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Summary. The purpose of these studies was to determine 
the optimal conditions and limitations for the eradication 
of spontaneous melanoma metastases by the systemic ad- 
ministration of liposomes containing MTP-PE. Mice 
whose primary melanoma had been excised were given i.v. 
injections of liposomes at various schedules. Optimal 
treatment was achieved by twice weekly administration for 
4 weeks (eight i.v. injections). Bioassays failed to reveal the 
presence of melanoma cells in lungs of mice surviving to 
day 250 of the experiment. The success of liposome treat- 
ment of metastases diminished when the first i. v. injection 
of liposomes-MTP-PE commenced on day 10 after surgi- 
cal excision of the local melanoma, as compared with day 
3 or day 7 after surgery. We conclude that the major limi- 
tation for macrophage-mediated destruction of metastases 
is the number of tumor cells in the lesions. Because of this 
limitation, it is unlikely that the systemic activation of 
macrophages could be used as a single modality for treat- 
ment of advanced metastases. 

Introduction 

The use of liposomes to deliver a variety of therapeutic 
agents to phagocytic cells in vivo has attracted consider- 
able attention [1, 24, 27, 28]. To a certain extent, the dis- 
tribution of systemically administered liposomes can be 
influenced by their size, phospholipid composition, and 
surface charge [28, 30, 32]. However, most circulating lipo- 
somes bind to and are endocytosed by cells belonging to 
the reticuloendothelial system, including peripheral blood 
monocytes. We and others have exploited this natural fate 
of liposomes to "target" (albeit passively) immunodulators 
such as lymphokines or muramyl peptides to macrophages 
in vivo [28, 32]. 

Lymphokines such as gamma interferon or macro- 
phage-activating factor, muramyl dipeptide, or lipophilic 
derivatives of muramyl dipeptide, e.g., muramyl tripeptide 
phosphatidylethanolamine (MTP-PE), entrapped in lipo- 
somes can activate human or mouse maerophages to the 
tumoricidal state both in vitro [2, 5, 6, 7, 12, 14, 18-21, 26, 
29, 31, 33, 34, 39] and in vivo [3, 4, 6-12, 17, 22-25, 26, 
35, 36]. Moreover, we have reported that the repeated i. v. 
injection of liposomes containing immunomodulators 
such as MTP-PE into mice with established lung and 
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lymph node melanoma metastases results in the eradica- 
tion of the metastases, and the survival of at least 70% of 
the mice [6, 7, 11]. Subsequent studies have provided indi- 
rect [11] and direct [17] evidence that activated macro- 
phages were indeed responsible for the destruction of the 
metastases in the liposome-treated mice. 

Even under controlled laboratory conditions, 30% of 
the mice treated with liposomes containing MTP-PE died 
of extensive disease [6, 11]. These fatal tumor cells, how- 
ever, were not resistant to macrophage-mediated lysis [6, 
13]. Several questions thus remain unanswered: (1) could 
manipulation of the schedule of liposome-MTP-PE a d -  
ministration influence the outcome of the treatment? (2) 
What is the major factor distinguishing between the "treat- 
ment success" and "treatment failure" mice? (3) Were the 
surviving mice free of dormant metastatic cells in the 
lung? The present report concerns studies designed to 
answer these questions and the investigations of optimiz- 
ing the systemic administration of liposome-MTP-PE for 
the treatment of spontaneous mouse melanoma metas- 
tases. 

Materials and methods 

Animals. Specific-pathogen-free C57BL/6N mice were ob- 
tained from the NCI-Frederick Cancer Research Facilities 
Animal Production Area. Mice used in each experiment 
were matched by age (6-8 weeks) and sex. 

Tumor culture. B16-BL6, a tumor variant obtained by in 
vitro selection for invasion [16], originated from the spon- 
taneous malignant B16 melanoma, which is syngeneic to 
the C57BL/6N mouse. The B16-BL6 tumor cells were 
grown as monolayer cultures and were maintained in 
Eagle's minimum essential medium supplemented with 5% 
fetal bovine serum, vitamin solution, sodium pyruvate, L- 
glutamine, and nonessential amino acids. The supplements 
and medium were obtained from M. A. Bioproducts, Wal- 
kersville, Md. The medium was endotoxin free as deter- 
mined by the Limulus amoebocyte lysate assay (Associates 
of Cape Cod, Woods Hole, Mass.). Cultures were incubat- 
ed at 37 °C in a humidified atmosphere containing 5% 
CO 2 in air. All cell cultures were free of mycoplasma, reo- 
virus type 3, pneumonia virus of mice, K-virus, Theiler's 
encephalitis virus, lymphocytic choriomeningitis virus, ec- 
tromelia virus, and lactate dehydrogenase virus (assayed 
by M. A. Bioproducts, Walkersville, Md). 
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Reagents. D-isoglutamyl-L-alanyl-2-(l ',2'-dipalmitoyl-sn- 
glycero-3'-phosphoryl)-ethylamide (MTP-PE) was the gift 
of  Ciba-Geigy Ltd., Basel, Switzerland. No endotoxins 
were detected in the MTP-PE by the Limulus amoebocyte 
lysate assay (Associates of Cape Cod). 

Lipids and liposome preparation. Chromatographically 
pure egg phosphatidylcholine (PC) and beef brain phos- 
phatidylserine (PS) were purchased from Avanti Polar 
Lipids, Inc., Birmingham, Ala. Multilamellar vesicles 
(MLV) were prepared as described previously [30] and 
used immediately. Briefly, PC, PS, and MTP-PE were dis- 
solved in chloroform and then dried together by rotary 
evaporation and further dried in vacuo. The lipids were 
then hydrated in Ca 2+- and Mg2+-free Hanks'  balanced 
salt solution (HBSS) and mechanically agitated on a vor- 
tex machine at room temperature. Control liposome pre- 
parations contained HBSS in their aqueous interior. The 
extent of incorporation of MTP-PE into the liposome pre- 
paration was assessed by employing trace amounts of 
3HMTP-PE admixed with MTP-PE [311. In addition, the 
incorporation and proper orientation of MTP-PE into the 
phospholipid bilayer membrane was assessed using anti- 
MDP antibodies [I0, 31]. 

Spontaneous metastasis system. To produce spontaneous 
lymph node and lung metastases, mice were inoculated in 
a hind footpad with 5x  104 viable B16-BL6 cells sus- 
pended in a total volume of 0.05 ml HBSS. Then 4 to 5 
weeks later, when the tumors had reached a diameter of 
12-15 mm, the mice were anesthetized, and the tumor- 
bearing leg, including the popliteal lymph node, was am- 
putated at the midfemur. 

Schedule ofliposome treatment. In this tumor system, spon- 
taneous lung and lymph node metastases are well esta- 
blished by the time the primary tumor (in the foot pad) 
grows to 12-15 mm [3]. Systemic treatment of mice was 
usually initiated 3 days after removal of the primary tu- 
mor. 

In all our previously published studies on the treat- 
ment of established metastasis by i. v. injected liposomes, 
the liposomes were injected twice per week for 4 weeks, a 
total of eight i. v. injections [3, 9]. In the present study we 
determined the influence of varying this schedule on the 
outcome of the treatment. Groups of mice (n>~ 10) whose 
primary B 16-BL6 melanoma was resected 3 days previous- 
ly received i. v. injections of liposomes containing MTP- 
PE according to the following schedules: group-l:  once a 
week for 8 weeks; group-2: twice weekly for 1 week; 
group-3: twice weekly for 2 weeks; group-4: twice weekly 
for 3 weeks; and group-5: twice weekly for 4 weeks. 
Group-6 consisted of control mice injected twice weekly 
for 4 weeks with control liposome preparation containing 
HBSS. 

All animals were monitored daily for 250 days. Dead 
or moribund animals were necropsied to ascertain the 
presence or absence of melanoma metastases. Animals sur- 
viving at least 100 days after the last liposome treatment 
were considered to be free of disease [9]. 

The influence of  initial tumor burden on the outcome of  lipo- 
some-MTP-PE treatment. In this tumor system by the time 
of surgicial resection of the local melanoma tumor (hind 

leg) metastases are well established. The tumor burden in 
the lung and lymph node metastases on day 3 after leg am- 
putation has been estimated to be between 5 x 1 0  6 and 
1 × l 0  7 cells [3, 9]. The volume doubling time of BI6-BL6 
melanoma lung metastases ranges between 3 and 5 days 
[3, 15, 16]. For this reason we wished to determine whether 
the timing of the first liposome administration was critical 
to the outcome of the treatment. In the next set of experi- 
ments, the first i. v. injection of MLV-MTP-PE was admin- 
istered to groups of mice (n= 20) either 3 days, 7 days, or 
10 days after the amputation of the hind footpad with the 
primary implanted melanoma. Control groups of mice 
were injected i. v. with a placebo preparation of liposomes 
(MLV-HBSS). All mice were treated twice weekly with 
liposome-MTP-PE or liposome-control for 4 weeks, for a 
total of eight i. v. injections. The mice were monitored dai- 
ly for 250 days. Moribund or dead mice were necropsied 
to determine the presence or absence of melanoma metas- 
tases. 

Bioassay for tumor cells in lung tissue. In the final set of 
experiments we examined whether the treatment success 
mice were harboring any metastatic cells in a "dormant" 
state. Since the B16-BL6 melanoma demonstrates prefer- 
ential growth to the lung we concentrated our efforts on 
this organ. Lung tissue (from normal untreated mice) or 
from tumor-free, treatment success mice as well as from 
pulmonary B16-BL6 metastases (from treatment failure 
mice) were removed en bloc and minced into fragments 
measuring approximately 1 mm 3. The organ or tumor frag- 
ments were digested by continuous stirring in trypsiniza- 
tion flasks at 37 °C, as previously described [17, 37]. The 
digestion medium consisted of HBSS containing 0.14% 
collagenase type I and 0.10% deoxyribonuclease type I 
(Sigma Chemical Co., St. Louis, Mo.). Three 30-min diges- 
tion cycles produced 65%-85% digestion of the lung frag- 
ments to single cell suspensions. The suspension of single 
lung cells was adjusted to contain 5 x 10  6 lung cells/ml 
HBSS. The suspension of single tumor cells was adjusted 
to contain a final concentration of 1 x 103 cells/ml. Nor- 
mal (control) mice were injected s.c. with either 5 x 10  6 

lung cells from normal mice or with 5 x 10  6 lung cells from 
NR mice admixed with 100 B16-BL6 cells (1 ml and 0.1 ml 
of the two suspensions). Recipient mice were also injected 
s. c. with 5 x 1 0  6 cells dissociated from the lungs of eight 
different treatment success mice (n=3). All mice were 
monitored for 60 days for the growth of subcutaneous mel- 
anoma. 

Stat&tical analysis of  treatment studies. The survival data 
were analyzed by the Kruskal-Wallis test or the Cox's test 
or both [38]. 

Results 

The effect of  liposome schedule of administration on the out- 
come of treatment of metastases 

The data of this experiment are shown in Fig. 1. Systemic 
treatment with liposomes (each dose consisted of 2.5 ~mol 
lipid containing 10 gg MTP-PE) began on day 35-40 of 
the experiment (i.e., after implantation of B16-BL6 cells 
into the hind footpad and 3 days after the surgical removal 
of  the local tumor). By day 100 of the experiments, 90% of 
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Fig. 1. Treatment of spontaneous lung and lymph node metastases 
by the systemic administration of MLV containing MTP-PE. Mice 
were injected i.v. with 2.5 txmol MLV containing 10 gg MTP-PE/ 
dose. The schedule of liposome administration varied. Number in 
parentheses indicates the total number of i.v. treatments 
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Fig. 2. Lack of effect on eradication of metastases by MLV con- 
taining HBSS. These are control mice for the groups shown in 
Fig. 1. Each i.v. injection (twice weekly for 4 weeks) consisted of 
2.5 ~tmol phospholipids containing HBSS 

100 
the mice injected with control MLV (group-6) or mice in 
group-2 treated with MLV-MTP-PE twice per week for on- 
ly 1 week had died. As can be readily seen, practically all 

= 8 0  
mice surviving on day 100 of  the experiment were alive on ~- 
day 250 of  the study when it was terminated. The most ef- i 
fective schedule for treatment of  lung metastases was the ~- s0 
twice weekly injection for 4 weeks (group-5): 68% of the 
mice were alive on day 250 of  the experiment (P<0.001). 
Less impressive but still statistically significant survival ~ 40 
was observed in the following groups: group-1 treated 
once weekly for 8 weeks (40% survival, P<0.01) ;  group-3 ~, 
treated twice weekly for 2 weeks (44% survival, P<0.01)  ~ 20 
and group-4 treated twice weekly for 3 weeks (45% surviv- 
al, P<  0.001). 

The influence of  initial tumor burden on the outcome of  lipo- 
some-MTP-PE treatment 

The data of  these experiments are shown in Fig. 2 (lipo- 
somes containing HBSS) and Fig. 3 (liposomes containing 
MTP-PE). The systemic administration (eight i.v. injec- 
tions) of  liposomes containing HBSS had no therapeutic 
benefits regardless of  the time of  initial treatment (Fig. 2). 
Treatment with liposomes containing MTP-PE (Fig. 3) had 
significant therapeutic benefits, but the degree of  success 
depended upon the timing of  the first treatment (of eight 
i.v. injections). The most impressive survival was observed 
in mice treated with MLV containing MTP-PE beginning 
on day 3 after surgical removal of  the primary tumor (65% 
survival, 13/20 mice, P <  0.001). If  the first MLV-MTP-PE 
treatment began on day 7 after surgical excision of  the pri- 
mary tumor, 45% (9/20) of  the mice survived (P<  0.01). In 
the last group the first MLV-MTP-PE treatment began on 
day 10 after surgical excision of  the primary tumor, and 
here only 33% (6/20) of  the mice survived (P=  0.2). 

Bioassay for dormant tumor cells in lungs of  mice 

In the final set of  experiments, we investigated whether the 
lungs of  animals surviving at day 200-250 of  the study 
contained d o r m a n t  melanoma cells. Lung cells of  mice 
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Fig. 3. The influence of initial tumor cell number in metastases on 
the outcome of treatment. Primary cutaneous melanomas were ex- 
cised and mice received the first i.v. treatment of MLV-MTP-PE 
either on day 3, day 7, or day 10 after surgery. All mice received 8 
i.v. injections (twice weekly for 4 weeks). Each treatment dose 
consisted of 2.5 Ixmol phospholipids containing 10 txg of MTP-PE 

were dissociated, and 5 x 106 lung cells were injected s.c. 
into normal syngeneic recipients (3 mice per group). No  
subcutaneous tumors developed in the 24 mice injected 
with 5 x 106 cells dissociated from lungs of  8 tumor-free 
mice. In contrast, 5 x 106 lung cells from normal mice ad- 
mixed with 100 viable B16 melanoma cells produced sub- 
cutaneous tumors in 19 of  20 injected mice. These data 
suggest, therefore, that the 5 × 106 lung ceils of  tumor-free 
mice contained less than 100 viable B16 cells. 

D i s c u s s i o n  

In these experiments, particular attention was given to the 
optimal conditions required for successful eradication of  
lymph node and lung metastases by the systemic adminis- 
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trat ion o f  l iposomes conta ining MTP-PE. The abil i ty to 
activate a lveolar  macrophages  in situ with MLV contain-  
ing MTP-PE [4, 6, 9, 10, 12] is at tractive for  several rea- 
sons. First,  vir tual ly all of  the compound  used in the pre- 
pa ra t ion  of  the MLV is incorpora ted  into the l iposome 
structure, in contrast  to the significant waste that  occurs i n '  
the p repara t ion  of  MLV containing hydrophi l ic  M D P  [10]. 
Second,  because MTP-PE is f i rmly associated with the 
phospho l ip id  bi layer  of  the MLV, it is efficiently del ivered 
to macrophages  and,  once phagocytosed,  results in con- 
sistent and  reproducib le  act ivat ion of  macrophages  in situ 
[10]. Third,  once prepared ,  MLV containing MTP-PE re- 
tain their  abil i ty to activate alveolar  macrophages  in situ 
for 8 - 1 2  weeks after s torage at 4 °C [31]. 

The attr ibutes of  MLV containing MTP-PE may ac- 
count  for the results obta ined  in the therapy experiments.  
Of  the mice t reated twice weekly with MLV containing 
MTP-PE 68% were alive by day 250 of  the exper iment  (170 
days after the final treatment) .  This per iod  exceeds the 
t ime necessary (40-50  days) for as few as 100 surviving tu- 
mor  cells to kill their  host [15]. Opt imal  success in eradicat-  
ing metastases was ob ta ined  by the twice weekly adminis-  
t ra t ion o f  MLV-MTP-PE for 4 weeks (eight i.v. injections).  
Inject ing the MLV once a week for 8 weeks (eight i.v. in- 
ject ions)  was not  as therapeutic.  Thus, the opt imal  treat-  
ment  directly corre la ted with the in vivo half-life of  the 
MLV-MTP-PE and the dura t ion  of  macrophage  act ivat ion 
to a tumor ic ida l  state [10, 12]. It is entirely conceivable  that  
improvement  in t rea tment  could  have occurred with a 
longer  biweekly schedule (8 weeks or even 12 weeks). 
Technical  difficulties of  tail  vein injections did  not  al low 
us to thoroughly  study this possibil i ty.  

Even under  opt imal  condi t ions ,  not  all the treated 
mice survived. We have previously  shown that  those 
" t reatment  fai lure" mice did  not  die from the prol i fera t ion  
of  tumor  cells resistant  to macrophage-media ted  lysis [13]. 
In  the present  study, we found that  the degree of  success or 
fai lure in t rea tment  of  spontaneous  metastases by i.v. in- 
ject ions of  MLV-PE was directly related to the tumor  
burden  at the t ime of  initial  t reatment.  This conclusion is 
based  on the da ta  of  the studies i l lustrated in Figs. 2 and 3. 
In this B16 tumor  system, the volume doubl ing  t ime of  me- 
tastases was 3 - 5  days [3, 15]. On day  3 after surgery o f  the 
p r imary  melanoma,  the number  of  tumor  cells in metas- 
tases is est imated to be less than 107 cells. The number  o f  
metastat ic  cells obviously  increases with t ime and could 
reach 3 x 107 cells by 10 days  after resection of  the local tu- 
mor. At  this t ime, the lung metastases are large and can be 
seen without  microscopy  [7]. Indeed,  the percentage of  sur- 
viving mice decreased dramat ica l ly  when the first i.v. MLV 
t rea tment  began on day  10. 

Mice surviving until  day  250 of  the exper iment  were 
p robab ly  free o f  tumor  cells. This conclusion is based on 
the da ta  in which appropr ia t e  bioassays of  lungs from 
t rea tment  success mice fai led to reveal the presence of  dor-  
mant  me lanoma  cells. 

In conclusion,  the results shown here r ecommend  that 
the schedule of  adminis t ra t ing  MLV containing MTP-PE 
that  opt imal ly  activates tumoric idal  proper t ies  in macro-  
phages [4, 10, 12, 30, 31] is also opt imal  for the t reatment  
o f  systemic metastases. Since the major  l imitat ion in the 
t rea tment  of  d isseminated  cancer  with macrophages  acti- 
vated in situ is not  tumor  cell resistance to macrophage-  
media ted  lysis [13] but  ra ther  the inabi l i ty  of  macrophages  

to destroy a large number  of  tumor  cells, the data  present- 
ed here suggest that  macrophage-media ted  destruct ion of  
large tumor  burdens  may not  be feasible. For  this reason 
the potent ia l  appl ica t ion  of  macrophage  act ivat ion in situ 
should not be directed towards  the destruction o f  large tu- 
mors,  but  rather  the destruct ion of  micrometastases  or the 
few tumor  cells that  resist convent ional  therapy of  large 
lesions. 
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