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ABSTRACT

Immunotherapy with the lymphokine interleukin-2 (IL-2), with or
without lymphokine activated killer (LAK) cells, offers a new approach
to the treatment of solid tumors. Unfortunately, most patients receiving
IL-2 and LAK cells develop a "third space syndrome" from a presumed

generalized increase of vascular permeability. We have investigated the
role of IL-2 on lung fluid balance, by measuring changes in lung water
and albumin intake. Rats were injected with IL-2 500,000 U i.p. three
times a day for 1 to 4 days. At the completion of the injections, lungs
were isolated and perfused, and total lung water (TLW) and I25l-albumin

uptake were measured. After 1 day of injections, TLW increased from
4.90 Â±0.14 to 5.57 Â±0.34 ml/g dry lung and albumin uptake nearly
doubled from 0.47 Â±0.08 to0.91 Â±0.28cm3/s/g dry lung x IO'1. Longer

injection periods increased both TLW and albumin uptake further. After
2 days, TLW and albumin uptake were also significantly increased by
160,000 U i.p. three times a day, but not by 40,000 or 10,000 U. To
eliminate possible contributions to increased permeability by (a) LAK
cells generated in vivo, or (b) circulating leukocytes, we isolated lungs
from normal rats and perfused them for 5 min with a cell-free perfusate
containing IL-2 (2,10, or 5 x Id"' I/ml) excipient or 0.9% NaCl placebo.

TLW was similar in all groups, but albumin uptake was significantly
increased by 10,000 and 50,000 I/ml (0.94 Â±0.15 and 0.82 Â±0.16 cm3/
s/g dry lung x 10~3, respectively), but not by 2,000 U/ml. We conclude

that lung microvascular albumin permeability is increased following
administration of IL-2 in vivo and in vitro. We suggest that LAK cells
are not required for the initiation of increased permeability and that II..-
2 may have some direct effect on the pulmonary microvasculature.

INTRODUCTION

Lymphocytes cultured in the presence of the lymphokine
IL-2' are transformed into LAK cells with the capacity to lyse

cancer cells (1). These cells when injected systemically in con
junction with IL-2 lyse pulmonary, hepatic, and peritoneal
mÃ©tastasesfrom a variety of tumors (2-4). The efficacy of this
immunotherapeutic approach to cancer may depend on the
dose and duration of the IL-2 injections, as well as the number
of LAK cells infused (5-7). Greater antitumoricidal effects
might be anticipated if larger doses of IL-2 and greater numbers
of LAK cells could be administered (5). Unfortunately, most
patients receiving LAK cells and IL-2, or IL-2 alone (8), develop
significant toxicity including fever, chills, malaise, gastrointes
tinal disturbances, confusion, anemia, eosinophilia, and hyper-
bilirubinemia. The major side effect limiting treatment is a
presumed increase in capillary permeability, resulting in a
"third space syndrome,'" with peripheral edema, ascites, pleural

effusions, interstitial pulmonary edema, hypotension, and oli-

guria (2, 4, 8, 9).
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The respective roles of LAK cells and IL-2 in this "third
space syndrome" are speculative. IL-2 is a central dose-depend

ent component of this immunotherapy and perhaps of toxicity
as well. Documenting and understanding any IL-2-induced
toxicity is important, as it may offer opportunities for control
ling or preventing the troublesome side effects of this therapy.
Therefore, we determined the effects of IL-2 on lung water and
pulmonary microvascular permeability in rat lungs.

MATERIALS AND METHODS

Rationale and Protocols

In Vivo, IL-2 injected i.p. over several days leads to accumulation of
radioactive albumin in mouse lungs suggestive of increased microvas
cular permeability (10). To confirm and extend these observations, we
injected 180 to 230 g female Sprague-Dawley rats with 500,000 U IL-
2, excipient or placebo (1.0 ml 0.9% NaCI) i.p. t.i.d. for 1 to 4 days.
After confirming that this dose of IL-2 causes increased lung water and
pulmonary microvascular permeability (employing the isolated, per
fused rat lung model, see below), we injected rats i.p. with 1,4, 16, or
50 x IO4U IL-2 t.i.d. for 2 days to construct a dose-response curve.

In Vitro. The increased lung water and pulmonary microvascular
permeability caused by IL-2 in vivocould occur by several mechanisms.
IL-2 might have direct effects on the pulmonary microvascular endo-
thelium. Secondly, in vivo LAK cell generation may lead to increased
permeability through cell lysis [although preliminary evidence (11)
suggests that normal cells are not lysed] or through lymphocyte and/or
LAK cell migration through the endothelium into the interstitium
without endothelial cell damage. Alternatively IL-2 may increase
permeability indirectly through the production of 7-interferon, leuko-
regulin, and other lymphokines (12-16) from endogenous lymphocytes.
To test these hypotheses we isolated, ventilated, and perfused lungs
from normal rats and added IL-2 (2, 10, and 50 x IO3U/ml), excipient
or 0.9% NaCl placebo to the cell-free (specifically no LAK cells or
leukocytes present) perfusate and determined radioactive albumin flux
(see below) and lung water.

Characteristics of IL-2

Vials of human recombinant IL-2 and its excipient were provided by
the Cetus Corporation (Emeryville, CA). This IL-2 is chemically iden
tical to native IL-2 except that it is not glycosylated and its amino acid
composition is different at two positions. It is immunologically and
biologically similar to native IL-2 (17, 18). The excipient consists of
mannitol (60 mg/vial) and sodium dodecylsulfate (54 mg/vial). Vials
of lyophilized IL-2 (3 x 10' U/vial) and excipient were reconstituted

with sterile distilled water before use.

Perfusion Techniques

Rats were anesthetized with methoxyflurane and thiamylal sodium.
A tracheostomy was performed and the animals ventilated with room
air, 2.5 ml tidal volume at 80 breaths/minute and 2 cm H2O positive
end-expiratory pressure. The thorax was opened, and following careful
dissection of the pulmonary ligaments, the pulmonary artery was can-
nulated through an incision in the right ventricle. Perfusion was started
immediately with a flow of 0.05 ml/g body weight. The perfusate was
a modified Krebs/Henseleit buffer containing 20 HIMAr-2-hydroxyethyl-
piperazine-yV-2-ethanesulfonic acid buffer (pH 7.4), 0.02 g/ml bovine
serum albumin (fraction V, Sigma Chemical, St. Louis, MO) and 11
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HIMglucose. The left atrium and the apex of the heart were excised to
allow venous drainage and to maintain pulmonary venous pressure
close to zero. Pulmonary flow was then increased to 0.09 ml/g body
weight. Pulmonary artery pressure was measured by a cannula at the
tip of the pulmonary artery catheter and a transducer positioned at the
level of the lung apex. The lungs were carefully removed from the
thorax and suspended from a ligature on a beam balance. Weight
change was measured at 2-min intervals. When the lung was stable
(pulmonary artery pressure change <0.5 mmHg and weight change
<0.05 g) for 8-10 min, microvascular permeability was measured.

Lung Water and Microvascular Permeability Determination

We evaluated pulmonary toxicity by measuring: lung water and
microvascular permeability. TLW, expressed in ml/g dry tissue, was
calculated as the lung wet weight minus the lung dry weight divided by
the dry weight. Pulmonary microvascular permeability was determined
by the accumulation of '"I-albumin (New England Nuclear, Boston,
MA) in the lung during a 3-min perfusion. The radionuclide was
maintained under constant dialysis until use, to ensure that there was
no free iodine-125 contamination. After the isolated lung became stable,
I25l-albumin was added to fresh perfusate at 10*cpm/ml. Our perfusion

apparatus was designed to allow rapid changes in the perfusate entering
the lung without a change in perfusion flow. MÃ©thylÃ¨neblue was added
to the radiolabeled perfusate so that the 3-min perfusion timing could
be initiated as the blue perfusate entered the lung. I2sl-Albumin expo

sure was terminated by perfusing with fresh unlabeled perfusate for 4
min. The lungs were then removed from the perfusion cannula, rinsed
in perfusate, lightly blotted, and weighed. The radiolabeled albumin
content of the lungs and a I-ml sample of perfusate was measured using
a Beckman Biogamma counter adjusted for maximum iodine-125
counting efficiency. After counting, the tissue was dried to constant
weight in a microwave oven.

A similar procedure was used for the /// vitro experiments. After the
isolated lung became stable, the perfusate was switched to one contain
ing 0.9% NaCI placebo, IL-2 (2, 10, and 50 x IO3U/ml), or excipient.
A 5 min perfusion with this solution was followed by a 3-min perfusion
with 125I-albumin and 4-min wash.

The procedures described above and the calculations for measuring
permeability are similar to those used by Kern (19). The method is
based on Pick's first law of diffusion: the flux of a test molecule across

the endothelium under isogravametric conditions is due to diffusion
and is described by the equation, / = PSAC, where J is the flux of the
test molecule, P is the permeability, S is the surface area for exchange,
and AC is the solute concentration difference across the endothelium.
The flux is simply the amount (.I) of a test substance that moves into
the tissue during the exposure time (f): J = A/t = PS&C. Rearranging,
PS = AI tl'AC. PS is calculated as the amount of tracer (A) in the tissue
divided by the concentration difference across the endothelium (( ') and

the time for diffusion of the tracer into the tissue (I). Because the tissue
concentration of radiolabeled albumin is zero initially and changes little
over the short course of exposure, the concentration difference becomes
the vascular concentration. Although these calculations compute PS,
or permeability surface product, we report our results as I25l-albumin

uptake because the relative contributions of permeability and surface
area to the value are unknown.

Histology

Light microscopic examination of lung tissue was performed to
detect any IL-2 induced alterations. Lungs from two control animals
and two rats injected with 500,000 U IL-2 i.p. t.i.d. for 2 days were
fixed by trachea! instillation of a fixative consisting of 2% glutaralde-
hyde and 4% paraformaldehyde in phosphate buffer, pH 7.2. Sections
(2 i/iii) were stained with hematoxylin and eosin and examined under a
microscope.

Statistics

All data are reported as the mean Â±SD. Comparisons between
groups were made using an unpaired Student's t test. A /' value of

<0.05 was considered significant.

RESULTS

In Vivo. Intraperitoneal injection of IL-2, 500,000 U t.i.d.
increased TLW (Fig. 1) and 125I-albumin uptake (Fig. 2). In

rats injected for 1 day, albumin uptake nearly doubled from
0.47 Â±0.08 to 0.91 Â±0.28 cm3/s/g dry lung x 10~3. TLW

increased from 4.90 Â±0.14 to 5.57 Â±0.34 ml/g dry lung.
Longer injection periods (2, 3, or 4 days), increased both TLW
and albumin uptake further. Small amounts of fluid were seen
in the trachea in rats injected for 3 and 4 days and four (of
seven) lung preparations never became isogravametric preclud
ing measurement of TLW and albumin uptake and indicating
marked alteration of vascular permeability. Excipient (injected
for 4 days) caused no increase in TLW or albumin uptake.
Pulmonary artery pressure averaged 6.7 Â±0.3 mmHg and was
not appreciably different in any of the groups studied.

TLW (Fig. 3) and albumin uptake (Fig. 4) were significantly
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Fig. 1. Total lung water in rats injected in t.i.d. with 500,000 U IL-2 or with
excipient (X), Numbers in bars, N; *, P < 0.05 when compared to controls (O)
or excipient.
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Fig. 2. I25l-Albumin uptake in rats injected i.p. t.i.d. with 500,000 U IL-2 or
with excipient (X). Numbers in bars, N;*,P< 0.05 when compared to controls
(O) or excipient.
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Fig. 3. Total lung water in rats injected i.p. for 2 days with 0.9% NaCI control
(O) or IL-2. Numbers in bars. N;*,P< 0.05 compared to control.
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Fig. 4. 125I-Albumin uptake in rats injected i.p. for 2 days with 0.9% NaCl
control (O) or IL-2. Numbers in bars, N;*,P< 0.05 compared to control.
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Fig. 5. '"I-AIbumin uptake in rat lungs perfused with 0.9% NaCl control (O),
IL-2 or excipient (X) for 5 min. Numbers in bars, N\ *, P < 0.05 compared to

control or excipient.

increased only by IL-2 doses of 160,000 and 500,000 U t.i.d.
when the duration of injections was constant (2 days). TLW
increased by 10 and 24%, respectively, while albumin intake
was increased by 50 and 219%, respectively. Smaller doses
(10,000 and 40,000) and placebo injections (0.9% NaCl) had
no significant effect on either measure. Pulmonary artery pres
sures were similar in each of these groups.

In Vitro. Pulmonary artery pressure (6.5 Â±0.4 mmHg)
remained stable during perfusion with IL-2 and these lungs did
not gain weight. TLW was similar to control values for all
concentrations of IL-2 infused and in excipient perfused lungs.
However, albumin uptake (Fig. 5) was significantly increased
by 10,000 and 50,000 U/ml IL-2 (0.94 Â±0.15 and 0.82 Â±0.16
cm3/s/g dry lung x 10~3, respectively), but not by 2,000 U/ml.

Histology. Lungs from IL-2 injected rats (Fig. 6) demon
strated focal perivascular infiltration with eosinophils and
lymphoid cells and widened bronchovascular cuffs consistent
with increased lung water.

DISCUSSION

We have investigated the role of IL-2 on lung fluid balance
by measuring changes in lung water and albumin uptake. The
first measurement (when increased) reflects the presence of
pulmonary edema. The second measures the permeability of
the vasculature to proteins. We found that lung water and
pulmonary microvascular permeability are increased by IL-2 in
vivo. At very high doses, there was an increase in permeability
and lung water following a single day of i.p. injections. Toxicity
increased over time and was dose related. These results mirror
those obtained by Rosenstein et al. (10). Using IL-2-treated

mice, these investigators injected radiolabeled albumin i.v. and
allowed it to circulate for 2 h prior to the removal of various
organs. The radioactivity in these organs was compared to
identical organs obtained from animals which had not received
IL-2, and the ratio of radioactivity (called a permeability index)
was increased. This technique does not measure actual perme
ability. For instance, if pulmonary vascular pressures were
increased, then pulmonary intravascular volume would increase
by distension and recruitment thereby increasing lung radioac
tivity without a change in permeability. Furthermore, a 2-h
perfusion with radiolabeled albumin measures the volume of
distribution as well as permeability because albumin is trans
ported across the pulmonary endothelium with a half-life of
approximately 77 min (19). Thus, increased lung water from
any cause (increased vascular pressure, decreased lymphatic
drainage or increased vascular permeability) will increase the
measured lung radioactivity and the "permeability index" ratio.

The method we used avoids these problems by using a short
exposure time for the test molecule and by assuring equal
pulmonary artery pressures and isogravametric conditions. Al
though pulmonary artery pressures were not increased in our
in vivo experiments, this does not exclude the possibility that
increased pressures existed before we isolated the lungs. Never
theless, we have documented that there is increased albumin
permeability in the lungs of rats injected in vivo with IL-2 and
this could cause pulmonary edema.

At least part of the increase in permeability we measured in
vivo may be due to a direct effect of IL-2 on the pulmonary
microvasculature. Lungs exposed in vitro to IL-2 for just 5 min
show a dose-dependent increase in pulmonary microvascular
permeability. TLW is not increased under these circumstances
although this may be a result of the short time allowed for these
experiments. We cannot exclude the possibility that IL-2 re
leases some mediator(s) which result in increased permeability.
It is unlikely that these mediators are derived from lymphocytes,
since the isolated, perfused lungs should be almost completely
free of intravascular cells prior to IL-2 exposure. However, IL-
2 may induce tissue monocytes/macrophages to produce oxygen
radicals and secrete prostaglandins (12) both of which might
affect water and protein transport in the lung. When compared
to concentrations measured in clinical situations (4) or animal
models (20), the IL-2 dose used in these acute experiments is
extremely high. However, our results suggest that IL-2-induced
increased permeability does not require activated lymphocytes
and that brief exposures to high drug concentrations may be
sufficient for toxicity.

Other possible explanations for the increase in permeability
in these acutely exposed lungs include an effect of the IL-2
excipient, mannitol and sodium dodecyl sulfate. In contrast to
previous work (20), we found no evidence to support this
possibility. Endotoxin concentration of the IL-2 preparation is
below measurable levels and an unlikely cause of the observed
permeability changes.

In summary, we have measured an increase in lung microvas
cular albumin permeability following the administration of IL-
2 in vivo and in vitro. We suggest that IL-2 has some direct
effect on the pulmonary microvasculature and that the presence
of intravascular lymphoid cells, particularly LAK cells, is not
required since increased albumin uptake is evident after a brief
exposure to IL-2 in a cell free perfusate system. However, we
cannot exclude that IL-2 causes some of its effects through
stimulation of lymphokine secretion from interstitial or alveolar
monocytes/macrophages. Such secretions might augment any
direct effect initiated by IL-2.
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Fig. 6. Light micrographs of hematoxylin
and eosin-stained lung sections from control
rat (A) and from IL-2 (500,000 U i.p. t.i.d. for
2 days) injected rat (B). B, focal perivascular
edema and infiltration with eosinophils and
lymphoid cells. Bar â€”10 tun in both 6A and
6B.
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