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Abstract

Clodronate (dichloromcethylene bisphosphonate) and gallium in liposomes are macrophage suppressive agents,
and thus possibly useful in inflammatory diseascs. The effects of liposome surface charge, liposome type, and size on
the delivery of these compounds to RAW 264 macrophages and 1929 fibroblasts were evaluated by growth inhibition
assay in vitro. Unilamellar liposomes with neutral surface charge (100 mol% DSPC) were unable to deliver
clodronate or gallium to macrophages, but inclusion of ncgatively charged DSPG in liposomces provided effective
delivery of the compounds. Large multilamellar liposomces with ncutral surface charge were also ineffective in
dclivering clodronate to macrophages. A decrcasc in the size of unilamellar DSPG liposomes by extrusion did not
affect the delivery of the compounds to macrophages, but drastically increased their potency for fibroblasts. For
macrophage delivery, unextruded DSPG liposomes preparcd by the REV method were found to be the best
formulation studied, while extrusion of liposomes broadencd the effects to other cell types. Various lysosomotropic
agents did not affect the potency of liposomal clodronate for macrophages, but decrcased the potency of liposomal
gallium, indicating that, despite their similarities in mechanism of action in macrophages. the intracellular processing
of liposomal clodronate differs from that of gallium,
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1. Introduction quired to inhibit the growth of RAW 264

macrophages in vitro, but the encapsulation of

Liposomes have proved to be effective carriers
of clodronate (dichloromethylene bisphospho-
nate) and gallium to macrophages, which other-
wise do not readily internalize these compounds
(Monkkonen and Heath, 1993; Monkkonen et al.,
1993). As a free drug, very high concentrations
(0.5-1 mM) of clodronate and gallium are re-
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the drugs in unilamellar liposomes enhances their
potency by a factor of about 50. The cffects of
liposomal clodronate and gallium are specific for
highly endocytotic cells, which probably stems
from the failure of liposomes to deliver sufficient
intracellular drug concentration to affect the cells
with lower endocytotic capacity (Ménkkonen and
Heath, 1993; Mdénkkonen et al., 1993). In vivo,
clodronate encapsulated in multilamellar vesicles
(MLV) eliminates macrophages from the spleen,
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liver, lungs. and lymph nodes of mice, when ad-
ministered via the appropriate routes (Van Rooi-
jen, 1993).

The macrophage suppressive effects of liposo-
mal clodronate and gallium suggest that they may
be useful in the treatment of inflammatory dis-
cases, like rheumatoid arthritis (Matkovic et al..
1991; Kinne et al., 1993; Mdnkkonen and Heath,
1993; Monkkonen et al., 1993: Van Lent et al.,
1993) and autoimmune uveitis (Niesman et al.,
1993), where macrophages have been suggested
to be involved in pathological processes (Firestein
and Zvaifler, 1990; Bresnihan, 1992). This ap-
proach is strongly supported by our findings that
liposomal clodronate inhibits LPS-stimulated cy-
tokine production by RAW 264 cells in vitro
(Monkkonen et al., 1994).

Macrophage depletion in vivo by liposomal
clodronate was shown using MLVs prepared from
neutral egg yolk phosphatidylcholine (EPC) and
cholesterol (Claassen and Van Rooijen, 1986). In
our in vitro studies we have used unilamellar
negatively charged distearoylphosphatidylglyc-
erol /cholesterol (DSPG /Chol) liposomes for the
delivery of clodronate and gallium (Monkkonen
and Heath, 1993; Monkkonen et al., 1993).

The encapsulation efficiency of the drugs in
liposomes, liposome size, and surface charge all
contribute to the liposome-mediated delivery of
compounds in cells (Machy and Lescrman, 1983;
Heath ct al., 1985). Thus, more information about
these factors is required in order to cstablish the
optimal liposome formulation for the dclivery of
clodronate and gallium in macrophages and pos-
sibly to other types of cells. In the present study,
the effects of these factors on the delivery of
clodronate and gallium in macrophages and fi-
broblasts have been evaluated, and also those of
various lysosomotropic agents on the delivery of
these compounds in macrophages have been stud-
ied in vitro.

2. Materials and methods
2.1. Materials

Clodronate (dichloromethylene bisphospho-
nate, disodium salt) was obtained from Leiras

Pharmaccutical Co. (Tampere, Finland). Murex-
ide (5.,5-nitrilodibarbituric acid), MTT (3-(4,5)-di-
methylthiazol-2-yD-2,5-diphenyltetrazolium bro-
mide), chloroquine, primaquine, and hexamethy-
lene tetramine were purchased from Sigma
Chemical Co. (St. Louis, MO, U.S.A.). Galli-
um(I1l) nitrate, hematoxylin trihydrate, and ni-
trilotriacetic acid (NTA) werc purchased from
Aldrich Chemical Co. (Milwaukee, WI, U.S.A.).
SDS was from Merck (Darmstadt, Germany) and
N,N-dimethylformamide (DMF) from Fluka
Chemiec AG (Buchs, Switzerland). Distcaroyl-
phosphatidylglycerol (DSPG) and distearoylphos-
phatidylcholine (DSPC) were obtained from
Orion Farmos Co. (Turku, Finland). and phos-
phatidylcholine (from egg yolk) and cholesterol
from Sigma. Phospholipids and cholesterol were
stored in chloroform at —20°C. Dulbecco’s modi-
fied Eagle’s medium (DMEM), 10000 units of
penicillin and streptomycin, and fetal bovinc
serum werc from Gibco (Grand Island, NY.
U.S.A)), and Sephadex G-50 was purchased from
Pharmacia LKB (Uppsala, Sweden). All other
recagents were obtained from various suppliers
and were rcagent grade or better.

2.2. Preparation of liposomes

Stock solutions of clodronate (200 mM) and
gallium (100 mM, complexed with NTA) for lipo-
some encapsulation were prepared as described
earlier (Monkkonen and Heath, 1993; Monkko-
nen et al., 1993). Unilamellar liposomes were
prepared by reversed-phase evaporation (REV)
(Szoka and Papahadjopoulos, 1978) from phos-
pholipid /cholesterol  (67:33) as described
(Monkkonen and Heath, 1993; Monkkonen et al.,
1993), and will be subsequently referred to by
phospholipid content only. In some experiments,
liposomes were extruded through 0.1 wm polycar-
bonate filters (MacDonald et al., 1991). Large
multilamellar liposomes (MLV) containing clo-
dronate were prepared according to the method
of Claassen and Van Rooijen (1986) from 75 mg
of egg yolk phosphatidylcholine (EPC) and 19 mg
of cholesterol. The drug content of various lipo-
somes was analyzed spectrophotometrically
(Claassen and Van Rooijen, 1986; Zaki and El-
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Didamony, 1988) after disrupting the liposomes
with 0.1% Triton X-100. The lipid content of
liposomes was measured by phosphorus analysis
(Bartlett, 1959), and the size distribution by a
Nicomp Submicron Particle Sizer utilizing laser
light scattering (model 370, Nicomp, Santa Bar-
bara, CA, U.S.A.).

2.3. Cells and cell growth studies

The growth-inhibitory properties of various li-
posome preparations were studied on a murine
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Fig. 1. Effect of various liposome formulations of clodronate
(A) and gallium (B) on the growth of RAW 264 cells in vitro.
Unilamellar liposomes were prepared from various mixtures
(mol%) of negatively charged distearoylphosphatidylglycerol
(DSPG) and neutral distearoylphosphatidylcholine (DSPC) by
reversed phase evaporation. Large multilamellar liposomes
(MLV) were prepared from neutral egg yolk phosphatidyl-
choline. Data represent mean of two to four independently
conducted experiments.

macrophage cell line (RAW 264), and on murine
fibroblast cell line 1929, which were obtained
from T.D. Heath, University of Wisconsin (Madi-
son, WI, U.S.A.). The cells were grown in DMEM
supplemented with 10% fetal bovine serum and
100 U/ml penicillin and streptomycin in a 5%
CO, atmosphere at 37°C. Cells were plated at
4 % 103 per well in 96-well plates (Nunc, Roskilde,
Denmark) and allowed to grow overnight. Qua-
druplicate wells were treated with 5 ul of drug
solutions from half-logarithmic difution series. On
each plate, eight wells were left without cells for
the blank column, and four control wells were
treated with 5 wul of appropriate buffer. The
plates were returned to incubator for 48 h, and at
the end of the growth period the cell growth was
evaluated using the MTT assay (Hansen et al.,
1989; Nargi and Yang, 1993).

The effect of lysosomotropic agents on the
growth inhibition properties of liposome-en-
capsulated clodronate and gallium was studied by
performing the experiments in the presence or
absence of 7.5 mM NH,CI, 10 uM chloroquine,
or 10 uM primaquine, which were added 30 min
before drug addition.

Experiments were repeated two to four times,
and the maximum deviation from the average
value was less than 15% in all experiments. The
variance between experiments was larger (up to
50%), but in each experiment the difference be-
tween various treatments was consistently repro-
ducible.

3. Results and discussion
3.1. Effect of surface charge

Fig. 1 shows the growth-inhibitory effects of
clodronate (A) and gallium (B) encapsulated in
liposomes prepared from various mixtures of
DSPG and DSPC on RAW 264 cells in vitro. The
potency of clodronate was very similar in all
preparations containing negatively charged
DSPG, whereas liposomes containing only neu-
tral DSPC were not effective for delivering clo-
dronate in RAW 264 cells. This is clearly seen
when the IC, values (i.e., the concentration of
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drug required to produce 50% inhibition of cell
growth) of clodronate arc plotted as a function of
molar percentage of DSPG of total liposomal
phospholipid (Fig. 2A). The results indicate that
25 mol% of DSPG in the liposomes is sufficient
for optimal delivery of clodronate in RAW 264
cells.

In contrast, the potency of gallium gradually
increased with increasing portion of DSPG (Fig.
IB). and optimal delivery was achieved with lipo-
somes containing 100 mol% DSPG (Fig. 2B).

Non-loaded liposomes at the concentrations
used for the delivery of clodronate and gallium
did not significantly affect cell growth (data not
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Fig. 2. Effect of surface charge density on the ICy, value of
encapsulated clodronate (A) and gallium (B) for RAW 264
cells in vitro. *The ICs, is greater than the highest drug
concentration used (100 pM).

Table |

Drug /lipid ratio and size of various liposome formulations

containing clodronate and gallium

Liposome Drug /lipid ratio *  Size ®
(mol /mol) (nm)
Clodronate liposomes
DSPG: DSPC " (mol“7 )
100:0 1.27 168
75:25 1.3%8 210
50:50 1.46 177
25:75 .84 190
0: 100 1.01 182
Extruded ¥ 0.40 128
MLV ! 0.72 - 5000
Gallium liposomes
DSPG:DSPC " (mol“7)
100:0 (.70 178
75:25 0.59 208
S50:50 .79 240
25:75 0.59 211
0: 100 0.65 230
Extruded * 0.29 121

' Mecan of two to three separately prepared batches.

: Prepared by REV method from distearoylphosphatidylglye-
crol (DSPG) and distearoylphosphatidylcholine (DSPC).

¢ Prepared from 100 mol% of DSPG.

¢ Multilamellar vesicles, prepared from egg yolk phosphatidyl-
choline (EPC) and cholesterol.

shown), indicating that the observed effects were
duce to the drugs, and not to phospholipids.

The amount of the drug in each liposome is an
important determinant for optimal liposomal de-
livery of compounds (Schwendener et al., 1984:
Heath ct al., 1985). Thus, the differences in
drug /lipid ratios in various liposomes may con-
tribute to their drug delivery properties. How-
ever. the mixing of neutral DSPC phospholipid
with negatively charged DSPG in unilamellar li-
posomes did not have any striking effect on the
encapsulation of clodronate and gallium; the
drug /lipid ratios varied between 0.8 and [.5 mol
of clodronate per mol of phospholipid, and be-
tween 0.6 and 0.8 mol of gallium per mol of lipid
in various DSPG /DSPC liposomes, as shown in
Table 1. We have previously reported similar
drug /lipid ratios for clodronate (Ménkkonen and
Heath, 1993) and gallium (Monkkénen ct al.
1993) encapsulated in DSPG liposomes. Hence.
differences in encapsulation of clodronate and
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gallium in different liposomes do not explain the
variation in delivery of the drugs.

Liposome-encapsulated drugs rely on the ad-
sorptive endocytosis of the liposome for their
efficient delivery to cells (Heath and Brown,
1990). The liposome uptake in cells is a two-step
process involving binding of the vesicles on the
cell surface and subsequent endocytosis (Lee et
al., 1992). In general, negatively charged lipo-
somes are bound to and endocytosed by cells to a
greater extent than neutral liposomes (Stevenson
et al., 1984; Heath et al., 1985), although this
difference is not as great for macrophages as seen
for other cell lines (Heath et al., 1985; Daleke et
al., 1990). Nevertheless, the present results show
that the delivery of clodronate and gallium in
macrophages is much more effective by negatively
charged than neutral liposomes, as reported for
some other liposome-dependent drugs, such as
N-(phosphonacetyl)-L-aspartic acid (Heath and
Brown, 1990). The reason why 25 mol% of DSPG
is sufficient for optimal delivery of clodronate,
while gallium appears to require 100 mol% of
DSPG, is not clear, but may stem from the differ-
ent intracellular growth inhibitory action vs intra-
cellular concentration relationship of the drugs,
making gallium more susceptible to a lower up-
take rate.

3.2. Effect of liposome type and size

Clodronate encapsulated in MLVs prepared
from EPC and cholesterol did not affect the
growth of RAW 264 cells in vitro (Fig. 1A). The
drug /lipid ratio was also much lower and the size
much larger in MLVs than in unilamellar lipo-
somes (Table 1). Van Rooijen (1989, 1993) has
shown that clodronate encapsulated in this type
of MLVs eliminates macrophages in spleen, liver,
lungs, and lymph nodes in mice when adminis-
tered via the appropriate routes, and this lipo-
some-mediated macrophage elimination by clo-
dronate has been used for the study of functional
aspects of macrophages in vivo. In vitro data on
the interaction of clodronate encapsulated in
MLYVs are, however, scarce. In one study, 0.7 mM
clodronate in MLVs was required for the elimi-
nation of macrophages from spleen cell suspen-

sion (Claassen et al., 1990), while the 1Cg, of
clodronate for RAW 264 cells in DSPG lipo-
somes is 6—17 uM (present study; Monkkdnen
and Heath, 1993). Macrophages are able to
phagocytose particles of at least 2 um in diame-
ter (Darnell et al., 1990). Clodronate containing
MLVs have a mean diameter of over 5 wm, but
part of the liposomes are smaller than 2 wm, this
proportion appearing to bec sufficient for the
elimination of macrophages in vivo. RAW 264
cells are probably incapable of ingesting enough
large particles, especially when they possess neu-
tral charge, and consequently, are not affected by
clodronate MLVs. It seems obvious that unil-
amcllar DSPG liposomes are much more effec-
tive for delivering clodronate in macrophages in
vitro than multilamellar MLV liposomes, most
probably because of their negative surface charge,
smaller size, and greater encapsulation efficiency
per mol of phospholipid. If this is also the case in
vivo, much lower clodronate and phospholipid
doses would be required to eliminate macro-
phages, when DSPG liposomes are used.

In order to define the cffect of vesicle size of
negatively charged unilamellar liposomes on the
potency of liposomal clodronate and gallium, we
extruded liposomes prepared from 100 mol% of
DSPG through 0.1 wm polycarbonate filters. Ex-
trusion reduced the size of the vesicles from
170-180 to 120~130 um, and also decreased the
drug/lipid ratio considerably (Table 1). The ex-
trusion of DSPG liposomes did not affect the
potency of clodronate on RAW 264 cells (Fig.
3A), whereas it somewhat decreased the potency
of encapsulated gallium (Fig. 3B). It is unclear
whether there is a different mechanism of
macrophage uptake (e.g., phagocytosis vs less ef-
ficient endocytosis) of liposomes with different
size (Schwendener et al., 1984). In the case of
clodronate, our results suggest independence of
size for the uptake of unilamellar liposomes,
whereas the decreased potency of gallium in ex-
truded liposomes indicates an even lower rate of
uptake of smaller liposomes by RAW 264 cells.
Nevertheless, the present results indicate that
unextruded DSPG liposomes provide optimal de-
livery of both clodronate and gallium in macro-
phages.
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The cells other than ‘professional phagocytes’
take up liposomes most probably through adsorp-
tive endocytosis mediated by coated pits (Strau-
binger et al., 1983). This route for the uptake of
liposomes is size dependent, as shown with lym-
phoma cells and L929 fibroblasts, which are sen-
sitive to drug delivery by small liposomes, but not
by larger vesicles (Machy and Leserman, 1983).
We have previously demonstrated that L929 cells
are insensitive to liposomal delivery of clodronate
and gallium by unextruded DSPG liposomes, and
suggested that this stems from the failure of the
drugs to reach sufficient intracellular concentra-
tion to affect the cells with lower endocytotic
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Fig. 3. Effect of extrusion of liposomes on the growth inhibi-
tion of RAW 264 cells by encapsulated clodronate (A) and
gallium (B). Liposomes were prepared from 100 mol% of
DSPG (DSPG), and extruded through 0.1 wm polycarbonate
filters (extr. DSPG). Data are mean of two experiments.
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Fig. 4. Effect of extrusion of liposomes on the growth inhibi-
tion of L929 cells by encapsulated clodronate (A) and gallium
(B). Liposomes were prepared from 100 mol% of DSPG
(DSPG), and extruded through 0.1 um polycarbonate filters
(extr. DSPG). Data are mean of two experiments.

capacity (Monkkénen and Heath, 1993; Monk-
konen et al., 1993). Therefore, we determined
whether 1.929 fibroblasts are susceptible to clo-
dronate and gallium encapsulated in extruded
DSPG liposomes. As shown in Fig. 4, the reduc-
tion of vesicle size by extrusion considerably in-
creased the growth inhibitory potency of both
drugs, whereas unextruded clodronate and gal-
lium liposomes did not produce any growth inhi-
bition of L1929 cells. This indicates that extruded
liposomes were small enough to be taken up
through endocytosis by fibroblasts.

The major conclusion from these findings is
that if it is desired to target the cffects of clo-
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dronate and gallium to macrophages, i.e., in in-
flamed joint cavity, and to avoid effects on other
cells, then the optimal formulation would be un-
extruded DSPG liposomes. On the other hand, if
both macrophages and fibroblasts play a major
role in the pathogenesis of joint destruction in
rheumatoid arthritis, as proposed by Firestein
and Zvaifler (1990), extruded DSPG liposomes
might be the best choice for the delivery of clo-
dronate and gallium intraarticularly.

When liposomes are used ‘locally’, e.g., in-
jected intra-articularly, it is unlikely that they will
gain access to blood circulation and affect cells
other than those in the joint cavity. However,
liposome encapsulated radioactive gallium (*’Ga)
complexed with NTA has been used for pharma-
cokinetic studies to monitor the in vivo distribu-
tion of liposomal content. In such studies the
possible harmful effects of liposomal gallium on
macrophages of reticuloendothelial system should
be taken into account.

3.3. Effects of lvsosomotropic agents

In earlier studies we found that the co-incuba-
tion of RAW 264 cells with liposomes and NH ,Cl
did not significantly affect the growth inhibitory
properties of liposomal clodronate (Moénkkonen
and Heath, 1993), whilst it did inhibit the effects
of liposome-encapsulated gallium (MdnkkOnen et
al., 1993). In the present study, we further exam-
ined the effects of lysosomotropic agents NH ,Cl
(7.5 mM), chloroquine (10 xM), and primaquine
(10 wM) on the growth inhibitory effects of en-
capsulated clodronate and gallium for RAW 264
cells. As shown in Fig. 5, NH,CI and chloroquine
did not significantly affect the delivery of liposo-
mal clodronate, while primaquine seemed to re-
sult in a slight increase in the potency of the drug
(Fig. 5A). The effects of encapsulated gallium
were inhibited strongly by NH ,Cl, and also slightly
by chloroquine and primaquine.

NH,CI, chloroquine, and primaquine are
known to elevate endosomal and lysosomal pH
(Poole and Ohkuma, 1981; Reif et al., 1991), and
the inhibition of drug delivery by NH,Cl has
been taken as evidence for the involvement of
adsorptive endocytosis in the effective delivery of
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Fig. 5. Effects of NH,Cl. chloroquine, and primaquine on the
inhibition of RAW 264 cell growth by clodronate (A) and

gallium (B) encapsulated in DSPG liposomes. Data are mean
of two experiments.

the drug (Heath et al., 1985), although the effects
of NH,CI on liposomal drug delivery have been
variable depending on the cell line and drug
studied (Heath et al., 1985; Heath and Brown,
1990). The finding that the delivery of liposomal
clodronate is not affected by NH Cl and chloro-
quine, and even slightly enhanced by primaquine,
is surprising, and suggests that the acidification of
endosomes and lysosomes is not necessary for the
intracellular uptake and effects of liposomal clo-
dronate. The inhibition may have been only mini-
mal because the concentrations of lysosomotropic
agents used were rather low, since at higher con-
centrations they produce significant growth inhi-
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bition of RAW 264 cells (data not shown), and
the interpretation of resultant growth inhibition
curves 1s difficult. However, 10 mM NH ,Cl and 1
M of chloroquine led to a risc of more than 1
unit in intralysosomal pH in mouse peritoneal
macrophages within 5 min after addition to the
growth medium (Poole and Ohkuma, 1981), and
the cffects of liposomal gallium were inhibited at
these concentrations (Fig. 5B), indicating that
intracellular processing of liposomes was affected
at the concentrations of lysosomotropic agents
used.

It has bcen reported that, in macrophages,
NH ,CT blocks the fusion of endosomes to lyso-
somes, thus interrupting the endocytotic pathway
(Gordon ct al., 1980), while chloroquine enhances
cendosome-lysosome  fusion (D'Arcy Hart and
Young, 1978). Becausec NH ,Cl is unable to inhibit
the ctfects of liposomal clodronate, we have pre-
viously speculated as to whether clodronate al-
rcady acts at the endosomal compartment and
does not have to reach lysosomes at all
(MOnkkonen and Heath, 1993). The present re-
sults suggest that, in addition to independence of
the acidification of intracellular vesicular com-
partments, the action of liposomal clodronate is
also independent of the endosome-lysosome tu-
ston rate.

All the lysosomotropic agents tested inhibited
the action of liposomal gallium, suggesting that
the action of gallium requires the acidification of
endosomes and lysosomes. but is independent of
the endosome-lysosome fusion rate.

Both liposomal clodronate and gallium scem
to affect the growth of RAW 264 ccells by deple-
tion of intracellular iron from the cells
(Monkkonen and Heath, 1993; Monkkonen et al.,
1993). Although they probably share at lcast par-
tially the same mechanism of action in the growth
inhibition of RAW 264 cells, the corresponding
forms of intracellular processing required for their
action. however, differ from each other for as yet
unclear reason(s). For example, whether the re-
lease of clodronate from liposomes in endosomes
and /or lysosomes occurs at different pH than
that of gallium, or whether clodronate can affect
iron metabolism at higher pH than gallium, re-
mains to be clarified in further studies.

4. Conclusions

The present study confirms the liposome-
mediated delivery of clodronate and gallium in
macrophage-like cells in vitro, and indicates that
unilamellar liposomes preparcd from negatively
charged DSPG arc by far more effective for the
delivery of these compounds than liposomes con-
taining neutral DSPC. Although only 25 mol%: of
DSPG is required for optimal delivery of clo-
dronate in macrophages, the liposomes prepared
from 100 mol% of DSPG have been chosen for
further studies because of the simplicity of the
liposome preparation procedure. The lack of po-
tency of clodronate encapsulated in MLVs in
vitro suggests that also in vivo unilamellar DSPG
might provide more efficient delivery of the drug
into macrophages. The delivery of clodronate and
gallium in different cell types is dependent on
liposome  size; unextruded liposomes  provide
macrophage specific targeting of the compounds,
while extrusion of liposomes makes these com-
pounds also active against, e.g., fibroblasts. Thus,
the choice of liposome size depends on the target
for the delivery of clodronate and gallium.

Acknowledgements

The authors thank Mr Markku Taskinen for
skilltul technical assistance and the Technology
Development Centre of Finland (TEKES) for fi-
nancial support. A.U. is supported by the
Academy of Finland.

References

Bartlett. G.R., Phosphorus assay in column chromatography.
J. Biol. Chem.. 234 (1959) 466-46K.

Bresnihan, B.. The synovial lining cells in chronic arthritis, Br.
J. Rheum.. 31 (1992) 433-435.

Claassen, E. and Van Rooijen, N., Preparation and character-
istics of dichloromethylene diphosphonate-containing lipo-
somes. J. Microencapsulation, 3 (1986) 109-114.

Claassen, L., Van Rooijen, N, and Claassen. E.; A new method
for removal of mononuclear phagocytes from heteroge-
nous cell population in vitro using the liposome-mediated
macrophage “suicide’ technique. 1. Innnunol. Methods. 134
(1990) 153-161.



J. Monkkonen et al. / International Journal of Pharmaceutics 107 (1994) 189197 197

D’Arcy Hart, P. and Young, M.R., Manipulations of phago-
some-lysosome fusion response in cultured macrophages.
Enhancement of fusion by chloquine and other amines.
Exp. Cell Res., 114 (1978) 486—49().

Daleke, D.L., Hong. K. and Papahadjopoulos, D.. Endocvtosis
of liposomes by macrophages: binding, acidification and
leakage of liposomes monitored by a new fluorescence
assay. Biochim. Biophys. Acta. 1024 (1990) 352-366.

Darnell, J., Lodish, H. and Baltimore, D., Molecular Cell
Biology. Scientific American Books, New York, 1990, p.
356.

Firestein, G.S. and Zvaifler, N.J., How important are T cells
in chronic rheumatoid synovitis? Arthr. Rhewmn., 33 (1990)
768-773.

Gordon, A.H., D’Arcy Hart, P. and Young, M.R., Ammonia
inhibits phagosome-lysosome fusion in macrophages. Na-
ture, 286 (1980) 79-80.

Hansen, M.B., Nielsen, S.E. and Berg. K., Re-examination
and further development of a precise and rapid dye method
for measuring cell growth /cell killing. /. Immunol. Meth-
ods, 119 (1989) 203-210.

Heath, T.D. and Brown, C.S.. Liposomc dependent delivery
of N-(phosphonacetyl)-1-aspartic acid to cells in vitro. J.
Liposome Res.. 1 (1990) 303-317.

Heath, T.D.. Lopez, N.G. and Papahadjopoulos. D.. The
effects of liposome size and surface charge on liposome-
mediated delivery of methotrexate-y-aspartate to cells in
vitro. Biochim. Biophys. Acta, 820 (1985) 74-84.

Kinne, R., Hoppe, R., Schmidt, C., Buchner, E., Niurnberg, F.
and Emmrich, F.. Established adjuvant arthritis (AA) can
be treated by systemic application of clodronate containing
multilamellar liposomes (CLO-LIPQ). Clin. Rheumatol., 12
(1993) 35.

Lee, K.-D.. Hong, K. and Papahadjopoulos. D., Recognition
of liposomes by cells: in vitro binding and endocytosis
mediated by specific lipid head groups and surface charge
density. Biochim. Biophys. Acta, 1103 (1992) 185-197.

MacDonald, R.C., MacDonald, R.I.. Menco, B., Takeshity,
K., Subbarao, N.K. and Hu L., Small-volume extrusion
apparatus for preparation of large, unilamellar vesicles.
Biochim. Biophys. Acta, 1061 (1991) 297-303.

Machy, P. and Leserman, L.D., Small liposomes are better
than large liposomes for specific drug delivery in vitro.
Biochim. Biophys. Acta, 730 (1983) 313-320.

Matkovic, V.. Balboa, A., Clinchot, D., Whitacre, C., Zwilling,
B.. Brown. D., Weisbrode. S.E., Appseloff, G. and Gerber,
N., Gallium prevents adjuvant arthritis in rats and inter-
feres with macrophage /T-cell function in the immune
response. Curr. Ther. Res., 50 (1991) 255-267.

Ménkkonen, J. and Heath, T.D.. The effects of liposome-en-
capsulated and tree clodronate on the growth of
macrophage-like cells in vitro: the role of calcium and
iron. Calcif. Tissue Inr., 53 (1993) 139-146.

Monkkénen, J., Brown, C.S., Thompson, T.T. and Heath,
T.D., Liposome-mediated delivery of gallium to
macrophage-like cells in vitro: Demonstration of transfer-
rin-independent route for intracellular delivery of metal
ions. Pharm. Res.. 10 (1993) 1130-1135.

Monkkénen, ., Pennanen, N., Lapinjoki, S. and Urtti. A..
Clodronate (dichloromethylene bisphosphonate) inhibits
LPS-stimulated IL-6 and TNF production by RAW 264
cells. Life Sci., 54 (1994) 229-238.

Nargi, F.E. and Yang, T.J., Optimization of the L-M cell
bioassay for quantitating tumor necrosis factor a in serum
and plasma. J. Immunol. Methods, 159 (1993) 81-91.

Niesman, M.R., Ni, M. and Bloom, J.N., Monocyte depletion
reduces the severity of experimental autoimmune uveitis.
Incest. Ophthal. Vis. Sci.. 34 (1993) 1477,

Poole, B. and Ohkuma. S., Effect of weak bases on the
intralysosomal pH in mouse peritoneal macrophages. J.
Cell Biol., 90 (1981) 665-669.

Reif, J.S.. Schwartz, A.L. and Fallon. R.J., Low concentra-
tions of primaquine inhibit degratation but not receptor
mediated endocytosis of asialoorosomucoid by HepG2
cells. Exp. Cell Res., 192 (1991) 581-586.

Schwendener, R.A., Lagocki, P.A. and Rahman, Y.E., The
effects of charge and size on the interaction of unilamellar
liposomes with macrophages. Biochim. Biophys. Acta. 772
(1984) 93-101.

Stevenson, M., Buaillie. A.J. and Richards, R.M.E.. Quantifica-
tion of uptake of liposomal carboxyfluorescein by profes-
sional phagocytes in vitro. A flow microtluorometric study
on the J774 murine macrophage cell line. J. Pharm. Phar-
macol., 36 (1984) 824-830.

Straubinger. R.M.. Hong, K., Friend, D.S. and Papahadjopou-
los, D.. Endocytosis of liposomes and intracellular fate of
encapsulated molecules: Encounter with a low pH com-
partment after internalization in coated vesicles. Cell, 32
(1983) 10691079,

Szoka, F.C. and Papahadjopoulos, D., Procedure for prepara-
tion of liposomes with large internal aqueous space and
high capture by reverse-phase cvaporation. Proc. Natl.
Acad. Sci. USA, 75 (1978) 4194-4198.

Van Lent, P.L.E.M., Van den Hoek, A.E.M.. Van den Bersse-
laar, L., Van Rooijen, N. and Van den Berg, W.B., Role of
phagocytic synovial lining cells in experimental arthritis.
Agents Actions, 38 (1993) C92-94.

Van Rooijen, N., Extracellular and intracellular action of
clodronate in osteolytic bone discases? A hypothesis. Cal-
cif- Tissue Int., 32 (1993) 407-410.

Van Rooijen, N., The liposome-mediated macrophage "suicide’
technique. J. Immunol. Methods, 124 (1989) 1-6.

Zaki, M.T.M. and El-Didamony, A.M., Determination of gal-
lium and indium with haematoxylin in micellar medium.
Analyst, 113 (1988) 1277-1281.



