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Abstract

NAD, a key co-enzyme required for cell metabolism, is synthesized via two pathways in

most organisms. Since schistosomes apparently lack enzymes required for de novo NAD

biosynthesis, we evaluated whether these parasites, which infect >200 million people world-

wide, maintain NAD homeostasis via the NAD salvage biosynthetic pathway. We found that

intracellular NAD levels decline in schistosomes treated with drugs that block production of

nicotinamide or nicotinamide mononucleotide–known NAD precursors in the non-deamidat-

ing salvage pathway. Moreover, in vitro inhibition of the NAD salvage pathway in schisto-

somes impaired egg production, disrupted the outer membranes of both immature and

mature parasites and caused loss of mobility and death. Inhibiting the NAD salvage pathway

in schistosome-infected mice significantly decreased NAD levels in adult parasites, which

correlated with reduced egg production, fewer liver granulomas and parasite death. Thus,

schistosomes, unlike their mammalian hosts, appear limited to one metabolic pathway to

maintain NAD-dependent metabolic processes.

Author summary

Schistosomiasis (snail fever) is a deadly parasitic disease that affects more than 200 million

people worldwide and, if not treated, can lead to death. This disease is caused by parasitic

worms called schistosomes that feed on the host blood and lay hundreds of eggs each day

that damage the liver and kidneys. Therapies to treat schistosomiasis are limited. The

most widely-used anti-schistosomal drug, praziquantel, is not effective against immature

parasites and adult worms can, in some cases, become resistant to this drug. It is therefore
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important to find new therapies to treat this deadly disease. In this study, we observed that

schistosomes cannot use amino acids to make Nicotinamide Adenine Dinucleotide

(NAD)–a key cellular metabolite found in all living organisms. Instead, these parasites sal-

vage NAD by scavenging vitamins from the host. We observed that disruption of this

NAD salvage pathway negatively impacts metabolism, reproduction and survival of both

adult and immature worms. As such, targeting the parasite’s NAD salvage pathway is a

promising therapeutic approach for the treatment of snail fever.

Introduction

Schistosomiasis is a parasitic disease caused by trematodes in the genus Schistosoma. The

World Health Organization classifies schistosomiasis as a neglected tropical disease and one of

the top three most devastating parasitic diseases in endemic areas [1, 2]. It is estimated that

>200 million people in 74 countries are infected with schistosomes [3–6]. Clinical symptoms

of schistosomiasis, which include diarrhea, anemia, abdominal swelling and fever, are dis-

abling and linked to a failure to thrive in young children [5, 7]. In addition, those infected with

urogenital schistosomes have increased risk of being co-infected with HIV and developing

bladder cancer [8, 9]. Schistosome-infected individuals most often die of liver or kidney failure

[4] and, while it is difficult to precisely determine schistosome infection mortality rates, it is

estimated that >200,000 people die annually of this disease [3, 4].

Despite the high infection and morbidity/mortality rates, schistosomiasis is a neglected

tropical disease and development of new therapeutics [4] and vaccines [10] has lagged. Cur-

rently, praziquantel is the predominant drug used to treat this infection. Although praziquan-

tel is inexpensive and has activity against all adult schistosome species [8], it is minimally

effective against immature schistosomes [11–15] and cannot be used prophylactically to pre-

vent the establishment of disease in high-risk individuals. Furthermore, some schistosome spe-

cies exhibit praziquantel resistance in the lab and in the field [16]. Since reliance on this

treatment is both unsustainable and risky, there is a growing need to develop new effective

therapies against schistosomiasis.

More than a decade ago, we identified and characterized a new gene in schistosomes

(SmNACE for Schistosoma mansoni NAD Catabolizing Enzyme and SjNACE for Schistosoma
japonicum NAD Catabolizing Enzyme) that appeared to encode evolutionarily conserved

orthologs of the mammalian ecto-NAD glycohydrolase CD38 [17]. Consistent with its homol-

ogy to the plasma membrane-associated CD38, we found that SmNACE protein is expressed

on the outer tegument of mature parasites [17]. Similar to CD38, SmNACE is a constitutively

active enzyme that utilizes extracellular NAD(P) as its substrate. Unlike CD38, SmNACE does

not catalyze the production of the calcium-mobilizing metabolite cyclic adenosine diphosphate

ribose (cADPR, [17]). However, SmNACE, like CD38, does efficiently hydrolyze NAD to gen-

erate adenosine diphosphate ribose (ADPR) and the amide form of Vitamin B3, also known as

nicotinamide (NAM) [17]. Since NAM, unlike NAD, can be transported across membranes

[18], we speculated that schistosomes might use SmNACE to convert host-derived extracellu-

lar NAD to NAM, which can then be transported and used by the parasite as a substrate to pro-

duce intracellular NAD via the NAD salvage biosynthetic pathway [18, 19]. This hypothesis

was particularly attractive given that schistosomes, like all other living organisms, are highly

dependent on NAD(P)- and NAD(P)H-driven redox reactions that fuel the generation of ATP

and the biosynthesis of key macromolecules like nucleotides, fatty acids and amino acids [18,

20, 21]. Although intracellular NAD is not consumed in redox reactions [22], it is degraded by
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NAD-dependent deacetylases (Sirtuins) and poly(ADP ribose) polymerases (PARPs) [23–26]

that are expressed by many organisms, including schistosomes [26, 27]. If the intracellular

NAD consumed by these NAD catabolizing enzymes is not replenished through new biosyn-

thesis, cell death ensues [20]. Thus, NAD homeostasis is maintained via a delicate balance

between the pathways that control NAD biosynthesis and consumption [18, 20].

NAD biosynthesis occurs through de novo and/or salvage pathways [18]. NAM, the product

of the SmNACE reaction, as well as nicotinic acid (NA) and nicotinamide riboside (NR), serve

as precursors for NAD biosynthesis through the salvage pathways, while tryptophan (Trp) or

aspartate (Asp) are the major precursors for the de novo pathway of NAD synthesis [28]. The

enzymes in the de novo and salvage NAD biosynthetic pathways are highly conserved in pro-

karyotes and eukaryotes [29], suggesting that both biosynthetic pathways are important for

maintaining NAD homeostasis. However, recent data show that tumor cells, which must

maintain high concentrations of NAD to prevent oxidative stress caused by their increased

metabolic activity and rapid proliferation [30], are very sensitive to killing by FK866, a drug

that specifically inhibits NAMPT, the rate limiting enzyme in the NAM-dependent NAD sal-

vage biosynthetic pathway [31, 32]. Therefore, at least in some cell types, the NAM and

NAMPT-controlled NAD salvage pathway appears critical for maintaining NAD homeostasis

and cell survival.

Since schistosomes express SmNACE, an enzyme that could facilitate scavenging of the

NAD salvage pathway precursor NAM from the host [17], we tested whether we could influ-

ence cellular metabolism in schistosomes by targeting enzymes in the NAD salvage pathway.

Here, we show that schistosomes appear to lack the enzymes involved in de novo NAD biosyn-

thesis and instead have the capacity to generate extracellular NAM, which the parasites use to

produce intracellular NAD via the salvage NAD biosynthetic pathway. We show that inhibit-

ing the NAD salvage pathway in schistosomes not only alters NAD homeostasis in both imma-

ture and mature S. mansoni and S. japonicum but also plays a critical role in parasite

development, reproduction, and survival both in vitro and in vivo. Therefore, the NAD salvage

pathway in schistosomes represents an attractive target for new therapeutic interventions.

Results

Schistosomes express orthologs of genes required for NAD biosynthesis via

the salvage but not the de novo pathway

Schistosomes are reported to express NAD-catabolizing enzymes, including SmNACE [17] as

well as PARPs [33] and sirtuins [27]. In fact, when we analyzed the published genome of S.

mansoni [34], we identified up to 8 different genes that were highly homologous to known

mammalian PARP and sirtuin family members (Fig 1A and S1 Table). Given that cell survival

is dependent on balancing NAD consumption with new NAD biosynthesis, we predicted that

schistosomes must be competent to synthesize NAD using the de novo and/or salvage path-

ways [28]. To assess this possibility, we searched the S. mansoni genome for potential orthologs

of the highly conserved enzymes required for the NAD salvage or de novo biosynthetic path-

ways. Surprisingly, none of the enzymes required for de novo NAD synthesis from the amino

acids Trp or Asp appeared to be present in the S. mansoni genome. Furthermore, we did not

find orthologs of either of the two NMR kinases (NMKR1 and NMKR2) that converts the sal-

vage precursor nicotinamide riboside (NR) to nicotinamide mononucleotide (NMN). How-

ever, we did identify 9 genes (Fig 1A and S1 Table) encoding proteins with significant

homology to known human NAD salvage biosynthetic pathway enzymes, and we found that 8

of these genes were expressed at the RNA level by the mature schistosomes (Fig 1B). These are:

(i) NAMPT, which converts NAM to NMN, (ii) NAPRT, which converts nicotinic acid (NA)
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to NaMN, (iii) NMNAT, which converts NMN to NAD and NaMN to NAAD, (iv) GAT and

(v) NADS, which work in concert to catalyze the formation of NAD from NAAD, (vi)

NADK1 and (vii) NADK2, which phosphorylate NAD to form NADP and (viii) MTAP, a

nucleoside hydrolase that putatively converts NR to NAM [35, 36]. These data indicated that

schistosomes were not only likely to utilize the salvage NAD biosynthetic pathway but might

be solely reliant on this pathway to generate new NAD.

Intracellular NAD homeostasis in S. mansoni is regulated by extracellular

NAD and SmNACE

Although NA, NR or NAM can be used as precursors in the salvage NAD biosynthetic path-

way, the primary precursor used in the NAD salvage biosynthetic pathway is NAM [18]. Our

published data showed that S. mansoni and S. japonicum express a gene, SmNACE/SjNACE
[17], that encodes an extracellular protein with significant homology to mammalian CD38, a

membrane-associated NAD glycohydrolase that cleaves the NAM-ribose bond in NAD to

release NAM and ADPR (Fig 1A; [37]). Consistent with our published data [38], we found that

recombinant SmNACE (rSmNACE) protein (Fig 1C) as well as live S. mansoni parasites (Fig

1D) could catabolize the NAD analog, etheno-NAD (ε-NAD), to produce NAM and ε-

ADPR–a metabolite that exhibits increased fluorescence upon cleavage of the NAM-ribose

bond [38]. Using rSmNACE to generate a standard curve for enzymatic activity, we deter-

mined the amount of enzymatically active native SmNACE expressed on the surface of adult S.

mansoni. While both male and female parasites express enzymatically active SmNACE, male

parasites express significantly more active SmNACE than female parasites (Fig 1E).

Fig 1. S. mansoni utilizes extracellular NAD to support intracellular NAD homeostasis and egg production. (A) Genomic

reconstruction of NAD metabolism in S. mansoni. Genes (red boxes with gene names listed below) encoding enzymes predicted to

participate in the NAD-biosynthesis salvage pathways (left side of cartoon) and NAD catabolism (right side of cartoon) are shown.

Metabolites (blue boxes) in the pathways and inhibitors (yellow boxes) of NAMPT and SmNACE are indicated. No genes encoding

candidate orthologs of enzymes in the de novo NAD synthesis pathway from tryptophan or aspartate were identified. Enzymes include:

PNP (Purine Nucleotide Phosphorylase), MTAP (Nucleoside hydrolase), NAMPT (Nicotinamide phosphoribosyltransferase), NAPRT

(Nicotinic acid phosphoribosyltransferase), NMNAT (Nicotinamide mononucleotide adenylyltransferase), GAT (Glutamine

amidotransferase), NADS (NAD Synthetase), NADK (NAD Kinase), SmNACE (S. mansoni NAD-catabolizing enzyme) and Poly-

ADP-ribose polymerase (PARP). Metabolites include: NAD(P) (nicotinamide adenine dinucleotide (phosphate)), NAM

(nicotinamide), NA (nicotinic acid), NR (nicotinamide riboside), NMN (nicotinamide mononucleotide), NaMN (nicotinic acid

mononucleotide) and NAAD (nicotinic acid adenine dinucleotide). (B) S. mansoni genes encoding putative NAD salvage pathway

biosynthetic enzymes are transcribed. PCR amplification of NADS, NAPRT, GAT, NAMPT, NMNAT, MTAP, NADK1 and NADK2

from cDNA prepared from RNA isolated from adult S. mansoni. Transcripts for PNP were not detected. (C-D) Recombinant

SmNACE (rSmNACE, panel C) and live male or female S. mansoni (n = 1 parasites/well; panel D) catabolize extracellular NAD. NAD

glycohydrolase activity measured by monitoring hydrolysis of the NAM-ribose bond in etheno-NAD (ε-NAD) resulting in release of

NAM and ε-ADPR, which is detected using a fluorimeter. Data reported as Relative Fluorescence Units (RFU) measured over time. (E)

SmNACE is expressed by male and female S. mansoni. A SmNACE standard curve, which was generated by measuring the NAD

glycohydrolase activity of increasing concentrations of rSmNACE (see panel C), was used to determine the amount of enzymatically

active native SmNACE expressed by live S. mansoni parasites. Data pooled from 2 experiments with n = 4 wells/group and 1 parasite/

well. (F) Intracellular NAD levels in S. mansoni females cultured for 48 h in serum free media (SFM) ± 2mM extracellular NAD. Data

represents n = 5 wells/group with 2 female parasites/well. (G) Native SmNACE activity is blocked by the SmNACE inhibitor CMP1.

NAD glycohydrolase activity of adult schistosomes incubated with ε-NAD ± increasing concentrations of CMP1. The IC50 of CMP1 on

live parasites is indicated. n = 2 wells/group with 4 parasites/well. (H) Intracellular NAD levels in S. mansoni females cultured for 48h

with 2mM extracellular NAD ± CMP1 (200μM) or vehicle (2% DMSO). n = 5 wells/group with 2 female parasites/well. (I) Egg

production in S. mansoni females cultured for 48h in SFM ± 2mM extracellular NAD. Data are pooled from 3 experiments with n = 15

wells/group and 2 female parasites/well. (J) Egg production in S. mansoni females cultured for 48h with 2mM extracellular

NAD ± CMP1 (200μM) or vehicle (2% DMSO). n = 6 wells/group with 2 female parasites/well. (K) S. mansoni egg production is

restored following removal of SmNACE inhibitor. Egg production by S. mansoni females cultured 48h with 2mM extracellular NAD

+ CMP1 (200μM) and then washed and recultured for an additional 48h with 2mM extracellular NAD ± CMP1 (200μM) or vehicle

(2% DMSO). n = 5 wells/group with 2 female parasites/well). Data are representative of 2 (C-H, J-K) or 3 (I) independent experiments

and are represented as the mean ± SD (bars) of individual samples (squares) (E-F, H-K). Statistical analyses were performed using two-

tailed Student’s t test.

https://doi.org/10.1371/journal.ppat.1008539.g001
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Since SmNACE can catabolize extracellular NAD, we hypothesized that schistosomes

might utilize this enzyme to convert extracellular NAD derived from its environment into

NAM–a metabolite that can be transported and then used by the parasite to replenish or

increase intracellular NAD pools. To test this hypothesis, we first measured intracellular NAD

levels in worms that were incubated in serum-free media in the presence or absence of extra-

cellular NAD. Consistent with our hypothesis, intracellular NAD levels in parasites cultured in

media containing extracellular NAD were significantly elevated when compared to parasites

that were not cultured in the presence of extracellular NAD (Fig 1F). To determine whether

intracellular NAD levels were regulated by SmNACE, we performed the same experiment in

the presence of compound 1 (CMP1) (IUPAC: (Z)-N0-(3,4-Dihydroxybenzylidene)-2-methyl-

furan-3-carbohydrazide), which we previously described as a SmNACE inhibitor [38]. Consis-

tent with our prior data showing that CMP1 inhibits rSmNACE, treatment of live S. mansoni
with CMP1 prevented degradation of extracellular NAD by the parasite (Fig 1G). Moreover,

blocking ecto-SmNACE activity resulted in decreased intracellular NAD levels in the parasites

that were incubated in the presence of extracellular NAD (Fig 1H). Therefore, these data sug-

gest that the parasite utilizes extracellular NAD in a SmNACE-dependent manner to increase

intracellular NAD pools.

S. mansoni egg production is regulated by extracellular NAD and SmNACE

Egg production by female S. mansoni is highly dependent on the electron transport chain [39],

which is powered by NADP/NADPH redox reactions [18]. Since our data suggested that intra-

cellular NAD levels are regulated by the presence of extracellular NAD and SmNACE, we pre-

dicted that egg production by the parasites was likely to be controlled in a similar fashion. To

test this, we cultured adult female parasites in serum-free media ± extracellular NAD and mea-

sured the number of eggs produced on day 2. We found significantly more eggs in the cultures

containing extracellular NAD compared to cultures without extracellular NAD (Fig 1I). More-

over, we found that blocking SmNACE activity prevented egg production in the cultures (Fig

1J). To determine whether this was a reversible process, we removed the parasites from the

SmNACE inhibitor and re-cultured the female worms in the presence of extracellular NAD for

2 days. Interestingly, we observed that egg production was restored upon removal of the

SmNACE inhibitor (Fig 1K). Collectively, these data suggest that SmNACE converts extracel-

lular NAD into metabolites that can be used by S. mansoni to maintain intracellular NAD at

levels high enough to sustain the ATP-intensive [39] process of egg production.

The NAD salvage pathway controls NAD homeostasis in schistosomes

Our data showed that SmNACE inhibition blocks extracellular NAD glycohydrolase activity

and decreases intracellular NAD levels. Since SmNACE produces NAM, a key substrate in the

NAD salvage biosynthetic pathway, and since S. mansoni appear to lack the enzymes required

for de novo NAD biosynthesis, we hypothesized that intracellular NAD levels in schistosomes

may be controlled by the salvage pathway. To test this hypothesis, we examined Nicotinamide

phosphoribosyltransferase (NAMPT)–the rate-limiting enzyme that is responsible for convert-

ing NAM to NMN in the NAM-directed NAD salvage pathway [40]. The putative S. mansoni
ortholog of the well-conserved NAMPT gene was expressed by the parasite (Fig 1B) and

encoded a protein that was similar (>50% identity, S1 Table) to the mammalian NAMPT

enzyme [41]. To further assess the similarities between the human and parasite NAMPT

enzyme, we performed a whole sequence alignment comparing human, mouse and rat

NAMPT with the putative schistosome ortholog (Fig 2A). Interestingly, 17 of the 19 residues

that make contact with the FK866 inhibitor [42] were identical between the schistosome and
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Fig 2. NAD biosynthesis in S. mansoni requires the NAD salvage pathway. (A) Structure-based sequence alignment of S. mansoni NAMPT

with mammalian NAMPTs. Secondary structure elements are placed on top of the alignment according to the structure of R. norvegicus (rat)

NAMPT in complex with FK866 (PDB 2G97 [42]). Residues interacting with FK866 [42] are indicated with blue arrows. (B-D) Best docking
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rat NAMPT sequences. Moreover, the two hydrophobic FK866 contact residues that were not

identical between the rat and schistosome proteins were replaced with hydrophobic amino

acids (rat V242 to schistosome I231 and rat I309 to schistosome V297). Consistent with these

data, a previously validated secondary and tertiary protein structure prediction algorithm [43,

44] indicated that the schistosome and human NAMPT proteins were likely to be structurally

homologous to one another (S1 Fig). These data therefore predicted that the protein encoded

by the schistosome NAMPT gene could represent an ortholog of an enzyme that catalyzes the

rate-limiting step of the salvage pathway and NAM-dependent NAD biosynthesis.

FK866, a NAMPT inhibitor with low nanomolar activity against both human and rat

NAMPT, has been well-characterized [31, 32, 41]. Since co-crystallization studies of human

NAMPT and FK866 have been published [41], we used these data to perform homology

modeling and docking studies to assess whether FK866 was likely to bind and inhibit the activ-

ity of the schistosome NAMPT (SmNAMPT) ortholog. Consistent with our protein structure

predictions (S1 Fig), our modeling studies revealed strong conservation within the overall

structure of human and schistosome NAMPT (Fig 2B–2D) and specifically within the active

site cavity (Fig 2C). Next, we modeled the binding mode of FK866 to SmNAMPT (Fig 2B)

using a two-step docking protocol that is able to reproduce all the buried interactions between

FK866 and human NAMPT in the crystal structure. We observed that FK866 showed very sim-

ilar binding modes when docked into the active site of SmNAMPT and human NAMPT (Fig

2B and 2C). Moreover, FK866 was predicted to bind to both human and SmNAMPT with

nanomolar affinity (Fig 2D).

Given the results from our modeling studies, we hypothesized that FK866 would not only

inhibit the activity of SmNAMPT but would do so at relatively low concentrations of FK866.

To test this hypothesis, we exposed adult S. mansoni worms to increasing concentrations of

FK866 and examined intracellular NAD levels (Fig 2E). We found that the intracellular NAD

pool in adult S. mansoni was significantly decreased when the parasites were exposed to low

(30nM) concentrations of FK866 for 48h, and was decreased by ~90% when exposed to a

10-fold higher concentration of FK866 (Fig 2E). These data therefore indicate that FK866 can

be used to block NAD biosynthesis in adult S. mansoni. The data also suggested that adult

schistosomes extensively utilize the NAM/NAMPT-dependent NAD salvage biosynthetic

pathway to maintain intracellular NAD levels.

Since the S. mansoni genome did not appear to encode enzymes required for de novo NAD

biosynthesis, we next hypothesized that the NAD salvage pathway was solely responsible for

controlling intracellular NAD levels in schistosomes. To test this possibility, we treated adult S.

mansoni parasites with vehicle or FK866 (250nM) to block the NAMPT-directed salvage path-

way and then added back precursors of the NAD de novo or salvage pathways to see which

poses of FK866 in the superimposed active sites of human NAMPT and SmNAMPT dimers. In panels B and D, the chain-A and chain-B of each

NAMPT dimer are represented in light (chain-A) and dark (chain-B) colors. Human NAMPT is represented by the white/grey ribbons and

SmNAMPT is represented by the pink ribbons. The FK866 crystal structure is shown in green in panels B-D. The best optimized docking poses

of FK866 into human NAMPT (panel B) and SmNAMPT (panel D) are shown in purple and magenta, respectively. Panel C is an overlay of the

SmNAMPT (transparent) and hNAMPT (grid) active site cavities with the hydrophobic surface represented in green and hydrophilic surface in

purple. Side chains of species-specific residues lining the active site are shown in white (human NAMPT) and pink (SmNAMPT). Two water

molecules used during docking are also represented. Predicted affinities of FK866 for hNAMPT (ΔG = -10kcal/mol) and smNAMPT (ΔG = -11

kcal/mol). (E) Intracellular NAD levels in S. mansoni females cultured for 48h with vehicle (0.001% DMSO) or increasing concentrations of the

NAMPT inhibitor FK866. Data are pooled from 2 experiments with n = 8 wells/group and 2 female parasites/well. (F) Intracellular NAD levels in

S. mansoni females cultured for 48h with vehicle or 250nM FK866± 2mM NMN. Data are pooled from 3 experiments with n = 11 wells/group

and 2 female parasites/well. (G) Intracellular NAD levels in S. mansoni females cultured for 48h with vehicle or 250nM FK866± 2mM NAM, NR,

NA, Asp or Trp. n = 3 wells/group with 2 parasites/well. Data in E-G are representative of 2–3 independent experiments and are shown as the

mean ± SD (bars) and individual samples (squares). Statistical analyses were performed using one-way ANOVA multiple comparison tests.
�Two-way comparisons between vehicle and all other groups P� 0.002.

https://doi.org/10.1371/journal.ppat.1008539.g002
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precursors could restore the intracellular NAD pool. As expected, addition of NMN, the

metabolite made by NAMPT (Fig 1A), restored NAD levels in the FK866 treated parasites.

(Fig 2F). Moreover, since FK866 is a competitive inhibitor of NAMPT and can be outcom-

peted when NAM is present in excess to FK866 [45], addition of high concentrations of NAM

(2mM) to the cultures also partially rescued intracellular NAD levels in the FK866-treated par-

asites (Fig 2G). Similarly, addition of NR, a salvage pathway precursor and candidate nucleo-

side for direct conversion to NAM by a NMRK-independent pathway involving the NR

hydrolase MTAP ([35, 36], Fig 1A), could partially rescue intracellular NAD levels (Fig 2G).

However, addition of NA did not restore intracellular NAD levels in the FK866-treated para-

sites (Fig 2G), suggesting that one or more of the enzymes required for NAD synthesis from

NA are not functionally expressed in S. mansoni or that the deamidating salvage pathway from

NA does not contribute significantly to intracellular NAD homeostasis in schistosomes.

Finally, and consistent with our bioinformatic analysis, addition of the de novo pathway pre-

cursors, Trp and Asp, did not rescue intracellular NAD levels in the FK866-treated parasites

(Fig 2G). Thus, NAD homeostasis in adult S. mansoni appears to be maintained by a subset of

the salvage pathway precursors rather than the amino acid precursors of the de novo pathway

of NAD biosynthesis.

The NAD salvage pathway maintains NAD-dependent metabolic processes

in schistosomes

Given our data showing that intracellular NAD levels in schistosomes are regulated by the

NAD salvage pathway and an extracellular enzyme that can generate the major salvage path-

way precursor, NAM, we hypothesized that blocking the NAD salvage pathway would be suffi-

cient to impair NAD-dependent cellular processes in schistosomes. Since the SmNACE

inhibitor CMP1 cannot be used in long-term cultures due to poor solubility, we limited our

analysis to FK866 treatment. First, we addressed whether the FK866-dependent drop in intra-

cellular NAD was transient or sustained in parasites cultured in vitro. We therefore exposed S.

mansoni adult parasites to vehicle or FK866 ± Trp or NMN for 48h and measured intracellular

NAD levels in the parasites. As shown in Fig 3A, intracellular NAD levels were initially lower

in all the in vitro cultured parasites when compared to parasites directly isolated from animals.

This decrease in intracellular NAD was likely due to the shift of the parasites from their host

environment to tissue culture as by 48h in culture the vehicle-treated parasites had regenerated

their intracellular NAD stores (Fig 3A). In striking contrast, NAD levels in the FK866-treated

worms never recovered and declined more than 20-fold within 48h when compared to the

vehicle-treated parasites (Fig 3A). Addition of NMN, but not Trp, to the cultures rescued

NAD levels in the FK866-treated parasites (Fig 3A and 3B). Thus, blocking the NAD salvage

pathway prevented new NAD production by adult S. mansoni for at least 2 days.

Since FK866 treatment blocked salvage pathway NAD biosynthesis in the cultured parasites

for extended periods of time, we assessed the effect of blocking salvage pathway NAD biosyn-

thesis on parasite metabolism. We first measured lactic acid levels as a readout of glycolysis

[46] and found that exposing S. mansoni adults to FK866 for 6 days significantly decreased lac-

tic acid production (Fig 3C). Addition of the NAD salvage pathway precursor NMN restored

lactic acid levels while addition of the de novo NAD pathway precursor Trp had no effect (Fig

3C). Next, we examined the tegument of adult FK866-treated S. mansoni since NAD-depen-

dent redox reactions are required for production of fatty acids and lipids that are needed to

maintain these membrane structures [18, 21]. Hematoxylin and Eosin (H&E) staining of

cross-sections of S. mansoni exposed to FK866 for 7 days revealed a significant increase in tis-

sue vacuolization (Fig 3D and 3E, S2 Fig) and loss of outer membrane tubercle structures
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when compared to the vehicle-treated controls. These observations were confirmed by scan-

ning electron microscopy which showed clear evidence of outer membrane damage and loss of

membrane integrity (Fig 3F and S3 Fig). Collectively, these data indicate that inhibiting the

NAD salvage pathway in adult S. mansoni affects multiple NAD-dependent cellular processes.

Inhibition of the NAD salvage pathway impairs S. mansoni egg production

and survival

Given our data showing that FK866 treatment impairs NAD homeostasis and cellular metabo-

lism in adult S. mansoni, we hypothesized that blocking the NAMPT-dependent NAD salvage

pathway would disrupt egg production, similar to our previous experiment (Fig 1J) using the

SmNACE inhibitor CMP1. To test this hypothesis, we exposed female S. mansoni to increasing

concentrations of FK866 for 3 days and counted eggs released into the media between days 2

and 3. We observed that FK866 concentrations as low as 25nM, which only decreased intracel-

lular NAD levels by ~50% (Fig 2E), were sufficient to significantly impair egg production by

the parasites (Fig 3G). Moreover, egg production was essentially ablated (Fig 3G) when the

female parasites were exposed to 250nM FK866 –a dose of FK866 that decreased NAD levels

by ~90% (Fig 2E). Addition of NMN but not Trp to the FK866-treated cultures rescued egg

production (Fig 3H), indicating that parasite reproduction, at least in vitro, is highly dependent

on new NAD biosynthesis via the salvage pathway.

To address whether blocking salvage pathway NAD biosynthesis also affected the viability

of S. mansoni, we exposed male and female S. mansoni to 250nM FK866 and measured parasite

mobility and survival over time in culture. Using live imaging and video tracking software

[47], we found that 100% of the vehicle-treated parasites continued to move at the same rate

(Fig 3I) and remained alive (Fig 3J) in the cultures between days 0 to 12 (S1 Video). In con-

trast, by day 12 all of the FK866-treated parasites ceased moving and died in the cultures (Fig

3I and 3J). Indeed, we observed a ~50% reduction in survival as early as 7 days following treat-

ment with 250nM FK866 (Fig 3J, S4 Fig, S2 Video) but not with lower concentrations of the

drug (S4 Fig). Finally, and consistent with our other data, we found that provision of NMN,

but not Trp, in trans was sufficient to rescue both mobility and survival of the parasites

exposed to high dose FK866 (Fig 3I and 3J, S3 and S4 Videos). Collectively, these data show

that in vitro cellular metabolism, reproduction, mobility and survival of adult S. mansoni not

only require new NAD biosynthesis but are highly dependent on the salvage NAD biosynthetic

pathway. Additionally, the data suggest that even relatively modest changes in NAD

Fig 3. The NAD salvage pathway controls S. mansoni metabolism, egg production, and survival in vitro. (A-B) Intracellular NAD levels

in female S. mansoni cultured between 0-48h (A) or for 48h (B) with vehicle (0.001% DMSO) or 250nM FK866 ± 2mM NMN or Trp. n = 5

wells/group with 2 parasites/well. (C) Lactic acid levels in female S. mansoni cultured for 6 days with vehicle or 250nM FK866 ± 2mM

NMN or Trp. n = 5 wells/group with 2 female parasites/well. (D-F) Loss of membrane integrity in FK866-exposed male S. mansoni.
Representative H&E stained cross sections (D) and SEM images (F) of male S. mansoni cultured for 7 days with vehicle or 250nM FK866.

Severity of tissue damage reported as vacuolization scores (E) as determined by blinded assessment of the H&E cross sections (see S2 Fig

for pathology scoring methodology. See S2 Fig and S3 Fig for additional H&E and SEM micrographs). n = 5–7 worms/group/analysis. (G)

Egg production by S. mansoni females cultured for 96h with vehicle or increasing concentrations of FK866. n = 5 wells/group with 2 female

S. mansoni per well. (H) Egg production by S. mansoni females cultured for 72 h with vehicle or 250nM FK866 ± 2mM NMN or Trp. n = 3

wells/group with 2 female parasites/well. (I) Parasite mobility by S. mansoni cultured between 0–12 days with vehicle or 250nM

FK866 ± 2mM NMN or Trp. n = pooled averages from 3 individual experiments consisting of 3 wells/condition with each well containing 6

parasites (3 male and 3 female). Representative videos documenting parasite motility can be found in S1–S4 Videos. (J) Survival of male

and female S. mansoni cultured for 12 days with vehicle or 250nM FK866 ± 2mM NMN or Trp. Data are shown as the percentage of

parasites alive at each timepoint. n = 18 parasites (3 males + 3 females per well in triplicate wells). Data are representative of 1 (G), 2 (A,

C-F, H) or 3 (B, I-J) independent experiments. Data shown as the mean ± SD (A-C, E, G-H, bars) or mean ± SEM (I) with individual

samples (squares). Statistical analyses were performed using one-way ANOVA multiple comparison tests for experiments with more than

two groups, two tailed Student’s t-test for experiments with two groups and Log-rank (Mantel-Cox) for survival.

https://doi.org/10.1371/journal.ppat.1008539.g003
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homeostasis can affect parasite egg production while larger decreases in intracellular NAD

pools are required to induce parasite death.

The NAD salvage pathway controls NAD-dependent biologic processes in

immature S. mansoni
Humans infected with schistosomes are commonly treated with praziquantel which, while

effective against all three major species of schistosome [8], exhibits minimal efficacy against

the immature schistosomula [11–15]. Given the importance of NAD redox reactions in many

metabolic pathways and the apparent lack of genes encoding de novo NAD pathway enzymes

in S. mansoni, we hypothesized that blocking the NAD salvage pathway in immature S. man-
soni would also affect NAD homeostasis and the metabolic and biologic properties of the

immature parasites. To test this hypothesis, we isolated immature S. mansoni schistosomula

from day 21 infected mice and exposed them in vitro for 48h to vehicle or FK866 ± NMN or

Trp. Similar to mature S. mansoni, NAD pools declined significantly within FK866-exposed

immature schistosomula (Fig 4A). Intracellular NAD pools in the FK866-treated schistoso-

mula could be rescued by provision of NMN but not Trp (Fig 4A). Next, we assessed the bio-

logic effects of FK866 treatment on S. mansoni schistosomula. Consistent with our results

examining the adult parasites, we observed that the outer membrane of FK866-exposed S.

mansoni schistosomula lost integrity and became swollen and opaque within 7 days of drug

exposure (Fig 4B). Similarly, FK866 treatment significantly impaired the mobility (Fig 4C) and

survival (Fig 4D) of immature S. mansoni compared to vehicle-treated controls. Finally, addi-

tion of NMN to the cultures rescued mobility and survival of the immature parasites while

addition of Trp had minimal impact on any of these parameters (Fig 4B–4D). Together, these

data show that specific blockade of the NAD salvage pathway also disrupts NAD homeostasis

in immature S. mansoni and alters their metabolism, motility and survival.

The NAD salvage pathway regulates NAD-dependent biologic processes in

S. japonicum
Since the NAD salvage pathway is well conserved in all living organisms [29], we hypothesized

that other schistosome species, like S. japonicum, would also be sensitive to FK866 treatment.

To test this hypothesis, we treated adult and immature S. japonicum with vehicle or

FK866 ± NMN or Trp and analyzed NAD-dependent processes in the parasites. In accordance

with our S. mansoni data, we found that intracellular NAD levels in adult S. japonicum were

significantly decreased after 48h of FK866 exposure (Fig 5A) and could be rescued by provi-

sion of NMN but not Trp (Fig 5A). Within 3 days of FK866 exposure, egg production by the

female S. japonicum was significantly impaired (Fig 5B). The integrity of the tegument was

compromised (Fig 5C–5E, S3 Fig) by day 7 following FK866 exposure and significantly more

vacuoles were identified in the male FK866-exposed S. japonicum (Fig 5D). Finally, within

6–12 days of FK866 exposure adult S. japonicum ceased moving (Fig 5F) and began to die (Fig

5G). Similarly, we found that exposing immature S. japonicum to FK866 significantly

decreased mobility (Fig 5H) and survival (Fig 5I). Importantly, each of these FK866-induced

impairments was rescued when NMN was included in the cultures containing either mature

(Fig 5A–5G) or immature S. japonicum (Fig 5H and 5I). Moreover, addition of Trp did not

prevent FK866-induced death in either adult or immature S. japonicum (Fig 5G and 5I) and

only transiently preserved motility (Fig 5H) in the immature parasites. Collectively, these data

show that multiple schistosome species at different stages of maturation are reliant on the

NAD salvage pathway to maintain NAD homeostasis and NAD-dependent metabolic and bio-

logic processes in vitro.
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FK866 treatment reduces egg burden in a mouse model of schistosomiasis

Our data show that FK866 treatment significantly impacts reproduction and survival of adult

schistosomes in vitro. Since FK866 can be administered to animals [32], we tested whether

FK866 could be used to treat schistosomiasis in mice. We therefore infected mice with S. man-
soni cercariae, waited 5 weeks until the parasites matured and began producing eggs, then

administered FK866 over a two-week period and evaluated the mice on day 49 post-infection

(Fig 6A). Consistent with our in vitro data, egg burden was significantly decreased in the livers

of schistosome-infected mice that were treated for 2 weeks with FK866 (Fig 6B). The livers

were significantly smaller in FK866-treated mice (Fig 6C and 6D) and the number of liver

granulomas was significantly decreased (Fig 6E and 6F). Moreover, we observed a significant

Fig 4. The NAD salvage pathway controls metabolism and survival of immature S. mansoni. (A) Intracellular NAD

levels in S. mansoni schistosomula cultured for 48h with vehicle or 250nM FK866 ± 2mM NMN or Trp. n = 6 wells/

group with 2 schistosomula/well. (B) Representative light microscopy images of schistosomula 7 days post-treatment

with vehicle or 250nM FK866 ± 2mM NMN or Trp. (C) Parasite mobility by S. mansoni schistosomula cultured for 10

days with vehicle or 250nM FK866 ± 2mM NMN or Trp. n = 3 wells/group with 45–60 schistosomula/well. (D)

Survival of schistosomula cultured for 10 days with vehicle or 250nM FK866 ± 2mM NMN or Trp. Data are shown as

the percentage of parasites alive at each timepoint. n = 45–60 parasites/group. Data are representative of 2 independent

experiments. Data shown as the mean ± SD with individual samples in squares (A, C). Statistical tests were performed

using one-way ANOVA multiple comparison tests or Log-rank (Mantel-Cox) test for survival.

https://doi.org/10.1371/journal.ppat.1008539.g004
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Fig 5. The NAD salvage pathway controls metabolism, and survival of adult and immature S. japonicum. (A) Intracellular NAD levels in

female S. japonicum cultured for 48h with vehicle or 250nM FK866 ± 2mM NMN or Trp. n = 5–6 wells/group with 1 female parasite/well. (B)

Egg production by female S. japonicum cultured for 48h with vehicle or 250nM FK866 ± 2mM NMN or Trp. n = 4–5 wells/group with 1 female

parasite/well. (C-E) Loss of membrane integrity in day 7 FK866-exposed male S. japonicum. Representative H&E stained cross sections (C) and

SEM images (E) of male S. japonicum cultured for 7 days with vehicle or 250nM FK866. Severity of tissue damage reported as vacuolization

scores (D) as determined by blinded assessment of the H&E cross sections (see S2 Fig for pathology scoring methodology and S3 Fig for

additional SEM micrographs). n = 7–10 worms/group/analysis. (F) Parasite mobility by adult S. japonicum cultured for 0–12 days with vehicle or

250nM FK866 ± 2mM NMN or Trp. n = pooled averages from 3 individual experiments consisting of 3 wells/condition with each well

containing 2 male and 2 female parasites. (G) Survival of S. japonicum cultured for 12 days with vehicle or 250nM FK866 ± 2mM NMN or Trp.

n = 12 parasites (2 males + 2 females/well in triplicate wells). (H) Parasite mobility by S. japonicum schistosomula cultured for 0–10 days with

vehicle or 250nM FK866 ± 2mM NMN or Trp. n = 3 wells/group with 6–9 schistosomula/well. (I) Survival of S. japonicum schistosomula

cultured for 10 days with vehicle or 250nM FK866 ± 2mM NMN or Trp. Data are shown as the percentage of parasites alive at each timepoint.

n = 6–9 parasites/group. Data are representative of 2 (A-E, H-I) or 3 (F-G) independent experiments. Data shown as the mean ± SD (A-B, D, H)

or mean ± SEM (F) with individual samples shown in squares. Statistical tests were performed using one-way ANOVA multiple comparison
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drop in intracellular NAD levels (Fig 6G) in mature parasites recovered from the

FK866-treated mice. Despite this, the numbers of live worms present in the control and

FK866-treated animals were similar (Fig 6H). These results indicate that exposing infected ani-

mals to this dose of FK866 was sufficient to decrease parasite intracellular NAD levels and to

disrupt egg production but was not sufficient to induce parasite death.

Co-administration of NA with FK866 reduces egg and worm burden in

schistosome-infected mice

Although the dose of FK866 given to the S. mansoni-infected mice was not sufficient to kill the

parasites, we were unable to increase the FK866 dose or duration of treatment without induc-

ing significant FK866-induced toxicity in the infected host. This was not unexpected since

FK866 also inhibits the host-derived NAMPT and, while most mammalian cells are able to uti-

lize both de novo and salvage biosynthetic pathways to maintain NAD homeostasis [18],

immune cells are particularly sensitive to inhibition of the salvage NAD biosynthetic pathway

by FK866 [48]. Interestingly, a prior study [49] reported that FK866 toxicity in mammalian

cells can be overcome by providing NA, which can serve as a precursor for the NAMPT-inde-

pendent arm of the NAD salvage pathway in most mammalian cells (Fig 1A). Since our data

indicated that NA does not rescue NAD synthesis in FK866-treated S. mansoni (Fig 2F), we

predicted that co-administration of FK866 and NA would protect cells in the infected host

from FK866-induced toxicity while still allowing for targeting of the parasite NAMPT by

FK866. To test this possibility, we injected day 35 schistosome-infected mice with vehicle+NA

or FK866±NA (S5 Fig). Consistent with prior reports showing that FK866 treatment kills

immune cells [48], the weight and cellularity of the spleens from mice treated with FK866 were

decreased relative to uninfected mice (S5 Fig). However, both spleen weight and cellularity

were rescued in the animals treated with FK866+NA (S5 Fig), indicating that NA treatment

can protect immune cells from FK866-induced cell death. In contrast, NA treatment provided

no protection to the parasite as we observed equivalent and significant decreases in egg burden

(S5 Fig), liver weight (S5 Fig) and liver granulomas (S5 Fig) between the S. mansoni-infected

mice that were exposed to either FK866+NA or FK866 alone when compared to the infected

vehicle+NA controls.

Since co-administration of NA with FK866 was sufficient to protect immune cells, but not

the parasite, from FK866-induced toxicity, we next tested whether parasite survival was

impaired following administration of a higher dose of FK866 (50mg/kg) in conjunction with

NA. We therefore treated mice for one week with 50mg/kg of FK866+NA or vehicle+NA

beginning 6 weeks post-infection with S. mansoni cercariae (Fig 7A). Consistent with our ear-

lier experiment, the spleens (Fig 7B and 7C) of FK866+NA treated mice were equivalent in

size to uninfected mice, indicating that the addition of NA prevented FK866-induced toxicity

to the immune cells. The livers from the infected animals treated with FK866+NA (Fig 7B and

7D) were significantly smaller compared to livers from infected animals treated with NA

alone, suggesting that FK866 treatment was affecting the parasites. Consistent with this conclu-

sion, the number of eggs (Fig 7E) and granulomas (Fig 7F and 7G) in the livers of the FK866

+NA treated infected mice was significantly decreased compared to infected mice that were

given NA alone. Most importantly, the number of live worms recovered from infected mice

treated with NA alone was significantly greater than that found in the FK866+NA treated mice

tests for experiments with more than two groups, two-tailed Student’s t-test for experiments with two groups or a Log-rank (Mantel-Cox) test

for the survival experiments.

https://doi.org/10.1371/journal.ppat.1008539.g005
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Fig 6. FK866 treatment reduces egg burden and liver pathology in S. mansoni-infected mice. (A) Schematic showing treatment schedule for

mice infected on day 0 with ~200 S. mansoni cercariae. Mice were injected (i.p.) with vehicle (45% propylene glycol, 5% tween-80 and 50%

ddH2O) or 20mg/Kg FK866 2x/day for 4 consecutive days beginning on day 35. Following a 3-day rest period, animals were injected for an

additional 4 days with FK866 or vehicle and then analyzed on day 49. (B) Egg burden in liver of vehicle and FK866-treated groups. Data reported

as the total number of eggs per infected liver. n = 5–6 mice/group. (C-D) Hepatomegaly in vehicle and FK866-treated groups. Representative

images of livers from infected mice (C) and liver weights (D) are shown. n = 5–6 mice/group. (E-F) Quantitation of granulomas from livers of

vehicle and FK866-treated groups. Representative H&E stained cross sections (E) of livers from infected mice and numbers of granulomas per

40x field (F) as determined by blinded assessment of H&E cross sections. n = 6 mice/group. (G) Intracellular NAD levels in parasites flushed
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(Fig 7H), and the live parasites remaining in the FK866+NA treated mice exhibited decreased

intracellular NAD levels (Fig 7I). Taken altogether, these data show that pharmacological

blockade of the salvage pathway of NAD biosynthesis in schistosomes is sufficient to alter

NAD homeostasis and to affect reproduction and survival of the parasite both in vitro and in

its natural host environment. The potential relevance of these findings for schistosome metab-

olism and schistosomiasis treatment is discussed.

Discussion

In this study, we report that targeting the NAD salvage pathway in S. mansoni and S. japoni-
cum affects the metabolism, reproduction and survival of these parasites in vitro and in vivo.

We focused on the NAD salvage pathway as our data suggest that schistosomes produce NAD

using enzymes in the salvage biosynthetic pathways. Since schistosomes appear unable to effi-

ciently utilize NA as a salvage pathway precursor and NR is likely converted into NAM (Fig

1A), we argue that NAM must serve as the primary precursor for NAD biosynthesis in schisto-

somes. This is consistent with our finding that FK866, which based on our modeling data is

predicted to block the NAMPT-dependent conversion of NAM to NMN, depletes intracellular

NAD in both adult and immature schistosomes. Similarly, while provision of NMN to the

FK866-exposed schistosomes restores NAD levels, addition of the de novo biosynthetic precur-

sors, Trp and Asp, is not sufficient to reconstitute the intracellular NAD pool.

The apparent reliance of schistosomes on the NAM-driven NAD salvage pathway is unlike

the parasite’s mammalian host, which can produce NAD via both the de novo and salvage

pathways [19]. However, schistosomes are not the only parasites that appear to exclusively gen-

erate NAD using one of the salvage biosynthetic pathways. Indeed, both Plasmodium and

Leishmania are missing the enzymes required for de novo NAD biosynthesis [50, 51]. How-

ever, unlike schistosomes, neither the Plasmodium nor Leishmania parasites express NAMPT

and therefore cannot produce NAD using NAM as a substrate [50, 51]. Instead, both Plasmo-

dium [50] and Leishmania [51] generate NAD using the NA-driven Preiss-Handler pathway.

The use of NA and the Preiss-Handler pathway is also seen in other multicellular organisms

including the nematode (round worm) C. elegans [52]. Our data suggest that schistosomes,

which are members of the platyhelminth phylum (flatworms), are relatively unique amongst

parasites in their capacity to produce NAD using NAM and NAMPT and, unlike other para-

sites, cannot efficiently engage the NA and the Preiss-Handler pathway. While we do not

know why schistosomes cannot utilize NA as a substrate, it is possible that the NMNAT

enzyme that is encoded by the single NMNAT gene expressed by S. mansoni is competent to

utilize NMN but not NaMN as a substrate to produce NAD.

The reliance of schistosomes on NAM and NAMPT to generate NAD is similar in many

ways to tumor cells. In fact, FK866 was developed to block growth of tumor cells that can be

highly dependent on NAM- and NAMPT-controlled NAD biosynthesis [31]. Tumor cells uti-

lize glucose and Warburg metabolism to support rapid cell division [30]. Similarly, adult schis-

tosomes, which can consume their dry weight in glucose in 5 hours [53–55], efficiently utilize

aerobic glycolysis to generate ATP (Warburg effect) [55]. Adult schistosomes, like tumors, also

undergo constant replication with female parasites, depending on the species, producing 350–

1000 eggs per day [56] for up to thirty years [57]. Tumor cells support their requirement for

from the portal vein of vehicle or FK866-treated groups. n = 7 parasite pools/group with 2 female parasites/pool. (H) Recovered live parasites

flushed from portal vein of vehicle and FK866-treated groups. n = 6 mice/group. Data are representative of 2 (E-F) or 4 (B-D, G-H) independent

experiments and shown as the mean ± SD (B, D, F-H) of the groups with individual animals/samples shown in squares. Statistical analyses were

performed using two-tailed Student’s t test.

https://doi.org/10.1371/journal.ppat.1008539.g006
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Fig 7. FK866 + NA treatment reduce egg and worm burden in S. mansoni-infected mice. (A)Schematic showing treatment schedule for

mice infected on day 0 with ~200 S. mansoni cercariae. On day 42 post-infection, mice were injected (i.p.) 2x/day for 4 consecutive days with

vehicle or 50mg/kg FK866. Both groups were given an additional injection (i.p.) 1x/day of 50mg/kg NA for 4 consecutive days. Animals were

analyzed on day 49 post infection. (B-D) Hepatomegaly and splenomegaly in uninfected controls and in vehicle+NA or FK866+NA treated
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increased NAD pools by overexpressing NAD salvage pathway enzymes, like NAMPT [58]. In

addition, many tumor cells, including multiple myeloma [59], over-express the plasma mem-

brane-associated NAD glycohydrolase CD38, which allows for conversion of extracellular

NAD to NAM that can then be used as a precursor for new NAD biosynthesis by the tumor

[60]. Schistosomes appear to utilize a similar strategy through expression of the CD38 ortho-

log, SmNACE [17]. We show that SmNACE, which is found on the outer tegument of schisto-

somes [17], converts host- or environment-derived NAD into NAM. SmNACE appears to be

the only enzyme expressed by schistosomes that is capable of degrading extracellular NAD as

blocking SmNACE activity prevented ecto-NAD breakdown by the parasite. Although block-

ing SmNACE or excluding access of the parasite to extracellular NAD did not appear to impact

intracellular NAD levels over a two-day period, the presence of both extracellular NAD and

active SmNACE were sufficient to increase intracellular NAD levels in the parasites. We fur-

ther showed that this SmNACE and extracellular NAD-dependent increase in intracellular

NAD levels is critical for maintenance of egg production by the female parasites. Although

extracellular NAD is not normally found in high concentrations in healthy humans [61], red

blood cells, which are lysed by the parasites and used as a source of nutrients and metabolites

[53], contain very high concentrations (10-40M) of free NAD [61]. We speculated that NAD

released from red blood cell lysis inside the worm [53] may be regurgitated and then catabo-

lized by tegumental SmNACE. Thus, schistosomes may have the capacity to liberate host NAD

that can then be used in SmNACE-dependent fashion to convert the host-derived NAD to

NAM, which can be internalized by the parasite and used to increase the intracellular NAD

pool to support egg production.

Inhibition of SmNACE, while sufficient to block egg production by schistosomes, did not

kill the adult schistosomes, at least over a 48h period. Although we don’t know whether longer

SmNACE inhibition would be sufficient to cause parasite death, we think it unlikely based on

our FK866 dose response experiments. While very low concentrations of FK866 were sufficient

to reduce parasite NAD stores by ~50% and curtail egg production, survival of adult parasites

in vitro was not significantly affected. By contrast, when FK866 was used at a dose that depleted

S. mansoni or S. japonicum intracellular NAD stores by 85–90%, we observed a loss of outer

tegument integrity, increased vacuolization, loss of mobility and death. Similarly, while we

found that treating S. mansoni-infected mice with 20 mg/kg/day FK866 was sufficient to signif-

icantly decrease egg production and granuloma formation in vivo, the higher 50 mg/kg/day

dose was required to decrease worm burden by 50% in the infected mice. Collectively, these

data indicate that while partial inhibition of the NAMPT-dependent NAD salvage pathway is

sufficient to alter the “fitness” of schistosomes in the host, a more complete blockade of the

NAD salvage pathway is needed to initiate parasite death.

One interesting outcome of our studies is that FK866 treatment depletes intracellular NAD

levels in immature S. mansoni schistosomula and is sufficient to cause pathologic changes, loss

of mobility and death of the immature S. mansoni and S. japonicum in vitro. This is in contrast

infected mice. Representative images of isolated spleens and livers (B) and weights of spleens (C) and livers (D) from uninfected and infected

mice are shown. n = 3–6 mice/group. (E) Egg burden in livers of vehicle+NA or FK866+NA treated infected mice. Data reported as the total

number of eggs per infected liver. n = 5–6 mice/group. (F-G) Quantitation of granulomas from livers of vehicle+NA or FK866+NA-treated

infected mice. Representative H&E stained cross sections (F) of livers from infected mice and numbers of granulomas per 40x field (G) as

determined by blinded assessment of H&E cross sections. n = 5–6 mice/group. (H) Recovered live parasites flushed from portal vein of vehicle

+NA and FK866+NA treated infected mice. n = 5–6 mice/group. (I) Intracellular NAD levels in parasites flushed from the portal vein of

vehicle+NA or FK866+NA treated infected mice. n = 7 parasite pools/group with 2 female parasites/pool. Data are representative of 2

independent experiments. Data shown as the mean ± SD of the groups (C-E, G-I) with individual animals/samples shown in squares. Statistical

tests were performed using one-way ANOVA multiple comparison tests for experiments with more than two groups or two-tailed Student’s t-
test for experiments with two groups.

https://doi.org/10.1371/journal.ppat.1008539.g007
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to the primary licensed schistosomiasis treatment, praziquantel, which kills all species of adult

schistosomes but does not affect the viability of immature schistosomula either in vitro or in
vivo [11–15]. Our data therefore suggest that a new class of drugs that specifically targets the

NAD salvage pathway in schistosomes could potentially be used to kill both adult and imma-

ture worms. Unfortunately, we were unable to test this possibility in vivo because FK866 is

known to be a potent inhibitor of the mammalian NAMPT enzyme [41] and extending high

dose treatment with FK866 beyond one week resulted in death of the infected host, likely due

to NAD depletion in host immune cells. Although we were able to partially overcome this tox-

icity by providing NA–a NAD precursor that could be utilized by the host but not by the para-

site–we were still limited by the amount of FK866 and duration of FK866 treatment the

infected mice could tolerate.

Our modeling and docking studies as well as our in vitro metabolite rescue studies strongly

suggest that FK866 is a bona fide inhibitor of SmNAMPT. However, we cannot rule out the

possibility that FK866 might also have other targets in schistosomes. In the future, it will be

important to evaluate whether compounds that are potent and highly specific for the schisto-

some NAD biosynthetic enzymes could be used to treat animals infected with both immature

and mature schistosomes. Although the mammalian NAMPT gene and its schistosome ortho-

log exhibit only 53% identity (S1 Table), most of the key active site residues are conserved

between the mammalian NAMPT and schistosome NAMPT ortholog (Fig 2C). Interestingly,

our docking studies predicted that one less hydrogen bond will form between FK866 and the

binding pocket of SmNAMPT due to differences in the composition of amino acid side chains

that line the pocket. As a consequence, some of the predicted docking poses of FK866 in

SmNAMPT, before optimization, deviate from the crystal structure of FK866 bound to

hNAMPT (S6 Fig). In particular, while the pyridine and amide containing domain of FK866

was well defined and stacked between aromatic side chains in SmNAMPT, the tail of FK866

did not form directional non-covalent interactions and was predicted to slide towards the exit

of the enzyme pocket (S6 Fig). While this did not dramatically affect the predicted affinity of

FK866 for SmNAMPT, these modeling data suggest that modifying the tail of FK866 may

improve drug binding to the schistosome NAMPT while simultaneously decreasing its affinity

for human NAMPT. Another viable target in the NAM-driven salvage pathway is NMNAT.

NMNAT, which is directly downstream of NAMPT in the NAD salvage pathway, is responsi-

ble for converting the NMN produced by NAMPT to NAD. While we found only a single copy

of the NMNAT gene in schistosomes, the human genome contains three NMNAT genes [62].

Given the comparatively lower levels of predicted conservation between the mammalian and

schistosome S. mansoni NMNAT proteins (S1 Table), it is interesting to speculate that it may

be possible to make specific and selective inhibitors to the schistosome ortholog of NMNAT.

Regardless, our experiments using FK866 as a tool to probe the importance of the NAM-

driven NAD salvage biosynthetic pathway in schistosomes indicate that this non-redundant

metabolic pathway represents an Achilles heel for schistosomes that could potentially be

exploited with drugs that selectively and specifically target schistosome enzymes in this

pathway.

Materials and methods

Ethics statement

All animal procedures performed at University of Alabama at Birmingham (UAB) were con-

ducted in accordance with Public Health Service Policy on the Humane Care and Use of Labo-

ratory Animals and Guide for the Care and Use of Laboratory Animals. Procedures using

animals were approved by the UAB Institutional Animal Care and Use Committee under
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protocol IACUC-09596. UAB is fully accredited by the Council on Accreditation of the Associ-

ation for Assessment and Accreditation of Laboratory Animal Care (AAALAC, site #000156).

The UAB Animal Welfare Assurance (OLAW) number is D16-00162. All animal procedures

performed at the Biomedical Research Institute (BRI, Rockville MD) were approved by the

BRI Institutional Animal Care and Use Committee (IACUC #18–04). The BRI Animal Welfare

Assurance (OLAW) number is (A3080-01). BRI is fully accredited by AAALAC (AAALAC site

#000779).

Parasite infections and mice

Adult Swiss-Webster female mice were infected (via the tail) with either ~200 S. mansoni
(NMRI) or ~55 S. japonicum (Philippine strain) cercariae at BRI. BRI shipped the infected

mice to the UAB animal facility where the animals were housed with food and water under

pathogen-free conditions.

Administration of FK866 and NA in mice

S. mansoni-infected Swiss Webster mice were treated (i.p.) with vehicle, 20mg/kg FK866 or

50mg/kg FK866 (Cayman) twice daily for four days per week for either 1 or 2 weeks as indi-

cated. In some experiments, the infected mice were also exposed i.p. to 50mg/kg NA delivered

once daily for four days a week as indicated. FK866 was prepared in 45% propylene glycol

(MilliporeSigma) + 5% Tween-80 (MilliporeSigma) + 50% ddH2O, and NA (MilliporeSigma)

was prepared in ddH2O.

Parasite isolation

Schistosome-infected Swiss Webster mice were euthanized at 2–3 weeks (immature parasite

harvest) or 7–8 weeks (adult parasite harvest) post-infection using 250mg/kg tribromoethanol

(Avertin) and 5000 U/mL heparin given i.p. Parasites were isolated from the infected mice by

injecting perfusion buffer (145mM NaCl + 58mM NaCitrate in ddH2O) through the left ven-

tricle of the heart and collecting the flushed parasites from the portal vein.

Parasite culture

After parasite harvest, the worms were washed (4x) in 37ºC Somule Wash (RPMI, 1% HEPES

buffer, 2% penicillin/streptomycin solution and 2% L-glutamine) and then cultured in media

(RPMI, 10% fetal bovine serum, 1% HEPES buffer, 1% sodium pyruvate, 1% glucose, 1% non-

essential amino acids, 2% penicillin/streptomycin solution and 2% L-glutamine) at 37ºC and

5% CO2. Half the volume of the culture was refreshed every two days with fresh media.

Bioinformatic analysis of S. mansoni NAD metabolic genes

Genomic reconstruction of the S. mansoni NAD biosynthesis and catabolism pathways was

performed using PSI-BLAST (Position-Specific iterated BLAST [63] (e-value cut-off = 1e-03)

against the S. mansoni genome (taxid:6183). Human NAD-metabolism-related genes/proteins

were used as queries, except for the Asp-dependent de novo pathway, which was probed using

genes derived from E. coli or plants. The nucleotide and predicted amino acid sequences were

further evaluated for completeness and the presence of functional protein domains was deter-

mined using the CD (Conserved Domain)-Search tool available at NCBI (https://www.ncbi.

nlm.nih.gov/Structure/cdd/wrpsb.cgi), which uses RPS (Reverse Position-Specific)-BLAST, a

variant of PSI-BLAST [64].

PLOS PATHOGENS Inhibiting the NAD salvage pathway in schistosomes blocks metabolism, reproduction and survival

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008539 May 27, 2020 21 / 32

https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
https://doi.org/10.1371/journal.ppat.1008539


PCR detection of S. mansoni NAD salvage enzyme transcripts

For RNA extraction, worm lysate was generated by homogenizing adult worms (>30) in Tri-

zol. S. mansoni cDNA was prepared from total RNA extracted from worm lysate using the

RNeasy Mini kit (Qiagen), random hexamers and Superscript ll Reverse Transcriptase (Ther-

moFisher Scientific). cDNA was amplified with the NAD salvage enzyme gene primers listed

below and a 2720 thermal cycler (Applied Biosystems) under the following conditions: (1) 1

cycle at 94ºC for 2min, (2) 30 cycles at 94ºC for 30s, 48-52ºC for 30s, and 72ºC for 1min, and

(3) 1 cycle at 72ºC for 10min. Amplicons were visualized by agarose gel electrophoresis.

Sequences for the genes encoding putative orthologs of the NAD salvage pathway enzymes

were identified in the published S. mansoni genome [34]. Primers (Integrated DNA Technolo-

gies) for the target genes include:

NAMPT (forward primer 5’-ATTGGTGGCACTGCACATTT-3’ and reverse primer 5’-CA

GGCGAATGTTCCATAGG-3’)

NAD synthetase glutaminase domain (forward primer 5’-TGGTGTAGATGCTGTGCTC

A-3’ and reverse primer 5’-TGCACAACCGTCGTAACAAG-3’)

NAD synthetase synthetase domain (forward primer 5’-ACGCTTACAAGATCACGTGC-

3’ and reverse primer 5’-TGAACCTCCGTGAACAGTGA-3’)

NAPRT (forward primer 5’-ATGCTACCCGTTACCGTTTG-3’ and reverse primer 5’-GC

TGACACGAATGAATGTGC-3’)

NMNAT (forward primer 5’-CCGTAAGCAATTGGGAGTGT-3’ and reverse primer 5’-C

GGTATTGTTTTTGCGACAG-3’).

MTAP (forward primer 5’-TGTTAAAGGTGTCCCGTGTGT-3’ and reverse primer 5’-TG

CAGACTACCACAAGCGTT-3’)

PNP (forward primer 5’-GTGCTTGGAAGTGTTGGTGG-3’ and reverse primer 5’-CGGG

AAATCGAGGTCCGAAT-3’)

NADK1 (forward primer 5’-TACTGTGGAAGGCGATGGTC-3’ and reverse primer 5’-CA

TGGAACAGGGAACGGTGA-3’)

NADK2 (forward primer 5’-ACTGCTGGTGGTGATGGAAC-3’ and reverse primer 5’-GA

CGAATCCAGTGGGGTGTT-3’)

NAMPT sequence alignment and protein structure modeling

The primary sequence alignment of human, mouse, rat and schistosome NAMPT sequences

was performed using the Promals3D server and rendered with ESPript 3.0. UNIPROT

sequence IDs used in the analysis include: Q99KQ4 (Mus musculus); P43490 (Homo sapiens);
Q80Z29 (Rattus norvegicus); and G4VE80 (Schistosoma mansoni).

The predicted 2D- and 3D- structures of S. mansoni NAMPT were determined by compari-

son to human NAMPT using the PredictProtein server [43]. Models of the 3D enzyme struc-

ture of human and schistosome-derived NAMPT were generated by uploading the primary

sequences to the SWISS-MODEL protein structure homology-modelling server [65].

FK866-NAMPT docking studies

MOE 2019.01 (Chemical Computing Group Inc., Montreal Canada) and the crystal structure

of human NAMPT in complex with FK866 (Protein Data Bank (PDB code: 2GVJ)) were used

to model the predicted SmNAMPT 3D-structure. The coordinates of the chain-A and chain-B

were used as templates to model by homology the 3D-structure of the SmNAMPT dimer.

FK866 was docked into human NAMPT and SmNAMPT using the default parameters (with

the exception that generation of diverse solutions was activated) for GOLD protein ligand

docking software Version 5.3.0 (CCDC Software Limited). Two water molecules were
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included in human NAMPT during docking (forming two hydrogen bonds to the protein in

the vicinity of FK866 in the crystal structure). Only one water molecule was included in

SmNAMPT during docking because the hydrogen-bonded Ser in human NAMPT was

replaced with an Ala in SmNAMPT (Fig 2C). HYDE (leadIT 2.1.8, BisolveIT GmbH) protein

docking software was used to determine the best optimized poses from all GOLD docking

poses and to approximate the affinity of the FK866-NAMPT interactions. The input 3D-struc-

ture of FK866 was generated ab initio using Corina 3.40 (Molecular Networks GmbH,

Nürnberg).

SmNACE activity and inhibition assays

The NAD glycohydrolase activity of rSmNACE [17] and native SmNACE was measured as

previously described [38] using 1,N6-ethenonicotinamide adenine dinucleotide (ε-NAD;

MilliporeSigma). Briefly, increasing concentrations of rSmNACE (10-100ng) or 1 parasite/

well were incubated with 20μM ε-NAD. Hydrolysis of ε-NAD by SmNACE leads to formation

of NAM and fluorescent ε-ADPR. The production of fluorescent ε-ADPR was measured (λexc

= 310 nm and λem = 410 nM) at 37˚C for 60min using a Spectramax M Series microplate

reader (Molecular Devices). The amount of native, enzymatically active SmNACE expressed

by male and female S. mansoni was calculated using a standard enzyme activity curve gener-

ated with known amounts of rSmNACE. A non-linear regression algorithm (GraphPad,

Prism) was used to calculate the IC50 value of the SmNACE inhibitor CMP1 [38] following

incubation of 2 male + 2 female worms in 200μl HBSS with increasing concentrations of

CMP1.

In vitro egg production

Two female S. mansoni or 1 female S. japonicum were cultured in 200μl serum free media

(SFM) or media containing vehicle (0.001–2% DMSO), 200μM CMP1, 250nM FK866 ± 2mM

NMN or 2mM Trp per well. Eggs were counted every 24h using an inverted microscope and a

hemocytometer. The media and drugs + metabolites were refreshed every 48h.

Preparation of worm lysate

Two adult female parasites or 2 immature parasites of either sex were cultured in 200μl SFM

or media containing vehicle (0.001–2% DMSO), 200μM CMP1, 250nM FK866 ± 2mM NAM,

NMN, NA, NR, Trp or Asp. The media and drugs+metabolites were refreshed every 48h.

Worm lysates were prepared by mechanically homogenizing isolated parasites in 150μl of PBS

using tube pestles (Laboratory products sales Inc., L210539-pk). Lysates (120μl) were collected

following centrifugation at 14,000 RPM for 3min and were stored at -80ºC.

Quantification of intracellular NAD and lactic acid in schistosomes

Parasite NAD and lactic acid levels were determined in 20μl of worm lysate using the NAD/

NADH-Glo and the Lactate-Glo bioluminescent assays (Promega) according to manufactur-

er’s directions. Samples were analyzed using the SpectraMax luminescent plate reader (Molec-

ular Devices). The concentrations of NAD and lactic acid were calculated using Soft Max Pro

software (Molecular Devices) and a NAD or lactic acid standard curve.

Parasite mobility and survival assays

Six adult S. mansoni (3 male and 3 female), 4 adult S. japonicum (2 male and 2 female), 45–60

immature S. mansoni or 6–9 immature S. japonicum per well were cultured in triplicate wells
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in 1ml media containing either vehicle (0.001% DMSO) or 250nM FK866 ± 2mM NMN or

Trp. The media and drugs+metabolites were refreshed every 48h. Parasite mobility was

assessed daily for 8–12 days using the WormAssay software [47] with our imaging apparatus

(see S7 Fig). Motility was quantified using the consensus voting luminance difference option

of WormAssay which analyzes changes in the occupation and vacancy of pixels in a well

caused by parasite movement and is calculated as an area unit. Mean motility units (mmu) are

defined as the average number of area units generated over a set time (1 min). Parasite death

was determined from an absence of movement (0 mmu) and opaque coloration of the worm.

Schistosomula imaging

Immature schistosomula were cultured in vitro in the presence of vehicle or 250nM

FK866 ± NMN or Trp. Day 7 images were recorded using an iPhone 7 attached to an Axio

Vert.A1 inverted microscope (10x magnification). Images were imported into Microsoft

PowerPoint, cropped, and equivalently and proportionally reduced for presentation.

Parasite histology

S. mansoni and S. japonicum males were cultured in vitro in the presence of vehicle or 250nM

FK866. On day 7, the worms were formalin fixed (24h), washed in water (8h), transferred to

70% EtOH, embedded in paraffin and sectioned (5μm). Hematoxylin and eosin (H&E) stain-

ing was performed and sections were evaluated at high power (100-400x total magnification)

using 40x plan fluor objective (Exposure time 25 ms). Sections were scored (S2 Fig) in a

blinded fashion by a pathologist as follows: 0 = no evidence of vacuolization; 1 = mild vacuoli-

zation (10–25% of tissue affected); 2 = moderate (25–50% of tissue affected); and 3 = severe

(>50% of tissue affected and complete loss of tubercles). Photo images were collected using a

Nikon Eclipse Ci microscope and analyzed with NIS-Elements software. Images were

imported into Microsoft PowerPoint, cropped, and equivalently and proportionally reduced

for presentation.

Parasite SEM

S. mansoni and S. japonicum males were cultured in vitro in the presence of vehicle or 250nM

FK866. On day 7 parasites were fixed in 2.5% glutaraldehyde and PBS with Ca2+ and Mg2+

(12h), washed in ddH20 (3x; 5min each) and dehydrated in increasing concentrations of

EtOH (30, 50, 70, 90, and 100%) in ddH20 (5min/step). Parasites were then washed in increas-

ing concentrations of hexamethyldisilazane (HMDS) in ethanol (25, 50, 75, and 100%) (5min/

step) and then washed 2x for 10min in 100% HMDS. Samples were dried (12h) in a fume

hood. Prior to imaging, the samples were prepped with an Au-Pd sputter coating to promote

conductivity and reduce charging artifacts. The images were captured using a FEI Company

QuantaTM 650 FEG Scanning Electron Microscope (exposure time 30 μs) set to 10kv. Images

were imported into Microsoft PowerPoint, cropped, and equivalently and proportionally

reduced for presentation.

Parasite video

Adult female S. mansoni (n = 4-5/well) were cultured in media (200μl) containing vehicle

(0.001% DMSO), 250nM FK866 ± 2mM NMN or 2mM Trp. The media and drugs+-

metabolites were refreshed every 48h. Day 7 videos were recorded using an iPhone 7 attached

to an Axio Vert.A1 inverted microscope (10x magnification).
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Liver egg burden, tissue imaging and histology

Following parasite perfusion of 7-week S. mansoni-infected Swiss Webster mice, the livers

were isolated, weighed and dissected into two pieces. One piece was weighed, mechanically

homogenized using scissors and then digested with collagenase (1mg/ml; MilliporeSigma) at

37˚C for 20min. The solution was filtered (70μm) and resuspended in PBS. An aliquot was

examined under an inverted microscope and parasite eggs were enumerated. Liver egg burden

was calculated from the egg concentration and total liver weight. The remaining portion of the

liver was fixed in 10% formalin (24h), washed in water (8h), paraffin embedded, sectioned

(5μm) and stained with H&E. Specimens were evaluated at low power (40x total magnifica-

tion) using 4x plan fluor objective (Exposure time 4ms) and the average number of 10 non-

contiguous, random fields of granulomas were quantified. Photo images of liver cross sections

were collected using Nikon Eclipse Ci microscope and analyzed with NIS-Elements software.

Whole images of liver and spleen were taken using an iPhone 7, imported into Microsoft

PowerPoint, cropped, and equivalently and proportionally reduced for presentation.

Supporting information

S1 Fig. Predicted secondary structure of S. mansoni NAMPT. (A-B) Predicted structural

homology between human (A) and S. mansoni (B) NAMPT. The 3D-structure of human

NAMPT protein [41] was used to model the structure of the putative S. mansoni NAMPT

ortholog using the SWISS-MODEL workplace server [66]. (C-D) Predicted α-helical and β-

sheet structures in human (C) and S. mansoni (D) NAMPT based on the known 3D-structure

of human NAMPT [41] and visualized using the PredictProtein server [43]. The α-helices are

displayed in blue and the β-sheets are indicated in green. The numbers indicate the individual

α-helices and β-sheets that are predicted to contribute to the structure of the active site cavity.

(TIF)

S2 Fig. Assessment of schistosome vacuolar degeneration following FK866 exposure. (A)

Representative H&E stained cross sections of male S. mansoni on day 7 post-FK866 exposure

showing no vacuolization (score = 0), mild vacuolization (score = 1), moderate vacuolization

(score = 2), and severe vacuolization (score = 3). (B-C) Representative H&E stained cross-sec-

tions of male S. mansoni on day 7 post-exposure to FK866 or vehicle at 400x (B) or 100x (C)

magnification.

(TIF)

S3 Fig. SEM images of outer tegument of FK866-exposed S. mansoni and S. japonicum.

Representative SEM images of S. mansoni (A-B) and S. japonicum (C-D) on day 7 post-expo-

sure to vehicle (A, C) or 250nM FK866 (B, D).

(TIF)

S4 Fig. S. mansoni survival following exposure to increasing concentrations of FK866. Sur-

vival of male and female S. mansoni cultured for 8 days with vehicle or increasing concentra-

tions of FK866. Data are shown as the percentage of parasites alive at each timepoint. n = 14–

18 parasites/condition. Statistical analyses were performed using a Log-rank (Mantel-Cox).

(TIF)

S5 Fig. Co-administration of nicotinic acid prevents FK866-induced toxicity to host sple-

nocytes while maintaining efficacy against S. mansoni. (A) Schematic showing treatment

schedule for mice infected on day 0 with ~200 S. mansoni cercariae. On day 35, mice were

injected (i.p.) with vehicle (45% propylene glycol, 5% tween-80 and 50% ddH2O) + 50mg/kg

NA or 20mg/kg FK866 ± 50mg/kg NA. Mice were treated 2x/day with FK866 and 1x/day with
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NA for 4 consecutive days, rested for 3 days and then injected for an additional 4 days. Ani-

mals were analyzed on day 49. (B-C) Splenomegaly in uninfected control and FK866 or FK866

+NA treated groups. Shown are weights (B) and cell recovery (C) from spleens of uninfected

and infected groups. n = 3–6 mice/group. (D) Egg burden in livers of vehicle+NA, FK866 and

FK866+NA treated groups. Data reported as the total number of eggs per infected liver.

n = 3–6 mice/group. (E) Hepatomegaly in vehicle+NA, FK866 and FK866+NA treated groups.

Shown are liver weights from n = 3–6 infected mice/group. (F-G) Quantitation of granulomas

from livers of vehicle+NA, FK866 and FK866+NA-treated groups. Representative H&E

stained cross sections (F) of livers from infected mice and numbers of granulomas per 40x

field (G) as determined by blinded assessment of H&E cross sections. n = 3–6 mice/group.

Data are from one experiment and are represented as the mean ± SD of the groups (bars) with

individual animals/samples shown (B-G). Statistical analyses were performed using one-way

ANOVA multiple comparison tests.

(TIF)

S6 Fig. Docking poses of FK866 to hNAMPT and smNAMPT. View of FK866 (crystal struc-

ture in green, docked poses in magenta) in complex with hNAMPT (top) and SmNAMPT

(bottom). Molecular surface (hydrophobic in green, hydrophilic in pink) delineates the protein

cavity. Important amino acids for FK866 anchoring in the binding site are represented using

sticks.

(TIF)

S7 Fig. Schematic of the Mobility Detection System (M.D.S). Schematic showing the indi-

vidual components of the mobility apparatus. The imaging apparatus was constructed using a

pull-out drawer portion of a computer desk home laptop table (Best choice products,

SKY2349). A plate shaped opening (83.35x127.50mm) was cut into the bottom of the drawer

and an LED light strip (PPA Int’l, OLSHAWHT) was taped along the inside. Four rubber cor-

ner guards were glued in place at the corners of the opening and an HDV camera (Canon

VIXIA HV40, B001OI2Z4Q) was mounted on the adjustable tray beneath the drawer. Cloth

was taped over the open portion of the apparatus to minimize light exposure to the camera

and drawer. The camera was connected to a desktop computer (Apple, B01C4TWPSY) and

WormAssay software was used to measure the mobility of live parasites [47].

(TIF)

S1 Table. Genomic Reconstruction of NAD metabolism in S. mansoni. S. mansoni genes

predicted by homology to be involved in NAD biosynthesis or catabolism were identified as

described in Methods. The gene name and protein function, the S. mansoni Locus Tag (Smp)

and Uniprot ID, and the Uniprot ID of the putative human ortholog are indicated. All listed

Smps are predicted to encode full-length proteins. The E-value is the parameter describing the

likelihood to have a match between the query and the target sequence for a random occur-

rence, when searching a database of a particular size. Low E-value indicates that the alignment

is due to common ancestry rather than a random chance alignment. Coverage is defined as

the percentage of full-length S. mansoni that matches the homologous human protein. NACE:

Predicted NAD consuming ectoenzyme. PNP: Predicted NAD salvage pathway enzyme

responsible for converting NR to NAM. MTAP: Predicted NAD salvage pathway enzyme

responsible for converting NR to NAM. NAMPT: Enzyme involved in the conversion of

NAM to NMN. NMNAT: Enzyme involved in the conversion of NMN to NAD. NAPRT:

Enzyme involved in the conversion of NA to NaMN. NADS and GAT: NADS and GAT are

predicted to form a stable two-subunit NADS, similar to that already observed in T. thermophi-
lus [67]. NADS is predicted to encode the core synthetase domain involved in converting
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NAAD to NAD. GAT is predicted to encode the glutaminase domain involved in supplying

ammonia for the conversion of NAAD to NAD by NADS. NADK1-2: Enzyme involved in the

phosphorylation of NAD. PARP1-2: Intracellular NAD consuming enzyme. TNKS: Intracel-

lular NAD consuming enzyme. SIRT1-2,5–7: Intracellular NAD consuming enzyme.

(DOCX)

S1 Video. Footage of adult female parasites following vehicle exposure. Representative

video of adult female parasites 7 days post-treatment with vehicle. N = 4–5 worms per well, 1

well per group. Videos recorded using an iPhone7 attached to an Axio Vert.A1 inverted micro-

scope (10x magnification).

(MOV)

S2 Video. Footage of adult female parasites following FK866 exposure. Representative

video of adult female parasites 7 days post-treatment with 250nM FK866. N = 4–5 worms per

well, 1 well per group. Videos recorded using an iPhone7 attached to an Axio Vert.A1 inverted

microscope (10x magnification).

(MOV)

S3 Video. Footage of adult female parasites following FK866 + Trp exposure. Representa-

tive video of adult female parasites 7 days post-treatment with 250nM FK866 + 2mM Trp.

N = 4–5 worms per well, 1 well per group. Videos recorded using an iPhone7 attached to an

Axio Vert.A1 inverted microscope (10x magnification).

(MOV)

S4 Video. Footage of adult female parasites following FK866 + NMN exposure. Representa-

tive video of adult female parasites 7 days post-treatment with 250nM FK866 + 2mM NMN.

N = 4–5 worms per well, 1 well per group. Videos recorded using an iPhone7 attached to an

Axio Vert.A1 inverted microscope (10x magnification).

(MOV)

S1 Data. Primary data from all publication figures. Each Excel spreadsheet contains the pri-

mary data sets for Figs 1–7 (separate tabs). Data for each figure panel is indicated.

(XLSX)

S2 Data. Primary data from all Supplemental Figures. Each Excel spreadsheet contains the

primary data sets for S4 and S5 Figs (separate tabs). Data for each figure panel is indicated.

(XLSX)

Acknowledgments

We would like to thank Thomas S. Simpler, Uma Mudunuru and Rebecca Burnham for ani-

mal husbandry at UAB, and Dr. Margaret Mentink-Kane at the NIH NIAID Schistosomiasis

Resource Center. Additionally, we would like to thank Dr. Tori Race for providing training in

harvesting live S. mansoni worms from infected mice. We acknowledge the UAB Comparative

Pathology Laboratory for histology, and the UAB High Resolution Imaging Facility for scan-

ning electron microscope (SEM) imaging.

Author Contributions

Conceptualization: Michael D. Schultz, Hélène Muller-Steffner, Esther Kellenberger, Davide

Botta, Frances E. Lund.

Data curation: Michael D. Schultz, Leonardo Sorci, Davide Botta.

PLOS PATHOGENS Inhibiting the NAD salvage pathway in schistosomes blocks metabolism, reproduction and survival

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008539 May 27, 2020 27 / 32

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1008539.s009
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1008539.s010
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1008539.s011
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1008539.s012
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1008539.s013
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1008539.s014
https://doi.org/10.1371/journal.ppat.1008539


Formal analysis: Michael D. Schultz, Tulin Dadali, Jeremy B. Foote, Leonardo Sorci, Esther

Kellenberger, Davide Botta, Frances E. Lund.

Funding acquisition: Frances E. Lund.

Investigation: Michael D. Schultz.

Methodology: Michael D. Schultz, Tulin Dadali, Leonardo Sorci, Esther Kellenberger, Davide

Botta, Frances E. Lund.

Project administration: Frances E. Lund.

Resources: Sylvain A. Jacques, Hélène Muller-Steffner, Frances E. Lund.

Writing – original draft: Michael D. Schultz, Davide Botta, Frances E. Lund.

Writing – review & editing: Michael D. Schultz, Tulin Dadali, Sylvain A. Jacques, Hélène

Muller-Steffner, Jeremy B. Foote, Leonardo Sorci, Esther Kellenberger, Davide Botta,

Frances E. Lund.

References
1. Olveda DU, Li Y, Olveda RM, Lam AK, Chau TN, Harn DA, et al. Bilharzia: Pathology, Diagnosis, Man-

agement and Control. Trop Med Surg. 2013; 1(4). Epub 2013/08/20. https://doi.org/10.4172/2329-

9088.1000135 PMID: 25346933; PubMed Central PMCID: PMC4208666.

2. WHO. Schistosomiasis and soil-transmitted helminthiases: number of people treated in 2016. Wkly Epi-

demiol Rec. 2017; 49:749–60.

3. Lewis FA, Tucker MS. Schistosomiasis. Adv Exp Med Biol. 2014; 766:47–75. Epub 2014/06/07. https://

doi.org/10.1007/978-1-4939-0915-5_3 PMID: 24903363.

4. King CH, Dangerfield-Cha M. The unacknowledged impact of chronic schistosomiasis. Chronic Illn.

2008; 4(1):65–79. Epub 2008/03/07. https://doi.org/10.1177/1742395307084407 PMID: 18322031.

5. King CH, Dickman K, Tisch DJ. Reassessment of the cost of chronic helmintic infection: a meta-analysis

of disability-related outcomes in endemic schistosomiasis. Lancet. 2005; 365(9470):1561–9. Epub

2005/05/04. https://doi.org/10.1016/S0140-6736(05)66457-4 PMID: 15866310.

6. Chitsulo L, Engels D, Montresor A, Savioli L. The global status of schistosomiasis and its control. Acta

Trop. 2000; 77(1):41–51. Epub 2000/09/21. https://doi.org/10.1016/s0001-706x(00)00122-4 PMID:

10996119; PubMed Central PMCID: PMC5633072.

7. Ezeamama AE, Friedman JF, Acosta LP, Bellinger DC, Langdon GC, Manalo DL, et al. Helminth infec-

tion and cognitive impairment among Filipino children. Am J Trop Med Hyg. 2005; 72(5):540–8. Epub

2005/05/14. PMID: 15891127; PubMed Central PMCID: PMC1382476.

8. Gray DJ, Ross AG, Li YS, McManus DP. Diagnosis and management of schistosomiasis. BMJ. 2011;

342:d2651. Epub 2011/05/19. https://doi.org/10.1136/bmj.d2651 PMID: 21586478; PubMed Central

PMCID: PMC3230106.

9. Kjetland EF, Leutscher PD, Ndhlovu PD. A review of female genital schistosomiasis. Trends Parasitol.

2012; 28(2):58–65. Epub 2012/01/17. https://doi.org/10.1016/j.pt.2011.10.008 PMID: 22245065.

10. Tebeje BM, Harvie M, You H, Loukas A, McManus DP. Schistosomiasis vaccines: where do we stand?

Parasit Vectors. 2016; 9(1):528. Epub 2016/10/08. https://doi.org/10.1186/s13071-016-1799-4 PMID:

27716365; PubMed Central PMCID: PMC5045607.

11. Sabah AA, Fletcher C, Webbe G, Doenhoff MJ. Schistosoma mansoni: chemotherapy of infections of

different ages. Exp Parasitol. 1986; 61(3):294–303. Epub 1986/06/01. https://doi.org/10.1016/0014-

4894(86)90184-0 PMID: 3086114.

12. Pica-Mattoccia L, Cioli D. Sex- and stage-related sensitivity of Schistosoma mansoni to in vivo and in

vitro praziquantel treatment. Int J Parasitol. 2004; 34(4):527–33. Epub 2004/03/12. https://doi.org/10.

1016/j.ijpara.2003.12.003 PMID: 15013742.

13. Xiao SH, Catto BA, Webster LT Jr. Effects of praziquantel on different developmental stages of Schisto-

soma mansoni in vitro and in vivo. J Infect Dis. 1985; 151(6):1130–7. Epub 1985/06/01. https://doi.org/

10.1093/infdis/151.6.1130 PMID: 3998507.

14. Kasinathan RS, Sharma LK, Cunningham C, Webb TR, Greenberg RM. Inhibition or knockdown of

ABC transporters enhances susceptibility of adult and juvenile schistosomes to Praziquantel. PLoS

PLOS PATHOGENS Inhibiting the NAD salvage pathway in schistosomes blocks metabolism, reproduction and survival

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008539 May 27, 2020 28 / 32

https://doi.org/10.4172/2329-9088.1000135
https://doi.org/10.4172/2329-9088.1000135
http://www.ncbi.nlm.nih.gov/pubmed/25346933
https://doi.org/10.1007/978-1-4939-0915-5_3
https://doi.org/10.1007/978-1-4939-0915-5_3
http://www.ncbi.nlm.nih.gov/pubmed/24903363
https://doi.org/10.1177/1742395307084407
http://www.ncbi.nlm.nih.gov/pubmed/18322031
https://doi.org/10.1016/S0140-6736(05)66457-4
http://www.ncbi.nlm.nih.gov/pubmed/15866310
https://doi.org/10.1016/s0001-706x(00)00122-4
http://www.ncbi.nlm.nih.gov/pubmed/10996119
http://www.ncbi.nlm.nih.gov/pubmed/15891127
https://doi.org/10.1136/bmj.d2651
http://www.ncbi.nlm.nih.gov/pubmed/21586478
https://doi.org/10.1016/j.pt.2011.10.008
http://www.ncbi.nlm.nih.gov/pubmed/22245065
https://doi.org/10.1186/s13071-016-1799-4
http://www.ncbi.nlm.nih.gov/pubmed/27716365
https://doi.org/10.1016/0014-4894(86)90184-0
https://doi.org/10.1016/0014-4894(86)90184-0
http://www.ncbi.nlm.nih.gov/pubmed/3086114
https://doi.org/10.1016/j.ijpara.2003.12.003
https://doi.org/10.1016/j.ijpara.2003.12.003
http://www.ncbi.nlm.nih.gov/pubmed/15013742
https://doi.org/10.1093/infdis/151.6.1130
https://doi.org/10.1093/infdis/151.6.1130
http://www.ncbi.nlm.nih.gov/pubmed/3998507
https://doi.org/10.1371/journal.ppat.1008539


Negl Trop Dis. 2014; 8(10):e3265. Epub 2014/10/21. https://doi.org/10.1371/journal.pntd.0003265

PMID: 25330312; PubMed Central PMCID: PMC4199547.

15. Wang X, Yu D, Li C, Zhan T, Zhang T, Ma H, et al. In vitro and in vivo activities of DW-3-15, a commer-

cial praziquantel derivative, against Schistosoma japonicum. Parasit Vectors. 2019; 12(1):199. Epub

2019/05/06. https://doi.org/10.1186/s13071-019-3442-7 PMID: 31053083; PubMed Central PMCID:

PMC6500042.

16. Bruce JI, Dias LC, Liang YS, Coles GC. Drug resistance in schistosomiasis: a review. Mem Inst

Oswaldo Cruz. 1987; 82 Suppl 4:143–50. Epub 1987/01/01. https://doi.org/10.1590/s0074-

02761987000800025 PMID: 3151088.

17. Goodrich SP, Muller-Steffner H, Osman A, Moutin MJ, Kusser K, Roberts A, et al. Production of cal-

cium-mobilizing metabolites by a novel member of the ADP-ribosyl cyclase family expressed in Schisto-

soma mansoni. Biochemistry. 2005; 44(33):11082–97. Epub 2005/08/17. https://doi.org/10.1021/

bi050704r PMID: 16101292.

18. Canto C, Menzies KJ, Auwerx J. NAD(+) Metabolism and the Control of Energy Homeostasis: A Balanc-

ing Act between Mitochondria and the Nucleus. Cell Metab. 2015; 22(1):31–53. Epub 2015/06/30.

https://doi.org/10.1016/j.cmet.2015.05.023 PMID: 26118927; PubMed Central PMCID: PMC4487780.

19. Houtkooper RH, Canto C, Wanders RJ, Auwerx J. The secret life of NAD+: an old metabolite controlling

new metabolic signaling pathways. Endocr Rev. 2010; 31(2):194–223. Epub 2009/12/17. https://doi.

org/10.1210/er.2009-0026 PMID: 20007326; PubMed Central PMCID: PMC2852209.

20. Ying W. NAD+/NADH and NADP+/NADPH in cellular functions and cell death: regulation and biological

consequences. Antioxid Redox Signal. 2008; 10(2):179–206. Epub 2007/11/21. https://doi.org/10.

1089/ars.2007.1672 PMID: 18020963.

21. Ljungdahl PO, Daignan-Fornier B. Regulation of amino acid, nucleotide, and phosphate metabolism in

Saccharomyces cerevisiae. Genetics. 2012; 190(3):885–929. Epub 2012/03/16. https://doi.org/10.

1534/genetics.111.133306 PMID: 22419079; PubMed Central PMCID: PMC3296254.

22. Blacker TS, Duchen MR. Investigating mitochondrial redox state using NADH and NADPH autofluores-

cence. Free Radic Biol Med. 2016; 100:53–65. Epub 2016/08/16. https://doi.org/10.1016/j.

freeradbiomed.2016.08.010 PMID: 27519271; PubMed Central PMCID: PMC5145803.

23. Haigis MC, Sinclair DA. Mammalian sirtuins: biological insights and disease relevance. Annu Rev

Pathol. 2010; 5:253–95. Epub 2010/01/19. https://doi.org/10.1146/annurev.pathol.4.110807.092250

PMID: 20078221; PubMed Central PMCID: PMC2866163.

24. Hassa PO, Hottiger MO. The diverse biological roles of mammalian PARPS, a small but powerful family

of poly-ADP-ribose polymerases. Front Biosci. 2008; 13:3046–82. Epub 2007/11/06. https://doi.org/10.

2741/2909 PMID: 17981777.

25. Sauve AA, Wolberger C, Schramm VL, Boeke JD. The biochemistry of sirtuins. Annu Rev Biochem.

2006; 75:435–65. Epub 2006/06/08. https://doi.org/10.1146/annurev.biochem.74.082803.133500

PMID: 16756498.

26. Canto C, Sauve AA, Bai P. Crosstalk between poly(ADP-ribose) polymerase and sirtuin enzymes. Mol

Aspects Med. 2013; 34(6):1168–201. Epub 2013/01/30. https://doi.org/10.1016/j.mam.2013.01.004

PMID: 23357756; PubMed Central PMCID: PMC3676863.

27. Lancelot J, Caby S, Dubois-Abdesselem F, Vanderstraete M, Trolet J, Oliveira G, et al. Schistosoma

mansoni Sirtuins: characterization and potential as chemotherapeutic targets. PLoS Negl Trop Dis.

2013; 7(9):e2428. Epub 2013/09/27. https://doi.org/10.1371/journal.pntd.0002428 PMID: 24069483;

PubMed Central PMCID: PMC3772001.

28. Sorci L, Kurnasov O, Rodionov DA, O’sterman AL. Genomics and Enzymology of NAD Biosynthesis.

In: Liu H-WB, Mander L, editors. Comprehensive Natural Products II Oxford: Elsevier; 2010. p. 213–

57.

29. Lin H, Kwan AL, Dutcher SK. Synthesizing and salvaging NAD: lessons learned from Chlamydomonas

reinhardtii. PLoS Genet. 2010; 6(9):e1001105. Epub 2010/09/15. https://doi.org/10.1371/journal.pgen.

1001105 PMID: 20838591; PubMed Central PMCID: PMC2936527.

30. El Sayed SM, Mahmoud AA, El Sawy SA, Abdelaal EA, Fouad AM, Yousif RS, et al. Warburg effect

increases steady-state ROS condition in cancer cells through decreasing their antioxidant capacities

(anticancer effects of 3-bromopyruvate through antagonizing Warburg effect). Med Hypotheses. 2013;

81(5):866–70. Epub 2013/09/28. https://doi.org/10.1016/j.mehy.2013.08.024 PMID: 24071366.

31. Hasmann M, Schemainda I. FK866, a highly specific noncompetitive inhibitor of nicotinamide phosphor-

ibosyltransferase, represents a novel mechanism for induction of tumor cell apoptosis. Cancer Res.

2003; 63(21):7436–42. Epub 2003/11/13. PMID: 14612543.

32. Nahimana A, Attinger A, Aubry D, Greaney P, Ireson C, Thougaard AV, et al. The NAD biosynthesis

inhibitor APO866 has potent antitumor activity against hematologic malignancies. Blood. 2009; 113

(14):3276–86. Epub 2009/02/07. https://doi.org/10.1182/blood-2008-08-173369 PMID: 19196867.

PLOS PATHOGENS Inhibiting the NAD salvage pathway in schistosomes blocks metabolism, reproduction and survival

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008539 May 27, 2020 29 / 32

https://doi.org/10.1371/journal.pntd.0003265
http://www.ncbi.nlm.nih.gov/pubmed/25330312
https://doi.org/10.1186/s13071-019-3442-7
http://www.ncbi.nlm.nih.gov/pubmed/31053083
https://doi.org/10.1590/s0074-02761987000800025
https://doi.org/10.1590/s0074-02761987000800025
http://www.ncbi.nlm.nih.gov/pubmed/3151088
https://doi.org/10.1021/bi050704r
https://doi.org/10.1021/bi050704r
http://www.ncbi.nlm.nih.gov/pubmed/16101292
https://doi.org/10.1016/j.cmet.2015.05.023
http://www.ncbi.nlm.nih.gov/pubmed/26118927
https://doi.org/10.1210/er.2009-0026
https://doi.org/10.1210/er.2009-0026
http://www.ncbi.nlm.nih.gov/pubmed/20007326
https://doi.org/10.1089/ars.2007.1672
https://doi.org/10.1089/ars.2007.1672
http://www.ncbi.nlm.nih.gov/pubmed/18020963
https://doi.org/10.1534/genetics.111.133306
https://doi.org/10.1534/genetics.111.133306
http://www.ncbi.nlm.nih.gov/pubmed/22419079
https://doi.org/10.1016/j.freeradbiomed.2016.08.010
https://doi.org/10.1016/j.freeradbiomed.2016.08.010
http://www.ncbi.nlm.nih.gov/pubmed/27519271
https://doi.org/10.1146/annurev.pathol.4.110807.092250
http://www.ncbi.nlm.nih.gov/pubmed/20078221
https://doi.org/10.2741/2909
https://doi.org/10.2741/2909
http://www.ncbi.nlm.nih.gov/pubmed/17981777
https://doi.org/10.1146/annurev.biochem.74.082803.133500
http://www.ncbi.nlm.nih.gov/pubmed/16756498
https://doi.org/10.1016/j.mam.2013.01.004
http://www.ncbi.nlm.nih.gov/pubmed/23357756
https://doi.org/10.1371/journal.pntd.0002428
http://www.ncbi.nlm.nih.gov/pubmed/24069483
https://doi.org/10.1371/journal.pgen.1001105
https://doi.org/10.1371/journal.pgen.1001105
http://www.ncbi.nlm.nih.gov/pubmed/20838591
https://doi.org/10.1016/j.mehy.2013.08.024
http://www.ncbi.nlm.nih.gov/pubmed/24071366
http://www.ncbi.nlm.nih.gov/pubmed/14612543
https://doi.org/10.1182/blood-2008-08-173369
http://www.ncbi.nlm.nih.gov/pubmed/19196867
https://doi.org/10.1371/journal.ppat.1008539


33. Morais ER, Oliveira KC, Magalhaes LG, Moreira EB, Verjovski-Almeida S, Rodrigues V. Effects of cur-

cumin on the parasite Schistosoma mansoni: a transcriptomic approach. Mol Biochem Parasitol. 2013;

187(2):91–7. Epub 2013/01/02. https://doi.org/10.1016/j.molbiopara.2012.11.006 PMID: 23276630.

34. Berriman M, Haas BJ, LoVerde PT, Wilson RA, Dillon GP, Cerqueira GC, et al. The genome of the

blood fluke Schistosoma mansoni. Nature. 2009; 460(7253):352–8. Epub 2009/07/17. https://doi.org/

10.1038/nature08160 PMID: 19606141; PubMed Central PMCID: PMC2756445.

35. Belenky P, Racette FG, Bogan KL, McClure JM, Smith JS, Brenner C. Nicotinamide riboside promotes

Sir2 silencing and extends lifespan via Nrk and Urh1/Pnp1/Meu1 pathways to NAD+. Cell. 2007; 129

(3):473–84. Epub 2007/05/08. https://doi.org/10.1016/j.cell.2007.03.024 PMID: 17482543.

36. Ma B, Pan SJ, Zupancic ML, Cormack BP. Assimilation of NAD(+) precursors in Candida glabrata. Mol

Microbiol. 2007; 66(1):14–25. Epub 2007/08/30. https://doi.org/10.1111/j.1365-2958.2007.05886.x

PMID: 17725566.

37. Schuber F, Lund FE. Structure and enzymology of ADP-ribosyl cyclases: conserved enzymes that pro-

duce multiple calcium mobilizing metabolites. Curr Mol Med. 2004; 4(3):249–61. Epub 2004/04/23.

https://doi.org/10.2174/1566524043360708 PMID: 15101683.

38. Muller-Steffner H, Jacques SA, Kuhn I, Schultz MD, Botta D, Osswald P, et al. Efficient Inhibition of

SmNACE by Coordination Complexes Is Abolished by S. mansoni Sequestration of Metal. ACS Chem

Biol. 2017; 12(7):1787–95. Epub 2017/05/10. https://doi.org/10.1021/acschembio.7b00186 PMID:

28481502.

39. Huang SC, Freitas TC, Amiel E, Everts B, Pearce EL, Lok JB, et al. Fatty acid oxidation is essential for

egg production by the parasitic flatworm Schistosoma mansoni. PLoS Pathog. 2012; 8(10):e1002996.

Epub 2012/11/08. https://doi.org/10.1371/journal.ppat.1002996 PMID: 23133378; PubMed Central

PMCID: PMC3486914.

40. Tan B, Young DA, Lu ZH, Wang T, Meier TI, Shepard RL, et al. Pharmacological inhibition of nicotin-

amide phosphoribosyltransferase (NAMPT), an enzyme essential for NAD+ biosynthesis, in human

cancer cells: metabolic basis and potential clinical implications. J Biol Chem. 2013; 288(5):3500–11.

Epub 2012/12/15. https://doi.org/10.1074/jbc.M112.394510 PMID: 23239881; PubMed Central PMCID:

PMC3561569.

41. Khan JA, Tao X, Tong L. Molecular basis for the inhibition of human NMPRTase, a novel target for anti-

cancer agents. Nat Struct Mol Biol. 2006; 13(7):582–8. Epub 2006/06/20. https://doi.org/10.1038/

nsmb1105 PMID: 16783377.

42. Kim MK, Lee JH, Kim H, Park SJ, Kim SH, Kang GB, et al. Crystal structure of visfatin/pre-B cell colony-

enhancing factor 1/nicotinamide phosphoribosyltransferase, free and in complex with the anti-cancer

agent FK-866. J Mol Biol. 2006; 362(1):66–77. Epub 2006/08/12. https://doi.org/10.1016/j.jmb.2006.06.

082 PMID: 16901503.

43. Rost B, Yachdav G, Liu J. The PredictProtein server. Nucleic Acids Res. 2004; 32(Web Server issue):

W321–6. Epub 2004/06/25. https://doi.org/10.1093/nar/gkh377 PMID: 15215403; PubMed Central

PMCID: PMC441515.

44. Botta D, Jacobson MK. Identification of a regulatory segment of poly(ADP-ribose) glycohydrolase. Bio-

chemistry. 2010; 49(35):7674–82. Epub 2010/08/06. https://doi.org/10.1021/bi100973m PMID:

20684510; PubMed Central PMCID: PMC2939713.

45. Cea M, Cagnetta A, Fulciniti M, Tai YT, Hideshima T, Chauhan D, et al. Targeting NAD+ salvage path-

way induces autophagy in multiple myeloma cells via mTORC1 and extracellular signal-regulated

kinase (ERK1/2) inhibition. Blood. 2012; 120(17):3519–29. Epub 2012/09/08. https://doi.org/10.1182/

blood-2012-03-416776 PMID: 22955917; PubMed Central PMCID: PMC3482862.

46. Howe S, Zophel D, Subbaraman H, Unger C, Held J, Engleitner T, et al. Lactate as a novel quantitative

measure of viability in Schistosoma mansoni drug sensitivity assays. Antimicrob Agents Chemother.

2015; 59(2):1193–9. Epub 2014/12/10. https://doi.org/10.1128/AAC.03809-14 PMID: 25487803;

PubMed Central PMCID: PMC4335854.

47. Marcellino C, Gut J, Lim KC, Singh R, McKerrow J, Sakanari J. WormAssay: a novel computer applica-

tion for whole-plate motion-based screening of macroscopic parasites. PLoS Negl Trop Dis. 2012; 6(1):

e1494. Epub 2012/02/04. https://doi.org/10.1371/journal.pntd.0001494 PMID: 22303493; PubMed

Central PMCID: PMC3269415.

48. Bruzzone S, Fruscione F, Morando S, Ferrando T, Poggi A, Garuti A, et al. Catastrophic NAD+ deple-

tion in activated T lymphocytes through Nampt inhibition reduces demyelination and disability in EAE.

PLoS One. 2009; 4(11):e7897. Epub 2009/11/26. https://doi.org/10.1371/journal.pone.0007897 PMID:

19936064; PubMed Central PMCID: PMC2774509.

49. Olesen UH, Thougaard AV, Jensen PB, Sehested M. A preclinical study on the rescue of normal tissue

by nicotinic acid in high-dose treatment with APO866, a specific nicotinamide

PLOS PATHOGENS Inhibiting the NAD salvage pathway in schistosomes blocks metabolism, reproduction and survival

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008539 May 27, 2020 30 / 32

https://doi.org/10.1016/j.molbiopara.2012.11.006
http://www.ncbi.nlm.nih.gov/pubmed/23276630
https://doi.org/10.1038/nature08160
https://doi.org/10.1038/nature08160
http://www.ncbi.nlm.nih.gov/pubmed/19606141
https://doi.org/10.1016/j.cell.2007.03.024
http://www.ncbi.nlm.nih.gov/pubmed/17482543
https://doi.org/10.1111/j.1365-2958.2007.05886.x
http://www.ncbi.nlm.nih.gov/pubmed/17725566
https://doi.org/10.2174/1566524043360708
http://www.ncbi.nlm.nih.gov/pubmed/15101683
https://doi.org/10.1021/acschembio.7b00186
http://www.ncbi.nlm.nih.gov/pubmed/28481502
https://doi.org/10.1371/journal.ppat.1002996
http://www.ncbi.nlm.nih.gov/pubmed/23133378
https://doi.org/10.1074/jbc.M112.394510
http://www.ncbi.nlm.nih.gov/pubmed/23239881
https://doi.org/10.1038/nsmb1105
https://doi.org/10.1038/nsmb1105
http://www.ncbi.nlm.nih.gov/pubmed/16783377
https://doi.org/10.1016/j.jmb.2006.06.082
https://doi.org/10.1016/j.jmb.2006.06.082
http://www.ncbi.nlm.nih.gov/pubmed/16901503
https://doi.org/10.1093/nar/gkh377
http://www.ncbi.nlm.nih.gov/pubmed/15215403
https://doi.org/10.1021/bi100973m
http://www.ncbi.nlm.nih.gov/pubmed/20684510
https://doi.org/10.1182/blood-2012-03-416776
https://doi.org/10.1182/blood-2012-03-416776
http://www.ncbi.nlm.nih.gov/pubmed/22955917
https://doi.org/10.1128/AAC.03809-14
http://www.ncbi.nlm.nih.gov/pubmed/25487803
https://doi.org/10.1371/journal.pntd.0001494
http://www.ncbi.nlm.nih.gov/pubmed/22303493
https://doi.org/10.1371/journal.pone.0007897
http://www.ncbi.nlm.nih.gov/pubmed/19936064
https://doi.org/10.1371/journal.ppat.1008539


phosphoribosyltransferase inhibitor. Mol Cancer Ther. 2010; 9(6):1609–17. Epub 2010/06/03. https://

doi.org/10.1158/1535-7163.MCT-09-1130 PMID: 20515945.

50. O’Hara JK, Kerwin LJ, Cobbold SA, Tai J, Bedell TA, Reider PJ, et al. Targeting NAD+ metabolism in

the human malaria parasite Plasmodium falciparum. PLoS One. 2014; 9(4):e94061. Epub 2014/04/22.

https://doi.org/10.1371/journal.pone.0094061 PMID: 24747974; PubMed Central PMCID:

PMC3991606.

51. Gazanion E, Garcia D, Silvestre R, Gerard C, Guichou JF, Labesse G, et al. The Leishmania nicotinami-

dase is essential for NAD+ production and parasite proliferation. Mol Microbiol. 2011; 82(1):21–38.

Epub 2011/08/09. https://doi.org/10.1111/j.1365-2958.2011.07799.x PMID: 21819459.

52. Vrablik TL, Huang L, Lange SE, Hanna-Rose W. Nicotinamidase modulation of NAD+ biosynthesis and

nicotinamide levels separately affect reproductive development and cell survival in C. elegans. Develop-

ment. 2009; 136(21):3637–46. Epub 2009/10/13. https://doi.org/10.1242/dev.028431 PMID: 19820182;

PubMed Central PMCID: PMC2761111.

53. Skelly PJ, Da’dara AA, Li XH, Castro-Borges W, Wilson RA. Schistosome feeding and regurgitation.

PLoS Pathog. 2014; 10(8):e1004246. Epub 2014/08/15. https://doi.org/10.1371/journal.ppat.1004246

PMID: 25121497; PubMed Central PMCID: PMC4133383.

54. Fripp PJ. The sites of (1-14C) glucose assimilation in Schistosoma haematobium. Comp Biochem Phy-

siol. 1967; 23(3):893–8. Epub 1967/12/01. https://doi.org/10.1016/0010-406x(67)90349-0 PMID:

6079424.

55. Bueding E. Carbohydrate metabolism of schistosoma mansoni. J Gen Physiol. 1950; 33(5):475–95.

Epub 1950/05/20. https://doi.org/10.1085/jgp.33.5.475 PMID: 15422103; PubMed Central PMCID:

PMC2147213.

56. Cheever AW, Macedonia JG, Mosimann JE, Cheever EA. Kinetics of egg production and egg excretion

by Schistosoma mansoni and S. japonicum in mice infected with a single pair of worms. Am J Trop Med

Hyg. 1994; 50(3):281–95. Epub 1994/03/01. https://doi.org/10.4269/ajtmh.1994.50.281 PMID:

8147487.

57. Popiel I. The reproductive biology of schistosomes. Parasitol Today. 1986; 2(1):10–5. Epub 1986/01/

01. https://doi.org/10.1016/0169-4758(86)90068-2 PMID: 15462720.

58. Venkateshaiah SU, Khan S, Ling W, Bam R, Li X, van Rhee F, et al. NAMPT/PBEF1 enzymatic activity

is indispensable for myeloma cell growth and osteoclast activity. Exp Hematol. 2013; 41(6):547–57 e2.

Epub 2013/02/26. https://doi.org/10.1016/j.exphem.2013.02.008 PMID: 23435312; PubMed Central

PMCID: PMC4648259.

59. Morandi F, Horenstein AL, Costa F, Giuliani N, Pistoia V, Malavasi F. CD38: A Target for Immunothera-

peutic Approaches in Multiple Myeloma. Front Immunol. 2018; 9:2722. Epub 2018/12/14. https://doi.

org/10.3389/fimmu.2018.02722 PMID: 30546360; PubMed Central PMCID: PMC6279879.

60. Chiarugi A, Dolle C, Felici R, Ziegler M. The NAD metabolome—a key determinant of cancer cell biol-

ogy. Nat Rev Cancer. 2012; 12(11):741–52. Epub 2012/09/29. https://doi.org/10.1038/nrc3340 PMID:

23018234.

61. Brunnbauer P, Leder A, Kamali C, Kamali K, Keshi E, Splith K, et al. The nanomolar sensing of nicotin-

amide adenine dinucleotide in human plasma using a cycling assay in albumin modified simulated body

fluids. Sci Rep. 2018; 8(1):16110. Epub 2018/11/02. https://doi.org/10.1038/s41598-018-34350-6

PMID: 30382125; PubMed Central PMCID: PMC6208386.

62. Nikiforov A, Kulikova V, Ziegler M. The human NAD metabolome: Functions, metabolism and compart-

mentalization. Crit Rev Biochem Mol Biol. 2015; 50(4):284–97. Epub 2015/04/04. https://doi.org/10.

3109/10409238.2015.1028612 PMID: 25837229; PubMed Central PMCID: PMC4673589.

63. Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z, Miller W, et al. Gapped BLAST and PSI-

BLAST: a new generation of protein database search programs. Nucleic Acids Res. 1997; 25

(17):3389–402. Epub 1997/09/01. https://doi.org/10.1093/nar/25.17.3389 PMID: 9254694; PubMed

Central PMCID: PMC146917.

64. Boratyn GM, Schaffer AA, Agarwala R, Altschul SF, Lipman DJ, Madden TL. Domain enhanced lookup

time accelerated BLAST. Biol Direct. 2012; 7:12. Epub 2012/04/19. https://doi.org/10.1186/1745-6150-

7-12 PMID: 22510480; PubMed Central PMCID: PMC3438057.

65. Guex N, Peitsch MC, Schwede T. Automated comparative protein structure modeling with SWISS-

MODEL and Swiss-PdbViewer: a historical perspective. Electrophoresis. 2009; 30 Suppl 1:S162–73.

Epub 2009/06/12. https://doi.org/10.1002/elps.200900140 PMID: 19517507.

66. Waterhouse A, Bertoni M, Bienert S, Studer G, Tauriello G, Gumienny R, et al. SWISS-MODEL: homol-

ogy modelling of protein structures and complexes. Nucleic Acids Res. 2018; 46(W1):W296–W303.

Epub 2018/05/23. https://doi.org/10.1093/nar/gky427 PMID: 29788355; PubMed Central PMCID:

PMC6030848.

PLOS PATHOGENS Inhibiting the NAD salvage pathway in schistosomes blocks metabolism, reproduction and survival

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008539 May 27, 2020 31 / 32

https://doi.org/10.1158/1535-7163.MCT-09-1130
https://doi.org/10.1158/1535-7163.MCT-09-1130
http://www.ncbi.nlm.nih.gov/pubmed/20515945
https://doi.org/10.1371/journal.pone.0094061
http://www.ncbi.nlm.nih.gov/pubmed/24747974
https://doi.org/10.1111/j.1365-2958.2011.07799.x
http://www.ncbi.nlm.nih.gov/pubmed/21819459
https://doi.org/10.1242/dev.028431
http://www.ncbi.nlm.nih.gov/pubmed/19820182
https://doi.org/10.1371/journal.ppat.1004246
http://www.ncbi.nlm.nih.gov/pubmed/25121497
https://doi.org/10.1016/0010-406x(67)90349-0
http://www.ncbi.nlm.nih.gov/pubmed/6079424
https://doi.org/10.1085/jgp.33.5.475
http://www.ncbi.nlm.nih.gov/pubmed/15422103
https://doi.org/10.4269/ajtmh.1994.50.281
http://www.ncbi.nlm.nih.gov/pubmed/8147487
https://doi.org/10.1016/0169-4758(86)90068-2
http://www.ncbi.nlm.nih.gov/pubmed/15462720
https://doi.org/10.1016/j.exphem.2013.02.008
http://www.ncbi.nlm.nih.gov/pubmed/23435312
https://doi.org/10.3389/fimmu.2018.02722
https://doi.org/10.3389/fimmu.2018.02722
http://www.ncbi.nlm.nih.gov/pubmed/30546360
https://doi.org/10.1038/nrc3340
http://www.ncbi.nlm.nih.gov/pubmed/23018234
https://doi.org/10.1038/s41598-018-34350-6
http://www.ncbi.nlm.nih.gov/pubmed/30382125
https://doi.org/10.3109/10409238.2015.1028612
https://doi.org/10.3109/10409238.2015.1028612
http://www.ncbi.nlm.nih.gov/pubmed/25837229
https://doi.org/10.1093/nar/25.17.3389
http://www.ncbi.nlm.nih.gov/pubmed/9254694
https://doi.org/10.1186/1745-6150-7-12
https://doi.org/10.1186/1745-6150-7-12
http://www.ncbi.nlm.nih.gov/pubmed/22510480
https://doi.org/10.1002/elps.200900140
http://www.ncbi.nlm.nih.gov/pubmed/19517507
https://doi.org/10.1093/nar/gky427
http://www.ncbi.nlm.nih.gov/pubmed/29788355
https://doi.org/10.1371/journal.ppat.1008539


67. De Ingeniis J, Kazanov MD, Shatalin K, Gelfand MS, Osterman AL, Sorci L. Glutamine versus ammonia

utilization in the NAD synthetase family. PLoS One. 2012; 7(6):e39115. Epub 2012/06/22. https://doi.

org/10.1371/journal.pone.0039115 PMID: 22720044; PubMed Central PMCID: PMC3376133.

PLOS PATHOGENS Inhibiting the NAD salvage pathway in schistosomes blocks metabolism, reproduction and survival

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008539 May 27, 2020 32 / 32

https://doi.org/10.1371/journal.pone.0039115
https://doi.org/10.1371/journal.pone.0039115
http://www.ncbi.nlm.nih.gov/pubmed/22720044
https://doi.org/10.1371/journal.ppat.1008539

