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ABSTRACT

A liposome-encapsulated form of doxorubicin (TLC D-99), which was

shown in preclinical toxicology to be less toxic to the gastrointestinal tract
and myocardium than free doxorubicin, was administered by constant
infusion (1.00-1.80 h) to 38 patients in single doses of 20,30,45,60,75, and
90 mg/m2 every 3 weeks and daily for 3 days at doses of 20, 25, and 30
ing/nr'/da\. The dose-limiting toxicity was leucopenia: the maximum tol

erated doses were one at 90 mg/m2 and three at 25 mg/nWday. Nausea,

vomiting, and stomatitis were minimal or absent at each dose; alopecia
was minor. Fever and chills were noted at most of the doses, and malaise
was seen in some patients, especially at the higher doses. No hepatic, renal,
or other organ toxicities were observed. Clinical cardiac toxicity was not
observed in any patient; however, the cumulative doxorubicin dose was
greater than 400 mg/m2 in only one patient. There was large variation

among patients in estimated pharmacokinetic parameters and profiles.
Higher plasma levels and dose intensities were achieved with TLC D-99
than were predicted for free doxorubicin. Liposome-encapsulated doxo

rubicin was well tolerated and produced less nausea, vomiting, and sto
matitis than would be expected with free doxorubicin administered at
equally myelosuppressive doses.

INTRODUCTION

Doxorubicin is an anthracycline antibiotic that has become pan of
standard treatment regimens for both hematological malignancies and
solid tumors ( 1). Its dose-limiting toxicity is myelosuppression. which
is not cumulative (2-4): its therapy-limiting toxicity is a cumulative,
dose-dependent irreversible cardiomyopathy that leuds to congestive
heart failure in 1-10% of patients receiving a total dose of more than
550 mg/m2 (5-6). Doxorubicin also causes significant gastrointestinal

toxicity, which may occur both soon after drug administration (nausea,
vomiting, diarrhea) and within 7-10 days (stomatitis) (7). Because

these toxic effects limit the use of doxorubicin. a great deal of research
has been carried out to identify drugs that retain the antitumor activity
of doxorubicin but have less cardiac and gastrointestinal toxicity.

One approach has been to encapsulate doxorubicin in liposomes
since liposomes alter the pharmacokinetic and biodistribution proper
ties of the entrapped agents (8-10). Liposomes direct drugs away from

sites which have tight capillary junctions such as the heart muscle and
the gastrointestinal tract and toward sites with loose capillary junc
tions, such as bone marrow and tumor, and to organs rich in the
reticuloendothelial system, such as the liver, spleen, and lymph nodes.

Received 7/10/92; accepted 4/8/9.1.
The costs of publication of this article were defrayed in pan by the payment of page

charges. This article must therefore be hereby marked advertisement in accordance with
18 U.S.C. Section 1734 solely to indicate this fact.

1Supported by USPHS Grants CA2I07I and CA16056 and the Liposome Company.

Princeton. NJ.
2 Present address: Cetus Oncology. Division. Chiron Corporation. Emeryville. Cali

fornia 94608-2916
3 To whom requests for reprints should be addressed, at Division of Investigational

Therapeutics, Roswell Park Cancer Institute. Buffalo. NY 14263.
4 Present address: University of Michigan Medical Center. Ann Arbor. Ml 4X109-0504.
5 Present address: Hoffmann-La Roche. Nutley. NJ 07110.

A number of laboratories have described preparations of doxorubicin

encapsulated in liposomes of various lipid compositions and sizes.
Animal studies with these preparations have demonstrated that the

acute and chronic toxicities of doxorubicin can be attenuated without
decreasing antitumor efficacy (11-16). Clinical studies with two of

these materials have confirmed the toxicological results seen in animal
systems (17, 18). However, these materials are in general not suitable
for development as Pharmaceuticals, because they lack the necessary
stability and reproducibility. Moreover, because each dose is manu
factured ad hoc. the results are difficult to generalize. An approach to
overcoming this problem has now been developed. This is to use a
remote loading technique which is based on the movement of lipo-

philic cations across membranes in response to a pH gradient (19).
Liposomes with a high internal hydrogen ion concentration relative to
their external milieu are mixed with sodium carbonate to raise the
extraliposomal pH. and then the mixture is added to doxorubicin HC1.
As a result of the pH gradient across the bilayers. doxorubicin crosses
the lipid membrane and is trapped in the acidic center by being
protonated. in which form it can no longer escape. This procedure
overcomes a number of potential pharmaceutical problems associated
with previous liposome-encapsulated doxorubicins: (<;) doxorubicin

must be stably entrapped in the liposomes for only 24 h rather than a
period of years; (h) more than 99% of the doxorubicin is trapped, so
that there is no need to process the material to remove free drug: (c)
the active entrapment system allows the doxorubicin to be trapped in
a relatively small amount of lipid. This material (TLC D-99) has been

shown to be less toxic and either equipotenl with or more potent than
free doxorubicin in rodents bearing leukemias (P388 and L12IO) (20)
or solid tumors (M5076 sarcoma and B16 melanoma) (21).

The IvlTD'' of free doxorubicin in the beagle dog was 1.5 mg/kg.

whereas the MTD of TLC D-99 was 2.25 mg/kg (here, as elsewhere
in the paper, doses of TLC D-99 refer to the amount of doxorubicin in

the final product). The two drugs were equally myelosuppressive.
However, less vomiting, vomiturition. and diarrhea were seen with
TLC D-99. Delayed pyrexia (occurring 10-24 h after drug adminis
tration) was observed in 50% of the dogs that received TLC D-99 ( 1.5

mg/kg) but not in dogs that received free doxorubicin or empty lipo
somes. Doxorubicin and TLC D-99 ( 1.5 mg/kg every 3 weeks for 8
doses) gave comparable myelotoxicity, but TLC D-99 gave rise to

markedly less vomiting, diarrhea, anorexia, and weight loss. The dogs
that received free doxorubicin showed histolÃ³gica! evidence of severe
(5 of 6) or moderate (one of 6) cardiac damage: whereas. 0 of 6 dogs
that received TLC D-99 had histolÃ³gica! evidence of myocardial

damage (23).
On the basis of its preclinical efficacy and toxicity, TLC D-99 has

been advanced to phase I clinical trials, the results of which are
reported here. Preliminary reports of these results have been published
(23-25).

" The abbreviations used are: MTD. maximum tolerated single dose; AUC. area under

the plasma concentration-time curve from time 0 to infinity; Cm;lx. maximum plasma
concentration: Css, steady-state concentration in plasma.
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LIPOSOME-ENCAPSULATED DOXORUBICIN

MATERIALS AND METHODS

Selection of Patients

All patients had histological evidence of solid tumors refractory to effective
therapy, a predicted life expectancy of more than 12 weeks, and a performance
status (Eastern Cooperative Oncology Group) ot'O. 1, or 2. In addition, patients

had to be 18 years of age or older, to have received no chemotherapy or
radiation therapy for the 3 weeks preceding entry into the study (6 weeks for
nitrosoureas. mitomycin-C. or L-phenylalanine mustard), and to have had no

major surgical procedure for 2 weeks before entry onto the study.
Additional eligibility criteria included: (a) adequate bone marrow function

(WBC > 4 x 10"/liter. platelets > 10'Vliter, hemoglobin > 8 g/dl); (b)

adequate hepatic function (aspanate aminotransterase less than twice the lab
oratory normal, bilirubin less than 2 mg/dl); (c) adequate renal function (serum
creatinine less than 2.0 mg/dl); (dÃ¬serum cholesterol and triglycÃ©ridesless
than twice the upper limit of laboratory normal; (c) radionucleotide ejection
fraction of >45%; (/) no allergy to doxorubicin, other anthracycline drugs, or
egg products; (,?) no prior radiation to the mediastinum, total pelvis, or more
than 6 vertebral bodies; (/i) no history of hyperlipidemias; (i) no evidence of
cardiac disease as defined by clinical or radiological evidence of congestive
heart failure, current treatment for congestive heart failure, history of conges
tive heart failure, myocardial infarction within the previous 6 months, or
cardiac arrythmias requiring drug therapy; (j) no uncontrolled hypertension;
and (k) no history of thromboembolic disease.

Treatment Plan

Remote Loading Procedure for TLC D-99. The TLC D-99 kit was sup

plied by the Liposome Company. Inc. (Princeton. NJ), as three vials. Vial 1
contained unilamellar liposomes composed of egg phosphatidylcholine:cho-

lesterol (55:45 mol/mol) with a median diameter of 180 nm. They contained
100 mg of total lipid/ml of citric acid buffer (300 msi. pH 4.0) for a total
volume of 3.9 ml. Vial 2 contained 0.5 M sodium carbonate (pH 11.4). Vial 3
contained doxorubicin HC1 (with methylparaben) as a lyophilized powder. The
doxorubicin was encapsulated in the liposomes by the following procedure: (a)
2.7 ml from vial 2 were added to vial 1 at room temperature and shaken; (b)
vial 3 was reconstituted with 0.9% sodium chloride (8.8 ml for 20 mg. 22.0 ml
for 50 mg); (c) the liposomes from step I were added to reconstituted doxo
rubicin from step 2 (1.2 ml for 20 mg. 3.0 ml for 50 mg); (rf) the mixture of
liposomes and doxorubicin was heated at 55-60Â°C for 1 min followed by

shaking for 10 s; (e) step d was repeated twice; (/) the mixture of liposomes
and doxorubicin was heated for 7 min at 55-60Â°C and shaken for 10 s. This

procedure resulted in a suspension of liposomes with a concentration of 2
mg/ml of doxorubicin. The drug:lipid ratio was 0.27:1, and the entrapment was
greater than 99%. The encapsulated doxorubicin was protected from light
and used within 8 h. It was administered by infusion into a running i.v. line
of either saline or 5% dextrose in water by a pump over approximately l h
(1.00-1.80 h).

Dosage Schedule. Two dosage schedules were explored: a single dose
(Schedule I) and three daily doses (Schedule II). In Schedule I. a course of
treatment was defined as a single dose of drug followed by 3 weeks of
observation. Patients received two courses of treatment. The starting dose was
20 mg/m2 (10% of the 10% lethal dose in the mouse). Subsequent doses
explored were 30. 45. 60. 75. and 90 mg/m2. In Schedule II. a course of

treatment was defined as three doses given on 3 consecutive days (days 1, 2,
and 3) followed by 3 weeks of observation. Patients received a second course
starting on day 22. The starting dose was 20 mg/m2/day x 3 (total dose. 60
mg/m2) with escalation to 25 and 30 mg/m2/day x 3 (75 and 90 mg/m2). Three

patients were entered at each dosp level. If myelotoxicity grade III occurred in
two patients, three more patients were entered at that dose; if at least one of
these three patients had myelotoxicity grade III. no further dose escalation was
carried out. If grade II nonmyeloid toxicity (other than fever, rigors, or malaise)
was observed in two of the first three patients treated at a given dose level,
three more patients were entered at that dose step. If any of these patients
experienced grade II nonmyeloid toxicity. no further dose escalation was
carried out. Patients who did not experience toxicity could be escalated to a
higher dose. However, decisions on dose escalation were based solely on the
new patients entered at a given dose level. The National Cancer Institute
Common Toxicity Criteria were used to evaluate toxicity: for the purpose of
evaluating myelosuppression. the total WBC count was used.

Study Parameters

Prior to entry onto the protocol, the following information was collected for
each patient: a history, physical examination, complete blood cell count (in
cluding differential and platelets), chemistry profile (serum chloride, total CO2.
potassium, sodium, blood urea nitrogen, glucose, calcium, phosphorus, creat
inine. uric acid, total protein, albumin, total bilirubin, alkaline phosphatase,
lactate dehydrogenase, aspartate aminotransferase. gamma glutamyl trans-

ferase, cholesterol), fasting cholesterol and triglycÃ©rides, prothrombin and
partial thromboplastin times, urinalysis with microscopic examination, elec
trocardiogram, chest X-ray, radionucleotide ventriculography. and the specific

studies necessary to define the extent of the tumor. A complete blood cell count
and an evaluation for toxicity were performed on days 8 and 15 of each 21-day

cycle. All of the studies performed before entry were repeated at the beginning
of each course, except the chest x-ray and radionucleotide ventriculography.

which were optional. After two courses of treatment, the patient was evaluated
for response according to Eastern Cooperative Oncology Group criteria.

Termination of Study

Patients were taken off study if objective tumor progression occurred after
two courses of treatment or if they developed intolerable or life-threatening

toxicity. The study was terminated when a maximum tolerated dose was
determined. The maximum tolerated dose was defined as a dose that caused
reversible grade II nonmyelosuppressive toxicity or grade III myelotoxicity in
more than one-half of the patients entered at that dose level.

Blood Sampling

Blood samples for pharmacokinetic studies were obtained from an indwell
ing i.v. heparin lock in the arm contralateral to the infusion site. Prior to drug
administration. 14 ml of blood were collected for the preparation of standards
and blanks; after drug administration was started. 7-ml samples were collected

at timed intervals into cold heparinized tubes. Plasma was separated from
whole blood by cemrifugation at 250 rpm for 5 min at 4Â°Cand stored at -20Â°C;

assay of the samples was completed within 3 weeks of collection.

High-Performance Liquid Chromatographie Analysis

Total doxorubicin in plasma measured by high-performance liquid chroma-

tography using a modification of a published method (26). The major modi
fications were: (a) low-pressure gradient mixing was used to increase the

reproducibility of the retention time for doxorubicin: (ft) the range of the assay
was increased to 1.0-0.005 /IM because of the high concentration of doxoru

bicin in the samples: (c) a BASIC computer program running on an HP98I6
was used to fit a quadratic standard curve to data and to estimate the unknown
concentrations, along with 95% confidence intervals. The high-performance

liquid chromatography instrument consisted of a Waters 710B WISP, a Waters
590 solvent delivery system, an Autochrom MI 12-3 low-pressure gradient
generator, and a McPherson FL-750 fluorescence detector; the analogue data
were digitized and stored on a PE-Nelson 4410 computer data system running

XTRACHROM (7.2) software. Daunorubicin was used as an internal standard.
Samples were extracted with chloroform/isopropanol after protein precipita
tion with ammonium sulfate. The organic layer was dried and reconstituted in
tetrahydrofuran. and the samples were injected on a /xBondapak phenyl steel
column (4.6 mm x 15 cm; 10 Â¿i).The sample was eluted with a linear gradient
from an 85:15 mixture of 15 HIMammonium formate/H:O:tetrahydrofuran to
a 50:50 mixture of 16 HIMammonium fomiate/H2O:tetrahydrofuran over 10
min followed by a 5-min hold at the end of the gradient. Under these condi

tions, doxorubicin Ã©lÃ»tesat 6.40 min (SD 0.05 min) and daunorubicin Ã©lÃ»tesat
7.76 min (SD 0.04 min): both are resolved from interfering components in the
plasma and from doxorubicinol (5.20 min), doxorubicin aglycone (7.25 min),
and 7-deoxydoxorubicin aglycone (8.04 min). The assay was validated by

previously described procedures (27, 28).

Pharmacokinetic Analysis

Pharmacokinetic data analysis is presented only for patients with data ad
equate to allow the fitting of a biexponential model and only with plasma
concentrations determined with the validated assay described above. Data from
each patient, including plasma levels during and after the i.v. infusions for up

2797

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/12/2796/2450587/cr0530122796.pdf by guest on 19 M

ay 2023



LIPOSOME-ENCAPSULATED DOXORl BICIN

Table 1 Patient characteristics

PatientsenteredEvaluable

fortoxicityAge

(years)MeanRangeSexMaleFemaleDiagnosesAdemx'arcinomaUnknown

primaryColonStomachPancreasLungMelanomaRenal

cellcarcinomaNSC"
lungcarcinomaOtherPerformance

status(ECOG)012Prior

therapyRadiotherapyChemotherapy[mmunotherapyHormonal

TherapyPrior

doxorubicin therapy38386233-762612234101172535171741027909
" NSC, non-small cell; ECOG, Eastern Cooperative Oncology Group.

to 3 days from the initial onset of therapy, were fit with a standard biexpo-

nential model (constant i.v. infusion) with weighted nonlinear regression via
the PCNONLIN (version 3.0, model 10) software package (29). The weight for
each data point was the reciprocal of the square of the 959!- confidence interval

(27, 28) for the estimation of the unknown plasma concentrations, calculated
by the BASIC computer program described above. The set of estimated pa
rameters was used to calculate additional parameters according to published
formulas (30). The pharmacokinetic profiles and parameters for TLC D-99

were compared with predicted profiles and parameters for free doxorubicin, by
simulating time courses for free doxorubicin at doses and schedules similar to
the present study. Estimated mean pharmacokinetic parameters were taken
from Greene et al. (31), and simulations were performed with PCNONLIN.
Graphs were made with PC SAS/GRAPH. The relationships between toxicity
measurements and pharmacokinetic parameters were explored by generating
scattergrams with PC SAS. These statistical and graphical analyses were run on
MS-DOS-compatible microcomputers.

RESULTS

Thirty-eight patients with refractory solid tumors were entered onto

the study: 27 patients on Schedule I, 11 on Schedule II. The patient
characteristics are outlined in Table 1. All patients and courses were
Ã©valuablefor toxicity and response.

Hematological Toxicity. Leukopenia was the dose-limiting toxic

ity (Table 2). On Schedule I. significant leukopenia (grade III) was
observed in two of the first three patients entered at 45 mg/m2. Three

additional patients were entered at this dose. Grade I toxicity was seen
in one of three. The dose was then escalated. At 90 mg/m2, two of nine

patients had grade III and three of nine had grade IV toxicity. Dose
escalation was discontinued, therefore, and 90 mg/m2 was considered

the maximum tolerated dose. Thrombocytopenia did not occur in
patients receiving doses below 90 mg/m2 as their initial dose; there

was no significant effect on RBC production at any dose. On Schedule
II, myelosuppression (grade III) was observed in 4 of 10 patients at 25
mg/m2; since grade IV toxicity was observed in one of two patients at
30 mg/nr, patient accrual closed and 25 mg/m2 was considered the

MTD.
The nadir of the leukocytes and platelets occurred 10-15 days after

treatment. Full recovery of WBC count above 4 X lO'Vliter and

platelet count above 10"'/liter occurred by day 20 in all patients

except two, whose treatment was delayed for 1 week. Twenty-six

patients received two or more courses of treatment. In this group, there
appeared to be no significant cumulative hematological toxicity. There
was no obvious relationship between the degree of myelosuppression
and the extent of previous treatment with chemotherapy or radiation
therapy. Schedule II did not show any significant difference in my
elosuppression per total dose, as judged by the small numbers entered
on this schedule (Table 2).

Nonhematological Toxicity. The most frequent nonhematological
toxicities were fever, chills, and rigors (Table 3). These toxicities
occurred either together or singly, 4-14 h after drug administration, in

most of the patients treated on the single dose. They did not appear to
be dose related. Nausea and vomiting were mild (Table 4). Erythema
of the buccal mucosa was seen in five patients at 90 mg/irr. Only one
patient experienced oral pain. No instance of oral ulcÃ©rationwas seen.

Nine patients with previous anthracycline treatment were entered
onto this study. The cumulative doses of prior doxorubicin ranged
from 10 to 480 mg/m2. Cardiac function was routinely monitored in

these patients after each course. None of these patients developed
clinical or radiological evidence of loss of cardiac function. Only one
patient (who had received 480 mg/m2 before entry onto the study)

Table 2 Hematological toxicily

Dose Leukopenia grade Thromhocytopenia grade

mg/irr/doseSchedule

1203045607590Schedule

II202530mg/m2/course203045607590607590n

I33

26
13
13*34*94

164'

211''

1II

III2I

IT341

22

31IV

Total I110233234

13
6115

113
11

11
1III

IVTotal0(III00(I11

20211

11

" One of three escalated from 30 mg/m2; two of three escalated from 45 mg/m-.
h Three of four were deescalated from 90 mg/m2; one of four was escalated from 60 mg/m2.
' Escalated from 20 mg/m'.
d Escalated from 20 and 25 mg/m2 (received both doses).
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LIPOSOME-ENCAPSULATED DOXORUBICIN

Table 3 Nonhematological Â¡oxicity:fever, rigors, and malaise

Dose aide
mg/m'/dose mg/trr/course in Total Total

" One of three escalated from 30 mg/m~; two of three escalated from 45 mg/rrr.
'' Three of four were deescalated from 90 mg/m2; one of four was escalated from 60 mg/m2
' Escalated from 20 mg/m2.
d Escalated from 20 and 25 mg/m2 (received both doses).

Malaisgrade
Total

ScheduleI203045607590Schedule

II20253020304560759060759033633"34*9464C11"31122221454112

211126

211325333494641113

113251101410325010101 221
212

124222

11110053132g04011

completed the study with a lifetime cumulative dose of doxorubicin
(free and liposome encapsulated) greater than 400 mg/m2. This patient

received six courses of treatment with liposomal doxorubicin at a dose
of 45 mg/m2 X 1 and 60 mg/m2 X 1 for a total of TLC D-99 of 270
mg/m2 and a total of free and encapsulated doxorubicin of 750 mg/m2.

Her ejection fraction did not change significantly after treatment with
liposomal doxorubicin (on-study ejection fraction, 55%; off study

ejection fraction, 48%; normal, >45%).
Malaise was observed in some patients at all doses above 30 mg/m2

(Table 4). The patients described a general fatigue and a desire to
remain in bed. These symptoms characteristically began 7-10 days

after treatment and resolved by day 20, so that most patients received
the second dose of drug on time. In one patient, however, the symp
toms did not resolve for 4-5 weeks. There was no obvious relationship

between the occurrence of malaise and fever, rigors, or chills.
Complete pharmacokinetic analyses were performed on data from

five patients given one dose of 90 mg/m2; from three patients given 20
mg/m2 daily for 3 days; from six patients given 25 mg/m2 daily for 3
days; and from two patients (three courses) given 30 mg/m2 for 3

days. Table 5 includes parameter estimates (a half-life, ÃŸhalf-life,

plasma clearance, volume of distribution of the central compartment,
volume of distribution at the steady state, AUC, and Cmax). Table 5
includes parameter estimates for free doxorubicin calculated from
those reported by Greene et al. (31). Note that for the four different

simulated regimens, the half-lives, clearances, and volumes are all the

same, since these parameters are all dose independent for linear phar
macokinetic models. In contrast, there are differences among the
simulated AUCs and Cmaxs which reflect the differences in doses and
schedules. Fig. 1 includes fitted pharmacokinetic time courses for the
five patients given a single dose of 90 mg/m2. The dashed curve is the
predicted mean time course for free doxorubicin given at 90 mg/m2

fora 1-h infusion. Fig. 2 includes fitted pharmacokinetic time courses
for six patients given 25 mg/m2 daily for 3 days (the MTD for the

3-day schedule). The dashed curve is the predicted mean time course
for free doxorubicin given at 25 mg/m2 every 24 h in 1-h infusions for

3 days. The raw data points have been omitted from Figs. 1 and 2 to
facilitate comparisons among curves. Infusion times were all approx
imately 1 h. The range of infusion times for the 17 patients listed in
Table 5 was from 60 to 70 min, except for patient 24 (90 mg/m2), who

had an infusion time of 110 min. The numbers of plasma samples
drawn and analyzed per patient ranged from 10 to 16, except for
patient 24, who had 5 samples. For all patients, the last sample drawn
and analyzed was at 44 h or later, except for patient 26 (90 mg/m2),

whose last sample was at 25 h. Exact times were recorded for infusion
starts, infusion terminations, and the drawing of plasma samples and
were used in the pharmacokinetic data analyses. Some of the slight
variation in treatment schedules can be seen in Figs. 1 and 2. Fig. 3
shows a typical pharmacokinetic profile of a patient (patient 34),

Table 4 Nonhemalologicat toxicity: nausea/vomiting, stomatitis, alopecia

Dosemg/rrr/doseSchedule

I203045607590Schedule

II202530mg/rrr/course203045607590607590n33633"34*9464e11''I221122312Nausea/vomiting

grade StomatitisgradeII

III TotalI223

31
112

21
32161I

22000II

Total00010201

20001

10Alopecia

g1

III3

111

1332

11:rade[I

Total0(]410213330]0

" One of three escalated from 30 mg/m2; two of three escalated from 45 mg/m2.
h Three of four were deescalated from 90 mg/m2; one of four was escalated from 60 mg/m2.
' Escalated from 20 mg/m2.
d Escalated from 20 and 25 mg/m2 (received both doses).
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LIPOSOME-ENCAPSULATED DOXORUBICIN

Table 5 Pharmacokinetic parameters for patients

Patienl2526242321283029323835303433373030Simulated

parameters''Dose

(mg/rrr)909090904020202025252525252530303090202530No.
of

Doses111!13333333333331333a

Half-life(h)0.1870.2021.520.08960.2480.4931.140.2220.2010.3430.2810.1760.3230.4030.3710.5310.2110.1290.1290.1290.129ÃŸHalf-life(h)17.24.9419.018.47.9815.16.642.975.549.722.504.677.799.8349.520.05.4230.330.330.330.3Cl"(liters/h)35.611.23.8039.718.834.85.7330.053.014.219.48.9626.617.53.305.7617.856.856.856.856.8Va(liters)21.06.2416.16.6923.037.511.914.833.315.211.34.4820.827.98.265.2311.258.458.458.458.4*e(liters)49041.358.425216028420.855.024311429.032.113316818730.577.32040204020402040AUC(u,M-h)6.4122.474.46.5714.518.911721.215.914.737.893.621.919.430.017556.34.893.274.084.89*-max(M")2.5810.912.34.704.561.024.771.430.852.082.895.701.260.694.9311.03.200.950.210.260.31

" Cl, plasma clearance; VL-,volume of distribution of the central compartment; V^. volume of distribution at the steady state.
' Simulated parameters for the infusion of free doxorubnicin. Detail of the simulations are in the text.

100.000

0.00001

10.0000

10 20 30 40 SO 60 70 80

Time (hrs)

Fig. I. Estimated pharmacokinetic time courses for 5 patients administered 90 mg/m:
TLC D-99 in a single dose by constant infusions of approximately I h. These profiles were
the result of fitting a standard biexponential model, with a constant infusion input, to data
with weighted nonlinear regression as explained in the text. , prediction of the mean
time course tor free doxorubicin administered at 90 mg/nr for a l-h infusion, based upon
pharmacokinetic parameters reported in Ref. 31.

including both raw data and the fitted curve. This patient was admin
istered 25 mg/m2 TLC D-99 in three daily doses by constant infusion.

Overall, as illustrated by Fig. 3, the standard biexponential model with
multiple constant infusions fit the data very well.

From the results presented in Table 5 and in Figs. 1 and 2, several
preliminary conclusions can be made. First, there is a large variation
in the estimated pharmacokinetic parameters and pharmacokinetic
time courses for patients given the same dose and schedule of TLC
D-99. Second, higher Cmaxs, AUCs, and general pharmacokinetic
profiles were found for TLC D-99 than were predicted for free dox

orubicin. Thus, higher peak levels and dose intensities of doxorubicin
were achieved with the encapsulated formulation. Interestingly, the a
half-lives for TLC D-99 tend to be longer, but the ÃŸhalf-lives tend to
be shorter than those predicted for free doxorubicin. TLC D-99 tends

to be cleared more slowly from plasma than is free doxorubicin.

1.0000

0.1000

0.0100

0.0010

0.0001

10 20 30 40

Time (hrs)

50 60 70 80

Fig. 2. Estimated pharmacokinetic time courses for 6 patients administered 25 mg/m2
TLC D-99 in 3 daily doses by constant infusions of approximately I h. These profiles were
the result of fitting a standard biexponential model, with multiple constant infusion inputs.
to data with weighted nonlinear regression as explained in the text. , prediction of
the mean time course for free doxorubicin administered at 25 mg/m2 for 3 daily l-h

infusions, based upon pharmacokinetic parameters reported in Ref. 31.

If one uses the general rule of thumb that it requires a minimum of
four durations of the terminal half-life to attain Câ€žs(30), then the

minimum times to achieve C,s ranged from 10 to 198 h with a median
of 28.9 h for the 12 multiple-infusion patients. Thus, as can be seen in
the time courses for the six patients administered 25 mg/m2 in l-h

infusions every 24 h for 3 days in Fig. 2, and more clearly in the one
time course for one of these patients (patient 34), in Fig. 3, C,s was
easily achieved during the 3-day treatment regimen. C,s is approxi

mately equal to Cmax in Table 5. This is because the vast majority of
TLC D-99 from a l-h infusion disappears from plasma before the

beginning of the next infusion 1 day later.
The relationship between several estimated pharmacokinetic pa

rameters (AUC, plasma clearance, volume of distribution of the cen
tral compartment. Cmax)and several measures of toxicity (WBC nadir.
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Fig. 3. A pharmacokinetic profile for a representative patient (patient 34) who was
administered 25 mg/m2 TLC D-99 in 3 daily doses by constant infusions of approximately

1 h. Both the raw data and fitted curve are shown to illustrate the goodness of fit. The fitted
model is the same as described in the legend to Fig. 2.

leukopenia grade, thrombocytopenia grade, highest body temperature,
fever grade, rigor grade, malaise grade, nausea grade, stomatitis grade,
alopecia grade) were explored by generating and examining scatter-

grams. If hints of relationships had been indicated, then we would
have applied rigorous model building paradigms, such as multiple
linear regression (32) and multiple linear logistic regression (33), to
the data, in order to generate predictive equations for toxicities. No
obvious, strong relationships were found. As shown in Tables 2-4, the
total dose of TLC D-99 given per course seems to be the most

consistent predictor of toxicity.

DISCUSSION

The encapsulation of drugs in liposomes has four major theoretical
advantages. These are (a) the facilitation of i.v. administration and
prolongation of circulation time (10, 18): (b) the protection of target
organs from toxicity due to the lack of accumulation of liposomes in
such areas as the heart, kidney, and gastrointestinal tract (11, 12, 15,
16); (c) the promotion of uptake of liposome-encapsulated drug into

organs of the reticuloendothelial system such as the spleen, liver, and
lymph nodes (8, 9); and (d) the promotion of uptake of liposome-
encapsulated drug into solid tumors due to fenestrated microvascula-

turedO, 13, 14, 21). All four of the above have been used as rationales
for the encapsulation of doxorubicin into liposomes, although the
primary aim has been the protection of target organs from toxicity,
especially the heart. The recent development of technology for the
preparation of doxorubicin encapsulated in liposomes of reproducible
size distribution. drug:lipid ratio, percentage encapsulation, and sta
bility has opened the way for extensive clinical testing of these con
cepts.

The present study of a single dose every 3 weeks or a daily for 3
days every 3 weeks demonstrates that TLC D-99 is well tolerated by
patients. Its dose-limiting toxicity is myelosuppression. At a single
dose of 90 mg/m2, five of nine patients had grade III or IV leukopenia
and two had significant thrombocytopenia: at 25 mg/m2, four of 10

had grade III leukopenia and none had significant thrombocytopenia.
These results are similar to the myelosuppression reported for doxo
rubicin administered at the same dose and schedule (1-4).

Gastrointestinal toxicity and alopecia are commonly observed with
doxorubicin treatment. At doses and schedules comparable to those
used in this study, treatment with doxorubicin causes nausea/vomiting
in at least 50% of the patients: although most patients become asymp
tomatic shortly after treatment, some continue to experience nausea/
vomiting as late as 24^-8 h after treatment. In addition, at least 10%
of patients develop oral ulcÃ©ration(1-4). In most courses of treatment

with liposomal doxorubicin. the patient had either no nausea and
vomiting or only a single episode which did not require treatment with
antiemetics. In only one course (at 90 mg/m2) did the patient have

grade III nausea and vomiting that required supportive care with
antiemetics and i.v. fluids: this patient had a gastrointestinal malig
nancy and was nauseated before treatment was instituted. No grade III
nausea and vomiting was seen on Schedule II. Six patients on Sched
ule I and one patient on Schedule II had grade II nausea and vomiting
which was controlled with antiemetics alone. No oral ulcÃ©rationswere
observed in any patient, and five patients complained of mouth sore
ness (one on 60, 2 on 75, and 3 on 90 mg/m2). Therefore, TLC D-99

seems to have markedly less gastrointestinal toxicity than free doxo
rubicin. Alopecia was not observed below a dose of 45 mg/m2. How
ever, at 90 mg/m2. 3 of 9 patients had noticeable hair loss. One case

of severe alopecia was seen on Schedule II. These results are similar
to those reported by Gabizon el al. (17) and Rahman et a!. (18) with
doxorubicin encapsulated in liposomes of different composition.

In the present study, delayed pyrexia often associated with chills
was seen in virtually all of the patients; this toxicity did not seem to
be dose related, usually recurred in the second course of treatment,
and did not require supportive care. This toxicity was also observed in
one-half of the beagle dogs treated with liposome-encapsulated dox

orubicin: however, no animals treated with free doxorubicin or lipo
somes alone developed delayed pyrexia. A similar phenomenon oc
curred less frequently in the trial reported by Gabizon et al. (17). The
etiology of this delayed pyrexia is not clear: it may be related to
macrophage activation by TLC D-99.

Malaise was observed in a significant number of patients at all
doses above 30 mg/m2. This generally began 7-10 days after treat

ment and resolved by day 20. Its etiology is not clear.
No marked difference in overall toxicity was noted between the

single dose and the daily X 3 schedule. Since the daily X 3 schedule
was designed as a preliminary study for a study of this schedule in
acute myelogenous leukemia, it was not felt necessary to induce
severe myelosuppression with this schedule since this toxicity is not
dose limiting in the treatment of leukemia.

The pharmacokinetic analyses revealed large variations in drug
disposition among patients. This initial human pharmacokinetic study
should serve as the basis of more extended pharmacokinetic studies
during the phase II evaluation of TLC D-99, to search for the cause of

the large variation. In a comparison with the pharmacokinetic study of
free doxorubicin by Greene et al. (31), we predict that higher and
longer-lasting plasma levels of encapsulated doxorubicin are achiev

able than with similar doses and schedules of free doxorubicin. The
biological significance of this observation is not clear since in patients
who have received TLC D-99, the doxorubicin in the plasma can exist

in two physical forms: encapsulated in the liposome (encapsulated)
and outside the liposome (free). The measurements made in this study
are the sum of these two species (total). It is not known which form
of doxorubicin is exercising a pharmacodynamic effect. However,
because in vitro studies of this formulation demonstrate that there is
little free doxorubicin detectable when these liposomes are incubated
in human plasma at 37Â°C,it was considered likely that the predom

inant form in patients treated with TLC D-99 would be the encapsu

lated form and that total doxorubicin would be a reasonable estimate
for this form of doxorubicin. This supposition is supported by our
unpublished data from a study of a direct comparison of free and
encapsulated doxorubicin in dogs that received TLC D-99. It will be

important to directly compare the pharmacokinetics of free and en
capsulated doxorubicin in patients receiving TLC D-99 in phase II

trials with the assay developed for the dog studies.
The marked reduction in nonmyelosuppressive toxicity, especially

if combined with an absence of cardiotoxicity as suggested by the
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animal data, could represent an opportunity to extend anthracycline

therapy beyond what is now possible. If phase II trials establish that
the efficacy of TLC D-99 is at least equivalent to that of free doxo-

rubicin, the opportunity to use the drug both more intensively (either

in combination with hematopoietic growth factors or with bone mar
row transplantation) and more extensively (beyond the present upper

limit for cardiotoxicity) will present itself. Such extended uses must
await the results of phase II trials.
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