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ABSTRACT

Interleukin-2 (IL-2), a glycoprotein
lymphokine derived from activated T-lym-
Phocytes displays potent anti-cancer proper-
ties but its therapeutic use has been limited
by generalized tissue swelling. To shed light
on the mechanism underlying this poten-
tially life-threatening edematogenic syn-
drome, recombinant IL-2 or an equal
volume of control solution (excipient or
5% dextrose) was administered to 88 adull,
male Sprague-Dawley rats. Initially, rats
were injected with 50,000 Cetus units
(equal to 300,000 1.U.) of IL-2 intraperito-
neally, either one-time ("acute" rats) or
every eight hours for two or seven days
("chronic" rats). Thereafter, under pento-
barbital anesthesia, the main mesenteric
lymph duct was isolated, incised, and
measurements made of intestinal lymph
flow (],) and the total protein content and
protein fractions in lymph (L) and plasma
(P) (refractometry and agarose gel electro-
Phoresis, respectively). Final measurements
were also carried out after superior mesen-
teric vein constriction to assess filtration-
independent L/P total protein "washdown."
After IL-2, J,, and protein clearance (I, x
L/P) were increased (p<0.001) while
lymph and plasma total protein content
and protein fractionation were unchanged.
Protein washdown was also maintained.
These data are not only inconsistent with
bulk "plasma leak" from damaged capillar-
ies, but in conjunction with previously

demonstrated increased cardiac output and
reduced systemic vascular resistance after
IL-2 administration, the findings favor
augmented microvascular surface exchange
area from increased capillary perfusion as
the primary mechanism underlying in-
creased transcapillary liquid and protein
flux. This conclusion conforms to the rapid
reversal of edema in patients after cessa-
tion of IL-2 therapy.

Interleukin-2 (or IL-2), a 15,000
dalton glycoprotein intimately involved in
the biology of inflammation and the im-
mune response, acts primarily as a stimu-
lant of lymphocytes and of lymphokine-
activated killer cell mitogenesis (1), and
exhibits potent anti-growth activity against
malignant tumors (1,2). A major limiting
toxicity of IL-2 therapy, however, has
been massive fluid retention, occasionally
with life-threatening pulmonary edema.
This complication has commonly been
attributed to a "vascular leak syndrome"
from disruption in microvascular integrity
by mononuclear cells activated by IL-2
(so-called LAK cells) (3). Although LAK
cells appear to damage endothelial cells
in vitro (4), physiologic evidence of capil-
lary disruption has not been clearly dem-
onstrated in the intact host(5,6). In order
to elucidate further the nature of IL-2’s
edematogenic side effect, we examined
lymphatic transport of liquid and protein
in the rat small intestine after a clinical
dosing regimen of IL-2.
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Table 1
Effect of IL-2 in Rats on Intestinal Lymph Flow (J,), Total Protein
Concentration (tp) of Intestinal Lymph (L) and Plasma (P), the
Lymph/Plasma Protein Ratio (L/P) and Protein Clearance (J,xL/P)

Group n Iy Py L L/P Iy xL/P
(ul/min)  (mg/ml)  (mg/m)  (tp ratio) (ul/min)
Control 33 12.1+5.3* 58.8+5.6 36.119.6 62+.15 7.0+2.6
2 hour IL-2 11 21.0+5.4% 64.5£2.9 404+3.2 62+.12 13.0+3.01
2 day IL-2 16 25.8+101 58.7+5.5 371169 64+.10 16.2+6.1t
7 day IL-2 28 25.4+14% 60.0:6.3 34.4+8.1 58+.14 14.41+8.1%

* Data shown as meantS.D.
T p <.001 compared with control.

MATERIALS AND METHODS

Eighty-eight adult Sprague-Dawley
rats (body weight 368+50gms; meantSD)
were divided into groups receiving either
human recombinant IL-2 (Cetus Corpora-
tion, Emeryville, CA) or a control solu-
tion of either IL-2 excipient (Cetus) or
5% dextrose in water. Rats were injected
intraperitoneally either with a control
solution or with 50,000 Cetus units (equal
to 300,000 L.U.) one time ("acute” rats) or
every 8 hours for 2 or 7 days ("chronic”
rats). These time intervals were arbitrarily
chosen to simulate short-term and some-
what longer term administration of IL-2
as used in treatment of human subjects.
Following light anesthesia with intraperi-
toneal pentobarbital (~5mg), the main
intestinal lymphatic paralleling the superi-
or mesenteric artery was identified, in-
cised, and a juxtaposed calibrated micro-
Jpipet positioned to collect timed samples
of lymph. Intestinal lymph flow (J,)) was
serially measured and total protein con-
tent of extremely small samples of both
plasma and lymph determined by refrac-
tometry (A-O TS meter). In "acute” ex-
periments, J,, was taken as the average
lymph flow between 90 and 120 minutes
after administration of IL-2 allowing 10-
20 minutes for control (equilibration)
time following preparatory manipulation.
In "chronic" experiments, J,, was taken as
the average lymph flow over 20-40 min-
utes after an equilibration time of 10-20

minutes following preparatory manipula-
tion. Agarose gel separation of protein
species of different molecular weights
(albumin, alpha-1 and -2, beta, and gam-
ma globulin) was also carried out in 18
rats (9 controls) on aliquots of plasma
and lymph in 2-day chronic IL-2 rats to
examine possible internal shifts in the
distribution of protein fractions. Prior to
termination of the experiment, increased
mesenteric microvascular pressure was
induced by superior mesenteric vein con-
striction in 43 rats (18 controls), and
maximum dilution of mesenteric lymph
protein content during heightened water
flux was determined (filtration-indepen-
dent protein "washdown") (7). Intestinal
lymph protein clearance was calculated as
JyxL/P. Data were subject to analysis of
variance and student 2-tailed t test using
SPSS (Statistical Package for the Social
Sciences).

RESULTS

Although no deaths occurred, many
chronic IL-2 rats accumulated intraperito-
neal fluid. Maximal intestinal lymph flow
(Jy) increased approximately two-fold
overall (Table 1 and Fig. 1), but both the
total protein content of plasma and lymph
and the L/P protein ratio (shown in Ta-
ble 1) and the protein fractions (Fig. 2)
were unaltered after IL-2 therapy. As J,,
increased, however, protein clearance or
JyxL/P increased proportionately (Fig. 3).
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Fig. 1. Effect of acute (2 hour) and chronic IL-2
(2 and 7 days) IL-2 administration on intestinal
lymph flow (J,;) showing an approximate two-fold
increase in fluid transport. Shaded area represents
control values +S.D. Note that each point repre-
sents the mean of at least three separate timed
measurements for volume flow of intestinal lymph
to reach 0.1ml.
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Fig. 2. Unaltered protein fractions (agarose gel
electrophoresis) of plasma and intestinal lymph
after 2-day IL-2 administration. The open bars
represent controls (i.e., no IL-2) whereas the solid
bars are the results after IL-2 administration. In
the control group, total protein in plasma was
56.1+5.5mg/ml whereas that in lymph was
35.0+7.9mg/ml (mean +S.D.). In the IL-2 group,
total protein was 56.0 +6.9mg/ml whereas that of
lymph was 34.1+7.8mg/ml, not significantly
different from the control.

Nonetheless, induction of increased mes-
enteric hydrostatic pressure yielded
prompt dilution ("washdown") of intesti-
nal lymph protein as lymph flow in-
creased in both acute and chronic IL-2
rats (Fig. 4). Among control rats, there
was no difference in the results whether
the "vehicle" (excipient) or 5% dextrose in
water was administered.

DISCUSSION

These experimental findings need to
be viewed in the context of updated con-
cepts regarding transcapillary liquid and
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Fig. 3. Effect of IL-2 administration on lymph
liquid (1) and protein clearance (J,xL/P). Note
that as J, increased, protein clearance increased
proportionately. The geometric symbols represent
individual rat responses in each designated group.
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Fig. 4. Effect of increased mesenteric microvascu-
lar pressure (acute superior mesenteric venous
constriction) on lymph protein "washdown."” After
IL-2 administration (2 hours, 2 days, 7 days)
maximal dilution of lymph protein occurred with-
in 20 minutes as intestinal lymph flow further in-
creased. These data were similar to control rats
after superior mesenteric vein constriction (total
protein 35.0+6.9 before and 20.2 +4.7mg/ml after

constriction).

protein movement and the pathogenesis
of edema. According to the Starling hy-
pothesis, edema or effusion arises from
an imbalance between net capillary filtra-
tion and the rate of lymph absorption (8)
or

AIFV=K{(P.B)-o[r-)}-Iy
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where IFV =interstitial fluid volume;
K= a filtration coefficient that takes into
account the nature of the capillary barrier
and the perfused surface area; P.=capil-
lary hydrostatic pressure; P,=tissue pres-
sure; o=solute reflection coefficient;
m,=plasma oncotic pressure; T, =tissue
oncotic pressure; J,=net transcapillary
liquid transport or lymph flow.

An imbalance in this equilibrium
can arise either from a high output failure
of the lymph circulation, where increased
net capillary filtration outpaces lymph
absorption, or, alternatively, in a low
output failure where lymph absorption is
primarily reduced (8).

The findings reported here in the
rat small intestine, by others in the sheep
lung (5,6,9) and by us previously in canine
central lymph (10) consistently demon-
strate an accelerated rate of lymph flow
after IL-2 treatment. Greater lymph pro-
duction may derive from a heightened
transcapillary gradient of hydrostatic
pressure (ie., TP-P) or a reduced gradi-
ent of oncotic pressure (i.e., |7,-1,). The
preponderance of clinical and experimen-
tal observations (5,6,9,11) favor that after
IL-2 administration, microvascular pres-
sure is not elevated, at least not early in
the edema syndrome. Furthermore, as
shown in the present experiments, plasma
protein content (and therefore, plasma
oncotic pressure) and intestinal lymph
protein content (an approximation of
tissue oncotic pressure) are both unal-
tered indicating that 7,-m, is also un-
changed. In this context, it is also note-
worthy that the microvascular response is
similar whether IL-2 is given as a single
bolus or administered repeatedly over
several days suggesting the effect is nei-
ther progressive nor cumulative.

The source of surplus lymph (and
eventually edema fluid) after IL-2, there-
fore, most likely relates to an elevated
capillary filtration coefficient (K;). Al-
though K, characteristically increases after
disruption in capillary integrity as in ther-
mal burns, plasma in this circumstance
tends to leak in bulk from the vascular
compartment resulting not only in in-
creased J,, but also greater tissue oncotic

pressure (i.e., 1L/P protein) and a great-
er proportion of high molecular weight
solute in lymph (i.e., less selective restric-
tion) (12). Moreover, as microvascular
integrity is compromised, protein "wash-
down" no longer occurs when microvascu-
lar hydrostatic pressure is raised (i.e.,
capillaries are functionally fenestrated)
(12). Note that this constellation of find-
ings is not what occurs in the rat intesti-
nal microcirculation after IL-2 treatment,
where tissue oncotic pressure (total pro-
tein) and protein fractions are unaltered
and protein washdown remains intact.

The expressions capillary "permeabil-
ity" and "porosity" are clinically too often
used imprecisely when applied to the
complex phenomenon of liquid and solute
movement in the microcirculation (12).
An understanding of transcapillary pro-
tein movement (Jp), for example, pre-
sumes knowledge of the nature of the
capillary barrier, the surface area avail-
able for microcirculatory exchange, and
transport mechanisms of "convection” and
"diffusion” (14). These phenomenologic
factors for microvascular solute transport
are usually expressed as

Jo=J, (1-0) Cs+ PSe AC

where Jp=transcapillary protein flux;
Jy=volume flux or lymph flow; Cg = the
mean transmembrane protein concentra-
tion; P=the solute permeability of the
capillary membrane; S=the membrane
surface area; AC=the protein concentra-
tion difference between plasma (C;) and
lymph (C,); o=the reflection coefficient.
The expression J,(1-0)Cg denotes the
component of protein flux by filtration-
convection (i.e., derived from microvascu-
lar hydrostatic pressure) and PSeAC
expresses the component of protein flux
by diffusion (i.e, from the transvascular
protein concentration differential). In this
context, the term "permeability-surface
area product” or PS is crucial. Whereas in
vitro effects of IL-2 on vascular endotheli-
um have suggested direct injury from IL-2
activated LAK cells (4), our in vivo exper-
imental findings are inconsistent with
increased permeability (P) as occurs with
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endothelial disruption, "stretched pores,"
or a greater preponderance of larger
filtering pores. Rather our data after IL-2
are most consistent with a greater capil-
lary exchange surface area (S) as from
recruitment of newly perfused capillaries
with opening of more pores of a similar
size. This interpretation conforms with
the known hemodynamic changes pro-
duced by IL-2 (increased cardiac output,
profound fall in systemic vascular resis-
tance, and often systemic hypotension)
(9,15) and also with the apparent rapid
reversibility of effects including rapid
resolution of edema after stopping IL-2
treatment (3,11). A "physiologic” rather
than a "pathologic” or "toxic" effect of
IL-2 also conforms to the observation
that the microcirculatory response in the
rat small intestine is neither progressive
nor cumulative with repeated dosing.

Taken together, the findings suggest
that IL-2 mediates an inflammatory re-
sponse through a rapid yet reversible
alteration in microcirculatory exchange of
liquid, macromolecules, and immune
cells. This powerful lymphokine accom-
plishes this task physiologically without
incurring protracted damage to the endo-
thelial lining. In this way, immunologic
events are facilitated yet rapidly turned
on and off without permanent tissue
injury. In short, IL-2 at least in the intes-
tinal microcirculation promotes a vascular
"leak" not by capillary disruption, but
through capillary recruitment and greater
perfusion with an enhanced microvascular
filtering surface area for solute and liquid
exchange.
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