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A B S T RA C T In previous studies with isolated per-
fused rabbit lungs, we observed that human serum al-
bumin (HSA) and ovalbumin, introduced into the iso-
lated lungs as an aerosol, entered the pulmonary
circulation antigenically intact. The "inhaled" proteins
were also broken down in the lung. When lungs from
animals immunized with one protein inhaled the two
proteins simultaneously, absorption of intact antigen
was specifically reduced, and there was a nonspecific
increase in the appearance of metabolites of both pro-
teins in the blood.

In the present study, we investigated the antigen-
specific and nonspecific effects of two types of hyper-
sensitivity responses on protein absorption across the
air-blood barrier of isolated rabbit lungs. In one group
of lungs, an acute hypersensitivity response was in-
duced by introducing HSA into the blood perfusing
lungs from HSA-immunized rabbits. In another, the
rabbits had been previously exposed to chronic HSA
aerosol until their lungs exhibited a chronic immunologic
inflammatory response. Lungs from both groups were
insufflated simultaneously with HSA, and a nonspecific
protein, ovalbumin. Lungs in which the acute
anaphylactic response was induced showed no altera-
tion in the absorption of either intact protein compared
with HSA-immunized controls, but absorbed a some-
what larger quantity of breakdown products of the
specific antigen. Lungs undergoing the chronic
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alveolar inflammation were more permeable to nonspe-
cific protein than were noninflamed lungs. Despite the
increased permeability to nonspecific protein, the
absorption of antigen was blocked as effectively as in
immune but noninflamed controls. In these chronically
inflamed lungs, the absorption of antigen breakdown
products was enhanced. The results indicate that both
immunologic and inflammatory mechanisms may
control the amounts of inhaled soluble proteins that
reach the blood via the alveolocapillary barrier.
Alterations in the absorption of inhaled proteins and
their metabolites across the air-blood barrier during
certain types of hypersensitivity responses may be of
immunologic and pathologic significance.

INTRODUCTION

Inhaled antigens are implicated in a number of im-
munologic diseases of the lung. However, little is
known about the fate of antigens, especially soluble
proteins, in the lower respiratory tract or how their fate
may be modified by immunologic and inflammatory
processes.

In previous studies (1-3), we used isolated perfused
rabbit lungs to investigate the effect of immunization
on absorption of inhaled albumins across the alveolo-
capillary membrane into the blood. We found that
humoral immunity resulted in an immunologically
specific decrease in the absorption of intact antigens
from the alveoli and a nonspecific increase in absorp-
tion of antigen breakdown products. This may partially
explain observations in vivo that less intratracheally
instilled antigen could be recovered from the blood of
immunized than nonimmunized rabbits (4).

Under certain circumstances, the immune response
can result in harmful reactions termed "hypersensitiv-
ity." It is not known whether these inflammatory reac-
tions may also alter protein absorption from the airways.
The purpose of the present study was to investigate
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the uptake of specific antigen and an immunologically
unrelated protein across the alveolocapillary membrane
of isolated rabbit lungs undergoing two different types
of hypersensitivity reactions. To assess the effect of an
acute hypersensitivity response on protein absorption,
we used an in vitro model of rabbit anaphylaxis devel-
oped in our laboratory (5). To assess the effect of chronic
hypersensitivity on protein absorption, we used a rabbit
model of hypersensitivity pneumonitis, also developed
in our laboratory (6). The results indicate that, whereas
the acute hypersensitivity reaction did not alter the
absorption of intact inhaled proteins, chronic hyper-
sensitivity increased permeability of the air-blood bar-
rier to an immunologically unrelated protein. However,
in spite of this increased permeability, the absorption
of specific antigen was blocked as effectively as in lungs
from immunized rabbits that were not inflamed.

METHODS
Antigens. Human serum albumin (HSA)l and ovalbumin

(OA) were obtained from Miles Laboratories, Inc. (Elkhart,
Ind.), complete Freund's adjuvant from Difco Laboratories
(Detroit, Mich.), and HSAlabeled with 1311 from Mallinckrodt
Inc. (St. Louis, Mo.). Sodium iodide (1251) was obtained from
Amersham Corp. (Arlington Heights, Ill.) and was used to
label OAby the iodine monochloride method of Bale et al. (7).
The free 131I and 1251 were removed by dialysis against excess
0.15 MNaCl at 4°C.

Treatment of animal groups. NewZealand white rabbits
of either sex were immunized subcutaneously in two inguinal
sites with 2 mg of HSA in complete Freund's adjuvant, and
2 wk later they were given a second 2 mgof HSAin complete
Freund's adjuvant subcutaneously. 2 wk after the second in-
jection, 10 rabbits were used for studies of anaphylaxis and
14 were exposed to aerosolized HSAdaily for 3 wk before use
in studies of lungs undergoing a chronic hypersensitivity re-
action. Before isolation of the lungs, the antibody titer was
measured on serum from each rabbit in both groups by using a
tanned sheep erythrocyte passive hemagglutination assay (8).
The geometric mean HSAantibody titer in the serum of all
HSA-immunized animals was 1:3,200 at the time of the ex-
periment. There was no significant alteration in circulating
antibody titer after 3 wk of HSAaerosol exposure. The rabbits
weighed 3.2-3.7 kg at the time the lungs were studied.

Isolated perfused lung preparations. Isolated rabbit lungs
were mounted in a chamber where they were ventilated with
negative pressure and perfused at a constant rate (160 ml/min)
with autochthonous blood for 4 h, as described (1). Inhaled
proteins were introduced into the lung as an aerosol; 100 ,Ci
of freshly dialyzed 1311-HSA (antigen) and 20 uCi of 1251-OA
(nonimmunizing protein), diluted in 5 ml of 0.15 M saline,
were aerosolized simultaneously with an ultrasonic nebulizer.
The lungs were insufflated with the aerosol for 15 min. The
nebulizer was then removed, and the lungs were ventilated
and perfused for 4 h, during which time blood samples were
taken. Approximately 1/3 ml of inspired vapor, containing
0.2-1.0 mg HSAand 0.7 mgOA, was retained by the lungs.
Pulmonary arterial blood pressure and the volume of blood in
the reservoir included in the closed perfusion circuit were
monitored throughout the experiments.

1Abbreviations used in this paper: HSA, human serum al-
bumin; OA, ovalbumin.

Collection of samples and calculations. 1-ml blood sam-
ples were taken every 30 min for 4 h after the beginning of
antigen inhalation. Total counts per minute (cpm), which had
entered the blood by the end of each time interval, were
calculated from the activity of the sample, and the circulating
blood volume corrected for volume lost in sampling. At the
end of each experiment, the lungs were weighed and cut into
slices for measurement of radioactivity. The inhaled dose of
radioactivity was determined by adding the counts per minute
found in the blood and lung at the end of the experiment.

The blood samples were analyzed as described (1). Each
sample was centrifuged at 2,000 g for 15 min. Less than 1%
of the whole blood counts per minute remained with the cells
washed three times with 5 vol physiologic saline. An aliquot
of plasma was precipitated with 5% TCA to determine the
fractions of TCA-soluble and TCA-precipitable radioactivity,
and the TCA fractions of plasma from each group of animals
were further characterized, as described (1); antigenically in-
tact radioactivity in the plasma was assessed by coprecipitation
with pooled rabbit antiserum and antigen at equivalence. The
small molecular weight TCAfractions were separated on thin-
layer chromatography. Radioactivity was measured in a Pack-
ard model 575 gammaradiation counter (Packard Instrument
Co., Inc., 'Downers Grove, Ill.).

Data are reported as percent of inhaled counts per minute
entering the plasma in the TCA-precipitable and TCA-soluble
fractions as a function of time, and the mean value of experi-
mental groups at each sample time were compared by using
Student's unpaired t test.

Influence of anaphylaxis on absorption through isolated
perfused lungs. In experiments on absorption of inhaled pro-
teins during anaphylaxis, specific antigen, 1311-HSA, and an
immunologically nonspecific protein, 1251-OA, were aerosol-
ized for 15 min into the isolated perfused lungs of six of the
HSA-immune rabbits. Then, 1 mg of unlabeled HSA was
added to the blood perfusing the lung to induce an anaphylac-
tic response, as described (5). To determine the fate of proteins
injected directly into the blood, 1 mg each of 131I-HSA and
'251-OA was added to blood perfusing lungs from four of the
HSA-immune rabbits. In two of the four experiments, the
proteins were infused directly into the pulmonary artery. In
the other two experiments, the proteins were allowed to
equilibrate with the blood for 3 min before entering the
pulmonary artery.

Influence of chronic hypersensitivity on absorption through
isolated perfused lungs. The rabbits immunized with sub-
cutaneous injections of HSA followed by daily exposure to
HSAaerosol were used in these experiments. This procedure
results in the development of immunologically specific chronic
granulomatous inflammation as well as cell-mediated hyper-
sensitivity in the lungs, as assessed by migration inhibitory
testing (6). The lungs were studied 16 h after the last in vivo
aerosol exposure. Five animals were used to confirm the pres-
ence of pulmonary inflammation and cell-mediated hypersen-
sitivity, and the lungs of nine animals were studied in the
isolated perfusion system for absorption of inhaled proteins.
Lung sections for histologic examination were fixed in Zen-
ker's solution and prepared for routine hemotoxylin and eosin
staining. The presence of pulmonary cell-mediated hypersen-
sitivity was tested in a direct macrophage migration inhibitory
assay with bronchoalveolar cells lavaged from the lungs as
described (9).

Controls. Two groups of controls were studied. Lungs
from 11 nonimmunized rabbits were used to demonstrate the
"normal" absorption of proteins and their metabolites from
isolated lungs. Lungs from 10 HSA-immunized rabbits that
had not received the chronic aerosol treatment were studied
without the anaphylactic challenge. These lungs served to
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illustrate the alterations in protein absorption that were the
result of immunization per se. Thus, any further alterations in
protein absorption were the result of the hypersensitivity
response.

RESULTS

Radioactivity in blood of isolated lungs. As in our
previous studies with isolated rabbit lungs (1), radio-
activity from inhaled 311-HSA and 125I-OA entered the
pulmonary circulation of all the lungs studied in two
fractions. One fraction was precipitable with 5%TCA
and was also precipitable with antiserum (anti-HSA-
precipitable '3'I = 0.959 x TCA-precipitable 131I; anti-
OA-precipitable 125I = 0.981 x TCA-precipitable 1251)
and is therefore considered to be antigenically intact
protein. The other fraction was TCA soluble. Thin-
layer chromatography in this TCA-soluble fraction,
carried out as described (1), showed radioactivity in
several bands. Approximately 80% of the 1311 on the
TLC plates had mobility different from that of 125I_
labeled sodium iodide which was used as a standard,
indicating that most of the TCA-soluble 1311 was not
free iodine and that this fraction probably represents
primarily iodinated amino acids and peptides.

Protein absorption from isolated lungs after anaphy-
laxis. In vitro anaphylaxis was produced in isolated
lungs from immunized animals by adding antigen to
the perfusion system. Pulmonary arterial blood pressure
rose in all lung preparations with a mean increase of
13.5 mmHg+3.7 SE. The peak pressure was reached
at m6min and returned to base line within 15-30 min.
During the pressure changes, there were also altera-
tions in fluid volume of the lungs, as indicated by im-
mediate volume changes in the perfusion reservoir.
These volume changes were variable, consisting of a
shift of 0.5-2.5 ml either out of the lung, into the lung,
or both, in a biphasic fashion. The fluid volume returned
to prechallenge levels following approximately the
same time-course as the blood pressure changes. The
initial arterial blood pressure of these lungs was 7.8 mm
Hg+0.8 SE, which was not significantly different from
normal or immunized controls (7.0 mmHgt0.4 SE).
However, by the end of the 4-h experiment the mean
arterial pressure had risen slowly to an average of 26.4
mmHgt6.6 SE, which was approximately twice as
high as control values (12.4 mmHgt0.6 SE, P < 0.001)
at the end of the experiments. The mean lung weight
to body weight ratio at the end of the experiment (3.7
g/kg) was not significantly different from control (3.5
glkg), indicating that edema formation was not excessive.
The absorption of inhaled proteins by these lungs is
summarized in Figs. 1 and 2.

The data in Fig. 1 show the percent of radioactivity
from specific inhaled antigen, 131I-HSA, which ap-
peared in the plasma in the TCA-precipitable and the
TCA-soluble fractions collected from the HSA-immune
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FIGuRE 1 Time-course of the appearance of TCA-precipi-
table and TCA-soluble 1311 in the plasma of isolated perfused
lungs insufflated with 1311-HSA and 123I-OA. The dark bar
represents 15 min of insufflation. Each point represents the
mean±SE of the percent of inhaled 1311 in the plasma. Lungs
from HSA-immunized rabbits were given an anaphylactic
challenge with 1 mgunlabeled HSA i.v. (at arrow). The con-
trols (antigen not added to blood) consist of lungs from HSA-
immunized rabbits and lungs from nonimmunized rabbits.

lungs undergoing anaphylaxis. The results are com-
pared with those from the HSA-immune lungs, which
were not subjected to anaphylaxis, and to lungs from
normal non-HSA-immune rabbits. The amount of TCA-
precipitable 1311 in the plasma of lungs that had under-
gone anaphylaxis was significantly reduced relative to
lungs from nonnal non-HSA-immune rabbits, amount-
ing to a fourfold reduction at 4 h. The difference was
significant at all points with P < 0.005 by the first 1.5 h.
This reduction was comparable to that in immune lungs
not subjected to anaphylactic challenge. The TCA-
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soluble 1311 in the plasma of lungs undergoing anaphy-
laxis was almost twice as high as that seen in the plasma
of normal lungs (P < 0.001 by 1 h) and was =40%higher
than in the immune controls, although this difference
was statistically significant through only the 3rd h
(P < 0.05).

Fig. 2 shows absorption of a nonimmunologically
specific protein, 1251-OA, from the same lungs. The
TCA-precipitable fraction was absorbed similarly in all
three groups. The amount of TCA-soluble 1251 in the
plasma of immune lungs undergoing anaphylaxis was
more than twice as high as that of nonimmune lungs
by 1 h (P < 0.01) but was similar to that of the im-
munized controls which did not undergo anaphylaxis.

Fate of proteins injected directly into the blood of
isolated lungs. To determine the fate of the antigen
injected intravascularly to produce anaphylaxis, 1311.
HSAand '251-OA were added directly to the perfusing
blood of HSA-immune lungs. Fig. 3 is an example of
the results. The concentration of '311-HSA in the blood
dropped precipitously. By the end of 3 h, most of the
1311 added had been cleared from the blood and was
accounted for by radioactivity in lung tissue. Compari-
son of the specific activity (counts per minute per milli-
liter) of fresh plasma in the first blood sample (5 min)
with specific activity of whole blood revealed that most
of the blood 1311 ( 93%) was with the cell pellet after
centrifugation, indicating that antigen at this time was
either insoluble or associated with cells. In contrast,
125I-OA remained soluble in the plasma and was not
taken up by the lung. The specificity of this response
for the immunizing protein was shown in other ex-
periments with OA-immunized lung preparations; in
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FIGuRE 3 The fate of specific antigen ('31I-HSA) and a non-
specific protein (1251-OA) in the blood of the isolated lung
from an HSA-immunized rabbit. 1 mgof each protein was in-
jected into the blood (at arrow), producing a rise in blood
pressure that reached its peak after 6 min.

this case, only OAwas initially found in the cell pellet
and accumulated in the lung.

An increase in pulmonary arterial pressure was pro-
duced in all experiments in which antigen was added
directly to the pulmonary arterial blood of immune
lung preparations. However, in the two experiments
in which the proteins equilibrated with blood for 3 min
before they were allowed to enter the lung, no anaphy-
lactic response occurred despite the fact that the anti-
gen was taken up by the lung in the same time-course
as when antigen was added directly into the pulmonary
artery, suggesting that the increase in pulmonary arte-
rial pressure during anaphylaxis was not solely due to
the mechanical effects of complexes and that vasoactive
mediators were also involved.

Protein absorption from isolated lungs with a
chronic hypersensitivity inflammatory response. We
produced a chronic pulmonary inflammatory response
to HSA as described by Peterson et al. (6). Rabbits
immunized to HSA by subcutaneous injection were
given daily aerosol exposures to antigen for 3 wk, after
which their lungs were heavier than controls, with a
lung weight to body weight ratio of 5.6±1 g/kg com-
pared with a ratio of 3.5±0.1 g/kg for lungs of normal
rabbits and rabbits immunized but not chronically ex-
posed to the aerosol. Histologic examination (Fig. 4)
showed diffuse interstitial thickening as a result of a
dense infiltration of mononuclear cells. The response
also included occasional granulomas and increased
numbers of granulocytes. In the presence of specific
antigens, bronchoalveolar cells from all five inflamed
lungs tested were inhibited >30% (P < 0.05) in the
presence of HSA in the direct migration inhibitory
assay. The lungs from normal rabbits and from immu-
nized rabbits not chronically exposed to aerosol were
normal histologically, and migration of bronchoalveolar
cells from these animals was not inhibited in the pres-
ence of HSA. During the 4 h of study in the isolated
perfusion system, pulmonary arterial blood pressure of
aerosol-inflamed lungs rose from 8.3 mmHg± 1.54 SE
(not significantly different from controls, 7.0 mmHg
±0.4 SE) to 21.2 mmHg±3.6 SE, which was -50%
higher than in noninflamed lungs (12.4 mmHg±0.6
SE, P < 0.005).

In Figs. 5 and 6, absorption of 1311-HSA and 1251-OA
from inflamed lungs of nine HSA-immunized, aerosol-
exposed rabbits is compared with that of the two control
groups. The uptake of TCA-precipitable antigen from
the chronically inflamed lungs (Fig. 5) was reduced
relative to nonimmune lungs (P < 0.005 after 1.5 h) but
was not statistically different from lungs from im-
munized rabbits not chronically aerosol-exposed. On
the other hand, greater amounts of the TCA-soluble
products of antigen were absorbed from inflamed lungs
than from either of the control groups; by the first 1.5 h
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FIGURE 4 Lung tissue from a rabbit immunized subcutaneously with HSAin complete Freund's
adjuvant and exposed to an aerosol of HSA daily for 3 wk. The alveolar membranes are infil-
trated with mononuclear cells and granulomas are present. Hernatoxylin ancl eosin, x50.

TCA-soluble 1311 was more than six times higher in
the plasma of inflamed lungs than of nonimmune lungs
(P < 0.001) and four and one-half times higher than in
the immunized but noninflamed controls (P < 0.005).

It can be seen in Fig. 6 that about twice as much
TCA-precipitable 1251-OA entered the plasma of in-
flamed than of noninflamed lungs (P < 0.02 at 4 h). The
absorption of TCA-soluble 1251 from inflamed lungs
appeared to be enhanced relative to nonimmune lungs,
but the difference was only statistically significant from
1.5 through 3 h (P < 0.05) and no different from im-
mune controls.

DISCUSSION

The results of this study indicate that the absorption
of inhaled radioiodinated proteins across the alveolo-
capillary membrane of isolated lungs is altered during
certain types of hypersensitivity reactions. Isolated
lungs from HSA-immunized rabbits were in.sufflated

FIGURE 5 The appearance of TCA-precipitable and TCA-
soluble 13'I in the plasma of isolated lungs after 15 min (dark
bar) of insufflation with '311-HSA and '25I-OA. Each point
represents the mean±SE of the percent of inhaled '3'I in the
plasmna of' HSA-immultinize(d and aterosol-exposedl luniigs corn1-
parecl vith HSA-immtinizedl and nonimmntnized controls.
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with 1311-HSA to assess the s
sensitivity on antigen absorpti
(125I-OA) was inhaled simultan
specific effects of the immu
absorption.

To determine whether prot
an acute hypersensitivity resp
phylaxis in isolated lungs fror
adding antigen to the pulmon
elicited has been demonstrate
be similar to that described ii
a marked increase in pulmor
increased airway resistance, a
pliance. The absorption of intE
nonantigen) from immune lui
laxis was no different than fror
i.e., HSAabsorption was spec
immune lung preparations, wl
to the same extent as in nonim
suggests that the rate-limiting
protein across the alveolocapi
changed by the anaphylaxis
these studies.

Boucher et al. reported that
in guinea pigs by local appli(
infusion of histamine or meth;
an increased permeability of t]
nonspecific protein. They als
absorption of albumin or albur
through the airways of Ascari
monkeys after antigen challen

It is difficult to compare re
using different preparations. F

TCA-SOLUBLE the rabbit and guinea pig share a commonshock organ,

0 namely the lung, the responses in the two species are

substantially different. Rabbit anaphylaxis occurs in
o T response to blood-borne antigen and is not easily elic-

ited by antigen introduced into the airways. Blood-
o T borne mediators, including vasoactive amines from cir-

4 T,,1....Ti Iculating blood cells (13, 14) as well as circulating
to - 11 w z..immune complexes (15), appear to be primarily re-

tw 1 sponsible for the changes seen in lung physiology.
± ... 1 In addition to species differences in the anaphylacticJ. response, the routes available for absorption differ in

o- , different preparations. In the isolated lung, the alve-
1 2 3 4 olocapillary membrane is the only route available for

N HOURS entry of antigen into the blood. Thus, it would appear
that in rabbit lungs the acute anaphylactic response

CA-precipitable and TCA- did not have a significant influence on protein absorp-.ted lungs (same lungs as in
) with 1311-HSA and 125I-OA. tion through the alveolocapillary membrane.
SE of the percent of inhaled To study the effects of chronic hypersensitivity on
nized and aerosol-exposed protein absorption, we used a rabbit model of hyper-
unized and nonimmunized sensitivity pneumonitis recently developed in our lab-

oratory (6). In immunized rabbits, prolonged aerosol
exposure to antigen produced diffuse alveolitis with

,pecific effects of hyper- thickening of the air-blood barrier, extensive mono-
on. An unrelated protein nuclear cell infiltration with granuloma formation, and
keously to assess the non- a moderate granulocyte infiltration. Cell-mediated
ne reaction on protein hypersensitivity could be demonstrated in these lungs

with a direct macrophage migration inhibitory assay.
'ein uptake is altered by This type of inflammation did not alter absorption of
)onse, we produced ana- the specific antigen from isolated lungs as intact HSA
rn immunized rabbits by was absorbed to the same extent as from HSA-immune,
ary blood. The response noninflamed lungs. However, approximately twice as
zd by Hakim et al. (5) to much simultaneously inhaled OAentered the plasma
n intact rabbits, namely, of inflamed lungs as that of controls, apparently be-
iary vascular resistance, cause of a nonspecific increase in protein permeability
Lnd decreased lung com- in the inflamed lungs. The type(s) of immune reaction
act proteins (antigen and responsible for increased protein permeability cannot
ngs undergoing anaphy- be determined from the present experiments. A local
n immune control lungs, humoral mechanism may have been involved, because
ifically reduced in HSA- chronic pulmonary antigen exposure can stimulate
hereas OAwas absorbed local antibody synthesis (16). Alternatively, there is
mune preparations. This evidence that chronic antigen stimulation in the pres-
transport mechanism for ence of cell-mediated hypersensitivity can cause struc-
Ilary membrane was not tural damage to lung tissues (17), conceivably resulting
under the conditions of in a "leaky" air-blood barrier.

Absorption of the specific antigen from these chroni-
induction of anaphylaxis cally inflamed lungs appeared to be effectively blocked,
cation of antigen (10) or even in the presence of increased permeability to the
acholine (11) resulted in nonspecific protein. In addition, there was a threefold
he respiratory mucosa to increase in the amount of metabolic products of HSA
;o found an increase in in the plasma, a specific effect on antigen not seen for
min breakdown products OA. This suggests two possible explanations for the
s suum-sensitive rhesus data concerning specific antigen absorption: (a) Either
ige (12). antigen was blocked before entering the blood, perhaps
sults from other species because of the formation of immune complexes in the
'or example, even though lung, and was subsequently catabolized to a greater
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extent as a result of the increased number (or state of
activation or antigen specificity) of phagocytic cells in
the inflamed lungs; or (b) intact antigens may have
entered the alveolar capillaries at a greater rate than
normal (as a result of increased protein permeability)
but formed immune complexes in the blood that were
then rapidly removed from the circulation by reuptake
into the lung. The question of whether other organs
of the body may be exposed to greater loads of antigen
or complexes in this pulmonary inflammatory disorder
is of great immunologic and pathologic importance.
This rabbit model has many similarities to human
hypersensitivity pneumonitis in which lung biopsies
frequently exhibit chronic granulomatous inflammation
which is probably associated with pulmonary cell-
mediated hypersensitivity (18, 19). In addition, these
patients have large quantities of circulating antibodies
to inhaled antigen (20). Extension of the present study
should provide a greater understanding of the fate of
inhaled antigen and how normal handling of environ-
mental antigen is modified by inflammation and im-
munologic reactions.
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