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Abstract 22 

Praziquantel (PZQ) is the drug of choice for schistosomiasis. The potential drug resistance 23 

necessitates the search for adjunct or alternative therapies to PZQ. Previous functional 24 

genomics has shown that RNAi inhibition of Ca2+/calmodulin-dependent protein kinase II 25 

(CaMKII) gene in Schistosoma adult worms significantly improved the effectiveness of PZQ.  26 

Here we tested the in vitro efficacy of 15 selective and nonselective CaMK inhibitors against 27 

Schistosoma mansoni and showed that PZQ efficacy was improved against refractory juvenile 28 

parasites when combined with these CaMK inhibitors. By measuring CaMK activity and the 29 

mobility of adult S. mansoni, we identified two nonselective CaMK inhibitors, Staurosporine 30 

(STSP) and 1Naphthyl PP1 (1NAPP1), as promising candidates for further study. The impact 31 

of STSP and 1NAPP1 was investigated in mice infected with S. mansoni in the presence or 32 

absence of a sub-lethal dose of PZQ against 2- and 7- day-old schistosomula and adults. 33 

Treatment with STSP/PZQ induced a significant (47-68%) liver egg burden reduction 34 

compared with mice treated with PZQ alone. The findings indicate that the combination of 35 

STSP and PZQ dosages significantly improved anti-schistosomal activity compared to PZQ 36 

alone, demonstrating the potential of selective and nonselective CaMK/ kinase inhibitors as a 37 

combination therapy with PZQ in treating schistosomiasis. 38 

 39 

Keywords 40 

Kinase inhibitors, CaMK, CaMKII, Schistosoma mansoni, Staurosporine, STSP, 1Naphthyl 41 

PP1, schistosomula, Praziquantel, Adjunct therapy  42 

  43 



Key Findings 44 

 Kinase inhibitors are promising candidates for adjunct therapy in schistosomiasis in 45 

combination with low dose PZQ. 46 

 Kinase inhibitors can be effective in eliminating PZQ refractory juvenile Schistosoma 47 

worms. 48 

 STSP is more effective as an adjunct therapy at low doses for adult Schistosoma worms 49 

 50 

1. Introduction 51 

Schistosomiasis is a major neglected tropical disease impacting the lives of over 250 million 52 

people in 78 countries and 779 million are at risk of infection ((McManus et al., 2018) The 53 

treatment of choice is praziquantel (PZQ), a drug discovered in the 1970’s (Andrews et al., 54 

1983; Chai, 2013). However, a major limitation of PZQ is its lack of efficacy against the 55 

immature, migrating stages of the parasite (Xiao et al., 2010; Xiao et al., 2018). In addition, 56 

reliance on this single compound to treat all Schistosoma species is a continuing concern, 57 

especially as increases in the use of PZQ in current mass drug administration (MDA) control 58 

programs may result in the development of resistance to the drug (Hotez & Fenwick, 2009; Lo 59 

et al., 2017). Therefore, research is required to increase the longevity or efficacy of PZQ. 60 

Although the exact mechanism of action of PZQ remains unclear, its action on calcium 61 

homeostasis of mature Schistosoma parasites is apparent (Day et al., 1992; Doenhoff et al., 62 

2008; Xiao et al., 2018). The contraction and paralysis observed in PZQ-treated schistosomes 63 

are explained by membrane depolarisation and the influx of extracellular calcium into the 64 

worms, which causes vacuolation and disintegration of the parasite surface (Doenhoff et al., 65 

2008; Xiao et al., 2018). Although the mode of action of PZQ is thought to be multi-faceted 66 

(Pica-Mattoccia et al., 2009), a massive influx of calcium ions into the cells possibly via the 67 



pore-forming alpha1 subunit of a calcium channel is a major feature of PZQ sensitivity 68 

(Greenberg, 2005). 69 

Previously, we reported the significant up-regulation of genes related to calcium signaling 70 

pathways and possible drug resistance in schistosome adults following in vivo exposure to PZQ 71 

in mouse models of schistosomiasis (You et al., 2013). Ca2+/calmodulin-dependent protein 72 

kinase II (CaMKII) was one of the key calcium regulatory genes shown to be up-regulated in 73 

response to PZQ treatment (You et al., 2013). Furthermore, the inhibition of CaMKII function 74 

in Schistosoma worms significantly improved the efficacy of PZQ, as shown by a considerable 75 

reduction in worm motility (You et al., 2013). Extending this pivotal study, we explore here 76 

the use of selective and nonselective CaMK/Kinase inhibitors to improve the efficacy of PZQ 77 

against juvenile and adult schistosomes in vitro and in vivo.  78 

 79 

2. Materials and methods 80 

2.1. Ethics statement  81 

The conducts and procedures involving animal experiments were approved by the Animal 82 

Ethics Committee of the QIMR Berghofer Medical Research Institute (project number A0104-83 

016), which adheres to the Australian code of practice for the care and use of animals for 84 

scientific purposes, as well as the Queensland Animal Care and Protection Act 2001; 85 

Queensland Animal Care and Protection Regulation 2002. This study was performed in 86 

accordance with the recommendations in the Guide for the Care and Use of Laboratory 87 

Animals of the National Institutes of Health. The Puerto Rican strain of S. mansoni was 88 

maintained in ARC out-bred Swiss female mice and Biomphalaria glabrata snails at the QIMR 89 

Berghofer Medical Research Institute from stocks originating from the National Institute of 90 

Allergy and Infectious Disease Schistosomiasis Resource Centre, Biomedical Research 91 



Institute (Rockville, Maryland, USA). General methods followed those previously published 92 

(Jones et al., 2007; You et al., 2009). 93 

2.2. Preliminary CaMK11 inhibitor assays with mechanically transformed S. mansoni 94 

schistosomula 95 

Schistosoma mansoni cercariae were obtained by shedding infected B. glabrata under a bright 96 

light. Cercariae were transformed mechanically to schistosomula (Milligan & Jolly, 2011) and 97 

cultured in Basch’s medium (Basch, 1981), with media changes every three days, depending 98 

on the age of schistosomula required. Schistosomula were dispensed into a 96-well flat bottom 99 

plate (100 schistosomula/well in 200 µl of Basch’s medium) and CaMK inhibitors with or 100 

without PZQ were added to each well to the required concentration.  101 

The effects of 15 commercially available selective and nonselective CaMK inhibitors (Table 102 

1) were assessed on 2-day- and 7-day-old schistosomula with or without the presence of PZQ.  103 

All inhibitors were purchased from Santa Cruz Biotechnology, Inc (Santa Cruz, USA), or 104 

Selleckchem (Houston, USA). Inhibitory concentrations used were based on the IC50’s reported 105 

by the manufacturer for each inhibitor for mammalian cells. selective and nonselective CaMK 106 

inhibitors were tested at published mammalian 1 × IC50 and 10× IC50 alone or in combination 107 

with the two PZQ concentrations over variable periods of exposure (4 h, 24 h and 48 h). All 108 

the inhibitors were diluted in water or DMSO as indicated by the chemical suppliers (Table 1). 109 

PZQ was dissolved in DMSO. 110 

Based on PZQ dosages provided by recent in vitro drug screening assays using newly 111 

transformed schistosomula (de Moraes et al., 2012; Marxer et al., 2012; Xiao et al., 2018), a 112 

range of PZQ concentrations, 0.24-500 µM, was tested during an initial screen for anti-113 

schistosomal activity. From these in vitro assays, LD5 and LD25 of PZQ for 2-day 114 

schistosomula were chosen as the upper and lower concentrations, respectively, P1 (1 µM) and 115 

P20 (20 µM), for further studies.  116 



Each treatment was performed in triplicate (separate wells), and the experiments were repeated 117 

three times; 24 h after treatment the schistosomula were stained and fixed with 1:5 Trypan blue 118 

in 1% paraformaldehyde (in PBS) (Allison & Ridolpho, 1980) for 20-30 min. The parasites 119 

were washed until the well contents were clear, and the dead/damaged and unaffected 120 

schistosomula were counted under an inverted microscope at 100× magnification to calculate 121 

the percentage of dead/damaged schistosomula in each treatment group compared with the 122 

untreated control (1% DMSO in Basch’s medium). A minimum of 100 parasites were counted 123 

in each treatment well. 124 

Based on the results of the preliminary in vitro assays, two kinase inhibitors, Staurosporine 125 

(STSP) and 1Naphthyl PP1 (1NAPP1) were chosen for further studies since they exhibited the 126 

most promising inhibitory effects against schistosomula.  127 

2.3. Quantification of the biochemical inhibition of CaMK II activity by selected inhibitors 128 

A soluble worm antigen preparation (SWAP) was extracted from adult S. mansoni worms (You 129 

et al., 2010) and its protein concentration quantified using the Bradford assay (Bio-Rad, 130 

Hercules, USA). The CaMKII activity of SWAP (0.028 µg/µl) with different concentrations of 131 

STSP (0.0025-1.28 µM) or 1NAPP1 (2.75-1100 µM) was quantified using CycLex CaM 132 

Kinase II Assay Kits (CycLex Co., Ltd. Nagano, Japan), according to the manufacturer’s 133 

guidelines.  134 

2.4. Effects of CaMK inhibition on adult parasite motility 135 

Adult S. mansoni worms were obtained by perfusion of infected mice (6-9 weeks old female 136 

Swiss), six weeks post cercarial challenge. Male and female adult worms were separated and 137 

cultured overnight in RPMI medium supplemented with 20% (v/v) Fetal Bovine Serum (FBS), 138 

and 1% (v/v) penicillin and streptomycin. The motility of adult worms before or after treatment 139 

was assessed using the xCELLigence system (Roche Inc., Basel, Switzerland) established in 140 

our laboratory as described (You et al., 2013). Briefly, a single female or male adult worm was 141 



transferred individually into each well of a 96 well xCELLigence plate (ACEA Biosciences, 142 

San Diego, USA). RTCA controller software (Roche Inc.) was used to determine how the 143 

information was gathered from the xCELLigence plate. Each worm was cultured in 180 µl of 144 

completed medium per well and motility was monitored every 15 seconds for 3 h to obtain a 145 

baseline motility reading (to identify healthy parasites) prior to the addition of an inhibitor. 146 

STSP (0.2 µM) and 1NAPP1 (220 µM), with or without an IC50 of PZQ (as previously reported 147 

(Smout et al., 2010)), were added to wells (6 wells per treatment) and motility observed using 148 

the xCELLigence system over 24 hrs. Experiments performed with previously reported PZQ 149 

IC50 (188ng/ml) dose reduced worm motility below 50% (Smout et al., 2010), as compared to 150 

untreated controls. Similar reductions in motility were observed in groups treated with STSP 151 

and 1NAPP1 alone. A variation was evident between the effective concentration (EC50) for 152 

male and female adult worms. As a result, PZQ at a concentration of 37.6 ng/ml (0.12 µM) 153 

(1/5 x IC50 for S. mansoni) for male worms and 94 ng/ml (0.3 µM) (1/2× IC50 for S. mansoni) 154 

for female worms, were used for subsequent experiments. STSP and 1NAPP1 were used at 5× 155 

IC50 concentrations, 0.1 and 110 µM respectively, for both male and female worms. Dead 156 

worms (heat killed) were included as immobile controls and exhibited 0% motility. Positive 157 

control worms were incubated in the presence of the DMSO concentration equivalent to that 158 

used for the highest drug concentration and represented 100% worm motility. Statistical 159 

analyses were undertaken using GraphPrism 5.0 (You et al., 2013). 160 

2.5. Biochemical activity of CaMKII in adult male and female worms exposed to 1NAPPI 161 

and STSP with or without PZQ 162 

After 24 h of inhibitor drug treatment, and following the motility assay, protein was extracted 163 

from male and female worms using 1% Triton X-100 in Tris-buffered saline supplemented 164 

with 1% (v/v) complete protease inhibitor cocktail (Tran et al., 2010). CaMKII activity of the 165 



worm protein extract was measured in different treatment groups using the CycLex CaM 166 

Kinase II Assay Kit (CycLex Co., Ltd. Nagano, Japan).  167 

2.6. Mammalian cell cytotoxicity  168 

Neonatal foreskin fibroblast (NFF), human hepatocellular carcinoma (HepG2), human 169 

hepatoma (Huh7) and mouse hepatocellular carcinoma (AML12) cell lines (from ATCC) were 170 

cultured in complete media as described (Boyle et al., 2014) and were tested for the toxicity of 171 

varying concentrations of STSP (2000-0.002 µM) and 1NAPP1 (220-1.72 µM), with or without 172 

PZQ, using the sulforhodamine B (SRB) assay (Boyle et al., 2014). 173 

2.7. Initial in vivo treatment with PZQ to determine sub-therapeutic dosage against adult 174 

parasites 175 

Three different PZQ dose regimens were used in 6-9 week-old female Swiss mice infected with 176 

140 S. mansoni cercariae at five weeks post infection to determine a sub-therapeutic dose. The 177 

dosage threshold for the clearance of a patent S. mansoni infection from mice is considered as 178 

the therapeutic dose. PZQ was dissolved in 2.5% (v/v) cremophor EL (Sigma, St Louis, USA) 179 

and given by oral gavage to three groups of mice (n=3) at a dose of 250 mg/kg/day for one day; 180 

250 mg/kg/day for three days (total dose 750 mg/kg) and an escalating dose from 150-350 181 

mg/kg over five days (total dose 1250 mg/kg) (Chuah et al., 2016). All the mice were perfused 182 

49 days post-infection. Total male and female adult worm numbers were counted, and mouse 183 

livers were collected and processed for egg counts (Chuah et al., 2016; Zhang et al., 2011).  184 

2.8. Dose escalation study of inhibitors 185 

Optimum 1NAPP1 and STSP doses for mice were calculated using data obtained from in vitro 186 

assays, mammalian cytotoxicity assays and previously published data (Abe et al., 2001; Hill et 187 

al., 1994; Robichaux et al., 2014; Soskis et al., 2012). The full dosage for 1NAPP1 was 0.4 188 

mg/kg (approximate plasma concentration-22 µM) given by tail vein intravenous (i.v) injection 189 

according to a previous study (Mizukami et al., 2014). 1NAPP1 (1 mg) was first dissolved in 190 



525 µl DMSO, which was then diluted 10 times with 0.9% (v/v) saline (600 µM) (Mizukami 191 

et al., 2014). The full dose of STSP was 10 mg/kg (Hill et al., 1994) given as a single dose by 192 

oral gavage. The concentration in the plasma of these mice was expected to reach ~40 µM 193 

given the bioavailability of 13% with similar compounds in a 30 g mouse (Hill et al., 1994).  194 

Dose escalation studies were carried out using 6-9-week-old female Swiss mice for the two 195 

inhibitors selected for further characterisation. Mice were given 1/100th of the expected final 196 

dose and observed for a period of seven days for any weight loss or development of any 197 

abnormal veterinary features. A second dose was given at the 1/10th of the expected final dose 198 

after seven days to the same mice and monitored as above. A third dose was given at the 199 

standard expected dose and monitored as above. Tested at day three and day seven post 200 

treatment, both the Alanine Transaminase (ALT) and Aspartate Transaminase (AST) colour 201 

end point assays (BioScientific, Max Discovery™, Austin, USA) were used to determine 202 

changes in liver enzymes as indicators of hepatotoxicity.  203 

2.9. Combination of PZQ and CaMK inhibitors in in vivo trials 204 

Three animal trials were conducted as follows. Six-week-old female outbred Swiss mice were 205 

used for in vivo experiments to determine the efficacy of  the inhibitor and PZQ treatment of 206 

S. mansoni-infected animals. Trials 1 and 2 were carried out to test the efficacy of the selected 207 

inhibitors with/without PZQ and PZQ only. Each trial had three treatment groups depending 208 

on the time point of treatment post-cercarial challenge chosen. The time points for drug 209 

treatment were either on day-2 post-infection, day-7 post-infection or week-5 post-infection, 210 

corresponding to the targeting of day 2 or day 7 schistosomula or adult parasites. There were 211 

six groups in trial 1 and 2 including the control (no treatment), PZQ only, STSP only, 1NAPP1 212 

only, PZQ/STSP and PZQ/1NAPP1. There were 5 mice/group in trial 1 and 8 mice/group in 213 

trial 2. Mice were infected with 140 cercariae/mouse in trial 1 and 100 cercariae/mouse in trial 214 



2. In trial 3, all mice (10 mice/group) were infected with 80 cercariae/mouse and the effect of 215 

3 different STSP doses was tested in combination with PZQ given at five weeks post-infection.  216 

1NAPP1 was reconstituted as described above and given 0.4 mg/kg/day i.v per mouse in trial 217 

1 (plasma concentration, ~22µM, which is closer to the IC50, because of the requirement for 218 

intravenous administration and to prevent possible toxicity (Robichaux et al., 2014; Soskis et 219 

al., 2012) and increased to 0.6 mg/kg/day in trial 2 (plasma concentration, ~33µM) to achieve 220 

the required plasma concentrations.  221 

STSP was given at the same dose of 10 mg/kg/day as a single oral gavage (approximate plasma 222 

concentration 40 µM) in both trial 1 and trial 2. In trial 3 different doses of STSP (2.5, 5 and 223 

10 mg/kg/day as a single dose) were given in combination with PZQ to each group.  224 

PZQ was given orally at a dose of 250 mg/kg dissolved in 2.5% (v/v) cremophor EL (Chuah et 225 

al., 2016). The control group was given 2.5% (v/v) cremophor EL orally and 10% DMSO in 226 

0.9% (v/v saline) i.v. In the groups treated with STSP/PZQ by oral gavage, there was a 45 min 227 

interval between the two doses to reduce potential interactions between the drugs or solvents 228 

in the stomach.  229 

Faeces were collected from individual mice at 6 weeks post-infection in all groups before worm 230 

perfusion at 7 weeks post-infection. Faeces was fixed in 10% formalin and processed for egg 231 

counting as described previously (Zhang et al., 2011). Total and female adult worm numbers 232 

were counted and then fixed in 10% (v/v) buffered formalin. Mouse livers were collected and 233 

processed for egg counting (Chuah et al., 2016; Zhang et al., 2011).  234 

All data were analyzed using GraphPad Prism 7.02. The group means were compared between 235 

each other using the Kruskal-Wallis test. 236 

2.10. Real time PCR of selected calcium signaling genes 237 

Total RNA was isolated (Hoffmann et al., 2002) from adult male and female S. mansoni 238 

worms, respectively, treated with STSP and 1NAPP1 with or without PZQ. All samples were 239 



DNase treated (Promega, Madison, USA) prior to cDNA synthesis (Gobert et al., 2009) using 240 

Quantitect Reverse Transcription kits (Qiagen Inc). The expression levels of selected key genes 241 

involved in the calcium-mediated signaling pathways (Table S2) were tested on the worm 242 

cDNA samples using real-time PCR (Moertel et al., 2008). Tubulin α (Araujo-Montoya et al., 243 

2011) was used as the reference gene. All other primers were designed using Primer3 web 244 

version 4.0.0 online software. qPCR was performed using SYBR Green master mix (Applied 245 

Biosystems) on a Corbett Rotor Gene 6000 (Corbett Life Sciences). Rotor-Gene 6000 Series 246 

software (version1.7) and GraphPad Prism (version 7.02) were used to analyse the data, using 247 

the standard curve method as described (Gobert et al., 2009).  248 

 249 

3. Results 250 

3.1. CaMKII inhibitor assays with mechanically transformed S. mansoni schistosomula 251 

The numbers of live/dead schistosomula were counted (dead parasites absorb the blue stain) 252 

using the trypan blue exclusion staining method as described (Pinto JG, 2011) to determine the 253 

impact of CaMK inhibitors on schistosomula viability.  254 

Fig 1 shows a summary of responses of 2-day old (Fig 1A) and 7-day-old (Fig 1B) 255 

schistosomula to all the selected CaMK inhibitors 24 h post-treatment. Schistosomula treated 256 

with 1NAPP1 (candidate 5) demonstrated ≥50% death rates in the 2-day old and 7-day old 257 

groups with or without PZQ. However, there was no significant difference in the response of 258 

day 2 and day 7 schistosomula to NAPP1 except when combined with the higher dose of PZQ. 259 

STSP (candidate 2) combined with PZQ resulted in ≥ 50% death rates with 2-day old 260 

schistosomula only. 261 

Further testing of STSP with 7-day-old schistosomula, at 4, 24 and 48 h after treatment 262 

confirmed the findings presented in Fig 1 B (Fig 2 C, D, G, H, K, L). With two-day-old 263 

schistosomula (Fig 2 A, B, E, F, I, J), an effect with STSP was evident in the 24 h post treatment 264 



group, reaching 50% death rate at a concentration of 0.02 µM in combination with 20 µM PZQ. 265 

The published IC50 for STSP for mammalian cells is also the same as the LD50 for the two-day-266 

old schistosomula observed here (Fig 2 E). At 48 h there was a further increase in the death 267 

rates of schistosomula. The STSP and 20 µM PZQ combination group always showed higher 268 

death rates followed by the STSP and 1 µM PZQ group. Increasing STSP concentration to 0.4 269 

µM brought the death rates closer to the PZQ/STSP combined groups (Fig 2 E). 270 

1NAPP1 showed detrimental effects on 7-day old schistosomula alone or in combination with 271 

PZQ, starting from a concentration of 22 µM (published mammalian IC50) (Fig 2 D, H, L). 272 

Similar effects were evident on two-day-old schistosomula (Fig 2 B, F, J) except for the 273 

combination group with 20 µM PZQ, where PZQ alone showed a 20-40% death rate over the 274 

24-48 h period. This trend was also observed in the STSP-treated groups due to the moderate 275 

efficacy of PZQ against schistosomula up to 3 days (Fig 2 E, I). 1NAPP1 achieved a 100% 276 

death rate at a concentration of 220 µM (10× IC50) with or without PZQ in both day 2- and day 277 

7-old schistosomula.  278 

3.2. Quantification of the reduction of CaMKII activity by the selected inhibitors 279 

STSP at a concentration of 0.04 µM was able to inhibit circa 50% of theCaMKII activity in S. 280 

mansoni SWAP whereas 1NAPP1 reached 50% inhibition at around a concentration of 660 281 

µM. STSP had a lower IC50 than 1NAPP1 when tested in vitro (Fig S1). 282 

3.3. Motility of S. mansoni male and female worms following drug treatment 283 

To ensure the worms used for drug treatment were alive, motility of all the worms was 284 

measured by xCELLigence for 3 h before the addition of any drug. There were no significant 285 

differences (p-value > 0.05) in motility among the groups for either females or males prior to 286 

the introduction of the drugs. The range of motility (% relative to untreated worms) was 70–287 

92% for females and 85–110% for males (Fig 3A and 3B) at the commencement of the 288 

experiment. Female worms treated with STSP and 1NAPP1 alone regained 100% motility after 289 



48 hrs incubation (Fig 3C). Motility of females treated with the PZQ/STSP and PZQ/1NAPP1 290 

combinations decreased to 40% and 35%, respectively; however, there was no significant 291 

decline compared with female worms treated with PZQ only (P˃0.05). The motility of male S. 292 

mansoni was reduced significantly (P≤0.05) after 48 h treatment with either the PZQ/STSP 293 

(31%) or PZQ/1NAPP1 (25%) combination compared with PZQ-treated males (Fig 3D). 294 

3.4. Testing CaMK II activity in adult male and female S. mansoni exposed to 1NAPPI and 295 

STSP with or without PZQ 296 

Schistosoma mansoni males treated with STSP alone or in combination with PZQ had 297 

significantly reduced CaMKII activity compared with those treated with PZQ alone, measured 298 

using the CycLex CaM Kinase II Assay Kit. Males treated with STSP showed a significant 299 

reduction (77%, p=0.02) in CaMKII activity compared with those treated with 1NAPP1 (Fig 300 

4A). This outcome supported the results of the in vitro assays performed with SWAP (Fig S1) 301 

and showed that STSP was a better inhibitor of CaMKII both in vitro and in vivo. STSP was 302 

superior to 1NAPP1 in suppressing CaMKII activity both in males and females, although the 303 

response with both inhibitors was less pronounced in female worms. This was representative 304 

of the increased reduction in motility in males than in females, as shown in the xCELLigence 305 

analysis (Fig 3). PZQ treatment did not seem to affect CaMKII function as CaMK activity was 306 

similar to that of the untreated control group. 307 

Reciprocal changes were observed in CaMKII gene copy numbers, calculated using real-time 308 

PCR, showing significantly higher levels of transcription in males (except in the PZQ only and 309 

STSP only treatment groups) than in females (p = 0.006-0.287), likely as a result of possible 310 

attempts to up-regulate CaMKII production.  311 

3.5. Real time PCR 312 

Overall, transcription of the RYR 1, PHK1 and PKC4 genes was significantly lower in female 313 

worms, including the untreated controls (Fig 5), which was also evident in CaMKII expression 314 



levels (Fig 4B). However, the same trend was not evident in the transcription of IP33K2 for 315 

most of the groups. RYR1 and PKC4 expression was significantly reduced (P≤0.05) following 316 

treatment with PZQ+STSP in female worms compared with the PZQ-treated group. A similar 317 

trend occurred in the expression of PKC4, PHK1 and IP33K2 in male worms treated with 318 

PZQ+STSP (P≤0.05) showing the effect of CaMKII inhibition on related genes in the calcium 319 

signaling pathway. 320 

3.6. Mammalian cell cytotoxicity with CamK inhibitors and PZQ 321 

A summary of LD50s calculated following the cytotoxicity assays is presented in Table 2. 322 

Detailed dose response curves are shown in Supplementary Figs S2-S4. AML, Huh7 and NFF 323 

showed variable toxicity to 1NAPP1 and STSP. STSP was more toxic to AML (LD50=0.001 324 

µM) and NFF (LD50=0.821 µM) than 1NAPP1 (LD50=52.7 and >100 µM) but less toxic to 325 

Huh7. 326 

3.7. Dose escalation study  327 

Sub-therapeutic dose level of PZQ 250 mg/kg was selected to be combined with CaMK 328 

inhibitors in the trials as there was a 43% reduction in adult worm numbers obtained from mice 329 

treated with PZQ (250 mg/kg dose) when compared to worms perfused from untreated controls; 330 

liver egg burdens showed a similar trend but the reduction in numbers (60%) was slightly 331 

higher (Fig S5). 332 

The reported normal range in female Swiss mice for ALT (alanine transaminase) activity is 24-333 

193IU/L and for AST (aspartate aminotransferase) activity is 46-244 IU/L(Serfilippi et al., 334 

2003). The liver enzymes tested were within the reported normal range for both day 3 and day 335 

7 post-treatment, for all treatment groups, showing no hepatotoxicity with the doses tested. 336 

However, with STSP the day 3 enzyme levels were marginally elevated compared to day 7 (Fig 337 

S6).  338 

3.8. In vivo trials  339 



In trial 1, mice treated with PZQ alone on the second day post-infection (Fig 6 A, B and C) did 340 

not result, at perfusion, in any statistically significant reduction in S. mansoni worm or egg 341 

counts compared to the untreated mice. However, treatment with STSP alone resulted in 342 

significant reductions in worm numbers (33%, P≤0.05), liver eggs (46%, P≤0.01) and faecal 343 

eggs (83%, P≤0.05) compared with untreated control mice. The combined PZQ/STSP group 344 

had a significant reduction in liver egg counts compared to the PZQ group. The second Trial 345 

did not replicate the findings except for the PZQ/STSP combined group which showed 346 

significant faecal egg reduction (85%, P≤0.05) compared to the control group (Fig 7C). 347 

During the PZQ insusceptible period (group treated on the seventh day post-infection) mice 348 

treated with the PZQ/1NAPP1 combination resulted in significant reductions in total worms in 349 

both trial 1 and trial 2 (Figs 6D and 7D) and liver eggs reduction in trial 1. The group treated 350 

with STSP alone showed a significant liver egg count reduction in trial 1 (Fig 6E). However, 351 

treatment of mice with PZQ alone also, unexpectedly, showed a significant reduction in total 352 

worm numbers in trial 2 and liver egg reductions in both trial 1 and trial 2. In the group treated 353 

at week five post-infection (mature adult worms present), there was a significant reduction in 354 

the liver egg burden compared to the control in all groups except for those treated with 1NAPP1 355 

and STSP alone in trial 1 (Fig 6H). Similar results were evident in trial 2 with the STSP-treated 356 

group also showing a significant egg reduction (Fig 7H). In trial 2 all groups showed significant 357 

reductions in faecal egg burdens when compared to the control (Fig 7I) except for the group 358 

treated with 1NAPP1 alone, a trend not evident in trial 1. Of note, the faecal egg count in the 359 

STSP-treated group was significantly lower than the PZQ group (94%, P≤0.05) (Fig 7I), 360 

indicating a potential role for STSP in inhibiting the fecundity of S. mansoni.. Although not 361 

significant, the groups treated with a combination of PZQ and CaMK inhibitor had low 362 

numbers of faecal eggs when compared to the group treated with PZQ alone in both trial 1 and 363 

2. Total worm numbers and liver eggs were significantly reduced in the PZQ/STSP 364 



combination group in both trials compared to controls. There was a significant reduction in 365 

total worm numbers in the groups treated with the PZQ/CaMK inhibitor combination (69%, 366 

86%) and PZQ alone (77%) in trial 1 compared to controls; this was only replicated in the 367 

PZQ/STSP group (87%) in trial 2. 368 

3.9. In vivo mouse trial using combinations of PZQ and STSP treatments 369 

Trial 3 tested the effect of three different doses of STSP combined with PZQ, at five weeks 370 

post infection, in groups of 10 mice infected with 80 cercariae per mouse. All the treatment 371 

groups showed significant reductions in worm and egg counts compared with the untreated 372 

control group (Fig 8). The group treated with the highest dose of STSP had the highest 373 

reduction in worm and egg counts compared with the control group and had significantly lower 374 

(58%) liver egg counts compared with the PZQ group. 375 

 376 

4. Discussion  377 

PZQ action in schistosomes is dependent on parasite age, with some stages being refractory to 378 

treatment. This limits the effectiveness of a single day treatment regime. PZQ has limited 379 

efficacy against very young schistosomula (< 3 days post cercarial infection [pci]) and older 380 

schistosomes (28 day pci), where 10X to 30X the dose of PZQ is needed to kill compared to 381 

the adult stage (Pica-Mattoccia & Cioli, 2004; Xiao et al., 2010); PZQ is inactive against 3-21 382 

day worms, and fully active against the sexually mature blood flukes (Xiao et al., 2010). 383 

Therefore, we investigated 2-day old schistosomula in order to focus on a developmental stage 384 

with a limited sensitivity period and 7-day old schistosomula, which are insensitive to PZQ, to 385 

test the effects of 15 different CaMKII (selective and non-selective) inhibitors on parasite 386 

survival. Given the considerable numbers of parasites required to achieve statistical power and, 387 

consequently, the extremely large number of animals needed to provide such worm numbers, 388 

with potential animal ethics concerns, mechanically produced schistosomula have generally 389 



been used as a high throughput tool for phenotypic pre-screening in drug efficacy studies (de 390 

Moraes et al., 2012; Tekwu et al., 2016), a trait followed here. 391 

Mechanically transformed schistosomula are commonly used for drug screening assays. The 392 

concentration of 1 µM PZQ used in this study is comparable to those used in previous studies 393 

(1.5 µM S. haematobium; 0.7 µM S. mansoni schistosomula) (Marxer et al., 2012). In another 394 

study (de Moraes et al., 2012) PZQ at 20 µM was used to treat S. mansoni schistosomula, 395 

justifying drug dosages given in the current study, furthermore the refractory nature of in vitro 396 

schistosomula to PZQ was also noted. In a recent review by Xiao and colleagues, the use of in 397 

vitro parasites and PZQ dosages between 3 and 30 µM are reported (Xiao et al., 2018). 398 

A range of commercially available CaMKII (selective and non-selective) inhibitors were tested 399 

on PZQ sensitive (2-day old) and PZQ insensitive (7-day old) schistosomula to select the most 400 

effective inhibitors. In in vitro assays, we were able to select STSP and 1NAPP1, which 401 

exhibited the highest level of killing of schistosomula at 2-day old and 7-day old tested, in the 402 

presence or absence of PZQ. Although not selective, 1NAPPI was a stronger CaMK inhibitor 403 

for both day 2 and day 7 schistosomula, but STSP better reduced both CaMK activity in S. 404 

mansoni adult protein extracts (SWAP) and the motility of live male worms in vitro. However, 405 

the motility of male worms was significantly decreased following treatment with STSP 406 

combined with PZQ compared with those exposed to either of these compounds. This result is 407 

supported by our previous study (You et al., 2013) when CamKII transcription was reduced by 408 

RNAi with 50–69% in adult S. japonicum with the result that the subsequent effect of an IC50 409 

dosage of PZQ was exacerbated, exhibiting decreased motility from 47-61% to 23-27% in adult 410 

worms. It has been reported that PZQ disrupts Ca2+ homeostasis in adult schistosomes by an 411 

unknown mechanism (Cioli & Pica-Mattoccia, 2003). Our previous investigations further 412 

indicate that CamKII moderates the effects of PZQ through stabilizing Ca2+ fluxes within 413 

schistosome muscle and tegument. One hypothesis might be that PZQ action involves an 414 



increase of intracellular Ca2+ with CamKII acting to maintain Ca2+ homeostasis as potentially 415 

central to the mode of action of PZQ (Hong You, 2015). 416 

In addition, as was evident from the in vitro assays, STSP and 1NAPP1 had better treatment 417 

efficacy on 2-day-old schistosomula in the first mouse trial compared with controls. Seven-day 418 

old schistosomula showed less response in vivo to either of the inhibitors, as expected, when 419 

compared with initial in vitro assays. However, PZQ/1NAPP1 treatment was a more effective 420 

combination against 7-day old schistosomula, which was confirmed in the second mouse Trial. 421 

Therefore, 1NAPP1 might represent a superior adjunct therapy to be used with PZQ during the 422 

PZQ-insusceptible period. Adult worms showed a better response consistently through all three 423 

mouse drug trials to STSP alone or to PZQ/STSP and the PZQ/1NAPP1 combination in vivo 424 

compared with untreated controls. However, increasing the 1NAPP1 dose by 1.5 times in trial 425 

2 did not improve the results. 426 

In trial 1, there was a significant worm and egg reduction in mice treated at 5 weeks post 427 

infection with the PZQ/STSP or PZQ/NAPPI combination, due to the rapid killing of worms. 428 

This was reflected in the significantly decreased motility of adult S. mansoni in vitro after being 429 

treated with PZQ/ PZQ/STSP or PZQ/NAPPI compared with PZQ-treated worms.  430 

STSP, which is a microbial alkaloid isolated from Streptomyces staurosporeus (Park et al., 431 

2013), has been investigated as an anticancer therapy in clinical trials (Eder et al., 2004; 432 

Monnerat et al., 2004). STSP has been administered at an oral dose of 5-10 mg/kg/day (Abe et 433 

al., 2001), intraperitoneally or subcutaneously (Hill et al., 1994) in mice. The inability to mount 434 

a similar response in killing parasites in vivo could be due to many reasons. STSP was given 435 

orally to mice with or without PZQ. Although an oral route is less intrusive than the intravenous 436 

route, pharmacokinetic interactions in the stomach, variability in absorption and first pass 437 

metabolism are some of the major factors that might have affected the final effective plasma 438 

concentration of the drug. Gastric emptying in mice shows an exponential decay with 50% 439 



emptying around 30 min (Schwarz et al., 2002); therefore, we spaced the PZQ and STSP doses 440 

45 min apart to prevent possible drug and solvent interactions in the stomach but, on the other 441 

hand, to reach high plasma concentrations around the same time. PZQ absorption in humans is 442 

known to be 80% of the oral dose with a plasma half-life of 1-2 h (Andrews et al., 1983; Chai, 443 

2013). Both STSP and PZQ have limited bioavailability (13% and 5%, respectively) (Abla et 444 

al., 2017; Hill et al., 1994). Although adult worms may be initially exposed to a drug 445 

concentration similar to that received by oral administration in the mesenteric veins before 446 

reaching the liver, the drug exposure of schistosomula, which reside in the lungs, will be 447 

affected due to drug clearance before the worms reach the lungs. The discrepancies between 448 

the in vitro and in vivo assays could also be explained by the use of mechanically transformed 449 

schistosomula rather than naturally transformed schistosomula in vivo.  450 

In trials 1 and 2, the treatment at week 5 post-infection, with the highest published doses of 451 

STSP (10mg/kg) combined with PZQ (250mg/kg), reached the maximum effect in terms of 452 

reductions in worm burden and egg counts compared with the control group. Reduced STSP 453 

doses used in trial 3 (2.5mg/kg and 5mg/kg) on adult worm infections, however, yielded lower 454 

worm and egg reductions. Mice treated with PZQ/STSP10 ( STSP 10mg/kg with PZQ 250 455 

mg/kg) on week 5 post-infection showed a similar worm reduction, but significantly lower liver 456 

egg counts (58%) compared with the PZQ group, indicating the additive effect of STSP in 457 

inhibiting the fecundity or egg production of adult parasites. 458 

We have shown that the inhibition of CaMK can be used as a possible adjunct therapy to PZQ 459 

in treating juvenile and adult schistosome infections. The in vivo experiments, however, did 460 

not show the effects in a similar magnitude to the in vitro results. The experiments could be 461 

repeated with different solvents to improve the efficacy of drug delivery. According to the in 462 

vitro results, the STSP and 1NAPP1 dose could be further reduced to establish whether similar 463 

results would be obtained using the schistosomula stage, which would help to minimise any 464 



possible drug side effects. The more selective CaMK inhibitors K-252a (inhibitor 8) and 465 

Autocamtide-2 inhibitor (inhibitor 11) could be possible additional candidates for future 466 

combination treatment trials. A wider range of inhibitor concentrations/doses could be tested 467 

in future follow-up studies with separate control group for each solvent used. To confirm the 468 

functional effects of CaMK inhibitors on calcium homeostasis in worms, the development of a 469 

live worm staining technique to detect calcium influx could be used in future studies to yield 470 

more phenotypic data to explore the impact of combined drug treatments on schistosomes. 471 
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Table 1. CaMK inhibitors used for initial in vitro screening of schistosomula. 637 

Candidate 

Number CaMK inhibitor name 

Reported IC50 for  

mammalian cellsa 

 

Solvent 

1 KN-93 370 nM DMSO 

2 Staurosporine 20 nM  DMSO 

3 Fasudil, Monohydrochloride Salt 1.9-5 µM*  DMSO 

4 

Autocamtide-2-Related Inhibitory 

Peptide 40 nM 

Water 

5 1-Naphthyl PP1 22 µM DMSO 

6 CaM Kinase II (290-309) 52 nM Water 

7 CaM Kinase II inhibitor 52 nM Water 

8 K-252a 3 nM DMSO 

9 KN-62 0.9 µM DMSO 

10 Lavendustin C 0.2 µM DMSO 

11 Autocamtide-2 inhibitor 40 nM Water 

12 K-252b 38 nM*  DMSO 

13 HA-1077 dihydrochloride 1.9-15 µM*  DMSO 

14 Arcyriaflavin A 25 nM DMSO 

15 CaM Kinase II inhibitor 52 nM Water 

a Reported IC50 as per manufacturer. * Activity against various kinases. 638 
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 641 

Table 2. LD 50s calculated by mammalian cell cytotoxicity assays 642 

 Treatment 

  

LD50 in µM for different cell types Published IC50 for 

mammalian cells  AML 12 Huh 7 NFF 

1NAPP1 52.780 1.448 e+016 >100 22µM 

1NAPP1 + PZQ 62.530 0.352 >100 
 

STSP 0.001 >100 0.821 0.02 µM 

STSP + PZQ 0.002 >100 0.461 
 

 643 
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Figure Captions 646 

Fig 1. In vitro lethality effect of CaMK11 inhibitors, with and without praziquantel on S. 647 

mansoni juvenile parasites. (A) In vitro 2-day old schistosomula. (B) In vitro 7-day old 648 

schistosomula. The X axis lists the CaMK inhibitors (see Table 1 for candidate number and 649 

corresponding compounds), used at low concentration (a concentration corresponding to those 650 

of published mammalian IC50 levels), indicated by the inhibitor number alone, or at high 651 

concentration (10x mammalian IC50) designated by an “H”, or no inhibitors=0. Columns refer 652 

to PZQ concentrations P0=no PZQ, P1=1 µM (0.312 µg/ml), P20=20 µM (6.25 µg/ml). The 653 

bottom dotted line shows the average numbers of dead parasites observed in non-treated 654 

controls (without PZQ or CaMK inhibitor). The top dotted line shows the average maximum 655 

% death achieved by PZQ alone without any CaMK inhibitor. Note in panel B that both dotted 656 

lines are at similar levels. Bars indicate SEM. n=3. 657 

Fig 2. In vitro effect of STSP and 1NAPP1 on 2-day (A, B, E, F, I, J) and 7-day (C, D, G, 658 

H, K, L) old S. mansoni schistosomula at 4 h (A-D), 24 h (E-H) and 48 h (I-L) post 659 

treatment. The X axis shows CaMK inhibitor concentrations, where 0 shows PZQ only 660 

treatment. P0= CaMK inhibitor alone without PZQ, P1= CaMK inhibitor with 1 µM (0.312 661 

µg/ml) PZQ, P20= CaMK inhibitor with 20 µM (6.25 µg/ml PZQ). n=3. STSP= Staurosporine, 662 

1 NAAP1= 1-Naphthyl PP1. 663 

Fig 3. Effect of CaMK inhibitors on the motility of adult male and female S. mansoni 664 

worms. Motility (%) is presented on the left y-axis while the corresponding p-value 665 

(comparing motility of worms treated with PZQ and PZQ/STSP) is presented on the right y-666 

axis. Motility (%) of female (A) and male (B) S. mansoni worms 3hrs prior to treatment are 667 

shown in the left panel. Error bars (SEM) are shown at time points 0, 1, 2 and 3 hrs. Motility 668 

(%) of female (C) and male (D) S. mansoni worms, after being exposed for 48 hrs to STSP and 669 

1NAPP1 with or without PZQ are shown in the right panel. Error bars (SEM) are shown in in 670 



the (C) and (D) every 8 hrs after treatment; n= 6. PZQ= Praziquantel; STSP= Staurosporine; 671 

1NAPP1= 1Naphthyl PP1. 672 

Fig 4. CaMK expression and activity assays in male (M) and female (F) S. mansoni worms 673 

treated with various combinations of STSP, 1NAPP1 and PZQ compared to untreated 674 

parasites (control). (A) CaMK II enzyme activity in S. mansoni male (M) and female (F) 675 

worms treated with various combinations of STSP, 1NAPP1 and PZQ expressed as folds 676 

relative to control. Control=1. (B) Quantitative real-time PCR analysis of CaMKII gene 677 

expression levels in different treated groups compared to untreated male and female worms 678 

(control). Error bars represent SEM. N=3. STSP= Staurosporine, 1NAPP1= 1-Naphthyl PP1. 679 

Fig 5. Quantitative real-time PCR analysis of the expression of selected gene in the 680 

calcium signaling pathway in S. mansoni male (M) and female (F) worms treated with 681 

various combinations of STSP, 1NAPP1 and PZQ compared to untreated male and 682 

female worms (control M and control F). Bars indicate SEM; n = 3. (A) RYR1; (B) PHK1; 683 

(C) PKC4; (D) IP33K2. 684 

Fig 6. Mouse trial 1: in vivo effects of PZQ, STSP, 1NAPP1 and inhibitor/PZQ 685 

combinations in a S. mansoni mouse model. Treatments were provided either 2 days (A, B, 686 

C), 7 days (D, E, F) or 5 weeks (G, H, I) post cercarial challenge and parasitological parameters 687 

were taken from sacrificed animals six weeks post cercarial challenge. The numbers of worms, 688 

liver eggs and faecal eggs are presented. STSP= Staurosporine, 1NAPP1= 1-Naphthyl PP1. 689 

Bars indicate SEM; n =5. P-values *=≤0.05, **=≤0.01, ***=≤0.001. 690 

Fig 7. Mouse trial 2: in vivo effects of PZQ, STSP, 1NAPP1 and inhibitor/PZQ 691 

combinations in a S. mansoni mouse model. Treatments were provided either 2 days (A, B, 692 

C), 7 days (D, E, F) or 5 weeks (G, H, I) post cercarial challenge and parasitological parameters 693 

were taken from sacrificed animals six weeks post cercarial challenge. The numbers of worms, 694 



liver eggs and faecal eggs are presented. STSP= Staurosporine, 1 NAAP1= 1-Naphthyl PP1. 695 

Bars indicate SEM; n =8. P-values *=≤0.05, **=≤0.01, ***=≤0.001. 696 

Fig 8. Mouse trial 3: in vivo effects of three varying concentrations of STSP (2.5, 5 and 10 697 

mg/Kg) in conjunction with PZQ (250 mg/Kg) in a S. mansoni mouse model. Treatments 698 

were provided on 5 weeks post-cercarial challenge and parasitological parameters were taken 699 

from sacrificed animals 6 weeks post-cercarial challenge. The numbers of worms, liver eggs 700 

and faecal eggs are presented. STSP= Staurosporine, Bars indicate SEM; n =10. P-values 701 

*=≤0.05, **=≤0.01, ***=≤0.001, ****=≤0.0001. 702 
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Supporting information 712 

Fig S1. Reduction of CaMKII activity in S. mansoni SWAP when treated with varying 713 

concentrations of the inhibitors, (A) STSP and (B) 1NAPP1. Percentage CaMKII activity 714 

as compared to the activity of untreated S. mansoni SWAP (0.028 µg/µl). 715 

STSP= Staurosporine, 1NAPP1= 1-Naphthyl PP1. n=3. 716 

Fig S2. Mammalian cytotoxicity, NFF cells. Effect of PZQ, STSP, 1NAPP1 and 717 

inhibitor/PZQ combinations on NFF cells. The red lines indicate the LD50 concentration (See 718 

Table 2 for LD50 values). PZQ= Praziquantel, STSP= Staurosporine, 1NAPP1= 1-Naphthyl 719 

PP1. n=3.  720 

Fig S3. Mammalian cytotoxicity, Huh 7 cells. Effect of PZQ, STSP, 1NAPP1 and 721 

inhibitor/PZQ combinations on Huh 7 cells. STSP= Staurosporine, 1 NAAP1= 1-Naphthyl 722 

PP1. N=3. The red lines indicate the LD50 concentration (See Table 2 for LD50 values). 723 

Fig S4. Mammalian cytotoxicity, AML 12 cells. Effect of PZQ, STSP, 1NAPP1 and 724 

inhibitor/PZQ combinations on AML 12 cells. n=3. The red lines indicate the LD50 (See Table 725 

2 for LD50 values).  726 

Fig S5. Effects of escalating PZQ dosage on total worm and liver egg numbers in infected 727 

mice. Mice infected with S. mansoni given 5 weeks post cercarial challenge. Clearance of 728 

parasites is reflected in the reduction of adult parasites at perfusion and the reduced number of 729 

liver eggs. 730 

Fig S6. Liver enzyme levels in mice after treatment with STSP or 1NAPP1 individually, 731 

or in conjunction with PZQ. The reported normal range of ALT (alanine transaminase) is 24-732 

193IU/L and AST (aspartate aminotransferase) is 46-244 IU/L for female Swiss mice 733 

(Serfilippi et al., 2003).  734 
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Supplementary Table 1. Catalogue numbers / CAS of CaMK inhibitors used for initial in 743 

vitro screening of schistosomula. 744 

 745 

 746 

Candidate 

Number CaMK inhibitor name Catalogue  

 

CAS 

1 KN-93 sc-202199 139298-40-1 

2 Staurosporine sc-3510 62996-74-1 

3 Fasudil, Monohydrochloride Salt sc-203418 105628-07-7 

4 Autocamtide-2-Related Inhibitory Peptide sc-364668 167114-91-2 

5 1-Naphthyl PP1 sc-203765 221243-82-9 

6 CaM Kinase II (290-309) sc-201158 115044-69-4 

7 CaM Kinase II inhibitor sc-3037 -- 

8 K-252a sc-200517 99533-80-9 

9 KN-62 sc-3560 127191-97-3 

10 Lavendustin C sc-202207 125697-93-0 

11 Autocamtide-2 inhibitor sc-3117 167114-91-2 

12 K-252b sc-200585 99570-78-2 

13 HA-1077 dihydrochloride sc-200583 203911-27-7 

14 Arcyriaflavin A sc-202470 118458-54-1 

15 CaM Kinase II inhibitor sc-3039 -- 
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 750 



Supplementary Table 2. List of primers used in quantitative real time PCR  751 

Gene Identification Forward Primer 
(5’ – 3’) 

Reverse Primer 
(5’ – 3’) 

Tubulin α  M80214 cgatggtgcgctaaatgtgg cgttgacatccttggggaca 

CaMK11 Smp_011660.2 atacgaaacgcctgtcaacc agaattcccgagcaacaatg 

IP33K  Smp_140840 aagctgctcgatggtgaacg ttgtgtcacgccactgcaaat 

PKC  Smp_176360  cattacaacgcaaaccacca acggctacttcagcagcgta 

RYR Smp_163570  cgatccaggtcgtggtagtt ctgatgtgcagcaaaagcat 

PHK Smp_098840 ttcgtgatgtcttgggttca tatgcatccccttcgaaaac 
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