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Abstract. Artemether (ART) is a well-described antimalarial with efficacy against juvenile schistosomes, with 7-day-
old schistosomula being particularly susceptible. Both ART-affected worms and parasites developing from irradiated
cercariae die at similar times after infection. Our aim was to determine if ART treatment of prepatent schistosomiasis
japonica may result in the generation of a protective immune response. Female CBA mice were treated with a single
dose of ART at defined time points after percutaneous infection with a virulent Chinese mainland strain of Schistosoma
japonicum. Half of the mouse cohorts were subjected to homologous parasite strain reinfection after drug treatment to
assess protective effects of ART therapy. Two independent trials demonstrated that a statistically significant (58% and
50%) reduction in challenge worm burden occurred after reinfection of those mice treated with ART at two weeks p.i.
A reduction in the IL-4 response to soluble worm antigen preparation (SWAP) was also seen in ART-treated mice but
with no correlation to reinfection resistance. In the Chinese mainland strain used, ART treatment of prepatent infection
at the appropriate time point induced resistance to reinfection. There was also an anti-pathology effect observed in
ART-treated mice that remained significant after reinfection.

INTRODUCTION

The activity of artemether (ART), the �-methyl ether de-
rivative of artemesinin, against Schistosoma japonicum was
first described by Cheng and colleagues.1–3 Adult worms are
largely refractory to the drug, but it is effective against schis-
tosome larvae,4 with 7-day-old schistosomula being particu-
larly susceptible.5 ART-affected worms demonstrate vesicu-
lation and peeling of the tegument, adherence of host leuko-
cytes, decreased glycolysis, are smaller (30–50% reduction in
size), and have atrophic testes and ovaries.4,6,7 These effects
appear to be partly reversible in worms by day 56 post-
infection. There is a noticeable shift of affected worms from
their usual vascular beds to the liver.4,8 Consistent with an
anti-fecundity effect, liver granuloma frequency and severity
of fibrosis are reduced in ART-treated mice, rabbits, and
dogs.9 Worm burden reduction rates resulting from 1-day to
4-day treatment courses range from 50% in mice to > 90% in
rabbits.9

There are two major goals in the control of schistosomiasis,
a disease still of major public health importance in over 70
countries of the tropics and sub-tropics, and ART may con-
tribute toward achieving both. The first is the development of
alternative therapies to praziquantel (PZQ) in view of the
potential for induction of tolerance and/or resistance in schis-
tosomes. Encouragingly, a recently completed double-blind
field trial on the effects of artemether on S. japonicum infec-
tion in a highly endemic focus in southern China confirmed
earlier studies that oral artemether significantly reduces the
prevalence and intensity of patent S. japonicum infections.10

The second goal is to induce resistance to schistosome infec-
tion. We and others11 have hypothesized that an antigen or
set of antigens on the larval (schistosomulum) migratory stage
is exposed to the immune system after artemether-treatment

of prepatent schistosomes. This could result in the induction
of a protective immune response, in a similar fashion to the
irradiated cercarial vaccine model12 where attenuated para-
sites reach early development, but not full maturity. Indeed,
by early administration of ART, Bergquist and others11 were
able to induce a high level of resistance against S. mansoni
reinfection in mice. In their hands, that was comparable to
vaccination with irradiated cercariae. In this report, we de-
scribe experiments undertaken to determine whether single
dose artemether treatment of prepatent S. japonicum infection
was able to induce similar levels of resistance to reinfection.

MATERIALS AND METHODS

Artemether, parasites, and mice. Artemether (ART) pow-
der was obtained from the Kunming Pharmaceutical Corpo-
ration (Kunming, PR China) (a gift from S. Xiao, National
Institute of Parasitic Diseases-CDC, Shanghai). ART was sus-
pended at a concentration of 20 mg/mL in a solution of 0.5%
ethanol, 1% gum tragacanth and 7% Tween 80 in water. One
dose of ART-400 mg/kg– (or solution only) was given to each
mouse by gavage feeding at the indicated time point.

Each group in each trial contained eight female CBA mice
(Animal Resource Center, Western Australia) weighing 10–20 g
at commencement of the trials. These mice are susceptible to
S. japonicum infection and produce an intermediate degree of
egg-induced hepatic fibrosis.13

Oncomelania hupensis hupensis snails, infected with Chi-
nese mainland strain S. japonicum (Anhui province), were
kindly provided by Guo Jiagang (National Institute of Para-
sitic Diseases-CDC, Shanghai). Snails were placed in deion-
ized water and exposed to incandescent light for 3 to 4 h.
Cercariae, collected from the water surface by a 10 �L bac-
teriological loop, were used to infect the mice.

Infection, treatment, challenge, perfusion, and egg counts.
The experimental design for the two experiments (Trial 1 and
Trial 2) is shown in Table 1. A total of 144 mice were used
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between the two trials; 20 (± 1) S. japonicum cercariae were
administered percutaneously to the shaved abdomen of each
mouse for 50 minutes under intraperitoneal (IP) anesthesia
with ketamine and xylazil. ART was administered by gavage
tube at a dose of 400 mg/kg4 once at 1, 2, or 3 weeks p.i. Blood
was collected by tail vein puncture at baseline (day 0), pre-
challenge (week 5), and prior to perfusion (week 8 or week
10), centrifuged at 10000 × g for 5 min and the serum stored
at −20°C. Half of the control or treated mice were given a
second percutaneous infection of 50 cercariae under anesthe-
sia at week 5.

At either week 8 or week 10, mice were anticoagulated with
sodium heparin, killed with CO2, perfused with cold PBS, and
the intestine dissected to collect worms. Liver portions were
collected from individual mice for egg burden determina-
tions14 (expressed as eggs per gram of liver per female worm
(EPG/female)) and for preservation in 5% (v/v) paraformal-
dehyde in PBS for histological analysis.

Paraffin sections of liver samples were stained with Mayer’s
hematoxylin and eosin to measure egg-induced pathology.
Mean granuloma diameter was measured for individual mice,
with results reported as a mean and standard deviation of the
group. Additionally, liver pathology was quantified by mea-
surement of the volume density of hepatic granulomas by a
point-counting method.15,16 Granuloma volume density is de-
fined simply as the proportion of liver volume occupied by
egg-induced granulomas. To measure this, 5 random photo-
graphs (×50 magnification) were taken from each of 3 ran-
domly cut liver sections per mouse. Grids generated by image
analysis software (ImageJ—NIH, Bethesda) were laid over
each image for point counting. Volume density of hepatic
granulomas was estimated from the number of grid points
intersecting a granuloma divided by the number of points
intersecting all liver tissue in the photograph. Counts for each
photograph were averaged over photographs within animals
and means and standard deviations were calculated for each
group.

Immunological investigations. Mouse spleens in Iscove’s
modified Dulbecco’s Medium (IMDM—Gibco BRL, MD)
were crushed and cells transferred to a sterile tube and re-
suspended to 10 mL with IMDM. Cells were centrifuged
(3000 × g for 8 min), and resuspended to 5 mL with Geys red
cell lysis buffer and incubated on ice for 2 min. Cells were
diluted to 20 mL with IMDM and washed twice (centrifuged
3000 × g for 8 min). Cells were resuspended to 6 mL in IMDM
and layered onto a 3 mL Nycoprep™ (Axis-Shield PoC AS,

Oslo, Norway) gradient and centrifuged (4000 × g for 20 min).
The buffy coat layer was aspirated and washed twice with 10
mL IMDM. Cells were diluted to a density of 2 × 106/mL in
IMDM supplemented with 2% syngeneic mouse serum.

For measurement of cytokine production, 200 �L per well
aliquots were plated in quadruplicate in 96-well flat-bottom
plates (Costar, Corning, NY) and incubated at 37°C in 5%
CO2. Cells were stimulated by the addition of either 25 �g/mL
of native SWAP (soluble S. japonicum adult worm proteins17)
or supplemented IMDM only.

For cytokine production, mouse spleen lymphocyte culture
supernatants (above) were collected at 24, 48 and 72 hrs,
centrifuged (1000 × g for 10 min) and stored at −70°C. IFN-�
and IL-4 levels were determined by antibody-capture ELISA.
Maxisorb ELISA plates (Nunc) were coated with anti-mouse
IFN-� or anti-mouse IL-4 capture antibodies (BD Biosciences,
San Diego, CA) in 50 mM carbonate buffer. Plates were
washed and 200 �L of each supernatant (diluted with PBST
containing 10% heat-inactivated fetal calf serum—FCS) was
added to the required wells. Plates were incubated at 25°C
and then washed. Detection antibody with avidin-HRP con-
jugate diluted in PBST-FCS (BD Biosciences, San Diego,
CA) was then added to each well. Plates were then incubated
at 25°C. Plates were washed and OPD added to each well. After
30 min at 25°C, OD was measured at 450 nm using a BioRad
ELISA plate reader (Hercules, CA). Each plate included a stan-
dard curve based on serial dilutions of recombinant standard
IFN-� or IL-4 as required.

Outcome measures. Endpoints for protection against rein-
fection were expressed as the percentage reductions in worm
burdens, liver egg burden per female worm, hepatic granu-
loma diameter, and hepatic granuloma volume density.16 The
following formula was used to calculate the percentage worm
and egg burden reductions after reinfection:

Percentage protective efficacy = 100 × �1 − �A − B

C ��
where A � mean worm (or egg) burden from the challenged
group (e.g., Art -1A), B � mean worm (or egg) burden from the
associated unchallenged group (e.g., Art-1B), and C � mean
worm (or egg) burden from the challenge control group (Con-
trol-2). For example, using the data from Art-1A and Art-1B
from Trial 1 (Table 2) the percentage protection would be:
100 × (1-(20.6 – 4.5)/20.1) � 19.9 ≈ 20%.

TABLE 1
Experimental layout for Trials 1 and 2 indicating the type of the initial infection at week 0, timing of the Artemether administration, challenge

infection with cercariae and perfusion of mice. Each group consisted of 8 female CBA mice.

Group Subgroup n �

Time (week)

0 1 2 3 5 8 10

Control 1 A 8 20 cercariae 50 cercariae Perfuse
B 8 20 cercariae Perfuse

Control 2 8 50 cercariae Perfuse
Art-1 A 8 20 cercariae ART 50 cercariae Perfuse

B 8 20 cercariae ART Perfuse
Art-2 A 8 20 cercariae ART 50 cercariae Perfuse

B 8 20 cercariae ART Perfuse
Art-3 A 8 20 cercariae ART 50 cercariae Perfuse

B 8 20 cercariae ART Perfuse
Art and ART � Artemether; cercariae � normal cercariae.
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RESULTS

Parasitological outcomes—worm and hepatic egg burdens.
Mean total worm and female worm burdens from both trials
are detailed in Table 2. Consistent results were achieved for
most groups in both trials with some exceptions. The mean
worm burden for Art-1B in Trial 2 was significantly lower
than for Trial 1 (P < 0.05). The only significant difference in
female worm numbers between trials was for Art-2A having
fewer females in Trial 1 than Trial 2 (P < 0.05).

Table 3 displays the mean (± SD) egg burdens per female
worm (expressed as eggs per gram of liver per female
worm−EPG/female). There were no statistically significant
differences in egg burdens per female for any group between
the two trials.

Adult parasite morphology in ART-treated baseline infec-
tions. Morphology measurements were obtained for worms
perfused in Trial 2 from groups Control-1B, Control-2, Art-
1B, Art-2B, and Art-3B (Table 4). Male worms from Art-1B
and Art-3B were significantly longer compared with the age-
matched Control-1B group (P < 0.05 for each comparison;
two-tailed t test). Testis diameter was also significantly
greater for these two groups (P < 0.05 for each comparison;
two-tailed t test). There was a statistically significant reduc-
tion in female worm length in Art-2B and Art-3B (P < 0.05
for each comparison; two-tailed t test). A significant increase
in male length was seen in Art-1B and Art-3B, and also testis
length was significantly increased in Art-2B and Art-3B (P <
0.05 for each comparison; two-tailed t test). Morphological
measurements of worms from challenged animals were not

obtained, due to the inability to definitively distinguish be-
tween worms from the primary and challenge infection.

Female worms in Control-2 increased significantly in length
by week 8 post-infection (Control-1B) (P < 0.05; two-tailed
t test); ovarian dimensions did not change but the number of
eggs within the uterus increased significantly. ART treatment
did not result in a significant change in ovarian dimensions al-
though female worm body length was significantly reduced in
Art-2B and Art-3B compared with Control-1B (P < 0.05 for
each comparison; two-tailed t test). A significant reduction in
egg numbers (visible within the uterus) was observed in Art-1B
and Art-3B but not Art-2B compared with Control-1B.

Worm and liver egg burdens in ART-treated baseline in-
fections. Table 5 displays the percentage worm burden reduc-
tions after ART treatment of mice given the baseline infec-
tion only. For statistical purposes, comparisons were made
with the respective Control-1B group for each trial. Art-1B
demonstrated significant worm burden reductions of 58% in
Trial 1 and 90% in Trial 2 (P < 0.05–0.02 for each comparison;
two-tailed t test). There was no worm burden reduction after
ART treatment in groups Art-2B and Art-3B in either trial.

There were statistically significant egg burden reductions of
68% and 70% in Art-3B (P < 0.05; two-tailed t test) compared
with respective controls in each trial. There was no statisti-
cally significant egg reduction seen in Art-1B or Art-2B in
either trial.

Liver disease burden (displayed as mean granuloma diam-
eter and hepatic granuloma volume density) reductions in
Trial 2 after ART treatment are displayed in Figure 1 (Panels
A and C). The results are typical of those also obtained in
Trial 1 (data not shown). There were highly significant mean
granuloma diameter reductions from 0.61 mm in Control-1B
to 0.36 mm in Art-1B (P < 0.0001; two-tailed t test), 0.44 mm
in Art-2B (P < 0.0001; two-tailed t test), and 0.29 mm in
Art-3B (P < 0.0001; two-tailed t test). Highly significant re-
ductions in hepatic granuloma volume density were also ob-
served. Mean section volume occupied by granuloma was re-
duced from 42.3% in Control-1B to 4.7% in Art-1B, 4.7% in
Art-2B and 2.6% for Art-3B (P < 0.0001 for each comparison
with Control-1B−Likelihood ratio).

Results of parasite challenge after ART treatment. After
homologous strain reinfection, there is no objective method
to discriminate between S. japonicum worms arising from ei-
ther the primary or challenge infection. Therefore, the as-
sumption was made that all worms identified in a particular
“B” group (e.g., Control-1B) were present in the associated
“A” group (in this example, Control-1A) (Table 1).

In both trials, significantly reduced challenge total worm
burdens (58%, Trial 1; 50%, Trial 2) were found in Art-2A
but not in Art-1A or Art-3A compared with the challenge
control group (Control-2) (Table 6). Vaccination with a single
dose of irradiated cercariae did not induce any resistance to
reinfection (data not shown). Percentage reductions in female
worms post-challenge essentially mirrored those of the total
worm burdens for both trials with significant female worm
reductions evident only in Art-2A (data not shown).

Post-challenge egg burden reductions compared with the
challenge control group (Control-2) are displayed in Table 7.
In Trial 1, Art-2A was the only group to demonstrate a sig-
nificant post-challenge egg reduction. Significant egg reduc-
tions resulted from all 3 ART-treated groups in Trial 2 and
also in the untreated control group (Control-1A).

TABLE 2
Mean (± SD) total and female worm burdens in Trials 1 and 2

Trial 1 Trial 2

Total Worms Females Total Worms Females

Control-1A 24.3 ± 10.0 5.5 ± 1.9 23.0 ± 12.8 9.0 ± 6.1
Control-1B 10.8 ± 5.6 4.2 ± 2.1 7.6 ± 5.3 4.0 ± 2.4
Control-2 20.1 ± 7.0 4.1 ± 1.8 28.5 ± 10.8 11.5 ± 4.6
Art-1A 20.6 ± 5.3 4.9 ± 2.2 30.4 ± 6.1 14.0 ± 2.8
Art-1B 4.5 ± 3.3 1.3 ± 1.2 0.8 ± 1.0 0.5 ± 0.5
Art-2A 19.1 ± 5.8 3.6 ± 0.8 19.8 ± 11.0 9.3 ± 5.8
Art-2B 10.6 ± 3.0 3.6 ± 1.5 5.5 ± 4.4 2.0 ± 2.0
Art-3A 22.6 ± 9.3 6.1 ± 2.5 30.8 ± 10.0 13.7 ± 4.2
Art-3B 8.3 ± 5.5 2.8 ± 2.1 7.9 ± 1.8 1.5 ± 0.93
GIC-A 12.4 ± 10.2 2.9 ± 2.3 34.5 ± 8.3 12.5 ± 5.3
GIC-B 0 0 0 0

TABLE 3
Mean (± SD) hepatic egg burdens (expressed as eggs per gram of

liver per female worm; EPG/female) for Trials 1 and 2
Group Trial 1 Trial 2

Control-1A 2400 ± 2265 2302 ± 915
Control-1B 5378 ± 3736 7405 ± 5739
Control-2 2044 ± 1461 2800 ± 1310
Art-1A 3936 ± 2257 3638 ± 1209
Art-1B 5074 ± 6047 3942 ± 2707
Art-2A 2081 ± 1712 2866 ± 1642
Art-2B 2862 ± 2538 1780 ± 997
Art-3A 2395 ± 1222 2546 ± 570
Art-3B 1706 ± 969 2646 ± 2733
GIC-A 1084 ± 1002 2615 ± 1032
GIC-B 0 0
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Post-challenge reduction in mean granuloma diameter and
hepatic granuloma volume density in Trial 2 are displayed in
Figure 1 (Panels B and D). Similar results were obtained in
Trial 1 (data not shown). The mean granuloma diameter for
Control-1A was 0.52 mm. All groups were reinfected after
either ART-treated baseline infection (Art-1A � 0.29 mm,
P < 0.0001; Art-2A � 0.31 mm, P < 0.0001; Art-3A � 0.27 mm,
P < 0.0001) or vaccination with irradiated cercariae (GIC-A �
0.19 mm, P < 0.0001). These mean granuloma diameters were
not significantly different to the mean granuloma diameter of
Control-2. Highly significant reductions in hepatic granuloma
volume density for mice reinfected after ART treatment were
also demonstrated (Figure 1). In Control-1A, 28.5% of sec-
tion volume was occupied by granuloma. Statistically signifi-
cant reductions were demonstrated in Art-1A (9.2%, P <
0.01), Art-2A (12.7%, P < 0.01), and Art-3A (9.8%, P < 0.01).
There were no statistically significant differences between
Control-2 and groups Art-1A, Art-2A, or Art-3A.

Artemether-induced resistance to reinfection is not attrib-
utable to drug modification of the host. A control experiment
was performed to exclude the possibility that ART-induced
reinfection resistance was attributable to drug-modification of
the host. ART was administered to a group of eight 10–11
week-old naive female CBA mice 3 weeks prior to infection
with 50 S. japonicum cercariae. This replicates weeks 2–10 of
group Art-2A (Table 1). A placebo control group of eight
mice was infected simultaneously. There were no significant
differences in the mean worm burdens, mean hepatic egg
burdens, or mean hepatic granuloma volume densities be-
tween the mice pre-treated with ART and the control mice
(data not shown). On the basis of this experiment, there ap-

peared no reason to implicate host modification in the etiol-
ogy of ART-induced resistance to reinfection.

Cellular and humoral responses after ART-treatment.
Lymphocyte proliferation assays were performed on mouse
spleen lymphocytes from all mice in both trials. Although all
ART-treated groups had significantly increased proliferative
responses to con A than infected controls, no clear correla-
tion with resistance to reinfection could be identified (data
not shown). Additionally, no correlation was identified be-
tween protection and SWAP-induced lymphocyte prolifera-
tive responses.

Humoral immune responses demonstrated expected in-
creases in IgG and IgM in response to SWAP as the infections
progressed. No correlation was observed between SWAP-
specific IgG1, IgG2a, IgM, or IgE responses and resistance to
reinfection in the challenged groups by ELISA or Western
blot (data not shown).

SWAP-specific IL-4 production by cultured splenic lym-
phocytes was quantified by ELISA. Production of IL-4
peaked at 72 h (data not shown) and the results are, therefore,
displayed as the mean cytokine concentration (± SD) at 72 h
from both independent trials (Figure 2). IL-4 was produced in
trace amounts by lymphocytes incubated in medium only.
SWAP-induced IL-4 production was low in all baseline
groups, ranging from 37 pg/mL (Control-1B) to 140 pg/mL
(Art-2B) with no statistically significant comparisons. How-
ever, reinfection after ART treatment was associated with a
significant fall in SWAP-induced IL-4 from 1138 pg/mL (Con-
trol-1A) and 705 pg/mL (Control-2) to 22 pg/mL (Art-1A),
11 pg/mL (Art-2A), 12 pg/mL (Art-3A), and 32 pg/mL (GIC-
A). All comparisons were statistically significant (P < 0.01—
two-tailed t test) compared with Control-1A and also Con-
trol-2. No statistically significant difference in IFN-� produc-
tion was detectable in response to incubation with either con
A or SWAP (data not shown).

DISCUSSION

This study of ART-treatment of a virulent Chinese main-
land strain of S. japonicum demonstrated that a single dose of

TABLE 5
Worm burden reduction (%) after ART treatment of baseline infec-

tion

Trial

Artemether treatment

Art-1B Art-2B Art-3B

Trial 1 58* 2 24
Trial 2 90† 27 −4

Compared with respective Control-1B; * P < 0.05; † P < 0.02 (Two-tailed t test).

TABLE 4
Worm morphology measurements of selected groups from Trial 2

Male

Body Testis

Length (mm) Width (mm) Length (mm) Width (mm)

Control-2 6.825 ± 1.191 0.325 ± 0.050 0.350 ± 0.061 0.125 ± 0.018
Control-1B 6.3125 ± 0.427 0.344 ± 0.043 0.344 ± 0.047 0.1 ± 0.000
Art-1B 7.725 ± 0.256* 0.36 ± 0.060 0.445 ± 0.033* 0.115 ± 0.022
Art-2B 7.615 ± 1.082 0.405 ± 0.086 0.425 ± 0.095 0.130 ± 0.041
Art-3B 7.325 ± 0.622* 0.3 ± 0.018 0.47 ± 0.060* 0.11 ± 0.022

Female

Body Ovary Eggs

Length (mm) Width (mm) Length (mm) Width (mm) n

Control-2 10.000 ± 0.820 0.258 ± 0.014 0.467 ± 0.029 0.117 ± 0.014 57.0 ± 2.6
Control-1B 13.563 ± 1.063 0.250 ± 0.061 0.569 ± 0.131 0.144 ± 0.038 93.0 ± 18.2
Art-1B 11.375 ± 1.759 0.244 ± 0.038 0.469 ± 0.088 0.131 ± 0.031 46.8 ± 27.4*
Art-2B 11.458 ± 0.753* 0.325 ± 0.043 0.492 ± 0.052 0.133 ± 0.014 67.3 ± 3.8
Art-3B 9.858 ± 0.376* 0.217 ± 0.052 0.45 ± 0.090 0.125 ± 0.025 51.3 ± 13.1*

* � P < 0.05 compared with Control-1B (two-tailed t test).
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ART treatment 2 weeks after a baseline infection induced
statistically significant resistance (58 and 50% reductions,
Trials 1 and 2, respectively) to homologous strain reinfection
when worm burden reduction was the primary endpoint. The
resistance to reinfection is broadly consistent with those re-
cently reported for S. mansoni.11 However, we achieved
maximum protection at week 2 p.i. for S. japonicum, whereas
Bergquist and others11 demonstrated peak resistance occur-
ring at week 3 for S. mansoni. Reinfection of control mice
(Control-1A) did not cause a statistically significant reduction
in worm burdens in either trial. This is consistent with previ-
ous studies18,19 where mice infected with S. japonicum were
reinfected 5 weeks later without reduction of the challenge
worm burden. Maximal reinfection resistance occurred after
our measured peak in schistosomulum susceptibility to ART
killing when presumably the injured schistosomula are ex-
posed to host immune responses within the lungs.

In our hands, and consistent with previous reports,4,9 7-day-
old juvenile worms were most susceptible to ART killing
(Table 5). We also demonstrated that ART treatment of a
single baseline infection caused growth retardation particu-
larly in surviving female worms. Although we were unable to
demonstrate ovarian atrophy, the reduced number of eggs
produced would be consistent with previous observations
demonstrating ovarian toxicity in female worms that survived
ART treatment.4,9 It has also been postulated that the sur-
viving worms may be able to reverse ART-induced injury.4,9

Our study was not designed to specifically evaluate recovery.
However, ART treatment at week 3 followed by perfusion at
week 8 only allowed 5 weeks for surviving worms to recover,
whereas treatment at week 1 allowed 2 additional weeks for
recovery. Reduced recovery time may explain the maturation
differences observed after ART-treatment at the various time
points.

FIGURE 1. Quantification of egg-induced liver pathology by measurement of mean granuloma diameter (in millimeters ± SD) and hepatic
granuloma volume density (expressed as percent of section volume ± SD). Panels A and C display granuloma diameter and hepatic granuloma
volume density from the baseline infection groups. Panels B and D display data from the groups reinfected following ART-treatment. The
two-tailed t test was used for statistical comparisons in panels A and B (* � P < 0.0001 versus Control-1B or Control-1A, respectively). Statistical
comparisons in panels C and D were made using the Likelihood Ratio Method (* � P < 0.0001 compared with either Control-1B or Control-1A,
respectively). Neither granuloma diameter nor granuloma volume density was significantly different from the challenge control group (Control-2)
for mice reinfected after ART treatment.

TABLE 6
Protective efficacy (worm burdens) to reinfection with S. japonicum in relation to the timing of artemether administration. Protection is expressed

as mean percentage worm burden reduction compared with the relevant challenge control group. All comparisons were made using analysis
of variance (ANOVA)

Trial Subgroup ART intervention (p.i.) Protection (%) 95% C.L. Z-score P value

Trial 1 Control-1A Nil 31.9 (−)10.7, 77.3 1.375 1.691
Art-1A 1 week 20.0 (−)10.3, 50.6 1.170 0.242
Art-2A 2 weeks 57.7 31.8, 83.6 3.336 0.0009
Art-3A 3 weeks 28.9 (−)13.9, 71.7 1.227 0.2198

Trial 2 Control-1A Nil 44.1 (−)2.5, 94.3 1.694 0.1
Art-1A 1 week (−)3.4 (−)34.5, 27.7 −0.256 0.798
Art-2A 2 weeks 50.0 18.2, 81.8 2.489 0.0128
Art-3A 3 weeks 19.6 (−)13.9, 53.1 1.150 0.2501

95% CL � 95% confidence limits.
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The premise of this work is that ART-induced killing or
injury of juvenile schistosomes induces resistance to reinfec-
tion that is independent of any concomitant immunity or host
modification. In our hands, ART-induced reinfection resis-
tance could not be attributed to drug-modification of the host.
This was demonstrated by pre-treatment of naïve mice 3 weeks
before infection—effectively replicating weeks 2 to 10 of the
ART-2A group. Pre-treatment did not influence worm burden,
fecundity, or disease volume compared with the appropriate
control group.

Control-1A and -1B also account for the possibility of
confounding by concomitant immunity. This phenomena
is largely attributable to disease-induced portal-systemic
shunts causing aberrant maturation and death of immature
worms.20–22 Disease burden reduction (by PZQ) has been
demonstrated to negate concomitant immunity.23 We decided
on a 5-week interval between infections to minimize any con-
founding effect of portal hypertension in the Control-1A
groups. Reducing animal morbidity was also an important
ethical consideration in this decision. The reproducible ab-
sence of reinfection resistance in Control-1A argues against
any significant concomitant immunity in untreated mice. Ad-
ditionally, we demonstrated that ART treatment of our base-
line infection groups effectively reduced disease burden (as
determined by both granuloma diameter and hepatic granu-
loma volume density). Therefore, based on the previous PZQ
studies,23 this reduced disease burden would have reduced
any concomitant immunity effect that could have been
present in the reinfected ART-treated groups. For these rea-
sons, we therefore believe that concomitant immunity does
not play a significant role in this model.

Therefore, the key difference between Control-2 and ART-
1A, -2A, and -3A is the presence of adult worms that survived
ART treatment in the latter three groups. The presence of the
parallel “B” group in the protection calculation effectively
controls for ART killing of worms that occurred in the “A”
groups before reinfection. Direct comparisons of total worm
burdens between Control-1A and ART-1A, -2A, or -3A are
therefore not valid because the effect of ART killing of
worms from the baseline infection is not taken into account.

There was a significant reduction in egg production espe-
cially after treatment at 3 weeks p.i., with this trend remaining
after reinfection. In addition to the effects on egg production,
ART treatment caused a significant reduction in both hepatic
granuloma diameter and hepatic granuloma volume density.

This anti-pathology effect, combined with the female worm
growth retardation discussed above, would support the hy-
pothesis that ART-induced ovarian toxicity caused not only a
reduction in egg production, but also a qualitative egg defect.

Interpretation of egg- and disease burdens after reinfection
is more complex. Following homologous strain reinfection,
Control-1A (compared with Control-2) from Trial 2 demon-
strated a significant reduction in liver egg burden in the ab-
sence of ART—implying a potential crowding effect. How-
ever, an anti-fecundity effect was seen post-challenge for all
ART-treatment groups of similar magnitude in Trial 2, and
only in Art-3A in Trial 1. Even if, in the context of homolo-
gous strain reinfection, ART does not confer a reduction in
challenge egg burden, a prominent anti-disease effect persists
beyond physical clearance of the drug and appears to have an
effect on the subsequent infection. However, unlike the pro-
tection from challenge worm burden described above, no one
treatment time point appeared to offer specific or maximum
protection from disease. This appears to contrast with previ-
ous postulations1,2 that a fecundity reduction may facilitate
improved host immune responses against adult schistosome
worms by removing or reducing granuloma-associated Th2

cytokine responses. Peak fecundity and disease reductions in
the baseline groups of Trials 1 and 2 occurred consistently
after ART-treatment at week 3 p.i. Significant resistance did
not occur following reinfection after treatment at this time.

The cytokine response described may contribute toward an
explanation of a potential immune mechanism. ART treat-
ment followed by rechallenge appeared to substantially di-
minish SWAP-induced IL-4 production at all time points.
ART treatment did not appear to affect IFN-� responses ei-
ther to SWAP or concanavalin A before or after reinfection
(data not shown). It is possible that ART treatment at week
2 p.i. may interfere with the worm’s ability to induce a Th2

immune response, therefore contributing to this reinfection
resistance. Although it is difficult to reconcile this data with a
known immune mechanism, it appears that impaired SWAP-
induced Th2 responses was associated with resistance to re-
infection by the Chinese strain of S. japonicum in this study.

The protection arising from appropriately timed ART-
attenuation of prepatent schistosomiasis japonica appears to
parallel that described for S. mansoni11; it is simple and re-
producible. Protection is associated with a loss of SWAP-
specific Th2 cytokine responses. The precise mechanism of
the immune-mediated protection remains unclear. Addition-
ally, the anti-pathology effect demonstrated after treatment

FIGURE 2. IL-4 production by splenic lymphocytes cultured for 72 h
in SWAP. Results are the mean (± 1 SD) obtained from both Trials
1 and 2. * � P < 0.01 Compared with Control-1A; # � P < 0.01
compared with Control-2 (two-tailed t test).

TABLE 7
Protective efficacy (egg burdens) to reinfection with S. japonicum in

relation to the timing of artemether administration or induced by
irradiated cercariae. Protection is expressed as mean percentage
egg burden reduction compared with the relevant challenge control
group. All comparisons were made using analysis of variance
(ANOVA)

Trial Intervention % Reduction 95% C.L. Z-score P value

Trial 1 Control-1A 54 (−)187, 295 0.743 0.458
Art-1A 171 (−)53, 394 1.479 0.1391
Art-2A 163 53, 274 2.734 0.0063
Art-3A 61 2, 119 1.603 0.1089

Trial 2 Control-1A 158 (−)0.5, 321 2.485 0.013
Art-1A 111 38, 184 2.708 0.0068
Art-2A 61 12, 110 2.084 0.0372
Art-3A 104 35, 173 2.653 0.008

95% CL � 95% confidence limits.
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of a prepatent infection persists following homologous strain
reinfection. If replicated in human subjects, these two conse-
quences of ART treatment could significantly reduce trans-
mission in field settings. This model also has the additional
potential to be a new “gold standard” for the preclinical test-
ing of candidate schistosome vaccines.
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