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Induction of dog IL-1 by free and liposomal
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Liposomal encapsulated doxorubicin, free doxorubicin
and a mixture of free doxorubicin plus empty liposomes
were observed to induce the production and release of IL-
1 from dog peripheral blood lymphocytes (PBLs) in vitro
whereas empty liposomes were observed not to induce
IL-1 when evaluated with the EL-4/CTLL-1 biological as-
say. Tumor necrosis factor was not induced as measured
by the L-929 biological assay. Maximum IL-1 induction
occurred at doxorubicin concentrations of 0.3-0.8 png/ml.
Dog PBLs can be classified as low, moderate and high
responders according to their response to doxorubicin
induced IL-1 release. Agarose immobilized doxorubicin
does not induce IL-1 Indicating that internalization of
doxorubicin Is required for IL-1 release. Limulus amebo-
cyte lysate testing of doxorubicin indicates that endo-
toxin contamination is not responsible for this observed
release of IL-1.

Key words: Beagle dog, doxorubicin, IL-1, liposomes,
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introduction

The anthracycline antibiotic doxorubicin has a wide
range of anti-tumor activity being useful in treating
both hematologic malignancies and solid tumors.’
Its mechanism of action is multi-fold and includes
binding and intercalation into DNA,2 DNA strand
damage,® inhibition of topoisomerase 11, and da-
mage to cell membranes.® Toxicities include bone
marrow depression, GI ulceration, alopecia and an
irreversible, therapy limiting cardiomyopathy which
limits the total cumulative dose of doxorubicin that
can be safely given to 550 mg/m2.% Liposomal en-
capsulation of doxorubicin has been proposed as a
method to retain or enhance anti-tumor efficacy yet
reduce the severity of doxorubicin associated toxi-
cities allowing the use of doxorubicin in excess of
550 mg/m? cumulative dose in patients with re-
sponsive tumors. Kanter et al.” reported the results
of a comprehensive multispecies preclinical toxico-
logic evaluation of liposomal encapsulated doxor-
ubicin in comparison with free doxorubicin in dogs
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and observed a 50% increase in the maximally tol-
erated dose for liposomal encapsulated doxorubicin
as compared to free doxorubicin with an overall
reduction the the severity of organ specific toxici-
ties. A unique toxicity of liposomal encapsulated
doxorubicin observed in 50% of the dogs was pyr-
exia occurring 12-18 h post-treatment which was
independent of dose. This report elucidates the
mechanism of this delayed pyrexia by evaluating
the response of dog peripheral blood lymphocytes
(PBLs) treated in vitro with liposomal encapsulated
doxorubicin and its components.

Materials and methods
Preparation of free doxorubicin

A 10 mg vial of Adriamycin RDG (Adria Laborator-
ies, Columbus, OH) was reconstituted using 5 ml of
0.9% sodium chloride solution.

Preparation of liposome encapsulated
doxorubicin

Liposomal encapsulation was accomplished as de-
scribed previously.’

Preparation of agarose immobilized
doxorubicin

Agarose immobilized doxorubicin was synthesized
using Reacti-gel 6X (Pierce Chemical, Rockford, IL)
as described by Tritton.> [**C]Doxorubicin hydro-
chloride labeled at the carbon 14 position
(17.0 mCi/mmol, 29 pCi/mg; SRI International,
Menlo Park, CA) was included in order to quanti-
tate doxorubicin substitution of the agarose bead
and to follow stability of the agarose-immobilized
doxorubicin. The drug-agarose mixture was
washed with saline until background levels of
radioactivity were obtained and sterilized with
70% ethanol/water for 24 h.
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Dog PBL isolation

Whole blood was collected by venipuncture from
beagle dogs obtained from the dog colony of this
Institute. Sodium citrate (3.8%) was added as anti-
coagulant to a final concentration of 5% (v/v), the
whole blood layered onto Histopaque 1077 (Sigma,
St Louis, MO) and centrifuged at 400 g for 30 min at
18°C. The PBLs were removed with a Pasteur pipet
and washed 4 times with phosphate buffered saline
(PBS). The cells were resuspended to a concentra-
tion of 1 X 10° cells/ml in 5% heat inactivated FCS
in RPMI 1640 medium supplemented with 200 pM
L-glutamine, 100 U/ml penicillin and 100 pg/ml
streptomycin (Gibco BRL, Grand Island, NY).

In vitro induction of IL-1

Doxorubicin preparations were diluted in 5% heat
inactivated FCS in RPMI 1640 medium and distrib-
uted to the wells of a 24-well plate. Gamma irra-
diated lipopolysaccharide (LPS) from Escherichia
coli 055:B5 (Sigma) was included as a positive con-
trol. Dog PBLs (1 ml) were added to each well and
the plate incubated for 48 h at 37°C (5% CO, atmo-
sphere). The plates were centrifuged at 400 g for
10 min, the conditioned medium aspirated and eval-
uated for cytokine activity as described below.

IL-1 quantitation

The two-stage IL-1 assay developed by Simon et al.®
was modified by the use of XTT? for the final cell
quantitation. The EL-4 and CTLL-2 cell lines were
obtained from the American Type Culture Collec-
tion (Rockville, MD). Briefly, 100 pl test material
was serially, 2-fold diluted in a 96-well plate using
2% heat inactivated FCS in RPMI 1640 medium. Log
phase EL-4 cells were washed twice with PBS, re-
suspended at a concentration of 1 X 10° cells/ml in
2% heat inactivated FCS in RPMI 1640 medium and
100 pl of this cell suspension added to the wells of
96-well plate. Stock solutions of A23187 (Sigma, St
Louis, MO) in dimethyl sulfoxide were diluted with
2% FCS/RPMI 1640 to 5 X 10~7 M with 50 pl being
added to each well of the 96-well plate. The 96-well
plates were incubated overnight at 37°C in a humi-
dified atmosphere of 5% CO,. The next day the
plates were centrifuged (400 g, 10 min, 4°C) fol-
lowed by the transfer of 100 pl of cell-free condi-
tioned medium from each well to a second 96-well
plate. CTLL-2 cells, maintained in the presence of
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rIL-2, were washed 4 times with riL-2-free RPMI
1640, resuspended to a concentration of
2 X 10° cells/ml in 10% heat inactivated FCS in
RPMI 1640 medium with 100 pl of the cell suspen-
sion being added to the wells of the second 96-well
plate. The 96-well plates were incubated for 48 h at
37°C followed by the addition of 50 pl of 1 mg/ml
XTT (Polysciences, Warrington, PA) plus 0.025 mM
phenazine methosulfate (PMS; Sigma) in RPMI 1640
medium to each well. After an additional 18 h in-
cubation, the metabolism of XTT was determined by
measuring the absorbance at 450 nm with a BIO-
TEK plate reader. Human riL-1 f§ (Genzyme, Cam-
bridge, MA) was included as a positive control.

IL-2 quantitation

Serially 2-fold diluted dog PBL conditioned medium
was mixed with an equal volume of IL-2-free CTLL-2
cells (2 X 10° cells/ml) followed by incubation at
37°C for 48 h. Cell proliferation was quantitated
using the XTT assay as described above.

Tumor necrosis factor (TNF) quantitation

TNF was quantitated by the L-929 mouse fibroblast
lytic assay as described by Aggarwal et al.'® L-929
mouse fibroblasts and TNF were kindly provided by
Dr W Dembinski of this Institute.

Pyrogen determination

Pyrogen determination was performed using the
Limulus amebocyte lysate E-TOXATE kit (Sigma).

Results

Treatment of dog PBLs with liposomal
encapsulated doxorubicin and its com-
ponents

Table 1 lists the results of the in vitro treatment of
dog peripheral blood lymphocytes with various pre-
parations of liposomal and free doxorubicin. LPS
stimulation produces a dramatic increase in IL-1
as measured by the EL-4/CTLL-2 assay and a con-
comitant rise in TNF release as measured by the
L-929 biologic assay. Treatment of dog PBLs with
0.1 ug/ml doxorubicin, 0.1 pg/ml liposomal encap-
sulated doxorubicin, 0.1 pg/ml free doxorubicin



Table 1. Treatment of dog PBLs with doxorubicin

IL-1 TNF

Control 0.132 U/ml 0.039 U/ml
Lipopolysaccharide 629.75 U/ml 0.274 U/ml
Free doxorubicin

0.1 pg/mi 0.098 U/ml 0.042 U/mli

1.0 png/ml 11.567 U/ml 0.041 U/ml

(87.6-fold)®

Lipo-doxorubicin®

0.1 pg/ml 0.111 U/ml 0.043 U/mi

1.0 pg/mi 8.415 U/ml 0.046 U/ml

63.75-fold)¢
Free liposome® ( o)

0.1 ug/ml 0.122 U/ml 0.043U/ml
1.0 pg/mi 0.105 U/mi 0.038 U/mi
(0.79-fold)°
Free liposome® + free doxorubicin
0.1 pg/mi® 0.145 U/mi 0.039 U/mi
1.0 pg/mi® 6.558 U/ml 0.036 U/ml

(49.68-fold)°

2 Doxorubicin concentration.

b Concentration of free liposome equivalent to liposome encapsu-
lated doxorubicin.

¢ Stimulation index = treated/control.

plus empty liposomes or empty liposomes did not
induce significant measurable IL-1 or TNF. Treat-
ment with 1.0 pg/ml free doxorubicin, 1.0 pg/ml
liposomal encapsulated doxorubicin or the mixture
of 1.0 ug/ml free doxorubicin plus empty liposomes
resulted in a 49- to 88-fold increase in the release of
measurable IL-1. No significant change in TNF or IL-
2 levels were observed. Empty liposomes did not
increase IL-1, IL-2 or TNF from negative control
levels.

Titration of dog PBLs with doxorubicin

PBLs from seven dogs were treated with increasing
concentrations of doxorubicin and the results pre-
sented in Figure 1. PBLs from all animals demon-
strated an increase in IL-1 release with increasing
doxorubicin concentrations. It is apparent that there
are three levels of response to doxorubicin treat-
ment: low responders with maximum IL-1 release of
27-62 U/ml, moderate responders with maximum
IL-1 release of 150-170 U/ml and high responders
with maximum release of 869-1459 U/ml. Table 2
lists the control IL-1 levels, the doxorubicin concen-
trations resulting in maximal IL-1 release and the
corresponding stimulation index. Maximum IL-1
production was observed to occur with doxorubi-
cin concentrations ranging from 0.3 to 0.8 pg/ml
with four of seven dogs demonstrating maximal
IL-1 release at 0.6 pg/ml.

Induction of dog IL-1 by doxorubicin
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Figure 1. Induction of IL-1 by doxorubicin. PBLs from
seven dogs were treated with increasing concentrations
of doxorubicin for 48 h. The conditioned medium was
quantitated for IL-1 using the EL-4/CTLL-2 bioassay.

Titration of dog PBLs with agarose
immobilized doxorubicin

Treatment of dog PBLs with agarose immobilized
doxorubicin (Figure 2) demonstrated an increase in
IL-1 release of 26.2 U/ml at 0.8 ng/ml immobilized
doxorubicin. The medium from the agarose immo-
bilized doxorubicin treated PBLs was evaluated for
(**Cldoxorubicin activity and is listed in Figure 3. At
0.8 pg/ml immobilized doxorubicin, 0.314 pg/ml
soluble doxorubicin was quantitated in the growth
medium suggesting that the observed IL-1 activity in
the immobilized doxorubicin group is induced by
soluble doxorubicin and not due to immobilized
doxorubicin. Treatment with free doxorubicin resul-
ted in a peak IL-1 release of 64.7 U/ml at 0.4 pg/ml
doxorubicin. Free agarose did not significantly in-
crease IL-1 levels from control values. Treatment
with a mixture of free doxorubicin and free agarose
resulted in peak IL-1 release of 32.1 U/ml at 0.4 pug
doxorubicin.

Endotoxin testing

Endotoxin testing of doxorubicin using the limulus
amebocyte lysate (LAL) clot assay was conducted to
ensure that endotoxin contamination was not re-
sponsible for the observed IL-1 release (Table 3).
The level of sensitivity of the E-TOXATE test kit is
0.125 EU/ml when performed according to the
manufacturers instruction. Doxorubicin does not
demonstrate any endotoxin contamination at the
level of sensitivity of 0.125 U/ml of the E-TOXATE
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Table 2. Doxorubicin concentrations inducing maximum IL-1 release

Dog 0 pg/mi doxorubicin Maximum IL-1 [Doxorubicin] Stimulation
index?

A 346.20 U/ml 1458.70 U/ml @ 0.3 pg/mi 4.21

B 17.43 U/ml 17045U/m @ 0.4 pg/mi 9.78

Cc 1.38 U/ml 4165U/m @ 0.6 pg/mi 30.18

D 3.80 U/mi 61.32U/m @ 0.6 ng/ml 16.14

E 137.90 U/ml 869.30 U/ml @ 0.6 ng/ml 6.30

F 50.90 U/ml 150.45 U/ml @ 0.6 ng/ml 2.96

G 0.00 U/ml 27.05U/ml @ 0.8 pg/ml —_

2 Gtimulation index = doxorubicin treated/control.

iL-1, U/ml

Doxorubicin, pg/mi

Figure 2. Dog PBLs were treated with agarose
immoliblized doxorubicin (A), free doxorubicin (+), free
agarose (M) or a mixture of free doxorubicin and free
agarose (@) for 48 h with IL-1 activity being quantitated
as described in Materials and methods.
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Figure 3. Release of doxorubicin from agarose immobi-
lized doxorubicin. [**C]Doxorubicin was used to synthe-
size agarose immobilized doxorubicin. Dog PBLs were
treated with agarose immobilized doxorubicin for 48 h. So-
luble doxorubicin was quantitated by liquid scintillation
counting of conditioned medium.

358 Anti-Cancer Drugs - Vol 5 - 1994

Table 3. Endotoxin testing of doxorubicin

clot formation

doxorubicin

doxorubicin + endotoxin
negative control

0.5 EU/mI

0.25 EU/mI

0.125 EU/mI

0.0625 EU/mI

0.031 EU/mI

0.0156 EU/mi

b+ ++ 1+

|

—IGOTMMOOm>

test kit. When endotoxin and doxorubicin were
mixed, clot formation proceeded normally indicat-
ing that inhibitory substances are not present in the
doxorubicin sample which would prevent the de-
tection of endotoxin contamination.

Discussion

The purpose of this study was to identify the etiol-
ogy of a delayed pyrexia phenomenon (12-18 h
post-treatment) in dogs observed during the
preclinical toxicologic evaluation of intravenously
administered liposomal encapsulated doxorubicin.’
Liposome encapsulation of doxorubicin results in a
greater uptake by the phagocytic cells of the reti-
culoendothelial system'*'? suggesting that soluble
mediators of inflammation, such as IL-1 and TNF,
may be responsible for the observed pyrexia.

Doxorubicin (free, liposome encapsulated or
mixed with empty liposomes) was observed to in-
duce IL-1 in dog PBL cultures. The EL-4/CTLL-2
bioassay demonstrated that 1.0 pg/ml free doxoru-
bicin, 1.0 pg/ml liposomal encapsulated doxorubi-
cin, and the mixture of 1.0 pg/ml free doxorubicin



and free liposomes were capable of inducing IL-1 in
48 h dog PBL cultures. No IL-1 was induced by free
liposomes indicating that the doxorubicin compo-
nent was responsible for the observed IL-1 release.
TNF and IL-2 were not induced by doxorubicin
treatment.

Doxorubicin treatment of PBL cultures from se-
ven dogs demonstrated the individual variation of
both control and inducible levels of IL-1 requiring
the establishment of baseline values for each animal
(Figure 1 and Table 2). The 48 h untreated control
values for IL-1 ranged from 0 to 346.2 U/ml. All
animals responded to doxorubicin treatment with
maximum IL-1 release of 27.05-1458.70 U/ml
occurring after 0.3-0.8 pg/ml doxorubicin treat-
ment. Four of the dogs demonstrated peak IL-1
release at 0.6 pg/ml doxorubicin. In addition, three
categories of IL-1 response to doxorubicin were
observed. Low responder dogs demonstrated max-
imum IL-1 release of 61 U/ml or less, moderate
responder dogs demonstrated maximum IL-1 re-
lease of 170 U/ml and high responder dogs demon-
strated maximum IL-1 release of 1460 U/ml. This
may explain why approximately 50% of the liposo-
mal encapsulated doxorubicin treated dogs were
observed to develop an increase in body tempera-
ture during the preclinical toxicology study.” PBLs
from four of seven (57%) of the test animals sampled
appear to be moderate or high responders and may
be the dog population susceptible to IL-1 mediated
pyrexia upon liposomal encapsulated doxorubicin
treatment.

Tritton® had reported that the membrane of mam-
malian cells may be a likely target for doxorubicin
mediated cytotoxicity. In order to determine
whether the observed IL-1 release is mediated by
doxorubicin-membrane interactions or requires
doxorubicin internalization, dog PBLs were treated
with agarose-immobilized doxorubicin (Figure 2).
Agarose-immobilized doxorubicin treatment resul-
ted in a 2.7-fold increase in IL-1 of 26.2 U/ml at
0.8 pg/ml immobilized doxorubicin as compared
with control levels. Evaluation of the conditioned
medium for soluble [**ClDoxorubicin (Figure 3)
confirmed that 39.2% of the 0.8 pg/ml immobilized
doxorubicin had been released to the medium over
the 48 h culture period and is likely responsible for
the observed IL-1 release. This observed instability
of doxorubicin bound to agarose is consistent with
other observations in which leakage rates of up to
1% bound drug per hour have been obtained.'*
Treatment with free doxorubicin resulted in a
6.66-fold increase in IL-1 release of 64.7 U/ml at
0.4 ng/ml while the treatment combination of free

Induction of dog IL-1 by doxorubicin

doxorubicin and free liposomes resulted in the 3.30-
fold increase in IL-1 release of 32.1 U/ml at 0.4 pg/
ml. These results indicate that doxorubicin must
enter the cell in order to elicit the observed IL-1
release. Stimulation of the cell membrane by direct
contact with agarose-immobilized doxorubicin or
by free agarose beads does not stimulate the
release of IL-1.

The doxorubicin component of liposomal encap-
sulated doxorubicin appears to be the etiologic
agent for the induction of IL-1. Since it is derived
from the fungus Streptomyces peucetiusvar. caesius,
the potential exists that pyrogen contamination may
be responsible for the observed IL-1 effect. The
injection of pyrogen results in a rapid increase in
body temperature 1-3 h post-injection which is
inconsistent with the observed delayed pyrexia
(12-18 h  post-injection).” However, liposomal
encapsulation may delay the release of pyrogen
contaminants resulting in the observed increase
in body temperature within 24 h. LAL testing indi-
cated the lack of measurable pyrogen contamina-
tion of doxorubicin and the inability of doxorubicin
to directly inhibit the LAL clot forming assay.

These results indicate that internalization of
doxorubicin, either free or liposome encapsulated,
results in the release of IL-1 by dog PBLs in
vitro. Intravenous administration of free doxorubi-
cin results in initial peak plasma concentrations''
comparable with those doxorubicin concen-
trations observed to induce IL-1 én vitro. Patients
treated with 60 mg/m? doxorubicin attain 60 min
post-infusion doxorubicin plasma levels of 200-600
ng/ml which rapidly decline to 60 ng/ml at S h
post-infusion.!’ This rapid decline, due to drug
metabolism and redistribution of the free drug
from plasma to tissue, results in concentrations
incapable of inducing IL-1 in vitro and explains
why dogs treated with the free drug do not develop
pyrexia.” Liposome encapsulation modifies the
tissue distribution of doxorubicin resulting in the
accumulation of the drug by phagocytic cells.!?!3
This results in the prolonged exposure of these
cells to doxorubicin concentrations capable of
inducing IL-1 release, giving rise to the observed
delayed pyrexia phenomenon.’
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