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immunoliposomes in rats infected with Plasmodium berghei 
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The potential therapeutic application of chloroquine-containing immunoliposomes (Fab'-IipCQ) :n a Plasmodium 
b e ~ i  malaria model was studied. Extending a previously described in vivo model (Peeters et al. (1988) Biochim. 
Biophys. Acla 943, 137-147) it was demonstrated that injection of antimouse red blood cell (anti-mRBC) Fab'-IipCQ 
was significantly more effective than liposome.encapsulated ehloroquine 0ipCQ) or free chloroquine in delaying or 
preventing a patent inlection after intravenous injection of parasitized mouse red blood cells (p-mRBC) in rats. The 
results could be improved by injecting synchronized infected cells instead of non-synchrc..ou~ p-mRBC in order to 
minimize the presence of free parasites which could easily infect rat RBC. It was further demonstrated that sequential 
injection of anti-mRBC IgG and lipCQ or chloroquine resulted in complete inactivation of +he injected parasitized cells 
while Fab'-IipCQ administration resulted in a maximum score of 50% at an equal chloro ,aine, protein and phospholipid 
dose. In this report the potential of the concept of drug targeting for the effective treatment of a disease, which 
manifests in b~ood cells, was demonstrated. 

Introduction 

O n e  of the approaches  to achieve site-specific d rug  
del ivery is the app l ica t ion  of  i m m u n o l i p o s o m e s  (anti- 

body  - or an t i body  f ragments  - usual ly  covalent ly  
l inked to l iposomes).  Extens ive  reviews on the prepara-  
uon  of i m m u n o l i p o s o m e s  and  ' i n  vitro '  s tudies with 
these immuno l iposomes  are avai lable  [1-7]. The  'in 
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vivo' application of immunoliposomes for targeted de- 
livery of therapeutic or diagnostic agents has been the 
subject of investigation in a limited number of studies 
(reviewed in Ref. 8). From these studies, the anatomical 
and nhysioiogical constraints interfering with successful 
site specific delivery of drugs with immunoliposomes 
can be derived. In principle, all cells and tissues directly 
in contact with blood are potential candidate structures 
for targeting with immunoliposomes after intravenous 
(i.v.) administration. Blood cells (long circulation times) 
are good candidates to study the iateraction between 
immunoliposomes and the appropriate target cell 'in 
vivo'. In a recent study [9] it was observed that a high 
level of i.v. injected target cells (mouse :cd blood cells; 
mRBC) was maintained in the blc.od compartment of 
untreated rats for several hours. Rapid elimination of 
these target cells (mRBC) from the blood compartment, 
however, was observed after i.v. injection of specific 
(anti-mRBC) immunoliposomes or free antibody (frag- 
ments). 

In the present study this model system was used to 
demonstrate functional drug targeting with chloroquine 
(CQ)-containing anti-mRBC immunoliposomes to 
Plasmodium berghei ( P. berghei) infected mRBC. The 
therapeutic response after injection of CQ-iaden im- 
munoliposomes was compared with the response after 
administration (i.v,) of free specific anti-mRBC IgG 
and CQ-containing liposomes (lipCQ; without a specific 
homing device) or free CQ. The therapeutic efficacy of 
treatment with CQ-containing immunoliposomes was 
significantly better than that of lipCQ or free CQ 
treatment at the same CQ dose level or free anti-mRBC 
IgG. In addition, it was found that sequential applica- 
tion of IgG/lipCQ or IgG/CQ combinations was more 
effective than the CQ-containing immunoliposomes in 
preventing the development of a patent infection in 
rats. 

Materials and Methods 

Chemicals. Phosphatidylcholine (PC), phosphati- 
dyiserine (PS), dithiothreitol (DTT), cholesterol (chol) 
and pepsin were obtained from Sigma Chemicals (St. 
Louis, MO, U.S.A.). Phosphatidylethanolamine (PE) 
was purchased from Lipid Products (Nutfield, U.K.). 
Succinimidylmaieimido-4-(p-phenylbutyrate) (SMPB) 
was purchased from Pierce Chemical Company (Rock- 
ford, U.S.A.). Chloroquine diphosphate met the require- 
ments of the British Pharmacopoeia. Protein A Sep- 
harose CL-4B and other Sephadex gels were purchased 
from Pharmacia Fine Chemicals (Uppsala, Sweden). 
SE-23 was obtained from Servacell (Heidelberg, F.R.G.) 
and silica gel (70~ 325 mesh) from Merck (Darmstadt. 
F.R.G.). Na2~lCrO4 was obtained from Amersham In- 
teruational (Amersham, U.K.). All reagents were of 
analytical grade. 

Animals. Outbred male Swiss mice (6 weeks old, + 25 
g) and male Wistar rats (50-70 g; young rats were used 
because of their relative high sensitivity to the infection) 
were obtained form colonies of the aifimal facility of the 
University of Nijmegen. They were kept in plastic cages 
and recieved standard food (RMH, Hope Farms) and 
water ad libitum. 

Parasite. Plasmo&um berghei (strain K173) was 
maintained by weekly intraperitoneal (i.p.) inoculation 
of l0 s p-mRBC from infected donor mice into healthy 
mice of the same strain and sex. Parasitemia was de- 
termined from blood smears, made from tail blood 
stained with May Griinwald-Giemsa's solution. 

Purification of mRBC and p-mRBC Normal mRBC 
suspensions were prepared by passing heparinized (5 
U/ml)  whole blood through a column containing three 
volumes of Sephadex G-150 Superfine and one volume 
of the ion exchanger SE-23 to remove white blood cells 
and platelets [10]. p-mRBC were isolated and purified 
essentially as described before [10]. Briefly, infected 
blood was taken from mice at day 7 after infection and 
heparin (5 U/ml)  was added to prevent clotting. Blood 
was diluted once with medium (RPMI 1640 (Gibco) 
buffered with 20 mM Hepes and I0 mM sodium 
carbonate and supplemented with 10~ fetal calf serum 
(FCS)). White blood cells and platelets were removed as 
described for mRBC. The cells recovered in the column 
eluate were diluted to five times the original Mood 
volume and layered on top of a Percoll (Pharmacia) 
cushion with a density of 1.094. After centrifugation 
(1500 × g, 20 min) the interphase was harvested and 
washed three times witll medium. The cells were counted 
and kept on ice un:d they wt:re injected. Microscopic 
analysis revealed that ti,,: suspensions contained over 
90~ p-mRBC o' all developmental stages (from early 
trophozoite to mature schizont). To remove merozoites 
the p-mRBC suspensions were wastled (1000 × g ,  5 
rain) twice immediately before injection. 

Synchronization of infection. Synchronization was per- 
formed according to the methods described by Mons et 
ai, [11] and Janse et al. [12] with minor modifications. 
Infected mouse reticulocytes (p-mRETS) used for syn- 
chronization were obtained from two Swiss mice made 
anaemic by bleeding from the retro-orbital plexus 
(200-250 ~1 of blood) one day before and one day after 
infection with 105 p-mRBC obtained from a passage 
mouse on day 7 after infection. Five days after infec- 
tion, the parasitemia was 8-10~ with 60% of the para* 
sites in reticulocytes (p-mRETS). Blood of the infected 
animals was taken by cardiac puncture under sterile 
conditions, supplemented with heparin (5 U/ml)  and 
diluted in complete medium (RPMI 1640, buffered with 
20 mM Hepes and 10 mM sodium hydrogencarbonate 
and supplemented with 10% FCS, 2 mM L-glutamine 
and penicilline (100 U/ml)). After centrifugation (1500 
× g, 5 rain) the buffy coat was removed, the pelleted 



cells washed with complete medium and diluted with 
normal mRBC (1:1, obtained in a similar way) in a 
final volume of 50 ml. This suspension was cultivated in 
an erlenmeyer flask (500 ml) in a shaking apparatus at 
370C in an atmosphere of 855~ nitrogen, 10% oxygen 
and 5~ carbon dioxide. After 17 h of cultivation the 
majority of the parasites had matured to the schizont 
stage (microscopic analysis). The synchronizexl p- 
mRETS (syn-p-mRETS) were separated by density 
centrifugation (1600 ×g ,  20 min) on a cushion of 
Nycodenz (55% v/v). The interphase was collected and 
washed with complete medium. The cells were counted 
and stored on ice. 5.107 of these mature schizonts were 
mixed with (2-3)-108 mRETS and immediately in- 
jected (i.v.) in a normocytic mouse (the erythropoiesis of 
this mouse was inhibited by the i.p. injection of 0.5 ml 
heparinized normal whole blood 7 and 4 days previ- 
ously). The mRETS that were mixed with the syn-p- 
mRETS were obtained from mice that were hyperbled 
from the retro-orbital plexus (200-250 #!) 5 and 2 days 
previously. These mRETS were isolated by density 
centrifugation on a Percoll cushion as described above. 
17 h after inoculation of syn-p-mRETS and mRETS, 
blood was taken and the syn-p-mRETS were isolated as 
described above. Microscopic analysis revealed that over 
90% of the parasites were in the trophozoite stage and 
in reticulocytes (syn-p-mRETS). These syn-p-mRETS 
were stored on ice until they were injected. 

Preparation of CQ-containing immunoliposomes. 
Maleimido-4-( p-phenylbutyrate)°phosphatidylethanol- 
amine (MPB-PE) was prepared as described earlier [13]. 
MPB-PE bearing reverse-phase evaporation vesicles were 
prepared by the method of Szoka and Papahadjopoulos 
[14] with minor modifications [9,15]. i'he lipid composi- 
tion was chol /PC/PS/MPB-PE 10 : 9.5 : 1:0.5. The 
lipids were dissolved in 4 volumes of diethyl ether 
(freshly distilled) in a round bottom flask. After ad- 
dition of glass beads, one volume of CQ solution (225 
mg CQ-diphosphate = 139 mg CQ base per ml in 100 
mM Tris buffer, final pH 4.0) was added and the two 
phases were emulsified by sonication for 5 rain and 
subsequently mixed on a vortex mixer for one min. 
Diethyl ether was removed under reduced pressure in a 
nitrogen atmosphere with a rotary evaporator at 20 ° C. 
The remaining liposome dispersion was subsequently 
extruded through 0.4 and 0.2/~m polycarbonate mem- 
branes (Nuclepore Corp., Pleasanton, U.S.A.). After 
ultracentrifugal sedimentation (to remove non-encapsu~ 
lated CQ) at 80000 × g during 45 rain (three times) no 
free CQ was detectable in the supernatant immediately 
after these washing steps. The final MPB-PE bearing 
lipCQ pellet was suspended in isotonic I00 mM sodium 
acetate buffer, pH 7.4 (with sodium chloride) and used 
immediately for coupling to freshly prepared anti-mRBC 
Fab'-fragments (prepared from anti-mRBC rabbit IgG) 
as described earlier [9,15]. Fab'-liposomes (Fab'-lip) with 
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either specific anti-mRBC Fab' or control Fab' (pre- 
pared from a feline leukemia virus (FeLV) monoclonal 
IgGl) with (Fab'-lipCQ) or without encapsulated CQ 
were prepared in a similar way. In order to further 
study the effect of the liposomal Fab' density on 
clearance and organ distribution, immunoliposomes 
were prepared with lower ratios, e.g., 15.3, 5.5 and 1.5 
/.tg/#mol phospholipid by lowering the Fab' concentra- 
tion in the coupling reaction medium to 0.25, 0.1 and 
0.03 mg/ml, respectively. 

CQ determination. Total amount of CQ (expressed as 
CQ-base in liposome suspensions) was determined spec- 
trophotometrically at 341 nm, pH 1. Free CQ (CQ 
leakage) was de~ermined spectrofluorimetrically at pH 
9.3, excitation and emission wavelength 330 nm and 383 
nm, respectively, and expressed as percentage of the 
total CQ content as described earlier [16]. 

Distribution studies. The method used to study the 
clearance of 5~Cr labelled mRBC (Cr.mRBC) has been 
described elsewhere [9]. The effect of the density of 
specific Fab' coupled to liposomes on the clearance of 
i.v injected 5~Cr labelled mRBC was studied using 
immunoliposomes with different Fzb'/phospholipid 
ratios injected in a constant dose of 10 #tool phos- 
pholipid per rat. The subsequent distribution of the 
Cr-mRBC was determined as described earlier [9]. Total 
recovery was approximated by summarizing the radio- 
activity found in blood, spleen, liver and lungs. Each 
data t,oint is the mean_+ S.D. from the data of four 
animal ~. 

Therapeutic studies. 10 ~ freshly isolated p-mRBC or 
syn-p-mRETS were i.v. injected into the tail vein of rats 
in a total volume of 0.2 ml. Anti-mRBC Fab'-lipCQ, 
control Fab'-lipCQ, lipCQ or free CQ (in a dose of 0.8 
mg CQ per rat unless otherwise indicated), anti-mRBC 
Fab'-lip or buffer was i.v. injected in a total volume of 
0.2 ml into the tail vein 10 rain later. In cases where the 
combination of anti-mRBC IgG/lipCQ or anti-mRBC 
IgG/CQ were tested, the two components were injected 
separately 10 min after injection p-mRBC or syn-p- 
mRETS. The dose of anti-mRBC IgG was 140/.tg per 
rat (unless otherwise indicated) which was equal (on 
protein basis) to the amount of Fab'-IipCQ (25 + 3 #g 
Fab'/#mol phospholipid, injected dose 5 #mol per rat). 
Parasitemia and mortality ',-,'ere rc,:orded. Parasitemia 
was determined daily by counting 10 4 mRBC in May 
Griinwald-Giemsa's stained blood smears. 

In previous experiments it was found that at equal 
protein concentration the capacity to agglutinate mRBC 
was better for Fab'-lip preparations than for F(ab') 2 
[15] and lgG (results not shown). 

In separate experiments, using an RBC agglutination 
assay [15] it was demonstrated that anti-mRBC lgG, 
F(ab') 2, Fab'-lip and Fab'-lipCQ reacted equally well 
with p-mRBC and syn-p-mRETS (results not shown). 
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Other methods used L~pid phosphate was determined 
by the colorimetric method of Fiske and SubbaRow 
[17]. Protein was determined by the method of Peterson 
[181. The purity of the phospholipids and synthesized 
MPB-PE was analysed by the TLC method described 
by Heath et al. [19]. 

Results 

Characterization of Fab'-IipCQ 
Analysis of 12 independently prepared batches of 

immunoliposomes to be tested in therapy exhibited an 
encapsulation capacity of 183 + 31 /~g CQ per ~mol 
phospholipid and a mean particle size of 0.32 + 0.05 

• . 1  1 1 , 1  btm. The amount of cova,cm~y ~;oupt~u Fab' ia u,~ 
standard procedure was 25 + 5/~g per/~mol phospholi- 
pid. No leakage of CQ or change in particle size was 
observed after 6 months of storage under nitrogen at 
4 ° C  (results not shown). Nevertheless, fresh prepara- 
tions were used in all animal experiments. 

Clearance and organ distribution of Cr-mRBC in rats 
after injection with Fab'-lip: effect of Fab' density on 
liposomes 

In a previous study [9] the Fab' density on liposomes 
did not critically influence opsonization and subsequent 
elimination of Cr-mRBC by these immunoliposomes 
from the blood stream of rats. Thus, ratios of 30.6 and 
11.6 ~g Fab ' /#mol  phospholipid resulted in similar 
clearance curves and organ distributions. In order to 
further study the effect of the liposomal density of Fab' 
molecules on clearance and organ distribution, im- 
munoliposomes were prepared with lower ratios, e.g., 
15.3, 5.5 and 1.5 ~tg/#mol phospholipid. This was 
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Fig. 1. Effect of liposomal Fab" densities; 1.5 (A), 5.5 (ll) and 15.3 (D) 
Eg Fab'//~ tool phospholipid on the blood level of Cr-mRBC (1.5.10 ~) 
in rats after i.v. administration of Fab'-lip. As control, bare liposomes 
were injected (AL In all cases a total amount of 10 t' mol phospholipid 
was injected in a total volume of 0.5 ml, 1 h after in lection of 
Cr-mRBC (arrow). Each data point represents the mean + S.D. of four 

animals. Small S.D. values are not shown. 
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Fig. 2. Recovely of Cr-mRBC in blood (I), spleen (2), liver (3). lungs 
(4) and their sum (5), Animals were killed, 2 h after i.v. administration 
of liposomes or anti-mRBC Fab'-iip with different liposomal Fab'- 
densities (indicated as /tg Fab'//Jmol phospholipid). Presented data 
are the means+ S.D. from four animals, For further details see legend 

of Fig. 1. 

achieved by lowering the Fab' concentration in the 
coupling reaction medium to 0.25, 0.1 and 0.03 mg/ml,  
respectively. The antigen binding capacity of the Fab'- 
lip, determined by hemagglutination assay [15], and 
expressed as the hemagglutination titer (HA) was 2 9, 25 
and 23, respectively. Control immunoliposomes (anti- 
FeLV Fab'-lip) did not agglutinate mRBC under similar 
conditions. The results of experiments with these 
immunoliposomes and control preparations are pre- 
sented in Figs. 1 and 2. The clearance curves and tissue 
distributions obtained after treatment with liposomes or 
control immunoliposomes (anti-FeLV Fab'-lip; results 
not shown) were essentially the same as for specific 
(anti-mRBC) Fab'-iip with the lowest ratio (1.5 /tg 
Fab ' /#mol  phosphofipid) (Figs. 1 and 2). Increasing the 
anti-mRBC Fab' density resulted in a faster elimination 
of Cr-mRBC (Fig. 1) and enhanced localization of the 
5tCr label in the liver and particularly in the spleen 
(Fig. 2). 

E]]ect o'Fub'-iipCQ ,d,  nmizlruiion on inlraoenous infec- 
tion of ,'ats with non-synchronous parasitized mR,~C 

To study the therapeutic effect of the ir~munolip~ 
somes in the above described model, p-mRBC were 
injected i.v. in rats. The effect of an. i.v. injection of 
specific anti-mRb',.' Fab'-lipCQ on the development of 
patency in rats infected with 10 5 p-mRBC was com- 
pared with that of control Fab'-lipCQ, lipCQ, free CQ 
or buffer in three independent experiments. The results 
are summarized in Table 1. When buffer was injected, 
parasitemia became patent 4 to 5 days after infection; a 
similar result was obtained when anti-mRBC Fab'-lip 
(without encapsulated CQ) was administered. Adminis- 
tration of control Fab'-lipCQ, lipCQ or free CQ all 
delayed patency significantly and to the same extent. 



TABLE I 

Effect of Fab'-lipCQ administration on the development of potency in 
rats after intravenous infection with non-sym'hronous parasitized mRBC 

10 s p-mRBC were i.v. injected followed 10 rain later by the indicated 
treatment (i.v.). CQ was given in a dose of 0.g nag per rat. Patency is 
defined as at least 1 parasitized rat RBC per 104 rat RBC. 

Treatment Number of Mean day of 
rats used patency (P) + S.D. 

anti-mRBC Fab'-lipCQ 12 9.6 + 0.5 
LipCQ 9 6.4+0.5 
CQ 9 6.2 =l: 0.4 
Control Fab'-lipCQ 6 6.3 + 0.5 
anti-mRBC Fab'-lip 6 4.4+ 0.5 
Buffer 9 4.2 5:0.4 

Treatment  with specific an t i -mRBC Fab ' - l ipCQ further 
delayed patency significantly when compared to the 
effect after control Fab'- l ipCQ, l ipCQ or free CQ 
administrat ion.  

In an addit ional  experiment the number  of p-mRBC 
per rat was varied. To determine the effect of the 
' infect ion load',  rats received 10 4, 105 or 106 p-mRBC 
followed by the same therapeutic regimens: an t i -mRBC 
Fab' - l ipCQ, l ipCQ or free CQ. The results with respect 
to the delay of patency were essentially the same after 
injection of 10 4 o r  10  6 p-mRBC when compared to 
those obtained after infection with 10 s p -mRBC (Table 
I). In all experiments the rats eventually died from the 
infection within 27 days. 

Thus, despite the fact that ant i -mRBC Fab'- l ip can 
el iminate the m R B C  from the blood, this can not pre- 
vent the normal  development of the infection. CQ in 
any form delays patency and better so in combinat ion 
with ant i -mRBC Fab'- l ip  (Fab'-l ipCQ). 

Effect  o f  administration o f  l g G / l i p C Q  or I g G /  CQ com- 
binations on intravenous infection o f  rats with non-syn- 

chronous parasi t ized m R B C  
In previous experiments [9] it was also possible to 

el iminate mRBC efficiently from the circulation of rats 
by administrat ion of an t i -mRBC IgG. In the experi- 
ments described here this possibility was exploited in 
combinat ion  with CQ treatment. When treatment was 
successful the rats developed no infections and were 
scored as parasite negative. In case rats developed 
patency, the infection was eventually fatal within 26 
days after infection. The combined results of two 
experiments using the same experimental  set up as 
described above but  testing an t i -mRBC IgG, in combi- 
nat ion with l ipCQ or CQ, instead of ant i -mRBC Fab'-  
l ipCQ are described in Table i i .  The results show that 
administrat ion of an t i -mRBC IgG alone was not suffi- 
cient to prevent the development of a patent infection 
(results were equal to buffer administrat ion;  patency 
became detectable 4 - 5  days after infection for both 
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treatments). The delay in patency as obser~'ed for l ipCQ 
or CQ treatment described in Table 1, was confirmed. 
In addition, a high proportion of the rats was radically 
cured when ant i -mRBC lgG was administered com- 
bined with l ipCQ or CQ, a phenomenon not observed 
after treatment with ant i -mRBC Fab ' - l ipCQ (Table 1). 

When the dose of ant i -mRBC IgG in the combined 
I g G / l i p C Q  or I g G / C Q  treatments was reduced from 
140 to 70 #g per rat only 4 out of 8 rats infected with 
!0 5 p mRBC did not develop patency (for both regi- 
mens). This reduced therapeutic efficiency parallels the 
reduced clearance efficiency observed in rats injected 
with mRBC and subsequently treated with different 
doses of ant i -mRBC lgG as demonstrated previously 

[91. 

Effect o f  administration of  Fab'-lipCQ, l g G / l i p C Q  or 
I g G / C Q  on mtravenous infection of  rats with synchro- 

nized parasitized m R E T S  
The above described experiments were performed in 

rats infected with non-synchronous p-mRBC. The IgG 
and Fab'-fragments  used in these experiments are 
directed against mRBC membranes  and are supposed to 
be non-reactive to parasite molecules. Since one parasite 
is able to infect a mouse or rat (results not shown) the 
presence of one free merozoite in the preparation before 
or during the experiment can cause infection. Although 
p-mRBC preparations were washed before administra- 
tion to remove merozoites, rupture of schizonts and 
release of merozoites after injection can limit the ther- 
apeutic efficiency. Thus, experiments were carried out 
with syn-p-mRETS to demonstrate  that the presence of 
merozoites may have interfered with therapeutically ef- 
fective drug targeting in the above described experi- 

TABLE Ii 

Effect of treatment with lgG/lipCQ or IgG/CQ combinations on the 
development of patency in rats after zntraveno~ infection with non-sFn- 
chronous parasitw.ed mRBC 

Treatment Mean day of Number of rats 
patency + S.D. radically eared ~ 
of positive rats 

anti-mRRC Io CL/lipCO t, 1 ~ g (c~ 
,,nti-w_P, BC IgG/CQ - ' 6 (6) 
CQ 6.2 ± 04 0 (6) 
LipCQ 6.3 +0.5 0 (6) 
anti-mRBC IgG 4.75,0.5 0 (6) 
Buffer 4.25:0.5 0 (6) 

" No parasites were detected during a 28 dass period in rats infected 
with 105 p-mRBC (i.v.). Total number of rats used in two indepen- 
dent exoeriments is given in parentheses. 

b anti-mRBC IgG dose was 140 pg per rat (in 0.2 ml buffer) equiv- 
alent to the amount of Fab' (138 pg) of anti-mRBC Fab'-lipCQ. 
The dose of CQ was 0.8 mg per rat. 

c In the treated group no positive animal was obtained because all the 
treated animals were radically cured. 
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TABLE Ill 

~.ffect of treatment with kab'-hpCQ on the developm, ent of p~,'em) m 
rats alter intrat.,enous refection with synchronized paracttized m. ¢E7S 

Treatmen* Mean day of Number of rats 
patency _5: SD. radically cured • 
of positive rats 

anti-mRBC Fab'-lipCQ b t0 .0± 1.7 6 (12) 
lipCQ 6.8±0.5 0 (8) 
CQ 6.5±0.5 0 (8,) 
Buffer 5.2+0.5 0 (8) 

• No parasites were detected during a 28 days period in rats infected 
with 10 s syn-p-mRETS (i.v.). 

b CQ dose was 0.8 nag per rat. The data are summarized from two 
independently performed experiments. 

ments. It was therefore expected that the th,.~'apeutic 
efficacy would be higher with synchronized ceils. Syn- 
p-mRETS used in subsequent experiments exhibited 
> 90% trophozoites and no sclfizonts or merozoites 
(microscopic analysis). The results of two independent 
experiments using the syn-p-mRETS are summarized in 
Table III and can be compared to those described in 
Table I. These results indicate that the therapeutic 
efficacy of anti-mRBC Fab'-lipCQ was improved when 
treatment was given to rats infected with syn-p-mRETS. 
The synergistic effect of antibody (anti-mRBC Fab') 
and CQ in the anti-mRBC Fab'-lipCQ preparations 
already observed in the experiments described in Table 
I was confirmed (Table III). 

Finally the therapeutic efficacy of anti-mRBC Fab'- 
lipCQ was compared to the efficacy of IgG/lipCQ and 
IgG/CQ in rats infected with 10 s syn-p-mRETS using 
a CQ dose of 0.6 mg (instead of 0.g rag) CQ per rat. The 
dose of CQ was reduced to differentiate between the 
therapeutic potential of IgG/CQ and IgG/lipCQ. The 
results of this experiment are described in Table IV. 
The data confirm an improved therapeutic efficacy of 

TABLE IV 

Effect of  Fab' .lipCQ, lgG/ l ipCO or I g G / C Q  administration on the 
development of a patency after intravenous infection with synchronized 
parasitized m R E T S  

Treatment Mean day of Number of rats 
p a t e n c y .  S.D. radically cured '~ 
of positive rats 

anti-mRBC Fab'-lipCQ " 9.5 _+0.6 2 (6) 
anti-mRBC igG/ l ipCQ _ c 4 (4) 
anti-mRBC I g G / C Q  - 4 (4) 
CQ 5.3 5:0.5 0 (4) 

" No parasites were detected during a 28 days period in rats infected 
with 10 s p-mRETS (i.v.). 

b CQ was given m a dose of 0.6 mg CQ pec rat. lgG dose was I ~ / ~ g  
per rat in the indicated treatments. 
In the treated group no positive animal was obtained because all the 
treated animals in that group v, ere radically cured. 

anti-mRBC Fab'-lipCQ when rats infected with syn-p- 
mRETS were treated, even at a dose of 0.6 mg com- 
pa,:ed to 0.8 mg CQ ( Fable t). In addition, it was found 
- again - that the combina:~ons of anti-mRBC IgG and 
lipCQ or CQ were more effective than anti-mRBC 
Fab'-lipCQ at equal CQ and protein concentrations. 

Discussion 

This study describes the application of a previously 
introduced in vivo model, to monitor specific targeting 
of immunoliposomes and antibodies (fragments) to their 
corresponding target cells [9]. The model is applied in 
the evaluation of the therapeutic efficacy of different 
antimalarial treatments. 

Suspensions of Fab'-lipCQ could be prepared repro- 
ducibly and were stable during storage at least 6 months 
in terms of CQ leakage and particle size (particle aggre- 
gation or fusion was negligible). 

In a preliminary experiment attempts were made to 
determine the effect of Fab' density of the liposomes on 
the elimination of mRBC from the blood compartment 
of the rat (Figs. 1 and 2). From these results it can be 
derived that there is a relation between Fab' density of 
the liposomes and elimination efficiency of the Cr- 
mRBC from the blood compartment of the rat. From 
the data in this report and the observation that ratios of 
30.6 and 11.6 ttg Fab'/~tmol phospholipid exhibited 
similar clearance curves and organ distribution patterns 
[9] it was expected that Fab'-lip preparations with ratios 
over 12 ~tg Fab'//~mol phospholipid will not result in 
an improvement of the elimination of the Cr-mRBC. 
Nevertheless, in all therapeutic experiments anti-mRBC 
Fab'-lipCQ had a Fab' density of 25 5:5 ~tg Fab'//~mol 
phospholipid. 

This study further focused on the therapeutic appli- 
cation of CQ containing immunoliposomes in vivo. It is 
obvious that anti-mRBC antibodies (Fab-lip or lgG) 
alone are not able to suppress the infection signifi- 
cantly, despite the fact that they effectively remove the 
host cell of the parasite from the circulation (Figs. 1 and 
2 and Re/. 9). The opsonization of the host cell by 
antibody and subsequent deposition in liver and spleen, 
presumably in the mononuclear phagocyte system (MPS) 
of these organs, did not lead to a sufficiently high level 
in inactivation of the parasites. They apparently con- 
tinued to mature, form schizonts and merozoites, and 
reinvade new host cells causing infections as observed 
in buffer-treated animals. Assuming a parasite prolifera- 
tion rate of 10 per cycle (24 h), a delay in patency of 
one day implies a 10-fold reduction in the number of 
parasites in the infection inoculum. Thus, more than 
90% of the injected p-mRBC must be removed and 
inactivated by antibody in order to give a minimal delay 
(one day) in patency. In addition, the elimination from 
the blood stream takes some time (Fig. 1). Formation of 



schizonts and merozoites, that will start a new infection 
in rat host ceils, with no 'affinity' for the antibody, 
might occur during this period. This might explain the 
better results obtained with syn-p-mRETS (see below). 

On the other hand, antibody treatment significantly 
potentiated the therapeutic effect of CQ or lipCO. An 
accumulation of CQ from lipeQ in the MPS was to be 
expected because of the preferential deposition of lipo- 
somes in the MPS organs. This might enhance the 
interaction of CQ with opsonized p-mRBC that are Mso 
localized in these organs (Fig. 2). The question is whether 
the same holds true for free CQ. Further information on 
the deposition of free CQ in rats is needed. Previous 
experiments have shown that in the treatment of an 
ongoing infection in mice, lipCQ is superior to free CQ 
[16]. This was not found in the experiments described 
here: the way CQ was administered was not critical 
under the conditions chosen in the experiments pre- 
sented in this study. 

The role of specific anti-mRBC IgG in the potentia- 
tion of CQ is underlined by the observation that a lower 
amount of antibody at equal CQ concentration reduced 
the efficacy of the combination. 

Agrawal et al. [20] showed a significant decrease of 
parasitemia 24 h after i.v. injection of CQ containing 
anti-mRBC F(ab')2 liposomes in P. berghei infected 
mice. The effect was only temporarily; at later time 
points parasitemia levels of the experimental group 
caught up with those of the control groups receiving 
free CQ or lipCQ. These results can be explained by the 
fact that in their syste.'n (in contrast to our animal 
model) the anti-mRBC F(ab') 2 fragments had a low 
specificity; they interact~:d not only with the p-mRBC, 
but with all mRBC. Besides, Agrawal et al. [20] studied 
effects in animals with 1 to 2% infected mRBC (i.e., 
approx. 10 s p-mRBC per ml blood). In the present 
study much lower infection levels were studied. As CQ 
acts at the parasitic level, antiparasitic effects are there- 
fore dose dependent. 

A common problem in our study and the study of 
Agrawal et al. [20] is the fact that both types of im- 
munoliposomes do not bind to free parasites (merozo- 
ites). The antibodies used in these targeting experiments 
are directed ag',dnst the surface of the host cell of the 
parasite, the mRBC. When parasites escape before 
targeting is completed they will start an infection in rat 
RBC, which can not be opsonized by the antibody. In 
that case suppression in the infection depends on the 
availability of CQ. It was therefore of interest to test the 
system with syn-p-mRETS. Particularly the absence of 
schizonts that rupture and release free living merozoites, 
which are not attacked by this antibody is important. 
Indeed, the results using syn-p-mRETS (predominantly 
trophozoite stages of the parasite) showed an increased 
therapeutic efficiency of anti-mRBC Fab'-lipCQ (Ta- 
bles I and iii). A proportion of the rats was radically 
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cured with the same dose of CQ that only temporarily 
supl-r:ssed parasitemia when non-synchronous mRBC 
wert: used. These restllts support the hypothesis that in 
the case of non-synchronous mRBC the chance of escape 
of 9arasites is higher than with syn-p-mRETS. This in 
tur ~ ~taggests that antibodies directed against the para- 
sit, and against all stages of the p-mRBC should be 
inci~lded in a formulation when antibody dependent 
targeting will be applied. 

In a direct comparison the use of anti-mRBC IgG 
and lipCQ or CQ instead of anti-mRBC Fab'-lipCQ 
was therapeutically more effective. However, the he- 
magglu:ination titer of anti-mRBC Fab'-Iip(CQ) was 
higher than that of anti-mRBC IgG at equal protein 
concentration (results not shown). At the moment it can 
only be speculated why anti-mRBC igG/l ipCQ and 
IgG/CQ combinations are therapeutically more effec- 
tive than anti-mRBC Fab'-lipCQ. A reason may be that 
Fab'-lipCQ are eliminated too rapidly from the blood 
stream; they may be removed before they can interact 
with all target cells. 

In summary, this report describes a suitable in vivo 
model for the analysis of antibody-mediated drug 
targeting with (immuno)liposomes. The synergism be- 
tween specific antibody and CQ in the suppression of 
an infection is remarkable and may be of therapeutic 
significance. 
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