RbABMIgG, 50,000
C
o 20 U/injection of IL-2, and
mJ 10IFN-a (group IlIb). It
0) 10
a, can be seen that injec-

.C ILA_ tions of IL-2 and IFN-a
C]la Illallib la IliaIlilb increase the binding ofGroup RbABMIgG to the

lungs. No difference,
however, was observed between mice injected with 100,000 and
50,000 U of cytokines.

found around and in proximity to veins and venules (Table II)
(Fig. 1 1). By electron microscopy there was a marked increase
in the number of polymorphonuclear leukocytes, as compared
with mice in group II. A moderate increase in the number of
polymorphonuclear leukocytes was also noted in renal glo-
meruli.

Group IV: mice injected with IL-2 and RbABMIgG. The
lungs were edematous but not as enlarged as the lungs of mice
in group III. The wet weight was slightly increased (Table II).
Superficial hemorrhages were not present. Mild to moderate
amounts of nonhemorrhagic fluid were found in the pleural
and abdominal cavities. The macroscopic aspect of the kid-
neys was normal. Binding of RbABMIgG to the lungs was not
significantly increased as compared with mice in group Ib, and
was similar to the kidney binding (Fig. 1).

Only a few small deposits of Rb IgG were observed in the
ABMby IF technique, whereas deposits of C3 and fibrinogen
were minimal or absent. No difference was observed in glo-
merular deposits of Rb IgG as compared with other groups.
The lesions detected by light microscopy were minimal peri-
venous edema and moderate perivascular infiltrates of mono-
nuclear and polymorphonuclear cells, and accumulation of
mononuclear cells in the alveolar septa. Hemorrhages were not
observed (Table II). By electron microscopy the endothelium
appeared normal and pathologic aspects of lymphocyte-endo-
thelium interaction were not seen. The glomeruli appeared
normal.

Group V: mice injected with IFN-a and RbABMIgG. Mac-
roscopically the lungs and kidneys appeared normal. The wet
weight of the lungs was normal (Table II). RbABMIgG was
bound less to the lungs than to the kidneys. Further, binding to
the lungs was less than that of group lb (Fig. 1). Fixation of Rb
IgG to the ABMwas not detectable by IF technique, whereas it
was unchanged in GBMas compared with other groups of
mice. The morphology of lungs and kidneys was normal.

Groups VIa and VIb: beige CS7BL/6J-bgl and C57BL/6J
mice injected with IL-2, IFN-cr, and RbABMIgG. In these
experiments tissue binding of RbABMIgG, immunohistologic
and morphologic findings in beige C57BL/6J-bg' (group VIa)
and in control C57BL/6J (group VIb) were compared. The
lungs of C57BL/6J mice had lesions comparable to those of
mice in group III. The wet weight of the lungs was increased
(Table II) and the binding of RbABMIgG was higher than in
group VIb (Fig. 12). Marked, focal, linear deposits of Rb IgG
were present in the ABM(Fig. 13, inset). Edema, hemorrhages,
and exudative lesions were severe (Table II). Deposits of
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Figure 8. IF micrograph
showing linear deposits of
rabbit IgG in the ABMof
a mouse injected with
IL-2, IFN-a, and
RbABMIgG (group lIla).
The deposits have a focal
distribution. V, The
lumen of a vein. X600.

RbABMIgG in GBMand morphology of the kidneys were
similar to those in mice of group III.

In beige C57BL/6J-bg' mice the pulmonary lesions were
minimal or absent and the macroscopic aspect and wet weight
of lungs were normal. Binding of RbABMIgG was lower than
in group VIa (Fig. 12). Binding to the kidneys was similar in
the groups VIa and VIb. Deposits of Rb IgG were not detect-
able by IF microscopy (Fig. 13). Perivenous edema and cellu-
lar infiltration were focal and minimal, and hemorrhages were
absent (Table II). Aspects of pathologic endothelial-lympho-
cyte interactions were not observed by electron microscopy
and only mild degenerative changes of endothelial and epithe-
lial type I cells were seen. Deposits of Rb IgG in GBMand
glomerular morphology were comparable to those in other
groups of mice.

Groups VIla and VIIb: beige C57BL/6J-bg' and C57BL/
6J mice injected with IL-2 and RbABMIgG. In these experi-
ments tissue binding of RbABMIgG and immunohistologic
and morphologic findings obtained in beige C57BL/6J-bg'
(group VIIa) and control C57BL/6J mice (group VIIb) were
compared. The lungs of C57BL/6J mice had lesions similar to
those seen in mice in group IV. The wet weight was normal
(Table II). Binding of RbABMIgG is shown in Fig. 12. A few
faint deposits of IgG were detectable by IF microscopy.

Figure 9. IF micrograph. Linear deposit of mouse C3 in the ABMof
a mouse of group IlIb. X800.

Edema, hemorrhage, and especially infiltration of mononu-
clear cells in the walls of veins and venules were present (Table
II). Electron microscopy findings were as in mice of group IV.
The findings in the kidneys were also comparable to those in
mice of group IV.

In beige C57BL/6J-bg' mice, macroscopically the lungs
were normal and the pulmonary lesions were less severe than
in mice of group VIIb. The wet weight was normal (Table II).
Binding of RbABMIgG was lower than in group VIlb (Fig.
12). Immune deposits of Rb IgG were undetectable by IF mi-
croscopy. Edema and hemorrhages, but not perivascular infil-
trates of inflammatory cells were less evident than in mice of
group VIIb (Table II). Only minimal degenerative changes of
endothelial and epithelial cells were seen by electron micros-
copy. The findings in the kidneys were not different from those
in mice of groups VIIb and IV.

Discussion

The rationale for our experiments was based on the notion,
confirmed by the present study, that phlogogenic amounts of
anti-basement membrane IgG do not bind to the ABMunless
the permeability of the unfenestrated alveolar endothelium is
increased. Wepostulated that polypeptide mediators released

Figure 10. IF micrograph. Deposits of mouse fibrinogen in the alveo-
lar capillary walls of a mouse of group IlIb. X400.
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Figure 11. Focal hemor-
rhagic and exudative le-
sions in the lung of a
mouse of group 1Ila. V,
Part of a vein; asterisk,
an area of perivenular
edema. Hematoxylin and
eosin. X400.

during the immune response, or induced by viruses, may play
a critical role in increasing the permeability of the alveolar
endothelium. Wetested the effects of IL-2 and IFN-a because
Puri and Rosenberg have shown that the association of IL-2
and IFN-a induces in mice the most severe vascular leak syn-
drome in the lung, whereas IFN-'y and tumor necrosis factor-a
do not exert a similar effect when given alone, nor act syner-
gistically with IL-2 (1 1). Moreover, the use of IFN-a was mo-
tivated by the consideration that epidemic (26, 27) or sporadic
(28) outbreaks of influenza or other acute infections (2) have
been traditionally associated with Goodpasture's hemorrhagic
pneumonitis, and IFN-a is induced by viral infection (29).

The combination of IL-2 and IFN-a significantly increased
the binding of anti-ABM antibodies to the ABM, as compared
with mice injected with anti-ABM antibodies alone, showing
that IL-2 and IFN-a are able to expose the ABM, otherwise
protected by the unfenestrated alveolar endothelium from cir-
culating IgG. Our results also confirm that IL-2 and IFN-a
increased the permeability of the pulmonary vessels more than
IL-2 or IFN-a alone (1 1), indicating that cytokine synergism
exerts a critical role in the pathogenesis of passive Goodpas-
ture's hemorrhagic pneumonitis. The decreased binding of
anti-ABM antibodies to the GBMof mice injected with IL-2
and IFN-a should probably be ascribed to decreased glomeru-

Lungs Figure 12. Result of
30__ TLungs binding of RbABMIgG

b 25 Kidneys to the lungs and kid-
c X _ Kidneys neys of beige C57BL/
E 0o15 6J-bgl (open bars) and

10 control C57BL/6J mice
r- OM;§ M(hatched bars) injected

with RbABMIgG, IL-2,
bVnI.V l Va lb Vita VI and IFN-a (groups VIa
IL-2 + IFN-aG IL-2 and VIb) or with

Group RbABMIgG and IL-2

(groups VIIa and VIIb).
In both experiments the binding of RbABMIgG to the lungs in beige
mice (groups VIa and VIIa) was inferior to that of control mice
(groups VIB and VIIb).

lar perfusion because IL-2 (30) and IL-2-activated killer cells
(31) induce hemodynamic changes similar to those observed
in the early stages of septic shock. These results strengthen the
interpretation that the ability of cytokines to expose the ABM
to circulating antibodies results from a preferential pulmonary
injury. The reasons for this selective injury are not explained
by our study. The large surface of the pulmonary endothelium
(32) or a local release of cytokines might be contributing fac-
tors.

Figure 13. IF micrograph showing absence of deposits of rabbit IgG
in the lung of a beige C57BL/6J-bg' mouse injected with IL-2,
IFN-a, and RbABMIgG (group VIa). v, Veins. Inset, Linear deposits
of Rb IgG in the ABMof a similarly treated control C57BL/6J
mouse (group VIb). X300; inset X500.
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The role of activated lymphocytes in the pathogenesis of
the vascular leak syndrome was studied in vitro and in vivo.
Lymphocytes are necessary in vivo since IL-2 is less effective in
mice pretreated with irradiation, cyclophosphamide, or corti-
sone acetate, and in nude mice (33, 34). Moreover, treatment
of mice with asialo-GM- 1 antibodies prevents the vascular
leak syndrome induced by cytokines, suggesting that the toxic
effect of IL-2 may be mediated by NKcells or activated lym-
phocytes (35). The results of our study in the NK-deficient
beige mice and the observation by electron microscopy of ex-
tensive interaction between activated lymphocytes and the
pulmonary endothelium are concordant with this interpreta-
tion. IL-2 promotes strong adhesion of NKcells to endothelial
cells and lysis of these cells (36, 37). Moreover, IL-2 induces
endothelial expression of polymorphonuclear leukocyte adhe-
sion molecules (ELAM-1) (38, 39), procoagulant molecules
(40), and intercellular adhesion molecules (ICAM- 1), which
serve to bind lymphocytes and possibly monocytes (41). When
injected in man (42, 43) or in mice (1 1, 33, 34) IL-2 provokes a
vascular leak syndrome resulting from activation of endothe-
lial (44) and NK(33, 34) cells.

Distinctive effects, or effects synergistic to those of IL-2, are
brought about by IFNs. All three types of IFNs rapidly aug-
ment NK cell cytotoxicity by increasing the number of NK
cells binding to targets, accelerating the kinetics of lysis, and
increasing the recycling ability of active NK cells (45). Com-
bining IL-2 with IFN-a results in greater than additive aug-
mentation of NKcell activity (46). The multiple effects of the
IFNs, in part synergistic to those of IL-2, may explain why
mice simultaneously injected with IL-2 and IFN-a developed
the most severe forms of lung vascular leak syndrome.

When mice primed with IL-2 and IFN-a received anti-
ABMantibodies the most striking differences observed in their
lungs, as compared with mice injected only with cytokines,
were binding of anti-ABM antibodies to the ABM, concomi-
tant fixation of C3, deposition of fibrinogen, and hemorrhagic
and exudative lesions. These changes were prominent at the
level of small veins and perivenous alveolar capillaries, the
same sites of cytokine-induced vascular leak syndrome. This
concordance strengthens the interpretation that the alteration
of the blood-alveolar barrier is a critical factor in the develop-
ment of passive Goodpasture's hemorrhagic pneumonitis. At
these discrete sites fixation of complement, chemotactic at-
traction of inflammatory cells, and activation of coagulation
factors amplify the injury. Our study provides only a partial
explanation of the mechanisms leading to massive erythrocyte
extravasation in or near small veins. It is conceivable that this
phenomenon results from structural damage (47); it is also
possible that cytokines generate a chemotactic gradient analo-
gous to that stimulating transmigration of neutrophils (48).
Absence of proliferative and marked exudative lesions in glo-
meruli reveals the ability of IL-2 and IFN-a to transform the
lung from a protected organ into a preferential target of anti-
body-mediated injury.

Lack of lethal pulmonary exudative and proliferative le-
sions comparable to those presumably occurring in the rare
forms of lethal human Goodpasture's hemorrhagic pneumo-
nitis, lack of fibrosis of the alveolar septa and of hemosiderin-
laden macrophages characteristic of chronic Goodpasture's
pneumonitis is explained by the short exposure of murine
lungs to anti-ABM antibodies (48 h) and by the notion that
accessibility to ABMantigens is only one of the pathogenetic
components in this disease. Development of severe and persis-

tent inflammatory changes requires antibody reactivity with
the a3 (IV) chain of collagen IV (49), and this reactivity was
not established in our study. Moreover, heterologous anti-
basement membrane antibodies have much broader basement
membrane reactivity than does the human counterpart (1).
Finally, severe, persistent inflammation seems to require the
engagement of cell-mediated hypersensitivity (50).

In conclusion, the results of the experiments show that the
selective increased permeability of the alveolar capillary walls,
induced by IL-2 and IFN-a, results from severe structural
damage of the pulmonary endothelium. Endothelial injury
appears a prerequisite for the fixation of antibodies to the
ABMand for the development of widespread hemorrhagic and
inflammatory lesions. The data are consistent with the hy-
pothesis that cytokines, especially IL-2 and IFN-a, released in
the circulation or in the lungs by activated lymphoid cells and
cells infected by viruses, have a critical role in the pathogenesis
of human Goodpasture's hemorrhagic pneumonitis.
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