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Abstract: Despite significant and coordinated efforts to combat schistosomiasis, such as providing clean water,
sanitation, hygiene, and snail control, these strategies still fall short, as regions previously thought to be disease-
free have shown active schistosomiasis transmission. Therefore, it is necessary to implement integrated control
methods, emphasizing vaccine development for sustainable control of schistosomiasis. Vaccination has signifi-
cantly contributed to global healthcare and has been the most economically friendly method for avoiding pathogenic
infections. Over the years, different vaccine candidates for schistosomiasis have been investigated with varying
degrees of success in clinical trials with many not proceeding past the early clinical phase. Recently, proteins have
been mentioned as targets for drug discovery and vaccine development, especially those with multiple functions in
schistosomes. Moonlighting proteins are a class of proteins that can perform several functions besides their known
functions. This multifunctional property is believed to have been expressed through evolution, where the polypep-
tide chain gained the ability to perform other tasks without undergoing any structural changes. Since proteins
have gained more traction as drug targets, multifunctional proteins have thus become attractive for discovering
and developing novel drugs since the drug can target more than one function. Moonlighting proteins are promis-
ing drug and vaccine candidates for diseases such as schistosomiasis, since they aid in disease promotion in the
human host. This manuscript elucidates vital moonlighting proteins used by schistosomes to drive their life cycle
and to ensure their survival in the human host, which can be used to develop anti-schistosomal therapeutics and
vaccinomics.
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Introduction tobium, S. japonicum, and S. mansoni [6, 7].

The disease is more common in poor rural

Schistosomiasis, a neglected tropical disease
(NTD), is sub-Saharan Africa’'s second most
prevalent parasitic disease [1]. It is a major
global zoonosis with adverse medical and
financial effects as it affects over 240 million
people, with 800 million at risk of infection [2].
It is also responsible for more than 500,000
people dying annually [3, 4]. The disease is
endemic in more than 76 countries, with coun-
tries such as Nigeria, Tanzania, Venezuela, and
Brazil experiencing the heaviest disease bur-
den [5]. In humans, the disease is predomi-
nantly caused by three species of parasitic flat-
worms of the genus Schistosoma: S. haema-

areas where dwellers use schistosome-infested
freshwaters in their daily lives, such as wash-
ing clothes, cooking, and bathing [8]. It is also
more prevalent in school-aged children and
leads to impaired cognition, undernourishment,
and anemia [8, 9]. Although schistosomiasis
has a low mortality rate, it leads to a reduction
in the quality of life by over 70 million disability-
adjusted life years (DALYs) annually [10], which
results in severe morbidity and mortality [11].

Infection in humans begins when cercariae
penetrate human host skin, which causes a
macular rash that can be seen within 24 hours
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of infection [12, 13]. The cercariae then mature
and enter the venous circulation, feeding on
blood while migrating to the liver, where they
develop into adult worms that mate and pro-
duce 500 to 3500 eggs daily [5]. These eggs
can then migrate to different organs in the
body, predisposing the host to various diseases
such as HIV and cancer due to tissue scarring
and inflammation [14, 15]. The parasites can
survive in the human body for over 40 years
without any disturbance because they are coat-
ed with and express multiple proteins that play
more than one key role in the life cycle of these
worms; these proteins are called moonlighting
proteins. This review discusses the moonlight-
ing proteins expressed in Schistosoma worms
throughout their life cycle, which can serve as
new therapeutic agents and vaccine candi-
dates for schistosomiasis.

Drug discovery and vaccine development in
NTDs

Healthcare systems constantly require new
drugs to treat diseases in various endemic
areas. The pharmaceutical sector continually
works to bring new medicines to the market
through the challenging processes of drug dis-
covery and development. The discovery pro-
cess includes several steps, including selecting
the target and its validation, identifying hits,
generating and optimizing leads, and identify-
ing candidates for further development [16].
Drug development includes improving chemical
synthesis and formulation, performing animal
toxicology studies, conducting clinical trials,
and ultimately receiving regulatory approval
[16].

Twenty diseases are categorized as NTDs, and
these collectively affect over two billion individ-
uals globally, accounting for approximately 11%
of the global disease burden and causing over
35000 deaths daily [17, 18]. These illnesses
are primarily found in tropical and subtropical
regions and are caused by bacteria, viruses,
fungi, parasites, and toxins. NTDs significantly
infect vulnerable individuals with poverty, social
exclusion, location, or unusual way of life, caus-
ing considerable suffering, disability, and death
[19]. Unfortunately, there is inadequate prog-
ress in developing new treatments for these
diseases due to insufficient funding and being
ignored by pharmaceutical companies in favor
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of the “big three diseases”: tuberculosis, ma-
laria, and HIV/AIDS [17]. The World Health
Organization (WHO) vouched that it will elimi-
nate five diseases (leprosy, sleeping sickness,
blinding trachoma, Guinea worm disease, and
lymphatic filariasis) and control five diseases
(schistosomiasis, helminthiases, visceral leish-
maniasis, onchocerciasis, and Chagas disease)
by the year 2020 [18]. Regrettably, the lack of
safe, inexpensive, and effective drugs has
played a role in hindering this goal. In the new
2030 WHO roadmap, the organization aims to
eliminate five of the most prevalent NTDs (tra-
choma, soil-transmitted helminthiases [STHs],
schistosomiasis, lymphatic filariasis, and on-
chocerciasis) [20].

Over the years, only a few new drugs have been
developed that are solely dedicated to NTDs.
From 1975 to 2011, among the 2243 new
drugs that were approved, only 18 (0.8%) were
directed towards NTDs [18]. Recently, drug re-
purposing has gained much traction for eradi-
cating NTDs, especially drugs initially used for
disease control in animals. Oxantel pamoate, a
veterinary medicine, has demonstrated high
efficacy against human trichuriasis (whipworm)
[24, 22]. It has recently shown high clinical effi-
cacy against hookworm infections when com-
bined with albendazole and pyrantel pamoate.
Similarly, two other veterinary medications,
emodepside, and moxidectin, are presently
being tested in human clinical trials for oncho-
cerciasis, possibly having action against sever-
al human helminths [23]. With combined efforts
from governments and pharmaceutical com-
panies, progress can be made in developing
novel drugs and combining therapies to com-
bat NTDs.

Past and present drugs used for the treatment
of schistosomiasis

Over the years, multiple drugs have been de-
veloped to treat schistosomiasis, even though
their use had drawbacks (Table 1). One of these
drugs was metrifonate, previously known as tri-
chlorfon, which is a compound used to treat
urinary schistosomiasis. Bayer discovered the
drug as an insecticide, but indirect use in
humans led to its discovery as highly effective
against S. haematobium [24]. Metrifonate has
no activity against the other Schistosoma spe-
cies due to its incomplete metabolism as an
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Table 1. Mechanism of action and limitations of past and present schistosomiasis treatments

Drug Parasite

Study type Mechanism

Drawbacks

Praziquantel S. mansoni, S. haematobium, Human Disruption of Ca?* homeostasis, thus  Failure to kill juvenile worms and prevent

and S. japonicum

Metrifonate ~S. haematobium Hamster  Inhibition of acetylcholinesterase.

altering the worm’s tegument. reinfection.

It is only effective on S. haematobium species;
a higher drug dosage is required. The drug
was also less effective compared to PZQ.

OXA S. mansoni Mice Alkylates schistosome DNA once itis  Ineffective against S. haematobium and

transformed into its active state.

S. japonicum, but S. mansoni strains were
resistant to the drug.

Artemisinin  S. mansoni, S. haematobium, Human  Modifies the glycogen contents, which  Less effective against all strains of adult

and S. japonicum

brings about morphological changes  worms.
in the worm.

Mefloquine S. mansoni Mice Interferes with the glycolytic pathway.  Requires higher dosage to decrease worm

burden.

effective acetylcholinesterase inhibitor and
organophosphate [25]. Studies by Doehring
and colleagues [26] suggest that metrifonate
may also be effective against S. mansoni
strains but that the position of the worms may
make them resistant to the medication. The dif-
ferences in cholinoceptors between the various
schistosome species may also contribute to
the distinct ways metrifonate affects different
schistosome species [24]. Despite this,
Shekhar [27] concluded it was the best for
treating urinary schistosomiasis; however, the
administration of multiple doses during treat-
ment made the drug lose public approval and
acceptance [28, 29].

Additionally, the drug was less effective com-
pared to Praziquantel (PZQ), the current gold
treatment for all schistosome infections, and
its exact mechanism of action against S. hae-
matobium strains still needs to be elucidated
[30]. However, James and colleagues [31] sug-
gested that the worm is transported to the
lungs, where metrifonate hinders its develop-
ment by inhibiting acetylcholinesterase, an
enzyme found in the muscles and nerves of the
parasite. This disrupts schistosome nerve sig-
nals, which induces muscular spasms [32].

Oxamniquine (OXA), unquestionably not a novel
medication, was used to treat millions of S.
mansoni-infected individuals long before PZQ
was made available. The primary drawback of
the drug is that it is ineffective against S. hae-
matobium and S. japonicum strains, which has
deterred its use outside South America since
these other regions are only mostly affected by
S. mansoni strains [33, 34]. This is because
sulfotransferase, which is exclusively present in
S. mansoni strains, converts this drug into its
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active form [35], which results in an electrophil-
ic reactant that dissociates non-enzymatically
and alkylates schistosome DNA once it is trans-
formed to its active state (sulfate ester) [36].
This causes nucleic acid creation to be inhibit-
ed, protein synthesis to be disrupted, and the
parasite to be delayed in death and destruction
[37, 38]. Male worms are significantly more vul-
nerable to OXA than female worms, and like
PZQ, OXA is more effective against adult worms
than juvenile stages [34]. The drug is also
deemed safe, with limited and mild side effects,
such as dizziness [39]. Although this drug has
been used for over two decades, some resis-
tant S. mansoni strains have been reported
[40], which may be caused by a single autoso-
mal recessive gene encoding a sulfotransfer-
ase [41]. PZQ has, however, replaced OXA due
to its effectiveness and cost efficiency [42].

Since the repurposing of drugs has become an
alternative for disease control, artemisinin, a
sesquiterpene lactone usually used to treat
malaria due to the active pharmacophore it
contains, has recently become a drug of inter-
est. Semi-synthetic derivatives of artemisinin,
such as artemether (ART) and artesunate (AS),
have proven able to treat human schistosomia-
sis [43]. Unlike PZQ and OXA, ART and AS are
very active against juvenile worms while less
effective against adult worms and their inva-
sive stages [44]. Adult female worms are also
somewhat more vulnerable to ART than male
worms compared to OXA. Artemisinin’s specific
mode of action against schistosomes is cur-
rently unknown. However, data suggest that it
modifies the glycogen content of the organ-
isms, bringing about morphologic changes akin
to those brought on by PZQ [29]. Clinical trials
have shown that, compared to PZQ, artemisinin
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derivatives alone have low cure rates; however,
recent studies have indicated that using arte-
misinin in conjunction with PZQ can raise the
cure rates for schistosomiasis [45, 46]. This is
due to the artemisinin’s ability to kill juvenile
worms, while PZQ kills adult worms, preventing
reinfection [47]. Although the use of PZQ com-
bined with artemisinin is of great interest for
the treatment of schistosomiasis, the risk that
artemisinin may encourage the development of
drug-resistant plasmodia in malarial co-endem-
ic areas limits its use against schistosomiasis
[48].

Mefloquine, an antimalarial agent, has been
suggested as a candidate schistosomicide [49,
50]. An investigation into the effect of meflo-
quine on multidrug resistance in vertebrates,
anti-helminthic resistance, and the presence
of two relevant genes in S. mansoni has led to
the hypothesis that mefloquine may have anti-
schistosomal activity. Van Nassauw and col-
leagues [50] investigated this hypothesis by
administering 150 mg/kg to mice infected with
adult S. mansoni worms. The results showed
that while the drug dramatically decreased the
number of eggs, it did not affect worm burden.
Additional in vivo research showed that a single
dose of 200 mg/kg of mefloquine exhibits
potent action against S. mansoni, reducing the
overall worm load by 72.3% [51].

On the other hand, infected mice receiving oral
administration of a higher dose at 400 mg/kg
experienced worm burden reductions of 86.7%
and 95.1% for immature and mature female
worms respectively [49, 52]. Mefloquine causes
extensive and severe morphologic, histopatho-
logical, and ultrastructural damage to adult and
juvenile schistosomes, with the worm tegu-
ment, musculature, gut, and vitelline glands of
female worms as the critical sites attacked by
the drug [53-56]. In an early clinical trial, me-
floquine and AS showed higher cure rates
against S. haematobium and S. mansoni in-
fections than the combination therapy using
mefloquine and PZQ [57, 58]. Additionally, sev-
eral mefloquine-related arylmethanols showed
potential effects against schistosomes in vivo,
which is a valuable clue for developing new
anti-schistosomal drugs [51].

In the 1970s, PZQ was introduced as a chemo-
therapeutic drug to treat schistosomiasis. The
drug was initially used to treat veterinary ces-

4282

todes but later met the WHO'’s requirements for
treating human schistosomiasis [43]. PZQ is
mass-administered in endemic areas because
it is cost-effective and readily available [28]. It
is ingested with food and drink to minimize gas-
trointestinal side effects and acts within an
hour of ingestion. However, its mechanism of
action against the adult worm is unknown [59-
61]. Based on the stage within the worm’s life
cycle, the drug has bimodal activity with two
evident phases against schistosomes [62]. The
drug is less effective during the first few days of
infection, with decreased efficacy as the dis-
ease progresses three to 21 days post-infec-
tion [62]. However, when egg production be-
gins, approximately 42 days post-infection, the
worm becomes more prone to disruption by the
drug [54]. Although PZQ is currently the only
drug for treating schistosomiasis, its exact
mode of action and molecular targets remain
unknown, and the difference in efficacy against
juvenile and mature worms remains to be
established [63]. However, it has been widely
and severally postulated that PZQ causes te-
tanic contractions and disruption of tegumen-
tal vacuoles by altering the membrane perme-
ability of adult worms [59]. The initial effects of
the drug include intense muscle contractions
and later paralysis caused by the disruption of
calcium ion (Ca?") homeostasis, which leads to
an increase in Ca?" influx [41]. This causes the
worms to detach from the veins and be trans-
ported to the liver, where they are eliminated
[62]. Since PZQ affects different developmen-
tal stages of schistosomes, it causes contrac-
tion of the middle region when exposed to mira-
cidia, giving it a dumbbell-like structure. In
contrast, exposure of the drug to cercariae
leads to morphological and biological changes
in the tegument [62]. Even though the sporo-
cysts survive when exposed to PZQ, they are
susceptible to tegumental damage [64].

Although the drug has a cure rate of 60% to
90%, recent studies have revealed the emer-
gence of PZQ-resistant schistosome strains in
certain parts of Egypt and Kenya [60, 65] due
to drug pressure and the incapability of the
drug to Kill juvenile worms [62, 63]. It is, there-
fore, crucial to investigate new possible drug
targets that will serve as the basis for deve-
loping new anti-schistosomal drugs. Over the
years, enzymes have become attractive thera-
peutic agents because of their biochemical
roles in sustaining life [66]. These enzymes are
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moonlighting proteins, which play various roles
in disease progression.

Vaccines under clinical trials for schistosomia-
sis

Vaccines have historically been proven to be
the most effective way of controlling diseases
caused by pathogens [67]. Vaccination resis-
tance is so uncommon that vaccines have been
seen as key to fighting pathogen resistance
[68]. Smallpox, for example, was eradicated
because no viral strains that could spread
between vaccinated people ever arose [69].
Another benefit of vaccination is that it incre-
ases immunity against multiple targets on a
pathogen compared to drugs [68]. Upon vacci-
nation, the innate immune system will detect
whether it is a threat by recognizing tiny subre-
gions that stimulate the immunological recogni-
tion of epitopes [70]. This stimulus will then
elicit responses from multiple components of
the innate immune system, which will opsonize
or adhere to the agent, assisting in its engulf-
ment by antigen-presenting cells like macro-
phages or monocytes [70]. These antigen-pre-
senting cells will subsequently process the
antigens from the pathogenic agent, which will
then attach the processed antigen and the
major histocompatibility complex (MHC) pro-
tein to their surface [70]. Should the antigen be
viral, it will bind to the MHC | protein and be
delivered to a CD8 cell by the antigen-present-
ing cell, which aids in the control of intracellu-
lar infections, thereby initiating cell-mediated
immunity [71]. Suppose it is a bacterial or para-
site antigen; it will be associated with the MHC
Il protein and be delivered by the antigen-pre-
senting cell to a CD4 cell, triggering an anti-
body-mediated response and assisting B-cells
in controlling extracellular infections [71]. The-
se CD4 cells are classified into two types: Type
1 T helper (Th1) and Type 2 T helper (Th2) cells,
where the former aid in the promotion of cell-
mediated immunity and the latter aid in the pro-
motion of antibody-mediated immunity [72].

For schistosomal infections, the Th1 response,
with elevated levels of tumor necrosis factor
(TNF-a) and interferon-gamma (IFN-y), relates
to the acute phase of disease as a response to
the invading pathogen [61]. On the other hand,
continuous exposure to cercariae-infested wa-
ters causes the generation of other pro-inflam-
matory cytokines [73]. This cytokine pattern
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may explain the altered state of acute schisto-
somiasis [74]. If the disease is ignored for an
extended period, it can progress to a chronic
infection caused by eggs in various locations in
the human body and the activation of the Th2
response, which is mediated by Interleukin (IL)-
4 and IL-13 cytokines [73]. During this stage,
inflammatory cells are gradually eliminated and
replaced by fibrosis [75]. Since the adult worms
are covered with host antigens, they can per-
sist in the bloodstream for years without being
detected by the immune system [14].

Initiatives such as managing snail intermediate
hosts and water, sanitation, and hygiene pro-
grams have had little to no effect on controlling
schistosomiasis [76]. These flaws show that
control measures could be more effective at
stopping transmission by necessitating the ad-
option of new control strategies. Even though
these hygiene programs have been implement-
ed to reduce pathogen infections, vaccination
will still play a crucial role in global health [76].
Although there is no vaccine against human
schistosomiasis, recent research has shown
that developing and administering vaccines will
more effectively encourage long-term protec-
tion against the disease [77]. The schistosome
life cycle is very complex, which makes it par-
ticularly difficult to produce viable vaccine tar-
gets, but it also offers a chance to do so. The
fact that schistosomes do not increase in the
human host may be of the utmost significance,
making even a small reduction in worm load
brought on by a vaccine highly beneficial to
managing schistosomiasis [78].

The type of schistosomiasis vaccine candidates
that should be considered for development and
what qualities make a successful vaccination
drive have been the subject of various experts’
recommendations over the past few decades.
However, it has been agreed that an effective
prophylactic vaccine should reduce adult worm
burden by 75% in immunized individuals. It
should also minimize egg excretion rates by
close to 75%, according to the Preferred Pro-
duct Characteristics (PPC) [79, 80]. It would
also be advantageous to have a vaccine that
reduces egg production but leaves non-patho-
genic worms intact to maintain natural immu-
nity [80]. Although many antigens promise to
protect against schistosomiasis, few have
made it to human clinical trials. This is mainly
because most identified antigens have been
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tested only in mice, which may not accurately
reflect their action in the human body. For
example, in naive mice, over 68% of S. mansoni
cercariae fail to develop into adult worms [81].
Choosing suitable animal models for creating a
schistosomiasis vaccine is thus crucial. It has
been suggested that promising vaccine candi-
dates should be studied in non-human pri-
mates, such as baboons, which are natural
hosts of schistosomes. Cercarial infections in
baboons lead to nearly 90% maturation into
adult worms, as in humans [81].

Creating a vaccine to combat schistosomiasis
is a challenging task, which is made more diffi-
cult by the production of host Immunoglobulin
E (IgE), which can cause allergic reactions and
increase the risk of granulomas and fibrosis
due to egg-induced responses [82]. Amidst
these challenges, there are reasons to be opti-
mistic about developing schistosomiasis vac-
cines. Several antigens have been identified
and tested against one or more primary schis-
tosome species over the past three decades
[82]. However, only three recombinant antigens
have progressed to various stages of human
clinical trials (Table 2). These include S. man-
soni tetraspanin (Sm-TSP-2), a 9-kilodalton
(kDa) surface antigen [83], S. mansoni 14-kDa
fatty acid-binding protein (Sm14), and S. hae-
matobium 28-kD glutathione S-transferase
(Sh28GST) [3, 84]. Due to its efficacy, the
fourth antigen, the major subunit of S. mansoni
calpain (Sm-p80), has been cleared for human
clinical trials [85].

Sm-TSP-2: Schistosomes contain TSPs, pro-
teins on the surface membrane, and scaffold
[86], which play a vital role in regulating the
functions of other membrane proteins and in
tegument formation and trafficking [87]. Sm-
TSP-1 and Sm-TSP-2 are the two primary types
of TSPs produced by S. mansoni [88]. The four
transmembrane domains of schistosome TSPs
are connected by extracellular loops easily visi-
ble to the host’s immune system. Tran and col-
leagues [88] focused on the Sm-TSP-2 antigen
because it is significantly identified by 1gG1
and 1gG3 from putatively resistant individuals,
unlike Sm-TSP-1 [89]. These antibodies are
observed in normal immunological responses
in healthy persons. In studies using either Sm-
TSP-2 or a combination of Sm-TSP-2 and 5B (an
immunogenic region of the Na-APR-1 hook-
worm vaccine), significant levels of protection
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against S. mansoni infections were observed
[89, 90]. These vaccines were formulated with
alum/CpG, which led to a 25% to 58% reduc-
tion in worm burdens and a 27% to 56% re-
duction in tissue egg burdens, respectively;
these vaccines also induced humoral immune
responses [89, 90]. In another study, mice
inoculated with an Sm-TSP-2/Sm29 chimera
led to a decrease of 51% in adult worms and
generated Thl-type immune responses [90]. In
addition, sera from chronically infected patients
living in regions where S. mansoni and hook-
worm co-exist did not contain Sm-TSP-2-
specific or Sm-TSP-2/5B chimeric IgE antibod-
ies [90].

The Sm-TSP-2/Alhydrogel® vaccine was started
in Phase 1a clinical trials in healthy adults from
an S. mansoni non-endemic location in 2014.
The study’s findings demonstrated no adverse
vaccination-related effects and that the vac-
cine was secure and well-tolerated. After the
second booster, the vaccination produced a
dose-dependent peak in Sm-TSP-2-specific IgG
[91]. The dose-escalation Phase 1b research
evaluated the immunogenicity, safety, and tol-
erability of Sm-TSP-2/Alhydrogel® with or with-
out AP 10-701 in random healthy persons
exposed to S. mansoni infections from an
endemic area in Brazil (https://clinicaltrials.
gov/ct2/show/NCT03110757). The study was
completed in 2019, but the results have not yet
been published. Phase 1 and 2b trials are cur-
rently being conducted to investigate the dose-
escalation safety, immunogenicity, and effec-
tiveness of Sm-TSP-2/Alhydrogel® with or with-
out AP 10-701 in healthy Ugandan adults. At
the same time, the impact of the vaccine on S.
haematobium-infected individuals is also being
evaluated (https://clinicaltrials.gov/ct2/show/
NCT03910972).

Sm14: Since schistosomes lack oxygen-depen-
dent mechanisms to synthesize sterols and
fatty acids, the parasite must rely solely on its
host to synthesize these organic molecules
[92]. The parasite, therefore, utilizes fatty acid-
binding proteins (FABPs) to take up, transport,
and compartmentalize these fatty acids derived
from the host [92]. The first FABP homolog dis-
covered in helminths was the 14 kDa S. man-
soni (Sm14) antigen [84], which led to other
FABPs in several helminth species. Brito and
colleagues [93] discovered that Schistosoma-
resistant individuals in an endemic area of
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Table 2. Current schistosomiasis vaccine candidates in clinical trials

Vaccme Function Targc-?‘ted Experimental Vaccine efficacy Resulting immune Clinical trial Status of the vaccine  References
Candidate species models response
Sm-TSP-2/  Tegument stability and S. mansoni  Mice Reduction of 25%- Vaccinated individuals Phases 1a & Phase 1 trials to deter- [91, 119]
Alhydrogel® parasite development 58% worm burden and generated sufficient IgG 1b completed mine the toxicity and
27%-56% reduction in  antibodies immunogenicity of
tissue eggs the vaccine in healthy
adults.
Sm14/ Absorption and transporta- S. mansoni Mice and A 65.9% and 93.2% Triggered the Thl and Th2  Phases 1 and The vaccine produced [94, 96]
GLA-SE tion of fatty acids from the rabbits decrease in worm cytokines and produced 2a completed durable immunogenic-
host burden in rabbits and  a substantial amount of ity, which led to the
mice respectively Sm14-specific 1gG, with no planning of Phase 2b
IgE detected and Phase 3 trials.
Sh28GST/ Fatty acid metabolism S. haema-  Rodents, A 40-60% reduction of Highly immunogenic in Phases 1, 2 & Failed to achieve pro- [111, 120]
Alhydrogel and prostaglandin D2 tobium primates, and the worm burden and  adults, however, immunized 3 completed tection against urinary
(Bilharvax®) production; might aid in cattle a significant decrease children lacked IgG3 and schistosomiasis.
parasite immune evasion in female worms IgA antibodies, which are
in immunized people linked to acquired immunity
Sm-p80/ Surface membrane biogen- S. mansoni Mice and A 93.45% reduc- Produced Sm-p80-specific ~ Phase 1 Clinical trials are still ~ [114, 117,
GLA-SE esis and renewal to escape baboons tion in adult female total IgG and IgG subtypes initiated ongoing. 118]
the host immune response worms and an 89.95% with an increase in Thl
decrease in tissue egg cytokines IFN-y, IL-2, and
load TNF-o
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Brazil have a solid Thl-mediated immune
response to the Sm14. The recombinant Sm14
(rSm14) efficacy studies assessed in New
Zealand on white rabbits and Swiss mice
showed that following an S. mansoni cercarial
challenge decreases in worm burdens of 65.9%
and 93.2% were observed, respectively [94].
Sm14 also stimulates immune cross-protection
against infection by Fasciola hepatica in mice
[94] and sheep [95]. The Phase 1 clinical trial
was conducted to test the safety and immuno-
genicity of Sm14 formulated in glucopyranosyl
lipid A adjuvant in an oil-in-water emulsion
(GLA-SE) (Sm14/GLA-SE). The vaccine was
evaluated in male volunteers from a non-schis-
tosome endemic area in Brazil. The results
showed high tolerability of the vaccine and spe-
cific humoral immune responses with no IgE
antibody production [96]. The results from the
Phase 2a clinical trials of healthy adult males
from an S. mansoni and S. haematobium
endemic area showed that the Sm14/GLA-SE
vaccine is safe (https://clinicaltrials.gov/ct2/
show/NCT03041766). This led to the assess-
ment of Sm14 Phase 2b-Sn in school-aged chil-
dren living in the same endemic area; this was
completed in 2019, but the results of this study
have not been published as yet (https://clinical-
trials.gov/ct2/show/study/NCT03799510).

Sh28GST: The GSTs are a family of immunogen-
ic and pharmacologically active enzymes found
in schistosomes [97]. Two isoforms of GST exist
in schistosomes: 26 kDa GST and 28 kDa GST.
These isoforms differ in localization and sub-
strates to which they bind [98]. The 26 kDa iso-
form is linked to lipid peroxidation, while the 28
kDa isoform plays a role in the inactivation of
exogenous xenobiotics with minimal involve-
ment in lipid peroxidation [98, 99]. These pro-
teins are highly expressed throughout the life
cycle of schistosomes, showing greater expres-
sion in eggs and male worms [100]. GSTs are
responsible for the catalysis of glutathione
conjugation to hydrophobic ligands [100]. This
group of enzymes also serves various func-
tions, including detoxification, catalysis of nu-
cleophilic conjugations to endogenous and
xenobiotic electrophilic toxins, minimization of
lipid peroxidation, the prevention of toxin accu-
mulation, repair of oxidized macromolecules by
reactive oxygen species, and regeneration of
S-thiolated proteins due to oxidative stress [3,
101, 102].
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Living organisms are constantly in contact with
non-nutritional foreign chemicals; these xeno-
biotics can harm an organism due to their toxic
effects. Organisms must, therefore, withstand
the harm posed by these xenobiotic substanc-
es [102]. This is achieved by using GST to facili-
tate a nucleophilic attack on an endogenous/
exogenous electrophile by adding glutathione
(GSH) via the S-linker to the toxic compound
[103, 104]. Since this is a detoxifying enzyme,
GST in schistosomes allows the worm to func-
tion without host-related disturbances [101].
Moreover, schistosomes must have GST be-
cause it works similarly to mammalian GST and
allows the parasite to protect itself against
oxidative stress caused by the host [100].
Furthermore, schistosomal GSTs are thought to
trigger the passive detoxification of anti-schis-
tosomal medications and hematin [105]. Ac-
cording to McTigue and colleagues [106], the
structural differences observed in the xenobi-
otic binding site between S. japonicum GST
(S§/GST) and human GST can form the founda-
tion for designing novel drugs by inhibiting this
site to combat drug-resistant schistosomes.
Schistosomal GSTs have also been linked to
vaccination therapy for the iliness, in addition
to being pharmacological targets. Sh28GST, a
28-kDa antigen, has been used as a vaccine
and has shown reduced parasite egg produc-
tion and transmission [107, 108].

Phase 1 clinical studies assessed the safety,
tolerability, and immunogenicity of recombi-
nant Sh28GST (rSh28GST) adsorbed to Alhy-
drogel (Bilharvax®) in adult males. Alhydrogel is
an aluminum hydroxide wet gel suspension that
stimulates a Th2 response by increasing anti-
gen attraction and absorption by antigen-pre-
senting cells (APCs) [109]. It can also activate
innate immune pathways activated by pattern
recognition receptors (PRRs) [109]. The vaccine
was regarded safe and elicited a robust Th2-
biased response [110]. According to the same
investigators, the rSh28GST and PZQ co-admin-
istration was similarly well tolerated in healthy
individuals during a Phase 2 clinical trial [111].
These findings prompted a Phase 3 trial to
assess the safety, immunogenicity, and pro-
tective effectiveness of Bilharvax® in PZQ-
treated infected Senegalese school-aged chil-
dren; however, the authors found unsatisfacto-
ry effectiveness [111]. They hypothesized that
the lack of efficacy was partly due to repeated
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PZQ treatment interference and the vaccine-
administration protocol adopted, which pre-
ferred blocking 18G4 synthesis over generating
protective 1gG3 antibodies [111].

Sm-p80: Calpain is a cysteine protease acti-
vated by calcium that is highly expressed on
the tegument of schistosomes and throughout
the parasite’s life cycle [112]. This protein com-
prises two subunits: a large catalytic and a
small proteolytic unit [113]. The large subunit is
responsible for tegument biogenesis and turn-
over, a crucial process for helminths to evade
the host’s immune system [85]. This large sub-
unit, Sm-p80, was discovered as a vaccine can-
didate and put through preclinical testing be-
cause of its crucial role in host evasion and
promoting schistosome survival in the host.
The Sm-p80-based vaccine provided signifi-
cant prophylactic, therapeutic, anti-pathologic,
cross-species, and transmission-blocking pro-
tection in vaccinated S. mansoni-infected ani-
mal models, according to several vaccine effi-
cacy studies using the Sm-p80 antigen [80,
112, 114-116]. In a study by Zhang and col-
leagues [117], S. mansoni-infected baboons
vaccinated with Sm-p80/GLA-SE had a total
reduction of 93.45% in female adult worms, as
well as a decrease of 89.95% in tissue egg
load, thereby reducing the chances of develop-
ing chronic intestinal schistosomiasis. It was
also found that the hatching of eggs in feces
also decreased significantly [117]. Sera from
schistosome-infected individuals showed no
expression of Sm-p80-specific IgE antibodies
[114], reducing the possibility of an allergic
reaction after human Sm-p80 immunization.
Currently, Phase 1 clinical trials of Sm-p80 for-
mulated in GLA-SE (SchistoShield®) are being
tested on adult humans in the United States of
America, followed by a dose-escalation study in
African adults with a planned future dose-esca-
lation in school-age children [118].

Moonlighting proteins and schistosomiasis

Moonlighting proteins, first discovered in the
1980s, were commonly known as gene-sharing
proteins [1241, 122]. This class of proteins com-
prises a single multifunctional protein that
forms part of various biochemical mechanisms
[123]. According to WKarkowska-Kuleta and
Kozik [124], their functions are based on th-
eir localization and substrate concentration.
Moonlighting proteins often perform unrelated
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functions, not caused by gene fusion or split-
ting the tasks into other protein domains, but
emerge from an unintentional interaction with a
new partner, usually another protein, or occa-
sionally DNA or RNA [123, 125]. However, this
class of proteins should not be confused with
pleiotropic effects, which are the inactivation of
a protein’s function that leads to the activation
of another function [122, 126]. Moonlighting
proteins are independent of their tasks since
they differ mechanistically [127]. Over 270
moonlighting proteins have been identified
across the phylogenetic tree [126], of which
most are in the cytosol as they are involved
in various processes. Examples include cyto-
Kines, cytoskeletal components, chaperones,
and DNA compactors [123]. They may, however,
perform different biologic actions at multiple
sites within or outside the cell. Certain cell
types may even perform completely distinct
functions. The monomeric or oligomeric state
and the concentrations of the substrate/ligand
can also influence the nature of some proteins’
biological activity [127, 128]. Recent studies
have shown that some moonlighting proteins
restore balance in the body when an individual
is diseased [66, 127]. However, some of these
proteins play a role in the development and pro-
gression of diseases [129]. These proteins can
negatively impact the body’s antibody response
and tissue growth [129]. In Staphylococcus
aureus, moonlighting enzymes improve the
bacterium’s attachment to host cells and its
binding to some host matrix proteins. In some
situations, moonlighting has emerged as a viru-
lence mechanism [130]. Another example of
moonlighting proteins in disease progression
is found in Mycobacterium tuberculosis, where
moonlighting activities lead to ciprofloxacin27
antibiotic resistance. Glutamate racemase is
an enzyme that contributes to cell wall forma-
tion; however, the enzyme also inhibits DNA
gyrase, which results in antibiotic resistance
[131].

MultitaskProtDB-1I, a multifunctional protein
database, showed that 78% of moonlighting
proteins are related to human diseases, of
which 48% of the analyzed moonlighting pro-
teins are targets of current drugs [132]. This
makes moonlighting proteins attractive drug
targets since more than one function can be
targeted [128]. In schistosomes, multiple pro-
teins that elicit these moonlighting functions
have been identified, which are necessary for
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Figure 1. Model depicting the effects of inhibiting specific moonlighting proteins for developing novel drugs to treat
schistosomiasis. Glycolysis plays a crucial role in the survival of schistosomes by providing them with energy to
sustain their life cycle within the human host. Inhibiting TPI will thus decrease energy for the worms since the other
downstream processes of the pathway will also be blocked. Once PZQ has been administered, it is expected that
schistosomes will undergo apoptosis; however, Hsp70 blocks this pathway, which means that the inhibition of this
protein will lead to a decrease in PZQ-resistant strains. Schistosome worms coat themselves with GAPDH to undergo
thrombolysis and dissolve the blood clots that form around the worm. The inhibition of this protein will, therefore,
increase the sensitivity of the worms to the host’s immune cells so as to undergo degradation. Protein folding is
essential in parasite survival for the worms to keep replicating. The inhibition of Hsp70 will lead to degraded schisto-
some proteins, thus decreasing the parasite’s virulence.

the growth and survival of the parasite in the how they contribute to the survival of the worms
human body, as shown in Figure 1. These pro- for over 40 years in the human host. It is also
teins should be studied further to understand essential to gain more information on whether
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these proteins play a role in the emerging schis-
tosomal resistance to PZQ [65], as seen in the
case of M. tuberculosis.

Triosephosphate isomerase (TPI)

TPl is a homodimeric enzyme in the cytosol
[133]. Each monomer forms a TPI barrel fold
comprising eight a-helices surrounding eight
parallel B-stands that are hydrogen-bonded to
each other [134]. The dimer is stabilized by
Cys15 at the dimer’s interface [135]. TPl is the
most active catalytic enzyme that plays a cru-
cial role in the Embden-Meyerhof pathway
[135]. It is a 26 kDa protein that catalyzes the
co-enzyme-independent interconversion of di-
hydroxyacetone phosphate (DHAP) and glycer-
aldehyde-3-phosphate (GAP) in the fifth step of
glycolysis [136]. However, only GAP can pro-
ceed in the pathway to produce adenosine tri-
phosphate (ATP) and the second pyruvate mol-
ecule necessary for anaerobic and aerobic
metabolism, especially in organisms such as
schistosomes [134, 137]. This catalytic pro-
cess also inhibits the accumulation of DHAP,
which can be detrimental to cells since it leads
to high concentrations of toxic methylglyoxal
[138]. According to Roland and colleagues
[137], TPI exhibits catalytic and non-catalytic
activity and is expressed differently across vari-
ous cancer types. It also plays a role in regulat-
ing the cell cycle, acts as an autoantigen that
helps evade the immune response, and even
serves as a virulence factor in certain animals
[139]. In schistosomes, this protein is a plas-
minogen binder that induces thrombolysis
[140]; thus promoting the survival of the worm
in the human host. Since TPI is located on the
tegument of the worms, it elicits both glycolytic
activity and antibody response. According to
Da’Dara and colleagues [141], TPl is a promis-
ing vaccine candidate against schistosomiasis.

A phylogenetic study showed that TPIs from
parasitic flatworms contain a three-amino acid
motif SXD/E (X represents Ala, lle, or Lys) that
is absent from TPIs within hosts or non-parasit-
ic flatworms [142]. This further supports the
claim that TPI is a potential target for develop-
ing schistosomiasis vaccines. Some immuno-
globulins are thought to be able to distinguish
between parasite and human enzymes due to
minute variations in the surface structure, such
as the SXD/E motif [143, 144]. However, the
crystal structure of S. mansoni TPl (SmTPI)
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revealed four linear epitopes that are more like-
ly to elicit a more robust immune response than
the one found in the SXD/E motif [145]. The
kinetic characteristics of the SmTPI show that
it is slightly distinct from the human TPI. This
implies that it would be challenging to find com-
pounds that might distinguish between the
active sites of human and parasite TPl enzymes
[144]. However, it might be possible to take
advantage of the minor variations in the three-
dimensional (3D) structures between TPI from
the parasite and the host [145], such as creat-
ing inhibitors unique to the parasite’s TPl but
nonreactive to the host’s TPI. Developing small
molecule inhibitors that specifically interfere
with SmTPI’s ability to form homodimers or oth-
erwise interfere with this enzyme’s enzymatic
activity might thus be conceivable, especially
since TPl is only active in its dimeric form [146,
147]. Because the catalytic site lies at the
dimeric interface, a disruption in the topology
of the interface, even if it does not result in
dimer disintegration, may be sufficient to block
TPI function. Ferraro and colleagues [134] dis-
covered several compounds that block dimer-
ization and may block F. hepatica TPl from bind-
ing to its substrates. Inactivation of the TPl with
these compounds led to a decrease in juvenile
and adult worms of F. hepatica [134]. These
inactivator compounds also decreased schisto-
somula and adult worm burdens of S. mansoni
blood flukes [134]. This shows the potential
of TPl as a possible drug target for treating
schistosomiasis. Thiol-conjugating agents may
also react with the exposed cysteines on the
SmTPI and reduce the enzyme’s catalytic activ-
ity [145]. Chemical alteration of the C222 resi-
due of the TPI from Giardia lamblia in the non-
catalytic region resulted in decreased affinity
for substrates by thiol-reactive chemicals [148,
149]. There was also a comparable region of
the C221 of Opisthorchis viverrini TPl that had
a similar environment to that of G. lamblia TPI
discovered by Son and colleagues [150], which
led to the hypothesis that an inhibitory strategy
based on thiol-reactive compounds is also con-
ceivable in the case of O. viverrini TPI.

Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH)

GAPDH is a tetramer composed of four identi-
cal 37 kDa subunits [65]. Each monomer con-
tains two domains: an NAD-binding domain
and a catalytic domain. This glycolytic enzyme
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converts D-glyceraldehyde 3-phosphate to 1,3-
bisphosphoglycerate in the presence of NAD*
and an inorganic phosphate [65]. The NAD*
generates NADH, which transports electrons to
the electron transport chain to produce energy,
ultimately required for the parasite’s survival
[151]. The production of 1,3-Bisphosphogly-
cerate by GAPDH plays a significant role in ATP
production under anaerobic conditions since it
is a high-energy molecule [151]. GAPDH has
also been identified as a moonlighting protein
since it facilitates iron uptake in schistosomes,
which is necessary for growth and develop-
ment [1]. According to Sotillo and colleagues
[152], since GAPDH is located on the tegu-
ment of schistosomes and is highly expressed
throughout the worm’s life cycle, the protein
aids in evading the host's immune system.
GAPDH aids in the worm’s survival by promot-
ing the production of plasmin from plasmino-
gen, which is vital for dissolving blood clots that
form around the worms [1]; thus enabling the
parasite to cross barriers, migrate, and infect
human host cells [153]. This plasminogen-bind-
ing activity was also discovered in the parasitic
nematode Haemonchus contortus [154]. The
protein is also associated with other process-
es, including nutrient uptake, osmoregulation,
signal transduction, excretion, protein-protein
interactions, and interactions with the host’s
hemostatic systems [155, 156]. These multi-
tasking functions have been identified in other
parasites such as Dirofilaria immitis, where
GAPDH is located on the worm’s surface, and
as excretory/secretory antigens [157]. Stei-
sslinger and colleagues [158] assessed the
efficacy of the Onchocerca volvulus - GAPDH
vaccine candidate in immunized mice and
found a significant adult worm load reduction
of up to 57% reduction and up to 95% microfila-
raemia reduction. This further supports the use
of GAPDH as a vaccine candidate due to its
moonlighting activities in the human host.

Due to the protein’s multifunctionality and
extracellular location, Zinsser and colleagues
[151] suggested GAPDH as a vaccination candi-
date; however, the highly conserved character
of the protein still makes it difficult to distin-
guish between the host’s and the parasite’s
protein [151]. For instance, the NAD* location in
S. mansoni is like that of humans, but S. man-
soni GAPDH contains Arg116 [65]. This slight
difference may be exploited to develop new
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anti-schistosomal vaccines. According to Bour-
guignon and colleagues [159], various para-
sites” GAPDH have demonstrated that com-
pounds that block GAPDH enzyme function
reduce parasite survival since GAPDH is locat-
ed on the parasite’s tegument. A study by Argiro
and colleagues [160] identified many B and T
epitopic areas on schistosome GAPDH. One of
these determinants is extremely antigenic in
human schistosome infection and is linked
to resistance to reinfection while significantly
boosting the immune system in mice and rats.
It is divergent from the equivalent human gene
but well-conserved throughout schistosome
species. Due to these factors, Argiro and col-
leagues [160] concluded that this peptide
ought to be given substantial consideration as
a potential anti-schistosome subunit vaccine
ingredient.

Enolase

Enolase is an essential metalloenzyme in the
glycolytic pathway, where schistosomes obtain
most of their energy [161]. It belongs to a class
of surface proteins delivered to the cell surface
through an unidentified process despite lack-
ing the conventional surface transport mecha-
nism [161]. It catalyzes the reversible conver-
sion of 2-phosphoglycerate (2-PGA) to phosph-
oenolpyruvate (PEP), which is essential for cel-
lular function and energy production [162], with
the forward reaction being glycolysis and the
reverse reaction being gluconeogenesis. As a
result, depending on whether it should modify
its metabolism to complete the catabolic or
anabolic process, the organism must be able to
optimize the characteristics of this enzyme to
enable flux in either direction [162]. None-
theless, enolase has been discovered to per-
form other non-glycolytic functions beneficial to
parasites [162]. In some circumstances, organ-
isms have several enolase isoforms with spe-
cific isoforms assigned to these moonlighting
activities [163]. In protozoan parasitic worms,
enolase is involved in movement, adherence,
invasion, differentiation, and growth [164].
These functions have also been described in
parasites, such as Trypanosoma spp. [162];
Plasmodium spp., where it has been proposed
that cell surface enolase plays a role in tissue
invasion [165]; Trichomonas vaginalis, where
the protein activates plasminogen to plasmin
[166]; and G. lamblia, where enolase plays a
role in regulating the worm’s excystation [167].
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Enolase is highly expressed in schistosomula,
adult worms, and eggs and plays a vital role in
the growth and migration of these worms in the
human host [161]. Since this protein is located
on the tegument of schistosomes, it promotes
parasite survival in the human host [161, 168].
Even though Schistosoma worms activate the
human host’s immune response, they can still
grow and reproduce because enolase acts as
a plasminogen-binding receptor [169], which
enables the parasite to evade the human host
(see Figure 1). It achieves this by activating the
human plasminogen in the presence of a tissue
plasminogen activator (tPA), which converts
the plasminogen to plasmin, which dissolves
the blood clots around the worms [168, 170].
These moonlighting functions of enolase make
it an attractive drug target for the development
of new anti-schistosomal drugs or vaccines.
According to Manneck and colleagues [171],
the inhibition of glycolysis creates an unfavor-
able environment for the parasite. Since eno-
lase plays a crucial role in the invasiveness and
virulence of the parasite [162], this further
proves its importance.

Mefloquine, an antimalarial drug, inhibits eno-
lase in S. mansoni schistosomula by interfering
with glycolysis and weakening the parasite via
an unknown mechanism [171]. The SmEnolase
contains an active site, a magnesium ion (Mg?*)
binding site, and plasminogen-binding motifs
that are highly conserved, with Mg?* playing a
crucial role in the catalytic activity of enolase
[162, 169]. It was suggested that since meflo-
quine contains three fluorine residues, it may
inhibit enolase at the active site by combining
magnesium and phosphate with fluoride resi-
dues to produce a complex destabilizing the
enzyme [171-173]. Understanding this drug tar-
get may facilitate the development of new anti-
schistosomal medicines [174].

Heat shock protein 70 (Hsp70)

Schistosomes undergo various stresses, such
as changes in temperature, which can lead to
protein unfolding and the formation of protein
aggregates [175]. This loss of protein homeo-
stasis will subsequently result in the expres-
sion of HSPs. HSPs are proteins that act as a
quality control system in identifying misfold-
ed proteins and determining their fate [175].
Hsp70 is activated for heat stress management
and plays a role in other stresses such as star-
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vation, hypoxia, and toxins [176]. Schistosom-
es experience diverse strains throughout their
developmental stages, such as cercariae tran-
sitioning from cooler to warmer temperatures
as they mature into adult worms [177]. Although
schistosomes experience harsh environments,
they can still withstand them due to the expres-
sion of Hsp70 under stressful conditions [178].
Hsp70 is highly expressed in schistosomes
throughout their developmental stages [179].
Schistosomes usually undergo oxidative stress
caused by exposure to host portal serum, which
leads to misfolded proteins [180]. As a chaper-
one, Hsp70 correctly folds the client protein to
its nativity. However, if it remains misfolded,
the protein is degraded, which inhibits parasite
development in the host and disease transmis-
sion [180]. This is also true in Plasmodium fal-
ciparum, where Hsp70 ensures the correct
folding of the exported proteins for host cell
remodeling to promote parasite virulence activ-
ities [181]. Hsp70 is also involved in cercarial
penetration of the human host skin [178], aid-
ing cercarial invasion, and is thus implicated in
cercarial transformation [2]. Although PZQ in-
duces apoptosis in schistosomes, Hsp70 acts
as an anti-apoptotic agent because it blocks
cell death [182]. It also inhibits caspase activity
by interacting with vital apoptotic proteins,
which block the apoptosis pathway [182], th-
us promoting parasite survival and increasing
drug resistance in schistosomes [183].

Since Hsp70 performs essential functions in
proteostasis, it is a newly discovered target for
numerous diseases. However, competitive sup-
pression of Hsp70’s enzymatic activity has
proven difficult, and in some circumstances,
there might be other effective strategies to
reroute the Hsp70 function [184]. Another
method is to prevent Hsp70 from interacting
with crucial co-chaperones, including J pro-
teins, nucleotide exchange factors (NEFs), and
proteins with tetratricopeptide repeat (TPR)
domains [185-187]. Typically, these co-chaper-
ones bind Hsp70 and direct its numerous, var-
ied cellular actions. It has been demonstrated
that complexes between Hsp70 and co-chaper-
ones perform crucial roles in parasites’ survival
[188]. Inhibiting Hsp9O0, for instance, activates
heat shock response in cancer cells, character-
ized by elevated expression of Hsp70 as a com-
pensatory strategy [189]. Therefore, a promis-
ing technique may be to prevent protein-protein
interactions between Hsp70 and its co-chaper-
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ones or target allosteric regions that disrupt
these connections [184].

Conclusion

The use of moonlighting proteins for drug dis-
covery and vaccinomics has opened a new
avenue to developing new anti-schistosomal
therapeutics. By taking advantage of their mul-
tifunctional properties, moonlighting proteins
provide opportunities for decreasing the global
burden of schistosomiasis and ultimately solv-
ing the issue of drug resistance in schisto-
somes. These multifunctional proteins can also
provide more insight into the life cycle of schis-
tosomes and their survival in human hosts,
accelerating future identification and the devel-
opment of novel drugs and vaccines to treat
schistosomiasis.
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