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Neurocysticercosis resulting from Taenia solium infections is a major cause of adult-acquired seizures
worldwide. Disease is caused by larval cysts, and treatment consists of the anthelmintic drugs albendazole
or praziquantel. There are no standard methods to assess drug activity to 7. solium cysts in vitro.
Morphological, functional, and biochemical changes that might reflect damaging (inhibiting, cytotoxic)
drug effects were analyzed after exposure of cysts to albendazole sulfoxide (ABZ-SO), the major active
metabolite of the drug ir vivo, praziquantel (PZQ), or combinations of both. PZQ exposure led to a
decrease in cyst size and inhibition of evagination, whereas ABZ-SO exposure resulted in minimal
changes. Alkaline phosphatase (AP) is normally secreted by cysts, and both drugs inhibited AP secretion
at concentrations of 5 and 50 ng/ml for PZQ and ABZ-SO, respectively. Some combinations of both drugs
resulted in additive and/or synergistic activities. Parasite-specific antigen, detected in the cerebrospinal
fluid and blood of infected patients, is also normally secreted by T. solium cysts. Antigen secretion was
similarly inhibited by ABZ-SO and PZQ and a combination of both drugs, suggesting that inhibition of
secretion is a common downstream consequence of the activities of both drugs. These studies establish
quantitative methods to measure in vitro anthelmintic activity and suggest combination therapy with

ABZ-SO and PZQ may have clinical benefit.

Neurocysticercosis (NCC), the most common cause of adult
acquired seizures worldwide, results from infection of the brain
by the cystic larval stage of Taenia solium. The adult tapeworm
resides in the human intestines. It consists of a head with a
scolex, which is an attachment organ, a neck, and increasingly
maturing segments containing infectious ova. These are ex-
creted as segments in the feces and, when ingested by free-
roaming pigs, hatch and are carried to the brain, muscles, and
other organs, where they develop into viable cysts in about 2 to
3 months. After ingestion and exposure to bile and other fac-
tors in the gastrointestinal tract milieu, the cysts evaginate and
develop into tapeworms. Humans develop NCC after acciden-
tal ingestion of infectious ova sometimes originating from their
own tapeworm or one residing in a family member or
coinhabitant.

The clinical manifestations of NCC are due to growth, de-
generation, and inflammation associated with the host re-
sponse to the cyst. Treatment consists of the anthelmintic
agents albendazole or praziquantel (PZQ) (4, 5, 15), as well as
corticosteroids or other anti-inflammatory agents (4, 14), that
are commonly used to control treatment-induced inflamma-
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tion. However, cure rates are relatively low with currently
available regimens, and more effective agents are needed.

T. solium larval cysts (metacestodes) can only be obtained
from infected pigs. Studies using 7. solium cysts are difficult
because many infected pigs are required, harvesting cysts in-
dividually is laborious and time-consuming, and culturing and
maintaining cysts in the laboratory is difficult. For these rea-
sons, cysts of a related parasite of the same genus as 7. solium,
Taenia crassiceps, have been commonly used instead of T.
solium cysts for in vitro studies of drug effects and parasite
biology (16, 17, 32). However, it is not known whether any or
all of the conclusions from these studies can be applied to 7.
solium.

Despite numerous studies of direct drug effects on 7. cras-
siceps cysts (16-18, 31, 32), the best parameters for evaluating
the effects of anthelmintics on 7. solium have not been estab-
lished. Traditionally, the effects of drugs on taeniid cysts have
been assessed by visual examination of cysts for morphological
and histopathological changes on light or electron microscopy
suggesting damage (16, 17). Although these approaches have
demonstrated effects of the commonly used anthelmintics for
treatment of 7. solium (17) and other cestodes (7, 11), the
techniques require experienced personnel and equipment and
are time-consuming for routine use and analysis. We were
interested in investigating alternative, potentially more sensi-
tive methods for detection of damage to parasites that had the
potential for testing new drugs rapidly and inexpensively. The
rationale for the use of enzymatic tests of parasite damage was
that damaged parasites would likely release cellular contents
through their tegument once the integrity of the barrier was
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breached. Such approaches have been demonstrated to be
sensitive and specific to drug effects on other cestodes, e.g.,
Echinococcus species, in which alkaline phosphatase (AP) ac-
tivity has, indeed, been shown to increase in the supernatants
of drug-treated metacestodes (20, 22, 23). Other enzymes that
are released into the supernatant of metacestodes, such as
phosphoglucose isomerase, have been shown to be equally or
more sensitive to the effects of drugs on Echinococcus mul-
tilocularis metacestodes (21).

In the present study, we characterized the macroscopic, mi-
croscopic, and biochemical parameters of drug-induced dam-
age to T. solium cysts by the currently used anthelmintics PZQ
and albendazole sulfoxide (ABZ-SO; the active compound of
albendazole). We identified inhibition of the release of para-
site-derived alkaline phosphatase as a useful and more sensi-
tive measure of drug activity than morphological changes or
death for both drugs. Using this assay, we found additive or
synergistic effects of both drugs together. In addition, we show
that ABZ-SO, as well as a combination of both drugs, inhibits
the release of a specific parasite-derived antigen previously
reported to be found in the sera of infected patients. These
studies present quantitative method(s) to measure in vitro an-
thelmintic activity and suggest that combination therapy with
ABZ-SO and PZQ may enhance cure rates.

MATERIALS AND METHODS

Parasites. Metacestodes of T. solium were obtained from naturally infected
pigs purchased from villages in an endemic region of Peru. The pigs were
euthanized according to an approved protocol established by the Faculty of
Veterinary Sciences at the Universidad Nacional Mayor de San Marcos. Para-
sites were individually harvested from muscle tissue and transported in phos-
phate-buffered saline (PBS; pH 7.4; Gibco-Invitrogen, Gaithersburg, MD).

Drugs. ABZ-SO was purchased from a commercial supplier (Sigma, St. Louis,
MO), and PZQ tablets were purchased from Merck (Merck KgAa, Darmstadt,
Germany). Stock solutions of ABZ-SO and powdered PZQ tablets were pre-
pared in dimethyl sulfoxide (DMSO; Sigma) and absolute ethanol, respectively,
and diluted in culture medium to the desired concentration.

In vitro culture of cysts. For in vitro culture, T. solium metacestodes were
washed two times with sterile PBS and once with cyst medium composed of
RPMI 1640 medium supplemented with HEPES buffer (10 mM; Gibco), peni-
cillin (100 U/ml), streptomycin (100 pg/ml), and amphotericin B (0.25 wg/ml; all
purchased from Gibco-Invitrogen) and allowed to stabilize in cyst medium for
12 h at 37°C in 5% CO,. For the drug studies, 10 cysts were cultured per well in
12-well plates in culture medium with a final volume of 2 ml. Drugs were added
to achieve different final concentrations (range, 1 to 500 ng/ml). Control wells
contained medium with drug solvent (DMSO or ethanol) at concentrations equal
to the highest concentration of the corresponding drug used in the assay. Plates
were incubated for 4 to 6 days at 37°C in 5%CO,. After each 24-h period, the
supernatants of each well was harvested and replaced, and a photograph was
taken of each culture plate. Each condition was evaluated in triplicate.

Measurement of cyst size. Cyst size was represented by the average diameter
of each cyst derived from the average of maximal length and maximal width of
all cysts in a well. These measurements were performed on photographs of the
culture plates using a standardized layout of photographic equipment at each
time point. The size of each cyst (in centimeters), designated the corrected size,
was estimated as follows: corrected cyst size = (cyst size in photograph/well
diameter in photograph) X 2 cm, where 2 cm is the diameter of each well of the
culture plate. A change in size was expressed as the percent reduction in the
average corrected cyst size at the designated time point compared to average of
the corrected cyst size at baseline in the well using the following formula: %
reduction = (the average corrected cyst size in a given well/the average corrected
cyst size in the same well at the start of culture) X 100.

Evagination. The ability of cysts to evaginate was assessed by addition of
porcine bile at selected time points. Culture medium was replaced with 1 ml of
culture medium containing 50% porcine bile and incubated for 12 to 18 h at 37°C
in 5% CO,, and then the evaginated cysts were counted and the percentage of
evaginated cysts was calculated.
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FIG. 1. In vitro bile-stimulated evagination of cysts. Cysts of T.
solium were cultured in triplicate wells for 6 days (see Materials and
Methods), and on each of the indicated days (x axis), the percentage of
cysts that evaginated after exposure to bile for 18 h was determined.
The graph depicts the total percentage of cysts that evaginated on the
indicated day of culture, a sum of spontaneously evaginated and bile-
induced evagination, in control medium (RPMI medium alone),
RPMI with DMSO (0.00005%), or ethanol (0.00025%), corre-
sponding to the concentration of solvents used for dissolution of
ABZ-SO (DMSO) or PZQ (ethanol). Each data point represents
the mean of triplicate wells, and the bars indicate the standard
errors of the mean (SEM). The asterisk indicates significantly dif-
ferent values compared to day 1.

Measurement of AP secretion. The concentration of AP in cyst culture super-
natants of 7. solium cysts was determined by using a commercially available
colorimetric AP detection system (Roche Diagnostics, Branford, CT), adapted to
a microassay format. Briefly, the reaction mixture in each well consisted of 50 .l
of supernatant mixed with 25 wl of kit reagent 1 and 125 pl of reagent 2. The
mixture was incubated at 37°C in the dark for 1 h. The optical densities (ODs)
at 492 nm were then determined using a VersaMax microplate reader (Molecular
Devices, Sunnyvale, CA). Culture medium incubated without parasites or freshly
prepared medium were included as controls. The results were expressed as
corrected OD using the following formula: ODcorrected = ODiest sampte —

ODcorresponding control*

Parasite Ag detection in supernatants. 7. solium antigen (Ag) secretion into
culture supernatants of 7. solium metacestodes was detected with an antigen
capture enzyme-linked immunosorbent assay (ELISA) as described previously
(1, 19). This assay relies on two monoclonal antibodies (MAbs; designated B158
and biotinylated B60), both of which recognize an undefined Taenia saginata
antigen but cross-react with 7. solium.

RESULTS

Cyst viability in culture. The size and ability of cysts to
evaginate were determined in the absence of drug and after
addition of PZQ or ABZ-SO. Viable cysts evaginate sponta-
neously in culture or after exposure to bile (16, 17). A trend
toward decreased evagination after exposure to bile was ap-
parent even in the absence of added drug after 3 days and
achieved statistical significance at 6 days (P = 0.01, as deter-
mined by analysis of variance [ANOVA]; Fig. 1). Histological
examination of cysts revealed minimal changes at day 3 (see
Fig. S1 in the supplemental material) compared to day 0, but
the tegument and other areas of the cysts were clearly dam-
aged from day 4 onward (data not shown). Therefore, only
data up to day 3 of culture were included in the present study,
before significant histopathological damage, defined as the loss
of morphological integrity of the tegumentary or subtegumen-
tary layers of the cyst on hematoxylin-eosin staining, became
apparent (see Fig. S1 in the supplemental material).

Changes in cyst size and evagination after drug treatment.
PZQ treatment resulted in up to a 30% decrease in size that
was both dose and time dependent (P < 0.05, Fig. 2). The
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FIG. 2. Changes in the sizes of parasites during treatment with anthelmintics. Ten cysts were cultured in triplicate wells (see Materials and
Methods) with ABZ-SO at a final concentration of 25 to 250 ng/ml (A), PZQ at a final concentration of 25 to 250 ng/ml (B), a fixed concentration
of PZQ (25 ng/ml) with the indicated concentrations (25 to 250 ng/ml) of ABZ-SO (C), and a fixed concentration of ABZ-SO (25 ng/ml) with the
indicated concentrations (25 to 250 ng/ml) of PZQ (D). The symbols represent the mean, and the error bars indicate the SEM. Asterisks signify

conditions that are significantly different from the untreated.

decrease in average size of cysts was evident at PZQ concen-
trations between 25 and 250 ng/ml on day 2 and maximal by
day 3 at 250 ng/ml. In comparison, ABZ-SO demonstrated a
small decrease in size, but only at a concentration of 250 ng/ml.
When ABZ-SO (25 ng/ml) was added to increasing concentra-
tions (10 to 250 ng/ml) of PZQ, size reduction was enhanced,
However, when 25 ng of PZQ/ml was tested in combination
with increasing concentrations of ABZ-SO, a decrease in size
occurred only at 250 ng of ABZ-SO/ml, the highest concentra-
tion of ABZ-SO tested, as was observed with ABZ-SO alone.
Thus, the combination of PZQ and ABZ-SO did not signifi-
cantly enhance the effect of ABZ-SO alone. PZQ, in addition
to its effect on parasite size, also inhibited both total (sponta-
neous and bile-stimulated) evagination at low concentrations
(Fig. 3). In contrast, ABZ-SO had no significant effect on
evagination, despite the modest size reduction apparent at
concentrations of 250 ng/ml after 3 days in culture.
Inhibition of AP secretion. AP activity is normally detected
in the culture supernatants of other cestodes (23) and has been
used to quantify drug effects in vitro. However, AP secretion
has not been investigated in relation to 7. solium cysts. In our
experiments, AP was found in the supernatants of 7. solium
cultured cysts. The rate of release of AP in supernatants in-
creased progressively from days 1 to 4 in controls (Fig. 4). No
consistent difference in AP secretion rates was seen between
ethanol and DMSO control cultures. Both PZQ and ABZ-SO
inhibited AP secretion but at different drug concentrations
(Fig. 5). PZQ showed inhibition of AP secretion starting be-
tween at 1 and 5 ng/ml, whereas inhibition by ABZ-SO was first
apparent at between 50 and 75 ng/ml. The ability of both drugs
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FIG. 3. Effect of ABZ-SO and PZQ on cyst evagination. Ten cysts
of T. solium were cultured in triplicate wells for 4 days in medium
alone, ABZ-SO (50, 75, or 100 ng/ml), or PZQ (1, 5, or 10 ng/ml), and
the total percentages of cysts that evaginated spontaneously (A) and
total evaginated cysts (spontaneous plus after bile) after stimulation
with bile (B) for 18 h were determined. Each data point represents the
mean of triplicate wells, and the bars indicate the SEM.
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FIG. 4. Inhibition of alkaline phosphatase (AP) release in supernatants of cysts by ABZ-SO and PZQ. AP levels were measured colorimetrically
(see Materials and Methods). (A) Release of AP in medium containing the solvents used to solubilize the drugs, ABZ-SO (DMSO) and PZQ
(ethanol). (B to D) Release of AP (shown as the corrected OD at 450 nm [OD,5,]; see Materials and Methods) in the supernatants of cysts treated
with ABZ-SO alone (B), both ABZ-SO and PZQ (C), or PZQ alone (D). The data shown are means and SEM of triplicate wells from one of three

representative experiments.

to inhibit AP secretion allowed assessment of the effects of
both drugs together.

Submaximal concentrations of both drugs showed various
degrees of activity (Fig. 4). Significant synergy (P < 0.05
[nonparametric ANOVA]) was noted at ABZ-SO concen-
trations of 50 and 75 ng/ml combined with PZQ at 5 ng/ml
after 3 days. With 10 ng of PZQ/ml, although there was an
increased activity with the addition of ABZ-SO, the effects

were additive but less than the sum of the individual activ-
ities, indicating an absence of synergy in the action of the
two drugs. This degree of enhanced activity is potentially of
clinical importance because even a partial (nonsynergistic)
increase in activity may enhance the cysticidal effects of the
drug on the parasite. Taken together, these results suggest
some degree of additive and/or synergistic activity between
the two drugs.
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FIG. 5. Inhibition of parasite antigen secretion by anthelmintic
treatment. The levels of parasite antigens in the supernatant of T.
solium cysts in culture were assayed by ELISA using MAb
B158C11A10 (see Materials and Methods). The graph depicts the
mean antigen levels in supernatants from days 1 and 3 of culture,
expressed as a ratio of the OD,q, values for each test condition to the
corresponding control. The differences between days 1 and 3 are sta-
tistically significant for ABZ-SO and ABZ-SO plus PZQ (P < 0.05
[Kruskal-Wallis test]).

Inhibition of antigen secretion by ABZ-SO and PZQ. We
used a double MAD capture ELISA to measure level of re-
leased parasite Ag. The MAb B158C11A10 detects genus-
specific antigen(s), which are present in the sera and cerebro-
spinal fluid (CSF) of some patients with T. solium cysticercosis
(19). The kinetics and release of the Ag were determined in
vitro from cysts treated with PZQ, ABZ-SO, or a combination
of the two drugs. Ag was spontaneously released into the
supernatant at 1 and 3 days of culture. Ag secretion between
days 1 and 3 was inhibited by both drugs alone, or in combi-
nation, but the decrease in secretion was statistically significant
only for ABZ-SO and the combination of ABZ-SO and PZQ
(Fig. 5). The levels of parasite antigens, expressed as a ratio of
treated to control conditions, were decreased between day 1
and day 3 by 0.47-fold for ABZ-SO (95% confidence interval
[CI] = 0.04 to 0.89), and by 0.47-fold for ABZ-SO plus PZQ
(CI = 0.05 to 0.90; Fig. 5). Enhanced inhibition of release of
Ag and of AP by the combination of both drugs supports the
additive and/or synergistic effects of both drugs on 7. solium
cysts.

DISCUSSION

Although ABZ-SO and PZQ are clinically useful in the
treatment of human cysticercosis due to 7. solium, cure rates in
parenchymal disease are suboptimal, and the treatment of
subarachnoid and ventricular cysts is both uncertain and usu-
ally difficult. The discovery of new drugs and modalities of
treatment is urgently needed. However, testing drug efficacy in
vivo in T. solium-infected pigs is extremely difficult and imprac-
tical; testing is further thwarted because there is no accepted in
vitro methodology for identifying and testing new agents.

The major findings of the present study are (i) the charac-
terization of the macroscopic, microscopic, and biochemical
changes of T. solium cysts over time by anthelmintic drug
treatments; (ii) the use of parasite AP secretion to measure
anthelmintic activity of ABZ-SO and PZQ; (iii) the detection
of the epitope in 7. solium recognized by MAb B158C11A10 in
the supernatant of cultured cysts and inhibition of release after
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drug treatment; and (iv) demonstration of synergy/additive effects
of combined ABZ-SO and PZQ treatment on 7. solium cysts.

We found inhibition of AP secretion to be a quantitative and
useful measure of drug activity on 7. solium cysts. The changes
in AP secretion observed were primarily due to the effects of
the anthelmintics, since the effect of stress from the culture
conditions appeared to be significant only after day 3 in the
culture conditions used. Measurement of AP was previously
used to quantitate drug effects in E. multilocularis (24), and E.
granulosus (29) but had not been used with T. crassiceps or T.
solium cysts. However, in these cestodes, the rate of AP secre-
tion did not increase over time and exposure to both drugs
resulted in increased release of AP. For E. multilocularis, ef-
fective inhibitor concentrations are relatively high, ranging
from 0.1 pg (300 nM) to 100 pg/ml (321 mM). In the present
study, inhibition of AP secretion was a sensitive measure of
drug activity to both PZQ and ABZ-SO. Inhibition of release
was between 1 and 5 ng/ml (3 to 16 nM) and 50 to 75 ng/ml
(177 to 268 nM), respectively, for PZQ and ABZ-SO. Of note,
ABZ-SO alone did not inhibit AP secretion at doses <50 ng/ml
(177 nM; data not shown). The drug concentrations tested in
these experiments are well within the range reported in human
sera and CSF in individuals treated with PZQ and ABZ-SO (2,
13). Jung et al. (9) reported mean levels of ABZ-SO of 918
ng/ml in plasma and 392 ng/ml in CSF, and PZQ levels of 1,640
ng/ml in serum and 398 ng/ml in CSF. Surprisingly, despite
distinct mechanisms of action of PZQ and ABZ-SO, both
inhibited secretion.

Secretion of a specific antigen was also inhibited at similar
drug concentrations. This antigen, recognized by MAD
B158C11A10 that was originally reported to recognize 7. sagi-
nata cyst excretory-secretory products (1) but later also found
to cross-react with 7. solium and T. crassiceps, is found in the
CSF and sera of patients with cysticercosis (19). Because inhi-
bition occurred with two unrelated drugs and an antigen rec-
ognized by MAb B158C11A10, inhibition of excreted-secreted
materials may be a direct or more likely a secondary or down-
stream consequence of these drugs. However, differences in
drug activity between ABZ-SO and PZQ were evident because
PZQ inhibited evagination at low concentrations, a property
that likely allows its use to treat taeniasis, and had a direct
effect on cyst size. In contrast, ABZ-SO effects were small or
not present.

Combined PZQ and ABZ-SO treatment has been used in
vitro and in vivo against a number of cestode infections in
humans and animals. Our studies suggest that combined ther-
apy may be useful in vivo in the treatment of NCC. Because
both drugs inhibited AP release, we were able to use this assay
to determine activities of combination therapy. Various de-
grees of enhanced activity ranging from synergy/addition to
partial enhancement were found. Although this is the first in
vitro demonstration of enhanced activity of combination ther-
apy using 7. solium larval cysts in vitro, enhanced activity has
been described in the cestodes T. crassiceps (16) and E. granu-
losus and E. multilocularis in vitro (12, 25-30), as well as in
imperfect human case series against E. granulosus in vivo (8,
33). Kaur et al. found enhanced but nonsignificant decrease in
estimated time to clearance of single enhancing lesions using
combined therapy in NCC compared to single therapy in India
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(10), and Guo et al. reported usefulness of combined treat-
ment of NCC in China (6).

T. crassiceps has been used in vitro and in vivo to evaluate
effectiveness of cysticidal drugs. Assessments of drug effects
are based upon macroscopic and microscopic changes that
occur in 7. crassiceps cysts over 11 days (16). Although the
results have been useful, there are potential and actual prob-
lems in using 7. crassiceps. First, T. crassiceps is used as a
surrogate for 7. solium, but reported differences between the
two parasites (3) make it unclear whether results obtained with
T. crassiceps cysts apply to T. solium. Second, these assays are
laborious and slow, with endpoints at 11 days, and are there-
fore not easily applied to the screening of new drugs for cys-
ticercosis. There are many biological differences between 7.
crassiceps and T. solium, but the most obvious difference—the
ability of T. crassiceps cysts to multiply by budding—is also the
most useful characteristic and advantage for in vitro studies
because this growth characteristic allows the regular availabil-
ity of T. crassiceps cysts through sequential peritoneal passage
in mice.

In vitro studies with either T. solium or T. crassiceps show
drug activity of ABZ-SO and PZQ at roughly the same con-
centrations. They also show additive activity/synergy when
these drugs are used in combination. Both assays are tedious,
time-consuming, and difficult in their own way. Although it
would be advantageous to use AP secretion to study drug
effects on T. crassiceps, inherent biological differences of AP
secretion between the two cestodes (7. crassiceps and T. so-
lium) may limit the generalizability of our findings to other
taeniid cestodes. Taken together, our results suggest that func-
tional assays, such as AP activity, may serve as useful param-
eters for studying drug effects on 7. solium; however, easier
and better in vitro methods for screening drugs are clearly
needed to identify and characterize new anticestode drugs.
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