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Abstract

Background: Schistosomiasis is a debilitating and neglected tropical disease for which praziquantel (PZQ) remains
the first-choice drug for treatment and control of the disease. In our previous studies, we found that the patented
compound DW-3-15 (patent no. ZL201110142538.2) displayed significant and stabilized antiparasitic activity through
a mechanism that might be distinct from PZQ. Here, we investigated the antischistosomal efficacy of PZQ combined
with DW-3-15 against schistosomula and adult worms of Schistosoma japonicum in vitro and in vivo, to verify whether
there was a synergistic effect of the two compounds.

Methods: The antischistosomal efficacy of PZQ combined with DW-3-15 in comparison with an untreated control
and monotherapy group against schistosomula and adult worms was assessed both in vitro and in vivo. Parasito-
logical studies, scanning electron microscopy, combination index, and histopathological analysis were used for the
assessment.

Results: The results showed significantly reduced viability of schistosomes, achieving 100% viability reduction for
juveniles and males by combination chemotherapy using PZQ together with DW-3-15 in vitro. The combination index
was 0.28,0.27, and 0.53 at the higher concentration of PZQ combined with DW-3-15 against juveniles, males, and
females, respectively, indicating that the two compounds display strong synergism. Scanning electron microscopy
observations also demonstrated that the compound combination induced more severe and extensive alterations to
the tegument and subtegument of S. japonicum than those with each compound alone. In vivo, compared with the
single-compound-treated group, the group treated with the higher-dose combination demonstrated the best schis-
tosomicidal efficacy, with significantly reduced worm burden, egg burden, and granuloma count and area, which was
evident against schistosomula and adult worms.

Conclusions: Our study provides a potential novel chemotherapy for schistosomiasis caused by S. japonicum. It

would improve the antischistosomal effect on schistosomula and adult worms of S. japonicum, and decrease indi-
vidual dosages.
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Synergistic effect of combination chemotherapy with PZQ and DW-3-15

Background caused by Schistosoma trematodes, and is second only to
Schistosomiasis is a major neglected tropical disease malaria in severity among the main tropical diseases [1,
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2]. More than 250 million people worldwide are infected
with Schistosoma spp., with over 700 million at risk of
infection, resulting in 1.9 million disability-adjusted
life years (DALYs) per year [3, 4]. Three major species
that lead to human schistosomiasis include Schistosoma
japonicum, S. mansoni, and S. haematobium [5]. In
China, only S. japonicum is endemic and transmitted [6].
Due to its relatively high production of eggs and serious
pathological lesions, S. japonicum infections can be fatal
if left untreated [1].

However, to date, no effective schistosome vaccine is
available, and chemotherapy using praziquantel (PZQ)
is still the preferred method for control and elimination
of schistosomiasis [3]. PZQ, discovered at the end of the
1970s, has been recommended as the drug of first choice
by the World Health Organization (WHO) for the past
40 years for the treatment of all major forms of schisto-
somiasis, owing to its good tolerability, low cost, broad
therapeutic profile, and high efficacy with single-dose
administration [7, 8]. However, whilst PZQ is effective
against the adult worms of Schistosoma spp., it displays
poor efficacy against schistosome eggs and immature
schistosomula [9]. These factors may explain the low cure
rates of populations in endemic areas where juveniles and
adult worms coexist. Furthermore, due to the repeated
long-term and large-scale treatment of PZQ for schisto-
somiasis, the increasing appearance of drug resistance
is cause for great concern. In 1994, the first study per-
formed by Fallon and Doenhoff demonstrated that it was
possible to induce S. mansoni less susceptible to PZQ in
a mouse model [10]. Thereafter, the emergence of resist-
ance to PZQ for treatment of schistosomiasis has been
reported both clinically and in the laboratory, highlight-
ing the urgent need for alternative drugs against schisto-
somiasis [11].

Drug repurposing may offer a low-risk and cost-
effective solution in the search for novel antischistoso-
mal drugs. Artemisinin analogs such as artemether and
artesunate, originally discovered as antimalarial drugs,
have promising activity against the young develop-
mental stages of schistosomes [12]. Based on the com-
plementary activity of PZQ and artemisinin, a novel
compound linked to the endoperoxide bridge of arte-
misinin at position 10 of PZQ, termed DW-3-15 (patent
no. Z1L201110142538.2), was developed in our labora-
tory [13]. DW-3-15 has shown outstanding antischisto-
somal properties against all developmental stages of S.
japonicum. Notably, compared with PZQ, DW-3-15
showed improved antiparasitic activity against juve-
nile worms, while still demonstrating promising schis-
tosomicidal efficacy against adults [13]. In addition, the
commercial DW-3-15 synthesized by a pharmaceutical
company showed reproducible antischistosomal activity,
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highlighting its activity and stability [14]. Although
DW-3-15 was highly effective against schistosomes,
with worm reduction rates ranging from 63.4 to 85.7%, it
failed to clear all the worms from S. japonicum-infected
mice [13, 14]. Similar observations were reported for
PZQ, which failed to achieve 100% worm reduction when
used alone [15].

Considering the advantages of increased efficacy,
decreased toxicity, and reduced risk of drug resistance
in chemotherapy, drug combination may provide an
alternative strategy for disease treatment [12, 16—18]. In
this study, we investigated the schistosomicidal activity
of the combination of PZQ and DW-3-15 against mul-
tiple developmental stages of S. japonicum in vitro and
in vivo. We also explored the synergistic effect of combi-
nation chemotherapy with PZQ and DW-3-15 against S.
japonicum.

Methods

Ethics statement

All the animal experiments in the present study were
carried out in strict accordance with the Regulations for
the Care and Use of Laboratory Animals of the National
Institutes of Health. The protocol was approved by the
committee on the ethics of animal experiments of Soo-
chow University (permit number: 2007-13).

Parasites and animals

Schistosoma  japonicum-infected snails (Oncomelania
hupensis) were provided by the National Institute of
Parasitic Diseases, Chinese Center for Disease Control
and Prevention (Shanghai, China). Schistosoma japoni-
cum cercariae (Chinese mainland strain) shed from the
snails were used to infect mice. Female Institute of Can-
cer Research (ICR) mice, aged 4—6 weeks and weighing
15-25 g, were provided by the Experimental Animal
Center of Soochow University (Suzhou, China). All mice
were raised under specific pathogen-free conditions with
controlled temperature (20+2 °C) and photoperiod
(12 h light, 12 h dark). Each mouse was transcutaneously
infected with 60+ 5 S. japonicum cercariae.

Reagents

PZQ derivative DW-3-15 (patent no.
71201110142538.2) was synthesized by WuXi AppTec
Co., Ltd, (Shanghai, China). The synthetic route and
chemical characterization data for DW-3-15 have
been described previously [14]. PZQ was purchased
from Sigma-Aldrich (St. Louis, MO, USA). For in vitro
assay, all chemicals were dissolved in dimethyl sulfox-
ide (DMSQO, Fluka, Buchs, Switzerland). For the in vivo
test, PZQ and the commercial DW-3-15 powder were
dissolved in a solution of 0.5% carboxymethyl cellulose
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sodium (Sigma-Aldrich, St. Louis, MO, USA). Suspen-
sion of the two compounds was administered intragas-
trically to mice. Dulbecco’s modified Eagle’s medium
(DMEM) and penicillin/streptomycin were purchased
from Life Technologies (Carlsbad, CA, USA). New-
born calf serum was provided by Biological Industries
(Cromwell, CT, USA).

In vitro treatment

Schistosoma japonicum worms recovered from infected
mice at 14 days post-infection (juvenile worm) and
35 days post-infection (adult worm) by perfusion of the
hepatic portal system and mesenteric veins [19] were
placed in six-well plates (Corning Costar, Corning, NY,
USA) containing complete DMEM supplemented with
10% newborn calf serum, 100 pg/ml streptomycin, and
100 U/ml of penicillin, and incubated at 37 °C in a 5%
CO, incubator. Juvenile worms were divided into four
groups, with five worms per well, each being tested in
triplicate, as follows: group I, untreated control, incu-
bated with complete DMEM containing 0.1% DMSO;
group II, worms treated with PZQ; group III, worms
treated with DW-3-15; group IV, worms treated with
a combination of PZQ and DW-3-15. Groups II and III
were further subdivided into four subgroups (groups Ila—
I1d and groups Illa—IIId, respectively) to test the efficacy
of different concentrations of PZQ and DW-3-15 (25,
50, 75, and 100 pM). Worms in group IV were subdi-
vided into two subgroups to test different combinations
of PZQ and DW-3-15. Worms in group IVa were treated
with PD* (50 pM PZQ combined with 50 pM DW-3-15),
and worms in group IVb were treated with PD® (100 uM
PZQ combined with 100 uM DW-3-15). Adult worms
separated by sex were also divided into four group, with
five worms per well and with the same treatment sched-
ule as juvenile worms. All the S. japonicum worms were
exposed to the chemicals for 16 h, rinsed three times
with DMEM the next day, then cultured in chemical-
free complete DMEM for 72 h. At 24, 48, and 72 h post-
incubation, worm status was checked under a dissecting
microscope (SZX16, Olympus, Japan), and viability was
scored as described previously [20], based on phenotypi-
cal changes including mobility and general appearance.
Briefly, the viability scores ranged from 0 (severely com-
promised) to 3 (no effect). The following phenotype scor-
ing criteria were used: 3=worm moves actively and has a
transparent body; 2=worm moves stiffly and slowly, and
has a translucent body; 1=worm moves partially and
turns opaque; 0=dead [20]. For each sample the follow-
ing formula was used: viability score=>_(worm scores)/
number of worms. Each experiment was carried out at
least twice.
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Worm viability by fluorescence microscopy

Worm viability was further confirmed by propidium
iodide (PI) fluorescence assay as described previously [21,
22]. Briefly, PI was added to each well to obtain a final
concentration of 2.0 mg/ml, and incubated with worms
for 15 min at 37 °C. Then, worms were observed by an
inverted fluorescence microscope (Eclipse TS100, Nikon,
Japan) to capture color bright-field and fluorescence red
channel (586 nm) images.

Scanning electron microscopy

Ultrastructural features of the schistosome worms
treated with the combination of PZQ and DW-3-15
(groups IVa and IVb) were examined using scanning elec-
tron microscopy (SEM) and were compared with those
of the untreated control group (group I) and the mono-
therapy groups (groups IId and IIId). For SEM, worms
were washed three times in phosphate-buffered saline
(PBS; pH 7.4) and fixed overnight at 4 °C in 2.5% gluta-
raldehyde-PBS solution (pH 7.4). Then the worms were
washed again in PBS, post-fixed in 1% osmium tetroxide
(OsO4) for 1 h, and dehydrated in an ascending series
of ethanol. Finally, the samples were dried, mounted on
aluminum stubs, coated with gold, and examined using
a Hitachi S-4700 scanning electron microscope (Chiyo-
daku, Japan).

In vivo treatment

Female 4- to 6-week-old ICR mice were transcutaneously
infected with 60+5 S. japonicum cercariae. The infected
mice were randomly divided into four groups. Group I,
infected and untreated (17 =5), received vehicle (0.5% car-
boxymethyl cellulose sodium) only. For group II, infected
and treated with PZQ, in order to evaluate single chemi-
cal efficacy, this group was subdivided into three sub-
groups (groups ITA-IIC) of five mice each, which received
a single dose of 100, 200, or 400 mg/kg per day orally for
five consecutive days. Group III, infected and treated with
DW-3-15, was similarly subdivided into three subgroups
(groups IITA-IIIC) of five mice each, which received an
orally administered single dose of 100, 200, or 400 mg/kg
DW-3-15. Group 1V, infected and treated with the com-
bination of PZQ and DW-3-15, was subdivided into two
subgroups (groups IVA and IVB) of five mice each, which
received PD¢ (100 mg/kg PZQ combined with 200 mg/
kg DW-3-15) and PD? (200 mg/kg PZQ combined with
400 mg/kg DW-3-15), respectively. To study the stage-
specific susceptibility to the chemicals, treated groups
I1, 111, and IV were subsequently subdivided according to
the onset day of treatment. Subgroups IIA-a, IIB-a, IIC-
a, IIIA-a, IIIB-a, IIIC-a, IVA-a, and IVB-a were treated
at 14 days post-infection (targeting the juvenile stage)
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for five consecutive days. Subgroups IIA-b, IIB-b, IIC-b,
IIIA-b, IIIB-b, IIIC-b, IVA-b, and IVB-b were treated at
28 days post-infection (targeting the adult worm stage)
for five consecutive days. To investigate the individual/
combination efficacy of PZQ and DW-3-15 against juve-
nile and adult schistosomes harbored in the same host,
mice of subgroups IIA-c, IIB-c, IIC-c, IIIA-c, IIIB-c, I1IC-
¢, IVA-c, and IVB-c were initially infected with 30 schis-
tosome cercariae, followed by a second infection with the
same number of cercariae 14 days after the first infection.
These mice were then treated on day 7 after the second
infection for five consecutive days. All the experiments
were carried out in triplicate.

Identification of worm burden and egg burden

At 21 days post-treatment, all mice were perfused using
a method described previously [19], and the recovered
worms separated by sex were counted. Mouse livers of
fixed weight were incubated overnight in 5% sodium
hydroxide (NaOH) at 65 °C for 1 h, and the mean num-
ber of eggs per gram of tissue was then calculated. The
percentage reduction in worm burden and egg burden
was calculated using the following formula: reduction
rate (%) = [(mean value of control group — mean value of
treated group)/mean value of control group] x 100%.

Histopathological assessment

Mouse livers from all groups were washed with PBS (pH
7.4) and fixed in 10% neutral buffered formalin. Fixed liv-
ers were dehydrated in increasing concentrations of etha-
nol, diaphonized in xylol, and then embedded in paraffin.
Sections 4 pm thick were stained with hematoxylin and
eosin (H&E) for granuloma analysis. The areas of granu-
loma were calculated at x20 magnification.

Combination index

Combination index (CI) analysis was employed to evalu-
ate the synergistic effects of the combination of PZQ and
DW-3-15, where CI > 0.1 indicates very strong synergism,
CI 0.1-0.3 strong synergism, CI 0.3-0.7 synergism, CI
0.7-0.85 moderate synergism, CI 0.85-0.9 slight syner-
gism, CI 0.9-1.1 nearly additive, and CI > 1.1 antagonism,
as described previously [23, 24]. CI was calculated using
CompuSyn v.1.0 software (ComboSyn, Inc., Paramus, NJ,
USA).

Statistical analysis

The results of the study were expressed as standard
error of the mean (SEM) using IBM SPSS Statistics ver-
sion 23 software. All statistical analyses were performed
using GraphPad Prism version 7.0 software. Differences
between the treated and the control groups were com-
pared by one-way analysis of variance (ANOVA) followed
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by Dunnett’s test. A P-value<0.05 was considered to be
statistically significant.

Results

Effects of individual compounds on the viability of S.
japonicum in vitro

In order to select the optimal concentration of PZQ and
DW-3-15 for combination therapy, the antischistosomal
activity of PZQ and DW-3-15 individually was assayed
at concentrations of 25-100 pM. As shown in Additional
file 1: Tables S1-S3, with ascending concentrations of
PZQ, the viability of juveniles, males, and females was
significantly reduced compared with the control group
(juveniles: F; 319) = 56.97, P<0.0001; males: F;o 319) =
98.59, P < 0.0001; females: F; 319 = 90.66, P < 0.0001),
with PZQ at 100 uM showing the highest viability reduc-
tion rate in juveniles, males, and females. However, as the
incubation period continued, juvenile, male, and female
worms gradually recovered after 48 h exposure to PZQ,
in accord with our previous study [14]. For DW-3-15,
unlike PZQ, the antischistosomal effect was both concen-
tration- and time-dependent, with DW-3-15 at 100 uM
demonstrating the most potent effect. However, nei-
ther compound was capable of killing all the worms. In
order to investigate whether combination therapy could
enhance the antischistosomal performance of the two
compounds, juveniles, males, and females were incu-
bated with a constant dose ratio (1:1) of the lower con-
centration (50 uM, PD?) and the higher concentration
(100 uM, PDP) of PZQ combined with DW-3-15.

The combination compounds significantly reduced

the viability of S. japonicum in vitro

As shown in Fig. 1, there was a statistically significant dif-
ference in terms of viability among the different groups
against juveniles (Fg 503 = 109.3, P<0.0001), males (F
203 = 181.2, P<0.0001), and females (Fg 53 = 217.8,
P<0.0001). In comparison with the PZQ monotherapy
group, a combination of PZQ and DW-3-15 at different
concentrations induced a more significant reduction in
viability of juveniles (PD* Fg 503 = 109.3, P<0.0001;
PDP: Fig 503 = 109.3, P<0.0001), males (PD* Fg 593 =
181.2, P<0.0001; PD®: Fjg 5 = 181.2, P<0.0001), and
females (PD™ Fg 505 = 217.8, P<0.0001; PD": Fig
= 217.8, P<0.0001). There was also a more significant
reduction in viability of males (PD* Fg 53 = 181.2, P =
0.0189 ) and females (PD™ Fg o3 = 217.8, P = 0.0053)
treated with the combination of PZQ and DW-3-15
compared with DW-3-15 monotherapy. Notably, expo-
sure to the higher-concentration combination resulted
in 100% reduction in viability of juvenile and male adult
worms after 72 h (Additional file 1: Tables S1-S3),
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Fig. 1 The changes in the viability of S. japonicum adult and juvenile worms in vitro. Adult and juvenile worms were exposed for 72 h to PZQ,
DW-3-15, and their combinations at different concentrations in vitro. The viability was evaluated using a viability score of 0-3. The control group
was incubated with complete DMEM with 0.1% DMSO. Data represent the mean £ SEM from multiple-group experiments. Statistical analysis was
performed among control, single-compound, and combination groups using one-way ANOVA followed by Dunnett’s test. Significant differences
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indicating that the combination of the two compounds
enhanced the anthelmintic performance of the individual
compounds. No significant difference in viability was
observed between the two concentrations of the combi-
nations (Fig. 1).

The CI of the lower-concentration combination of
PZQ and DW-3-15 (PD?) against juveniles, males, and
females was 0.57, 0.63, and 0.65, respectively; for the
higher-concentration combination group (PDP), the CI
was 0.28, 0.27, and 0.53, respectively (Fig. 2a—c). Based
on the results, we concluded that the combination of
the two compounds induced a synergistic effect against
S. japomicum, and the higher-concentration combina-
tion group showed stronger synergistic effects in males
and juveniles. In addition to the bright-field microscopic
assessment, the viability of the worms was assessed by
a red-fluorescent dye propidium iodide (PI) that objec-
tively detects dead parasites during in vitro culture. Fol-
lowing 72 h incubation with individual or combined PZQ
and DW-3-15 at different concentrations, dead worms
were stained with PI showing red fluorescence signals. As
expected, worms treated with combination compounds
(PD?* and PD") displayed the brightest red fluorescence
intensity among juveniles, males, and females (Fig. 3a—
c). The fluorescence intensity of the worms in the PZQ
group was similar to that of the untreated control groups
(Fig. 3a—c). In addition, worms incubated with DW-3-15
alone were also stained by PI, and the fluorescence inten-
sity was stronger than in worms with PZQ monotherapy
(Fig. 3a—c).

Morphological analysis by SEM

Males from the control group showed normal ultrastruc-
tural features (Fig. 4). The oral and ventral suckers and
gynecophoral canals showed no obvious morphologi-
cal alterations, with apically directed spines in the suck-
ers (Fig. 4a—c). The tegument of the mid-body showed
numerous crests with sensory papillae that were distrib-
uted along the body (Fig. 4d—f).

Males exposed to 100 pM PZQ showed various
changes in the tegument and gynecophoral canal, includ-
ing extensive blebs, shallow peeling, pit-shaped erosion,
and the rupture of the crests (Additional file 2: Figure
Sla, d—f). In the oral and ventral suckers, disarrange-
ment of the inner wall and a loss of spines were observed
(Additional file 2: Figure S1b, c). Alterations in the tegu-
ment caused by 100 uM DW-3-15 were more significant
than those from 100 uM PZQ. Along the gynecophoral
canal and tegument of worms, sensory papillae exhibited
severe damage, with the tegumental structures showing
marked lysis, disorganization, and collapse, with pro-
nounced blisters and hole-shaped erosions (Additional
file 3: Figure S2a, d—f). Fusion of the inner wall and a loss
of spine structure were observed in the oral and ventral
suckers of males, with hole-shaped formations evident in
the oral suckers (Additional file 3: Figure S2b, c). It was
noteworthy that changes in the worms in the PZQ group
were confined to the tegument, with no damage observed
in the muscle tissue layer (Additional file 2: Figure S1). In
contrast, DW-3-15 induced the exposure of the subtegu-
ment layer of the muscle tissue in some regions (Addi-
tional file 3: Figure S2).



Yang et al. Parasites Vectors (2021) 14:550

Page 7 of 14

Male

0.63

0.27

-
o
1

Combination Index (CI)

~

Combination Index (CI)

Female
0.65

0.53

Combination Index (CI) &

Juvenile

0.28

Fig. 2 Combination indices (Cl) of two compounds against adults and juveniles of S. japonicum in vitro. Cl were obtained from the combination of
PZQ and DW-3-15 against male (a), female (b), and juvenile (c) worms of S. japonicum after 72 h of incubation in vitro. Synergism is marked in gray.
PD? =50 uM PZQ combined with 50 uM DW-3-15; PD =100 uM PZQ combined with 100 uM DW-3-15

(See figure on next page.)

Fig. 3 Antischistosomal effects of PZQ, DW-3-15, and their combinations in vitro. The viability of S. japonicum males (a), females (b), and juveniles (c)
was assessed by propidium iodide (PI) incorporation following exposure for 72 h. The worms were exposed to 100 uM PZQ, 100 uM DW-3-15, PD?
(50 uM PZQ combined with 50 uM DW-3-15), and PD® (100 pM PZQ combined with 100 uM DW-3-15) for 16 h, washed three times with DMEM the
next day, and then cultured in drug-free complete DMEM for 72 h. The untreated control group was incubated in complete DMEM with 0.1% DMSO.
The worms were then treated with Pl for 15 min at 37 °C. Notably, stronger fluorescence signals were observed in worms exposed to DW-3-15 and

the combination compounds than to PZQ alone, indicating that the tissue of the former was markedly damaged. Scale bars: 500 um

When the two compounds were combined, extensive
tegumental damage appeared along the whole tegument
and in the gynecophoral canal (Additional file 4: Figure
S3; Fig. 5). PD*treated males showed severe tegumen-
tal damage in the form of hole-shaped erosions, blisters,
and extensive sloughing, causing exposure of the sub-
tegumental muscle layer and muscle injury (Additional
file 4: Figure S3a, d—f). Images showing tegument swell-
ing of the oral and ventral suckers with focal areas of
disintegration and fusion are shown in Additional file 4:
Figure S3b and c. More significant tegumental changes
and sucker deformity were observed in worms exposed
to PDP. Extensive sloughing of the tegument, with almost

complete subtegumental muscle layer exposure, blisters,
muscle injury, and muscle dissolution were observed
in the whole worm tegument and gynecophoral canal
(Fig. 5a, d—f). All the subtegumental structures of the
oral suckers were exposed, with hole-shaped erosions
on the muscle layer (Fig. 5b). The ventral sucker showed
extensive swelling and collapse at the tegument, spine
loss, and complete fusion, and long, irregular disorgan-
ized splits appeared (Fig. 5c).
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abnormalities in tegument topography or the gynecophoral canal (GC) (a). Notably, the morphology of the oral and ventral suckers was normal,
showing high integrity and prominent spines (S) (b, ¢). Numerous tegumental crests (TC) with sensory papillae (SP) appeared along the body (d—f).
Scale bars:a, 50 um; b, 5 um; ¢, 4 um; d, 10 um, e, 10 um, f, 2 um

ON R R P

A . RN 4 (RN
15.0kV 11.4mm X350 .~ 7 2 100um s ¢ 10.0um

15.0kV 13.0mm %250 SE(V) )

Fig.5 Scanning electron micrographs of S. japonicum male worms exposed to PDP. After 72 h of incubation, the gynecophoral canal (GC), oral
sucker, and tegumental crest showed severe injury including blisters (BS) and extensive sloughing (SL), with exposure of the subtegumental muscle
layer (ML), muscle injury (M), and muscle dissolution (MD) (a, b, d—f). The ventral sucker of the worms showed extensive swelling (SW), surface
fusion, and spine loss (S), with the formation of long irregular disorganized splits (DS) (c). PDP=100 UM PZQ combined with 100 uM DW-3-15. Scale
bars: a, 100 um; b, 10 um; ¢, 5 um; d, 200 um; e, 40 um; f, 3 um
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Significant reduction in worm burden by combination
chemotherapy in vivo

Data for worm and egg burden assessment in the study
subgroups are shown in Fig. 6 and in Additional file 1:
Tables S4-S6. Oral administration of the two-dose com-
bination, PD° (100 mg/kg PZQ combined with 200 mg/
kg DW-3-15) and PD? (200 mg/kg PZQ combined with
400 mg/kg DW-3-15), to infected mice against 14-day-
old juvenile, 28-day-old adult, and multiple parasitic
stages resulted in a statistically more significant reduc-
tion in the mean total worm burden (Fig. 6; juveniles: Fg
o5 = 192.6, P < 0.0001; adults: Fig g5 = 229.1, P < 0.0001;
multiple parasitic stages: Fs o) = 123.1, P<0.0001) com-
pared with the infected but untreated control group.
Mice treated with a higher-dose combination (PDY)
against 14-day-old juveniles, 28-day-old adults, and mul-
tiple parasitic stages showed the highest reductions in
total worm burden, at 83.8, 97.3, and 83.0%, respectively
(Additional file 1: Tables S4-S6). Respective reductions
in total worm burden induced in the corresponding PD¢
group against 14-day-old juveniles, 28-day-old adults,
and multiple parasitic stages were 67.5, 92.1, and 65.9%
(Additional file 1: Tables S4-S6). As expected, PZQ mon-
otherapy was effective against adult worms but was less
effective against juveniles. Reductions induced by PZQ
monotherapy at the highest dose (400 mg/kg) against
juvenile, adult, and multiple-stage worms was 43.3, 96.9
and 64.1%, respectively (Additional file 1: Tables S4—
S6). For the DW-3-15 monotherapy group, the efficacy
against juvenile, adult, and multiple-stage worms was
dose-dependent, with increasing dose resulting in a more
significant decrease in total worm burden. Reductions
induced by DW-3-15 against the corresponding develop-
mental stages at the highest dose (400 mg/kg) were 70.3,

60.0, and 74.5%, respectively (Additional file 1: Tables S4—
$6). Compared with PZQ monotherapy, a statistically sig-
nificant reduction in total worm burden was observed for
treatment with the two-compound combinations against
juveniles (Fig. 6; Fi o5 = 192.6, P<0.0001) and multi-
ple parasitic stages (Fig. 6; Fg o5y = 123.1, P<0.0001).
Although there was no significant difference in the
reduction of total worm burden between the higher-dose
combination compounds and PZQ alone at 200 mg/kg
against adults, the combination groups displayed a higher
reduction than PZQ alone. Compared with DW-3-15
monotherapy, a statistically significant reduction in total
worm burden was found with combination-group treat-
ment against juveniles and adult worms (Fig. 6; juve-
niles: Fg og) = 192.6, P = 0.0001; adults: F 5y = 229.1,
P<0.0001). With regard to the efficacy against multiple
parasitic stages harbored in one host, although there was
no statistically significant difference between combina-
tion therapy and DW-3-15 monotherapy at the highest
dose, the reduction in total worm burden was higher
using combination therapy than DW-3-15 monotherapy
(Fig. 6). The results indicated that the PZQ and DW-3-15
combined application was synergistically active against
multiple developmental stages of S. japonicum. Syner-
gism was observed for a higher-dose combination of PZQ
and DW-3-15 (PDY) against 14-day-old juveniles, 28-day-
old adult worms, and multiple-parasitic-stage worms.
The CI was 0.49, 0.43, and 0.59, respectively (Fig. 7).

Significant decrease in hepatic granulomas

by combination chemotherapy

The histopathological features of granulomas in Mas-
son trichrome-stained mouse liver sections are shown
in Additional file 5: Figure S4. The livers of untreated
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Fig. 7 Combination indices (Cl) of PZQ combined with DW-3-15 against S. japonicum in vitro. Cl were obtained from combinations of PZQ and
DW-3-15 against 14-day-old (a), multiple-stage (b), and 28-day-old worms (c) of S. japonicum in vivo. Synergism is indicated in gray. PD“= 100 mg/
kg PZQ combined with 200 mg/kg DW-3-15; PD? = 200 mg/kg PZQ combined with 400 mg/kg DW-3-15

infected mice showed typical hepatic schistosomal gran-
ulomas, surrounded by large numbers of inflammatory
cells. Pronounced reductions in S. japonicum-associated
hepatic granuloma size were observed in all developmen-
tal stages in infected mice treated with PZQ and DW-3-
15 combinations (Additional file 5: Figure S4; juveniles:
PD% F, 19 = 11.5, P = 0.0018, PD% F, ,;, = 11.5, P =
0.0010; multiple parasitic stages: PD Fiy 15 = 14.9, P =
0.0011, PD% Fy 1o = 14.9, P = 0.0002; adults: PD: F,
1 = 9731, P = 0.0027, PD%: F, ) = 9.731, P = 0.0007).
By calculating the egg burden per gram of liver tissue, all
treatments were found to induce statistically significant
reductions in liver egg burden when compared with the
infected untreated control (juveniles: Fg g,) = 184.6, P
< 0.0001; multiple parasitic stages: Fig g3 = 114.8, P <
0.0001; adults: Fg g = 134.8, P<0.0001). The group
treated with the higher-dose combination of PZQ and
DW-3-15 (PDY) showed the greatest decrease in egg bur-
den (Additional file 1: Tables S4—S6).

Discussion

Human schistosomiasis is an important neglected dis-
ease in tropical and subtropical areas [25]. PZQ is the
first-choice drug available for the treatment of schis-
tosomiasis and has been used extensively for mass
administration and transmission control in the absence
of alternative drugs [26]. However, the long-term and
mass use of PZQ increases the risk of drug resistance.
WHO has provided opportunities for the development
of alternative antischistosomal drugs. Despite several
compounds showing promise against Schistosoma, their
efficacy was not equivalent to that of PZQ [27, 28]. New
therapeutic approaches that combine different modes
of action and/or repurposing are therefore urgently
required.

Combination chemotherapy is widely exploited in
many fields, including the treatment of cancer, bacte-
rial infections, HIV, and malaria, as well as in veteri-
nary medicine [29-33]. In experimental schistosomiasis,
promising results have been reported with the use of
PZQ in combination with other drugs or biomolecules
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for multistage targeting, ameliorating infection-associ-
ated pathologies, and reducing the risk of drug resistance
[12].

In our previous studies, DW-3-15, a PZQ derivative,
was developed and proved to have promising activity
against schistosomula and adult worms of S. japonicum
[13, 14]. In this study, we analyzed the effect of a com-
bination of PZQ and DW-3-15 against varying schisto-
some developmental stages both in vivo and in vitro.
Based on the results, PZQ in combination with DW-3-
15 improved the antischistosomal effect over any single
compound. It showed a potent reduction in vitality and
worm burden by combination chemotherapy at 100 uM
of the two compounds, respectively, highlighting the util-
ity of the therapy for increasing drug efficacy. Campelo
et al. [17] reported that drug combinations, as an alterna-
tive approach used in the treatment of several diseases,
have shown some advantages in clinical treatment by
decreasing long-term toxicity and drug resistance. In our
study, halving the concentration/dose of PZQ combined
with DW-3-15 maintained a favorable antischistosomal
effect. This therapeutic method provides a possibility for
reducing drug doses against S. japonicum, thereby poten-
tially reducing the side effects and the risk of single-drug
resistance. However, whether this therapeutic method
actually reduces the side effects of the two compounds
remains to be confirmed in future studies.

CI analysis in vitro and in vivo revealed that the groups
showed variable degrees of synergy (Figs. 2 and 7). This
synergy in antischistosomal activity was likely due to the
increased activity of the anthelmintic drugs on different
targets [34]. Indeed, there are some differences in the
mechanisms of antischistosomal effects between PZQ
and DW-3-15. PZQ exerts direct antischistosomal effects
on adult worms through its effects on Ca’* homeostasis,
resulting in spastic paralysis and rapid vacuolization of
the worm surface [35]. The antischistosomal mechanisms
of DW-3-15 are less well characterized, but we previ-
ously demonstrated its influence on histone acetyltrans-
ferase (data not shown). The combination of multi-target
compounds of PZQ and DW-3-15 not only improved the
therapeutic profile of PZQ, but also potentially reduced
the risk of drug resistance.

The tegument of the blood fluke plays a key role in
nutrient absorption, proliferation, energy metabolism,
secretory functions, and parasite protection against the
host immune system [36, 37]. In addition, it is consid-
ered to be a major target for antischistosomal drugs [38].
Alterations of the tegument can also be used to evalu-
ate the antischistosomal activity of a compound [39].
Campelo et al. [17] observed extensive soft tissue dam-
age on the surface of S. mansoni exposed to combina-
tions of piplartine, epiisopiloturine, and PZQ, and they
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demonstrated synergistic effects of compound combina-
tions by ultrastructural study.

In this study, ultrastructural alterations in the tegu-
ment of adult male schistosomes were observed by SEM.
The combination of multi-target compounds increased
tegument damage, with extensive peeling, exposure, and
injury of the subtegumental muscle layer of S. japonicum.
The tegumental damage likely increased its exposure to
immunogens and immunogenic epitopes [40]. This dam-
age and immunological recognition might represent a key
process in the activity of the combination therapy in vivo.
Moreover, tegumental changes in the combination group
were greater than in those treated with the single com-
pound, with the worms showing significant ultrastruc-
tural differences. The results also indicated that DW-3-15
differs from PZQ in terms of its insecticidal mechanism,
and the compounds had synergistic effects on the target
when used in combination.

Schistosome eggs, when deposited in the host liver
or intestinal tissue, are the major cause of pathology in
schistosomiasis [4]. They are viable and actively meta-
bolic organisms that are highly antigenic, evoking inflam-
mation that leads to a granulomatous response [4].
Granulomas ultimately lead to liver fibrosis and death
in chronically infected hosts [4]. In this study, the com-
bination of PZQ with DW-3-15 significantly attenuated
the egg burden in the liver and reduced the area of egg-
induced granuloma, indicating that the combination
therapy not only possesses antiparasitic activity, but also
inhibits the formation of egg-induced granulomas. Thus,
compared with single-compound treatment, the combi-
nation of PZQ and DW-3-15 could alleviate liver lesions
and protect the liver in cases of schistosomiasis.

Conclusions

In the present study, we confirmed that the combina-
tion of PZQ and DW-3-15 produces synergistic effects,
and represents a novel potential multistage therapy to
increase antischistosomal activity. The combination
chemotherapy of PZQ and DW-3-15 can be used against
both schistosomula and adult worms, and ameliorates
schistosomiasis hepatic pathology. Therefore, this ther-
apy may shed light on new treatments for S. japonicum
infection. Furthermore, based on our in vitro and in vivo
findings, the antischistosomal mechanism of DW-3-15
appears to differ from that of PZQ. When the two com-
pounds are combined, their action targets may be differ-
ent from those when each is used alone. Further studies
are required to fully define the mechanism(s) of antisch-
istosomal action of PZQ and DW-3-15 co-therapy, and
to address suitable dosage for the treatment of human
schistosomiasis.
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Additional file 1: Table S1. Viability of S. japonicum males exposed to
PZQ and DW-3-15 at different combinations of concentrations in vitro.
Table S2. Viability of S. japonicum females exposed to PZQ and DW-3-15

Jjaponicum juveniles exposed to PZQ and DW-3-15 at different combina-
tions of concentrations in vitro. Table S4. Antischistosomal effects of S.
Jjaponicum juvenile (14 days) treated by PZQ and DW-3-15 at different

of multiple developmental stages of S. japonicum treated by PZQ and
DW-3-15 at different combinations of concentrations in vivo. Table Sé6.
Antischistosomal effects of adult (28 days) of S. japonicum treated by PZQ
and DW-3-15 at different combinations of concentrations in vivo.

Additional file 2: Figure S1. Scanning electron micrographs of S. japoni-
cum males exposed to PZQ. After 72 h of incubation with 100 uM PZQ,
worms showed obvious damage to the gynecophoral canal (GC) (a). The
oral sucker and ventral sucker showed swelling (SW) and loss of spine (S)
(b, €). Blisters (BS) (d), pit-shaped erosion (PE) (d, e), shallow sloughing (SL)
(f) and disintegration (DI) (f) of the tegumental crest were visible. Scale
bars:a, 50 um; b, 5 um; ¢, 5 um, e, 30 um, f, 5 um.

Additional file 3: Figure S2. Scanning electron micrographs of S. japoni-
cum males exposed to DW-3-15. After 72 h of incubation with 100uM
DW-3-15, worms showed severe damage to the gynecophoral canal
(GQ) (a), the oral sucker and ventral sucker showed obvious hole-shaped
erosion (HE) damage and surface fusion with spine loss (b, c); in addition,
the tegumental crest displayed disintegration (D), blisters (BS) and hole-

the subtegumental muscle layer (ML) were observed (f). Scale bars: a, 200
um; b, 10 um; ¢, 5 um; d, 50 um; e, 10 um; f, 30 pm.

Additional file 4: Figure S3. Scanning electron micrographs of S. japoni-

ral canal (GC) (a) showed severe injury, and the oral sucker and ventral
sucker of worms showed swelling (SW) and disintegration (DI) (b, ¢). The
tegumental crest showed hole-shaped erosion (HE), extensive sloughing
(SL) with exposure of the subtegumental muscle layer (ML) and muscle
injury (MI) (d—f). Scale bars: a, 300 um; b, 5 um; ¢, 10 um; d, 50 um; e, 50
um; f, 30 um.

Additional file 5: Figure S4. Effects on hepatic granulomas of mice
treated by PZQ combined with DW-3-15 in vivo. The mice were infected
with 14-day-old (a), multiple-stage (b), and 28-day-old worms (c) of S.
Jjaponicum. The dose of PZQ and DW-3-15 was 200 mg/kg and 400 mg/
kg, respectively. PD was 100 mg/kg PZQ combined with 200 mg/kg
DW-3-15; PD¢ was 200 mg/kg PZQ combined with 400 mg/kg DW-3-15.
Significant differences compared to the control group are indicated by *P
< 0.05,**P < 0.01 and ***P < 0.001. Scale bars: 200 um.

at different combinations of concentrations in vitro. Table S3. Viability of S.

combinations of concentrations in vivo. Table S5. Antischistosomal effects

shaped erosion (HE) injury (d, e). Extensive sloughing (SL) with exposure of

cum adult males exposed to PD®. After 72 h of incubation, the gynecopho-
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