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SUMMARY Despite intensive long-term efforts, with very few exceptions, the devel-
opment of effective vaccines against parasitic infections has presented considerable
challenges, given the complexity of parasite life cycles, the interplay between para-
sites and their hosts, and their capacity to escape the host immune system and to
regulate host immune responses. For many parasitic diseases, conventional vaccine
platforms have generally proven ill suited, considering the complex manufacturing
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processes involved and the costs they incur, the inability to posttranslationally mod-
ify cloned target antigens, and the absence of long-lasting protective immunity
induced by these antigens. An effective antiparasite vaccine platform is required to
assess the effectiveness of novel vaccine candidates at high throughput. By exploit-
ing the approach that has recently been used successfully to produce highly protec-
tive COVID mRNA vaccines, we anticipate a new wave of research to advance the
use of mRNA vaccines to prevent parasitic infections in the near future. This article
considers the characteristics that are required to develop a potent antiparasite vac-
cine and provides a conceptual foundation to promote the development of parasite
mRNA-based vaccines. We review the recent advances and challenges encountered
in developing antiparasite vaccines and evaluate the potential of developing mRNA
vaccines against parasites, including those causing diseases such as malaria and
schistosomiasis, against which vaccines are currently suboptimal or not yet available.

KEYWORDS mRNA vaccine, parasitic infections, antiparasite vaccines, malaria,
schistosomiasis

INTRODUCTION

Vaccination is one of the most highly effective public health measures we have in the
battle against infectious diseases. Since Edward Jenner—the father of vaccination—

used live cowpox virus to protect against smallpox in 1798, we now have vaccines to pre-
vent ;30 life-threatening diseases, saving 6 million lives annually and helping people of
all ages to live longer and enjoy healthier lives through immune protection from a spec-
trum of different pathogens (1–3). Vaccination can reduce disease treatment costs, effec-
tively decreasing the economic burden on health care systems and lowering the necessity
for antibiotic treatment of bacterial infections, thereby decreasing the possibility of anti-
microbial resistance developing (4); vaccination is also used increasingly for cancer pre-
vention and treatment (5). However, licensed vaccines are still not available against a
number of serious chronic and debilitating communicable diseases. Among these are the
20 neglected tropical diseases (NTDs) which typically affect people, especially women
and children, living in considerable poverty. Disproportionately affecting the world’s most
resource-poor populations, NTDs often result in considerable levels of morbidity. All low-
income countries are areas of endemicity for at least five NTDs simultaneously (https://
www.cdc.gov/globalhealth/newsroom/topics/ntds/index.html). Notably, six of the top 10
diseases ranked by Vaccine Nation, against which vaccines are urgently required, are
caused by parasites. These include malaria, schistosomiasis, leishmaniasis, intestinal hook-
worm disease, dengue, and Chagas disease (6).

The Bill and Melinda Gates Foundation (TBMGF), the World Health Organization
(WHO), and a number of other agencies and nongovernment organizations (NGOs) pro-
vide support to help marginalized communities gain access to low-cost drug treatment
for parasitic infections and to facilitate monitoring and public health surveillance in areas
of endemicity. To date, $1.02 billion has been committed by the TBMGF to various groups
that are developing new tools and delivery methods to improve drug availability (https://
www.gatesfoundation.org/our-work/programs/global-health/neglected-tropical-diseases).
However, despite these notable efforts and those by pharmaceutical companies to pro-
vide better access to medical care in low-income areas in the developing world, there
remains a geographical and economic disconnect that has resulted in relatively limited
attention being paid to the control of parasitic diseases and suboptimal efforts aimed at
reducing their transmission to improve health standards globally.

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic, a
global health crisis of unparalleled magnitude, led to an unprecedented expansion in
vaccine pipeline development. Among the many diagnostic, therapeutic, and vaccine
platforms developed recently with comparative rapidity, the mRNA-based technologies
(including RNA biology, chemistry, stability, and delivery) were rapidly deployed and
clinically tested. This new era saw the approval of highly protective SARS-Cov-2 mRNA
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vaccines for use in the European Union and the United States, among many other
countries, culminating in wide-scale global immunization rollouts, saving countless
lives. The mRNA vaccines could be manufactured using generic and low-cost proc-
esses, generating well-defined products, synthesized for stability. These vaccines have
proven to evoke safe and persistent immune responses in both animal models and in
human clinical trials (7–10). Compared with conventional vaccine platforms, these fea-
tures make mRNA-based vaccines highly attractive, providing a vehicle to streamline
vaccine discovery and development against a spectrum of disease pathogens. Since
the emergence of coronavirus disease 2019 (COVID-19) in late 2019, many thousands
of research papers have appeared in the field of mRNA vaccinology, with many detail-
ing the extraordinary rapid advances that have been made and emphasizing the future
opportunities and the challenges of this novel approach. Here, we review the state of
the art of mRNA vaccine development and discuss the advantages mRNA vaccination
has over conventional methods. We highlight the potential of the mRNA approach in
development and manufacture of next-generation vaccines against parasitic infections.
We discuss the development of vaccines against the parasitic protozoa, exemplified by
the agent of malaria, the most deadly of the parasitic diseases, with 500 million
infected globally and five times that number currently at risk of infection (11). In addi-
tion, we discuss the parasitic helminths, using as an example the schistosome (trema-
tode) blood flukes, which cause schistosomiasis, an affliction that is second only to
malaria in terms of devastating parasitic diseases, with over 250 million infected in 77
countries (12). We consider that this revolutionary technology will be equally suitable
and extendable to the development/deployment of vaccines effective against a spec-
trum of other pathogens as well.

CURRENT VACCINE DEVELOPMENT APPROACHES AGAINST PARASITIC INFECTIONS

The development of safe and protective antiparasitic vaccines has proven to be
highly problematic, given that that the interactions between parasites and their hosts
are intricate and complex and that in many parasites’ life cycles, the parasites can pres-
ent antigens specific to their stage of development (13). In addition, parasites are able,
by damping down and regulating host immunity, to effectively evade the host
immune response (14) through a variety of mechanisms, some of which are poorly
understood. Current antiparasitic vaccines can be generally categorized into conven-
tional protein-based and gene-based vaccines (15) and vaccines comprising attenu-
ated/irradiation-killed parasites, parasite secretions, or recombinant protein antigens
that can activate host protective immune responses (15–18).

Attenuated Parasite Vaccines

Promising host protection has been shown to be induced by exposure of hosts to
attenuated parasites followed by parasite challenge (18–20). In 1967, the X-irradiated
sporozoites of Plasmodium berghei was first used in mice to successfully generate protec-
tive immunity (21), and whole-sporozoite-based immunization in humans was developed
in 1973, after the finding that a volunteer exposed to X-irradiated Plasmodium falciparum
sporozoites was able to generate protection against challenge with a homologous strain
of this malaria agent (22). However, obtaining consistently acceptable quality and quan-
tity of attenuated parasites for vaccine application had been considered impractical and
unattainable. Until the 2000s, remarkable progress was achieved in the clinical assess-
ment of whole-sporozoite malaria vaccines (23). A number of clinical trials (24–26) have
been undertaken with the attenuated sporozoite vaccine of P. falciparum (PfSPZ).
Recently, a phase 2 clinical trial was conducted in 336 infants (5 to 12 months old) in areas
of Kenya where rates of malaria transmission are high (27), showing 28.6 to 45.8% protec-
tion against clinical malaria at different times after immunization.

An alternative to attenuated parasitic vaccination is infection and treatment (I&T),
whereby susceptible parasites are killed within the host after infection and before
disease develops. With I&T, host immunity is elicited by antigens released from drug-
treated parasites or those that die naturally in the host (28). A feature observed in
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Plasmodium and Schistosoma infections, I&T can provide the catalyst to improve our
appreciation of induced rather than acquired antiparasite immunity (29, 30).

Protein-Based Vaccines

Extracellular-vesicle-based vaccines. Recent extensive studies with a number of
different parasites have shown that the immunogenicity of native molecules that they
excrete and/or secrete or that are present in extracellular vesicles (EVs) they release is
crucial in promoting resistance to infection (31–36). EVs containing proteins, lipids, or
nucleic acids derived from parasites (37) act as the transmitters of information in the
early phase of infection prior to host cell colonization. It has been demonstrated that
EVs of pathogenic protozoans can functionally reflect the biochemical features of the
parasite origin by eliciting a differential host cytokine expression pattern and activating
different stimuli depending on the cell or tissues that inhabit (38). Thus, EVs containing
numerous antiworm vaccine candidates are crucial in modulation of the host immune
response and in induction of pathogenesis (37), providing novel immunotherapeutic
approaches. Accordingly, there is increased interest in focusing on the composition of
EVs and the role they play in the etiology of parasite diseases, such as protozoan dis-
eases (39) (including malaria [40, 41] and Chagas disease [42]), schistosomiasis (43, 44),
leishmaniasis (45, 46), fascioliasis (47), and echinococcosis (48). Studies on characteris-
tics of microRNAs (miRNAs) targeting broad cellular gene networks further revealed
that the immunoregulatory factors present in helminth EVs also have the potential to
provide a pharmacopoeia for inflammatory diseases (38, 49). However, in addition to
the difficulty in obtaining sufficient EVs, we have limited knowledge of the molecular
mechanisms governing EV formation and the fusion and function of EVs in host-para-
site interplay (50). This is due in part to inconsistent definitions and poor standardiza-
tion of laboratory procedures for the identification, isolation, and characterization of
different parasite-derived EVs (51), with the result that studies of EV biology in para-
sites are still in their infancy.

Recombinant-protein vaccines. Generating effective protective immune responses
against particular pathogen-derived antigens (52), and building on the success of the
licensed recombinant hepatitis B vaccine (53), specific parasite antigens can be identi-
fied and produced by heterologous prokaryote (bacterial) expression, by eukaryotic
expression (such as in Saccharomyces cerevisiae), by stable transfection of adherent
CHO cells or nonadherent lymphoid cell lines, and by tagged recombinant baculovirus
transfection of insect cells (54). However, these expression systems are costly, the
methods are generally time-consuming, and there are often considerable challenges
associated with the purification of recombinantly derived proteins and with avoiding
the copurification of undesired contaminants (52). The key issue in the development of
effective recombinant protein-based vaccines (or, indeed, any type of vaccine) is the
identification of the specific antigens produced by a pathogen that can generate an
effective and robust immune response that prevents an infection or eradicates an
existing infection (55). Vaccine efficacy is often restricted by a lack of appropriate
immune stimulation, so selection of a suitable adjuvant, coupled with multiple immu-
nizations, is often critical to effectively elicit and sustain an adequate level of protective
immunity (56, 57).

The RTS,S/AS01 vaccine for malaria. It is a salient fact, but it took close to 40 years
from the initial studies in the laboratory to the first commercial human recombinant
vaccine effective against Plasmodium falciparum malaria—Mosquirix (the RTS,S/AS01
vaccine). Created in 1987 and developed in 2001 by a public-private partnership
between PATH’s Malaria Vaccine Initiative (supported by the Bill and Melinda Gates
Foundation to PATH) and GSK, pilot testing of Mosquirix did not commence until 2019
in areas where malaria is endemic (58). Although showing relatively modest efficacy,
this first-generation malaria vaccine has promise as a public health intervention, partic-
ularly for children residing in areas where malaria is highly endemic and where mortal-
ity is high (58, 59). Indeed, despite the limited protection it provides against malaria in
children (56% in those 5 to 17 months old; 31% in those 6 to 12 weeks old) (60), it is
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the only human malaria vaccine recommended by the WHO and approved by the
European Medicines Agency to vaccinate children in sub-Saharan Africa. It is recog-
nized that even a partially effective vaccine could have a substantial public health
impact given that, of 627,000 deaths from malaria in 2013, some 90%, mainly of chil-
dren (82%) less than 5 years of age, occurred in Africa (http://www.ema.europa.eu/
docs/en_GB/document_library/Press_release/2015/07/WC500190447.pdf).

The commercially produced RTS,S purified bulk antigen vaccine involves fed-batch
yeast (Saccharomyces cerevisiae RIX4397 strain) fermentation and recombinant expres-
sion and purification of two RTS and S protein components of the circumsporozoite
protein (CSP) of P. falciparum; the purified bulk antigen is mixed with AS01 adjuvant,
resulting in the RTS,S/AS01 vaccine (58). It is important to note that a successful experi-
mental I&T study (61) involving the exposure of volunteers receiving chloroquine pro-
phylaxis for P. falciparum sporozoites showed that I&T could promote strong protective
responses lasting 1 year longer than those generated by the RTS,S/AS01 vaccine, based
on the results of the first phase 3 trial in African children (62). This reinforces the con-
cept that I&T studies can provide novel insight for a deeper understanding of induced
immunity compared with acquired immunity against parasitic infections, thereby pro-
viding a novel platform to design long-lasting vaccines.

Recombinant protein vaccines for Taenia cestodes in veterinary animals. Ground-
breaking success was achieved in developing recombinant veterinary vaccines against sev-
eral Taenia cestodes, achieving up to 94% protection against Taenia ovis infection in sheep
(63) and almost 100% protection against Taenia saginata in cattle (64) and against Taenia
solium (65, 66) in pigs. Using a similar strategy, the successful EG95 vaccine was also devel-
oped against Echinococcus granulosus infection in sheep (67). This work provided the im-
petus that stimulated researchers to explore the development and testing of additional
recombinant protein helminth vaccines in animal vaccine/challenge trials (60, 61), some of
which have now moved forward to clinical testing (16).

Human helminth vaccines. A recent article in Nature emphasized that only vaccines
can eradicate parasitic worms (68), which infect two billion of the world’s poorest people.
However, despite decades of research and development, no vaccine against any helminth
infection is licensed for human use (28), although a number of recombinant-based vac-
cines are at different clinical developmental phases. These include vaccines against the
human hookworm Necator americanus, one (currently in phase 1) targeting the glutathi-
one S-transferase-1 (Na-GST-1) and the other, the aspartic protease-1 (Na-APR-1) (69, 70).
Four schistosomiasis vaccine candidates are undergoing clinical trials, including one
targeting the 28-kDa glutathione S-transferase of Schistosoma haematobium (Sh28GST/
Alhydrogel; completed phase 3) (71, 72) and one against Schistosoma mansoni proteins,
namely, the 14-kDa fatty acid-binding protein (Sm14/GLA-SE; phase 2) (73), a tegument-
linked tetraspanin (Sm-TSP-2/Alhydrogel; phases 1 and 2b) (74), and a calpain (Sm-p80/
GLA-SE [SchistoShield]; phase 1) (75). Furthermore, several hundred additional vaccine
candidates have been tested against at least one of the three major schistosomes that
infect humans (Schistosoma japonicum, S. haematobium, and S. mansoni) in mice and
nonhuman primates or, in the case of S. japonicum, bovines (16). Disappointingly, very
few of these vaccines have developed beyond preclinical testing, and no vaccine candi-
dates have yet advanced to the preclinical trial stage against the zoonotic pathogen
S. japonicum, which is endemic to Asia and is the most pathogenic of the major schisto-
somes that infect humans (17, 18).

Development of vaccines against other parasitic infections. A brief update of
recent progress in the development of vaccines against some other high-prevalence
parasitic infections, including Chagas disease, onchocerciasis, and diseases caused by
trematode liver flukes, is presented below.

(i) Chagas disease, a zoonosis caused by the protozoan Trypanosoma cruzi, can lead
to cardiomyopathy and death. As reviewed by Camargo et al. (76), although many
excellent vaccine candidates (including the active trans-sialidase [aTS] family, amasti-
gote surface antigen 2 [ASP-2], and the aGal epitope) and different strategies
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(recombinant vaccine, DNA vaccine, attenuated vaccine and viral vector vaccine) have
been developed, limited progress in clinical vaccine trials has been made. The major
point to consider is how to induce sterile immunity (exemplified by vaccines against
yellow fever and measles) or long-term immunity by the vaccine, which is a difficult
aim to achieve. As a novel strategy, a plan for development of an mRNA vaccine
against Chagas disease was put forward by Versteeg et al. (77), but without any recent
updates.

(ii) Onchocerciasis, a human zoonotic disease arising from infection with the filarial
nematode Onchocerca volvulus, results in visual impairment and blindness in humans.
As reviewed by Zhan et al. (78), after decades of efforts to identify and develop prophy-
lactic and therapeutic vaccine candidates against onchocerciasis, two recombinant
proteins, Ov-103 and Ov-RAL-2, were eventually promoted for use in a bivalent vac-
cine, which is currently being tested in naturally infected cattle in Cameroon. Clearly,
more efforts are needed to strengthen the immunogenicity and protective efficacy by
optimizing adjuvants, developing suitable product development, and exploring new-
generation technologies.

(iii) Diseases caused by liver flukes include fascioliasis (Fasciola infection), opis-
thorchiasis (Opisthorchis infection), and clonorchiasis (Clonorchis infection), which
cause liver and bile duct disease in humans. As recently reviewed by McManus (79),
recent vaccine progress is highlighted by the following. (i) Lead vaccine candidates
against Fasciola hepatica, including fatty acid binding proteins (FABP), cathepsin L1
(CatL1), peroxiredoxin (Prx), and the gut-associated exopeptidase leucine aminopepti-
dase (LAP), were tested in animal vaccine/challenge experiments (79), showing a large
range of variability in vaccine efficacy (33 to 89%) in different trials, possibly due to var-
iation of the antigen source, the adjuvant, and the animal models vaccinated. (ii)
Opisthorchis viverrini exosome-like extracellular vesicles and recombinant tetraspanin
proteins (TSPs) can elicit antibody responses in the hamster vaccine model, and these
were effective in inhibiting the uptake of EVs by cells of the bile duct, resulting in par-
tial protective efficacy against O. viverrini challenge (80, 81). (iii) Genome and transcrip-
tome analyses of the liver fluke Clonorchis sinensis (82, 83) has resulted in some critical
tegumental molecules, excretory/secretory products, and metabolic enzymes being
identified as potential vaccine targets (84). The area was further advanced by recent
vaccine/challenge trials in rats showing highly significant vaccine efficacy (60 to 67%
worm reduction) generated by vaccination with several recombinant proteins, includ-
ing cathepsin B cysteine protease 3, enolase (Bacillus subtilis spore based), and soinRho
GTPase (79).

Gene-Based Vaccines

Nucleic acid (gene-based) vaccines comprise plasmid DNA or mRNA encoding a tar-
get antigen(s) that is injected directly into an animal or human recipient, with the anti-
gen expressed subsequently in situ by cells of the vaccinated individual (85, 86).

DNA vaccines. Gene-based vaccination came of age in 1993, with the use of a plas-
mid construct encoding the nucleoprotein of influenza A virus (87). This construct
induced the production of nucleoprotein-specific cytotoxic T lymphocytes in vacci-
nated mice and generated protection against challenge infection of a heterologous
strain of the virus (87). Since then, the synthetic DNA approach to vaccine develop-
ment has advanced considerably, and more potent vaccine platforms have resulted
due to improvements in delivering the DNA into host cells, improved tolerability, and
numerous changes in genetic design and the use of different formulations. These
advances incorporate a number of key characteristics required to ensure rapid vaccine
development, including robust generation of durable T-cell-mediated and mucosal im-
munity against a variety of emerging infectious agents (88). These pathogens include
Zika virus (89), Ebola virus (90), and SARS-CoV-2 (91, 92).

The emergency use authorization of a COVID-19 DNA vaccine in India in August
2021 was historic, as this was the first DNA vaccine approved for clinical application in
humans (93, 94). In partnership with the Indian Department of Biotechnology, the
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pharmaceutical company Zydus Cadila developed ZyCov-D, a 3-dose (given 28 days
apart) intradermal vaccine, subsequently authorized for use in people aged 12 years
and over (93). According to Zydus Cadila, its phase 3 trial of >28,000 volunteers indi-
cated that the vaccine demonstrated 67% protection against symptomatic infections.
No severe cases or COVID-19 deaths were observed after the second dose, and no
moderate cases were evident after subjects were given the third vaccination (95). Until
the deployment of ZyCov-D, DNA vaccines had proved successful only in the veterinary
medicine field; these included an equine vaccine against West Nile virus infection, a
vaccine (Oncept) for canine melanoma targeting tyrosinase, and two vaccines against
viral infections (hematopoietic necrosis virus and salmonid alphavirus subtype 3) in
salmon (96). Several DNA vaccines have also shown some promise against parasites,
including against Plasmodium (97, 98), Leishmania (99), Ancylostoma (hookworm) (100),
Schistosoma (101, 102), and Onchocerca (103), although none have been developed
sufficiently to be tested clinically.

There are some historic inefficiencies with DNA vaccines that need to be overcome.
In particular there are concerns regarding potential risks of genotoxicity due to chro-
mosomal integration which may lead to cancer (104). However, their ease of manufac-
ture, high stability, and durability in maintaining an effective immune response make
DNA vaccines potentially useful alternatives to recombinant-protein-, adenovirus-, or
mRNA-based vaccines, with DNA vaccination providing a suitable means to deploy vac-
cines in low-income countries on a wide scale (93). Indeed, this premise gained sup-
port from the initial studies testing DNA vaccines in larger animal models and humans,
which demonstrated that DNA was safe and well tolerated (104). Some inherent draw-
backs, however, remain that have delayed the development of effective DNA vaccines
(105); these include different biological barriers (cell and nuclear membranes and
endosomes) that hamper the delivery of DNA plasmids to the cytoplasm or cell nu-
cleus, resulting in low protein expression and inefficient transport of antigen to anti-
gen-presenting cells (APCs), with suboptimal protective immune responses generated.
Another concern is that continuous expression of a target antigen through DNA vacci-
nation may induce host tolerance to the pathogen in question (79). A number of
approaches have been used in efforts to increase the immunogenicity of DNA vaccines
such as DNA encapsulation, coexpression with cytokine molecular adjuvants, and het-
erologous prime-boost regimens (106, 107).

mRNA vaccines. In general, the development of vaccines using protein-based or
DNA-based methods has failed to induce effective protective immunity against parasites
such as Plasmodium and Schistosoma and other pathogens, including Mycobacterium tu-
berculosis and HIV. Many of the current conventional vaccine platforms cannot satisfy the
need for a rapid, safe, efficient, and cost-effective response to epidemic pathogen out-
breaks. The COVID-19 pandemic strengthened the case for producing and implementing
vaccines formulated using in vitromRNA transcription and in-host mRNA translation. With
the most-promising results, BNT162b2, developed by BioNTech and Pfizer, was further
used for testing on a human population cohort (108). This trial represented a critical mile-
stone and advance both in science and in public health. Possessing features similar to
those of the production of DNA vaccines (involving a rapid, simple, and cell-free man-
ufacturing process), mRNA vaccines have been shown to be safe (e.g., they do not
carry any integration risks) and are highly effective in that they stimulate robust and
potent humoral and T-cell immune responses (10, 109). These features make mRNA
an excellent candidate for development as an effective prophylactic or therapeutic
vaccine that can bridge the gap between an emerging pandemic and an effective
public health response (10).

Properties of mRNA-Based Vaccines Compared with Recombinant-Protein and
DNA-Based Vaccines

Table 1 presents a comparison of the characteristics of mRNA vaccines with those
of DNA and recombinant protein vaccines. To date, research efforts have been initi-
ated to develop mRNA vaccines against three parasitic protozoa (Plasmodium spp.
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[110, 111], Leishmania donovani [112], and Toxoplasma gondii [113]) and the black-
legged tick, Ixodes scapularis (114). Further details of these mRNA vaccines are pre-
sented below. However, no mRNA vaccines have yet been developed against any of
the parasitic helminths. Improvements in our understanding of how mRNA vaccines
work will be necessary to extend this new platform to target other pathogens, includ-
ing the parasitic helminths.

OVERVIEW AND HISTORY OF mRNA VACCINES

Research on mRNA vaccines was initiated in 1990, when the in vivo expression of 3
proteins (b-galactosidase, luciferase, and chloramphenicol acetyltransferase) was suc-
cessfully revealed after the separate injection of the 3 enzyme-coding mRNAs into
mouse skeletal muscle (86). However, due to concerns at the time about the instability
of the mRNA product and the potential for an unwanted innate immune response trig-
gered by the mRNA, this initial report failed to attract much attention from the
research community. A major breakthrough occurred, however, in 2005, when the
group led by Drew Weissman and Katalin Kariko discovered that chemically modifying
mRNA by replacing uridine with its isomer pseudouridine could greatly increase pro-
tein expression and damp any unwanted innate immune responses (115). This major
advance totally changed attitudes regarding the pharmaceutical potential of mRNA
vaccination. Another key feature of Weissman and Kariko’s discovery was that the
modified mRNA with increased stability could potentially be used in a broad range of
interventions, including vaccination. The modifications to the molecular structure and
manufacture of mRNA can effectively avoid causing inflammation in the hosts, which
can be induced generally by unmodified mRNA molecules. As a consequence, the
modified mRNAs are active longer inside target cells and effectively produce key anti-
gens that stimulate the host to fight disease.

A substantial amount of development followed this landmark study, which led sub-
sequently to regulatory approvals of the COVID-19 mRNA vaccine in 2020/2021. Two
major pharmaceutical companies, Pfizer-BioNTech and Moderna, successfully devel-
oped these first COVID-19 mRNA vaccines with ;95% protective efficacy (116); both
vaccines superseded the efficacy of 15 mRNA vaccines developed against other patho-
gens that, by the end of 2019, had entered clinical trials, although none had advanced
to phase 3 (117). These two COVID-19 mRNA vaccines utilized the nonreplicating-
mRNA approach with the mRNA chemically modified (115) to prevent unwanted
immune activation (118).

TABLE 1 Characteristics of mRNA vaccines, DNA vaccines, and recombinant protein
vaccinesa

Characteristic
mRNA
vaccine

DNA
vaccine

Recombinant
protein vaccine

Advantages
Stimulation of humoral and cellular responses 1 1/2 1/2
Both MHC-I and -II presentation 1 1 1/2
Ability to polarize/balance Th1/Th2 responses 1 1 1/2
Native structural/posttranslational modification 1 1 2
Simplicity of formulation and production 1 1 2
Speed of purification and modification 1 1 2
Low cost 1 1 2
Stability 2 1 1/2
Safety 1 1/2 1

Disadvantages
Lower vaccine efficacy 2 1/2 1/2
Low immunogenicity 2 1/2 1/2
Necessity for repeat doses 1/2 1 1
Risk of autoimmune reactions 1/2 2 1/2
Risk of host genome integration 2 1 2

a1/2, the characteristic is present in some vaccines but not others.

mRNA Vaccines for Parasites Clinical Microbiology Reviews

March 2023 Volume 36 Issue 1 10.1128/cmr.00241-21 8

https://journals.asm.org/journal/cmr
https://doi.org/10.1128/cmr.00241-21


Structure of mRNA Vaccines

The main principle of any mRNA vaccine is to transport a transcript of interest, cod-
ing for an immunogen(s), into the cytoplasm, where the mRNA is translated by ribo-
somes in vivo. The transcript can be encoded to translate a protein of interest, be it an
intracellular, transmembrane, or secreted component (119). Two categories of mRNA
constructs have been classified: self-amplifying mRNA (SAM) and nonreplicating mRNA
(NRM) (120) (Fig. 1A). SAMs are generally larger molecules than NRMs and can encode
four nonstructural proteins (NSPs) in addition to the target transcript. These NSPs facili-
tate RNA transcription by amplifying the entire original strand of RNA and then the
encoded antigen strand, resulting in much higher protein expression. Thus, SAMs
require a lower dose of the construct, at least in preclinical models (121, 122). This fea-
ture of SAM has been evidenced in multiple animal models and humans against a
wide variety of infectious diseases, such as those cause by rabies virus, influenza virus,
respiratory syncytial virus, HIV, and Ebola virus (15).

Immune Response Induced by mRNA Vaccination

The initiation of an immune response triggered by mRNA vaccination is illustrated
in Fig. 1B. mRNA vaccines elicit adaptive and innate immunity (123). It is critical to

FIG 1 (A) A typical mRNA vaccine is composed of a protein-encoding open reading frame (ORF) flanked by two untranslated
regions (UTRs), which are responsible for regulating transcription and increasing mRNA stability. The ORF normally starts with a
signal peptide (SP), which can promote the secretion of the targeted coded vaccine antigen. The four extra nonstructural
proteins (NSPs) and sequences of self-amplifying mRNA (SAM) are located before the SP. The transcript should contain a 59 cap
to facilitate protein production and a 39 poly(A) tail so that translational efficiency and intracellular stability and are improved.
The mRNA construct is formulated in LNPs to facilitate cellular uptake and to offset degradation. (B) Induction of an immune
response triggered by the mRNA vaccine. The in vitro-transcribed mRNA is formulated with LNPs and is subsequently
internalized via endocytosis by APCs, including macrophages or DCs. The entrapped mRNA undergoes endosomal escape and is
delivered into the cytosol. (Step 1) The released mRNA activates TLRs (TLR-3, -7, and -8) and the RIG-1-like receptors (RIG-1 and
MDA5), subsequently triggering type I interferon production (77). (Step 2) The mRNA is translated into protein by ribosomes in
the host cell. (Step 3) If the protein does not contain an SP, the antigenic protein is produced in the cytoplasm and degraded
by the proteasomes; there, the produced antigenic epitopes are delivered into the endoplasmic reticulum, where they bind to
major histocompatibility complex class I (MHC-I) molecules. The loaded MHC-I-peptide epitope complexes presented on the cell
surface activate antigen-specific CD81 T-cell responses subsequent to T-cell receptor recognition and appropriate costimulation.
(Step 4) However, if the protein contains an SP, the mature proteins are either membrane anchored or secreted from the host
cell (depending on the mRNA design). The exogenous proteins are internalized via endocytosis by APCs, the generated peptide
epitopes then bind to MHC-II molecules, and the complex of MHC-II-peptide epitopes, which are cell surface presented, are able
to induce antigen-specific CD41 T-cell responses (150), providing help to CD81 T cells and B cells. Cross loading or presentation
to MHC-I can also occur (239). Both MHC-I and MHC-II are transported to plasma membranes, where they are presented as
antigens to immune cells, including B and T cells (15). Secreted type I interferons can stimulate or inhibit T-cell activation
depending on the intensity and timing of the type I IFN induced (77, 240). It has been shown that the humoral immune
response is the major mechanism induced by a mRNA vaccine through the activation of B cells (241).
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understand how cells react to and defend themselves against nonself mRNA, thereby
stimulating innate immunity, and how they can trigger cascades of signaling pathways
prior to the induction of adaptive immunity. It is known that the pathogen-associated
molecular patterns (PAMPs) contained in the mRNA tridimensional structure can be
recognized and bound by pattern recognition receptors (PRRs) on the surface of cells
(124). The ligand-receptor (PAMP-PRR) complex activates signaling pathways, subse-
quently stimulating distinct trans-acting factors to foster the induction of proinflamma-
tory cytokines and chemokines (125). Endosomal Toll-like receptors (TLRs) and the RIG-
I (retinoic acid-inducible gene 1)-like receptor family have been identified as PRRs (RNA
sensors). Three TLRs (TLR3, TLR7, and TLR8), which are present in endosomal compart-
ments of APCs, play important roles in identifying RNAs. TLR3 recognizes double-
stranded RNA (dsRNA), and TLR7 recognizes dsRNA and single-stranded RNA (ssRNA),
while TLR8 binds only ssRNA (126). Stimulation of TLR3, TLR7, and TLR8 leads to the
induction of type I interferons (IFN-a/b) (127). The RIG-I-like receptor family includes
RIG-I and melanoma differentiation-associated protein 5 (MDA5) (128). RIG-I recognizes
ssRNA and dsRNA, while MDA5 binds dsRNA. Both receptors can activate IRF3 (inter-
feron regulatory factor 3) and NF-kB (nuclear factor kappa B), and this leads to
increased levels of type I IFN being produced (77, 129). Recent findings show that
NOD2 (nucleotide-binding oligomerization domain 2) can be stimulated by ssRNA
(130), activating IRF3 to produce IFN-b . The IFN response, induced by mRNA vaccina-
tion through stimulation of TLR3, -7, and -8, RIG-I, and MDA5, is reliant on the quality
of the mRNA that is transcribed in vitro, mRNA modification, the means of delivery, and
the administration route (10).

Replacement of uridine with pseudouridine in nonself mRNA, as well as purification
of the mRNA via high-performance liquid chromatography (HPLC), can reduce any
undesirable innate immune response and enhance antigen stability and expression
(131, 132). Further, encapsulation of the modified mRNA into lipid nanoparticles (LNPs)
provides the potential to induce a strong T helper response and to produce a consider-
able quantity of long-living germinal center B cells and high-titer antibodies (133).
mRNA vaccines induce robust levels of humoral immunity by activating naive B cells
(123). Specific antibodies are generated by germinal centers (GCs) in B-cell follicles of
secondary lymphoid organs. When B cells mature with the help of T cells (134), they
produce an antibody response on receiving nonself antigen presented by dendritic
cells (DCs) (135). If the antigen is consistently presented during the initiation of GCs,
both the antiantigen antibody responses and B cell/T follicular helper cell responses
are increased (136), and this subsequently fosters sustained neutralizing antibody
responses. It has been shown in animal models that mRNA vaccines, even with only
one or two low-dose immunizations, are able to generate robust neutralizing-antibody
responses (109). Furthermore, SARS-CoV-2 mRNA vaccines are capable of eliciting
multicomponent immune memory, maintaining long-lasting memory B- and T-cell
responses even when antibody levels decline (137). The immune memory induced by
mRNA vaccination is rapid after antigen re-exposure, promoting continued protection
against reinfection (137).

Advantages of mRNA Vaccines

mRNA technology exhibits a number of advantages, making it a highly attractive al-
ternative to current conventional approaches for vaccine development. First, mRNA
vaccines can be generated rapidly, employing relatively straightforward manufacturing
procedures (138). The RNA synthesis is based on the sequencing information available
for a target pathogen, and this can be carried out rapidly (within weeks or even days),
unlike recombinant protein-based vaccines, which normally require a deep under-
standing of the target organism and can take years to develop and produce.
Furthermore, if a different encoded antigen is required, the mRNA vaccine process
requires only slight platform changes during the new mRNA formulation and manufac-
ture, as such modifications do not impact the physical and chemical features of the
mRNA backbone (139), making production easy to standardize and rendering it
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relatively inexpensive. In addition, mRNA production is cell free and scalable due to
the high quantities that result from the in vitro transcription process (140).

Second, mRNA vaccines are safe and can generate a robust level of immunity, high-
lighted by four key features. (i) mRNA vaccine production involves a nonintegrating plat-
form, and this leads to improved biosafety compared with DNA-based vaccines, since the
delivery of mRNA requires only cytoplasmic involvement for activity, and mRNA vaccines
cannot randomly integrate into the genomes of host cells (141). (ii) mRNA vaccines utilize
a noninfectious platform and thus do not harbor infectious elements that would elicit risks
for replication and disadvantageous mutagenesis (109). Safety issues regarding cell-
derived impurities and culture contaminants, which are typically concerns with other plat-
forms, are easy to avoid during the process of cell-free transcription of mRNA. Unlike atte-
nuated or inactivated vaccines, mRNA vaccines express only a specific encoded antigen(s)
that subsequently generates effective and specific immune responses. This is illustrated by
the success of mRNA vaccines in inducing cellular immune responses against infectious
agents where conventional (“classical”) technology has failed (142). (iii) mRNA, following
injection into host muscle, is translated into protein by the host. This results in correct
native protein conformation and posttranslational modifications (such as glycosylation
and phosphorylation) similar to those occurring in the live pathogen, thereby favoring the
generation of correct antibody specificities (143). As indicated earlier, recombinant pro-
teins are normally expressed in prokaryotic (Escherichia coli or Bacillus subtilis) or eukaryotic
expression systems (144). Thus, the yield, production, and stability of the purified recombi-
nant proteins, together with posttranslational modifications of the target antigens, have to
be considered, and this makes vaccine manufacture complex, expensive and time-con-
suming. (iv) Modification of mRNAs makes them more stable and highly translatable,
allowing for increased dose tolerance and eliciting high antibody responses (145). The
modified mRNA is able to elicit a strong immune response by promoting both cellular and
humoral immunity, as evidenced both in clinical trials and with animal models (121, 142).
Even a single dose of mRNA has been shown to elicit a high level of neutralizing antibod-
ies, a feature that is vital to provide long-term protection against infection (121, 146).

Third, an important advantage of mRNA vaccines is that they allow the codelivery
of multiple mRNAs eliciting synergistic effects and subsequently fostering protective
immunity (147). With the rapid spread of new coronavirus variants, such as Delta and
Omicron, a critical strategy was to update COVID mRNA vaccines by producing multi-
valent vaccines against multiple spike mutations of the coronavirus so they maintain
their protective efficacy (148). Progress has also been made in the development of a
multivalent mRNA vaccine targeting influenza virus by establishing a well-controlled
scalable platform that can be utilized to include additional vaccine candidates in short
lead times (149). This approach, which is aimed at developing multivalent mRNA vac-
cines, can be pivotal for generating multivalent vaccines against complex parasites,
including large, clinically important macroparasitic helminths such as schistosomes
and hookworms.

LNPs as Delivery Systems for mRNA Vaccines

Selection of an appropriate system for mRNA delivery is crucial for preventing the
mRNA from degrading, promoting its cellular uptake and its effector presentation, and
leading to the induction of a strong and effective immune response (150, 151). The
mRNA delivery system should be designed according to biomedical demands of bio-
compatibility and biosafety. To date, multiple procedures to deliver mRNA vaccines
have been investigated, including physical delivery approaches, ex vivo loading of den-
dritic cells, and the use of cationic LNPs. Nanoparticles have proved the most appeal-
ing, having been used with success for the delivery of nucleic acids, including mRNA,
in the clinic (108, 109, 152–156). The delivery of mRNA with LNPs elicits durable, pro-
tective immune responses against pathogens and against cancer after minimal doses
(121, 157). LNPs protect the mRNA from degradation through surface decoration with
ligands, can be potentially targeted to a desired cell type, and, if needed, can be code-
livered with adjuvants. LNPs promote self-assembly into particles ;100 nm in size in
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order to cross the negatively charged phospholipid bilayer of cell membranes and to
facilitate the endosomal release of the mRNA into the cytoplasm, where protein trans-
lation occurs (109). LNPs that are less than 150 nm efficiently drain to lymph nodes via
afferent lymphatic vessels (158), while larger LNPs can be phagocytosed by immune
cells and transferred to the lymph nodes. LNPs generally consist of four constituents:
(i) cationic (ionizable) lipids, which are able to effectively increase the entrapment of
mRNA, enhance the efficiency of cellular uptake, and facilitate endosomal escape; (ii)
cholesterol, which stabilizes LNP complexes; (iii) lipid-anchored polyethylene glycol
(PEG), which can reduce the size of particles, prevents their aggregation, promotes cir-
culation time, and decreases uptake by the reticuloendothelial system; and (iv) phos-
pholipids, which are crucial to retain lipid bilayer structure (109). Whereas LNPs have
received extensive investigation, additional research of other potential delivery plat-
forms to enhance efficient transfection and specific targeting, to increase the stability
of encapsulated mRNA, and to reduce reactogenic side effects will remain a priority to
guide and advance the development and optimization of intracellular delivery systems
generally to improve basic health care and medical treatment.

Safety Profiles of mRNA Encapsulated with LNPs

Early reports of the safety of Pfizer-BioNTech’s COVID-19 vaccine recorded circa 11 an-
aphylaxis cases/million vaccinations (including less severe nonanaphylactic reactions) fol-
lowing the first dose (159). The majority of the side effects (e.g., ache at the injection
point, fatigue, headaches, fever, chills, and Bell’s palsy) attributed to mRNA vaccination
in clinical trials are not life-threatening (138, 160). It has been shown that some compo-
nents, such as PEGylated lipids, which are included to stabilize and to ensure the bio-
compatibility of LNP-mRNA vaccines, may contribute to severe allergy-like reactions
potentially resulting from preexisting PEG allergy in vaccinated subjects (161). Indeed,
there are reports that PEG lipids can activate the complement system, inducing hyper-
sensitivity reactions (162, 163). An unexpected immunogenic response—accelerated
blood clearance (ABC) phenomenon—has also been observed during the repeated
administration of PEGylated nanoparticles (164), which may modify the bioavailability
and biodistribution of the encapsulated mRNA, leading to side effects (162). This raises
concerns for immunotherapy applications when multiple dosing is required to maintain
high levels of protective antibodies. Given these safety concerns, numerous natural or
synthetic components (such as heparin, dextran, chitosan, and biodegradable/nonbiode-
gradable polymers) have been considered as alternatives to PEG (162), but research in
this area is still in its infancy. It is critical to optimize suitable mRNA delivery methods
that can enhance effective protective immunity outcomes while at the same time mini-
mizing vaccine-associated risks (165).

Transport and Storage of mRNA-LNP Formulations

Originally, it was thought that the Pfizer-BioNTech COVID-19 mRNA vaccine
required temperatures between 280°C and 260°C for shipping, that it could be kept
in a 220°C freezer for only about 2 weeks, and that it could be stored at 2 to 8°C for
only 5 days (https://www.gavi.org/vaccineswork/change-cold-storage-conditions-could
-make-pfizer-covid-19-vaccine-more-widely). This meant that only a limited number of
countries could manage a vaccine requiring such ultracold storage. Subsequently,
however, data submitted to the regulators by Pfizer indicated that thawed and undi-
luted vials of their vaccine could be stored at 2 to 8°C for up to 1 month. From the out-
set, it was clear that Moderna’s Spikevax mRNA vaccine had less stringent cold chain
requirements: requiring shipment at 220°C, it could be stored for up to 6 months at
220°C, and after thawing, it too could be kept at 2 to 8°C for up to 30 days (https://
www.gavi.org/vaccineswork/change-cold-storage-conditions-could-make-pfizer-covid
-19-vaccine-more-widely). Nevertheless, it is clear that each step in handling mRNA
vaccines needs diligent care and coordination (15), significantly impacting vaccine
accessibility (138). Such a requirement represents a substantial technical hurdle and
considerable economic burden if mRNA vaccines are to be delivered, distributed, and
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stored in appropriate facilities in developing countries. Accordingly, systematic strat-
egies to determine the key physicochemical mechanism(s) of degradation in formu-
lated mRNA vaccines will be required, given our current limited understanding of
these processes (166). In addition, further research is required to determine the opti-
mal design of formulations for LNP-mRNA vaccines to ensure that they maintain sta-
bility at refrigeration or ambient temperatures during transport, storage, and adminis-
tration (166). Strategies may involve the selection of excipients (such as the use of
preservatives and stabilizers), formulation milieu (such as tonicifying agents and/or
the appropriate pH), improvements in lipid nanoparticle technologies and production
methods, and optimal delivery procedures (such as the use of lyophilized or liquid
vaccine doses) (166). Ideally these factors would enable shipment and storage of
mRNA at realistic temperatures throughout the vaccine supply chain (167), with the
improvements in stability facilitating better access to basic health care and medical
treatment by residents of developing countries and remote areas.

POTENTIAL OF mRNA VACCINES FOR COMBATING PARASITIC INFECTIONS

The mRNA vaccine platform offers immense potential for developing vaccines
against a range of infectious agents (88). Important targets of mRNA vaccines include
influenza virus (168, 169), with phase 1 trials recently initiated and led by Moderna,
Pfizer, and Sanofi (170); Zika virus (171–173), with a vaccine undergoing concurrent
phase 1 and 2 clinical trials led by Moderna (174, 175); respiratory syncytial virus (RSV),
with Moderna having initiated the phase 3 portion of its pivotal clinical trial as a step
toward its ultimate goal of combining the mRNA vaccine for RSV (mRNA-1345) with boos-
ters for SARS-CoV-2 and influenza virus into a single vaccine dose (https://www.biopharma
-reporter.com/Article/2022/02/22/moderna-initiates-phase-3-trial-for-rsv-vaccine-candidate);
and HIV, with results of a preclinical study having recently been announced (176).
Furthermore, it is notable that anticancer mRNA vaccines that target tumor-specific
neo-epitopes and tumor-associated antigens (177, 178) have also been developed,
and these are undergoing evaluation in phase 1/2 clinical trials for the treatment of
solid tumors (179). The “warp-speed” development and remarkable deployment of
mRNA vaccines against COVID-19 provide the impetus to employ this unique tech-
nology platform to tackle the more complex and demanding task of developing vac-
cines against parasitic infections.

mRNA Vaccines for Protozoan Parasites

The concept of successfully applying mRNA platform technology to produce effec-
tive vaccines against parasites is supported by some recent successes, albeit not exten-
sive ones, in utilizing the approach to develop mRNA vaccines against parasitic proto-
zoan infections, including malaria (110, 111) and those caused by L. donovani (112) and
T. gondii (113), discussed below.

Malaria. Plasmodium spp. produce PMIF, an ortholog of the mammalian cytokine
macrophage migration inhibitory factor (MIF), which modulates inflammation against
malaria parasites. A novel PMIFmRNA vaccine was able to promote the control of blood-
stage and liver Plasmodium infection and elicit a remarkable level of protection against
P. berghei, which causes lethal malaria in mice, upon challenge with either a blood-stage
parasite or a sporozoite (the mosquito-transmitted stage) (111). Specifically, the anti-
PMIF vaccine led to a delay in blood-stage patency following sporozoite infection,
decreased expression levels of IFN-g , interleukin 12 (IL-12), and tumor necrosis factor
alpha (TNF-a) during the blood-stage infection, increased germinal center and CD4 T fol-
licular helper (Tfh) cell responses, enhanced anti-Plasmodium IgG antibody levels and
the differentiation of memory CD41 T cells and liver-resident CD81 T cells (89). Notably,
the PMIF mRNA vaccine further enhanced parasite control in a primary infection while
generating 100% protection against subsequent challenge (111). In addition, this protec-
tion against new infection could be recaptured when CD81 or CD41 T cells were trans-
ferred from mice that had received the PMIF mRNA vaccine (111). The study is notewor-
thy because, as the authors suggest, MIF inhibition may be an applicable method for
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stimulating protective immunity not only to malaria but also potentially to other para-
sitic protozoan and helminthic species that produce protein orthologues of MIF (111).

Another recent study showed that an mRNA vaccine encoding the P. falciparum cir-
cumsporozoite protein (PfCSP) (the immunodominant surface protein of the invasive
sporozoite stage of the Plasmodium parasite), encapsulated with LNPs, also achieved
sterile protective immunity against malaria in mice (110). The authors of the study first
showed good expression of the PfCSP mRNA vaccine, which was cell associated in
mammalian cell transfection experiments. Then, a vaccine formulation of PfCSP mRNA-
LNP generated sterile protective immunity in mice following challenge infection with
two P. berghei PfCSP transgenic parasite strains; the vaccine dose and the interval
between doses had the most effect on outcome (110). This study served well as a basis
to assess the pre-erythrocytic PfCSP mRNA vaccine, with the reported outcomes mak-
ing it a compelling candidate with considerable potential to improve on protective effi-
cacy levels achieved with conventional approaches. These findings have led to plans
by BioNTech to develop the first mRNA-based malaria vaccine, with clinical trials pro-
jected by the end of 2022 (https://www.technologyreview.com/2022/02/23/1045131/
malaria-vaccine-save-lives/).

Leishmaniasis. Leishmania donovani is an important human intracellular parasitic
protozoan that causes visceral leishmaniasis (kala-azar), a severe and life-threatening
form of the disease. LEISH-F2 has been shown to be an important vaccine candidate
against this disease, and its genetic sequence has been used to design a RNA vaccine
construct (112). When the LEISH-F2 mRNA vaccine was given to mice as a primary im-
munization and heterologously boosted by vaccination with recombinantly expressed
LEISH-F2 (adjuvanted with the oil-in-water emulsion glucopyranosyl lipid A in SLA-SE
(second generation glucopyranosyl lipid A in stable oil-in-water emulsion)), a signifi-
cantly reduced parasite burden was evident in the livers of the vaccinated mice follow-
ing L. donovani challenge. In contrast, compared with challenged control mice, no
reductions in parasite numbers were evident following homologous vaccination with
either the LEISH-F2 mRNA vaccine or LEISH-F2 SLA-SE. Furthermore, the heterologous
vaccine approach induced in mouse splenocytes a very high level of secreted IFN-g
and strong antigen-specific Th1 responses (112). This study emphasizes the potential
and utility of heterologous prime-boost immunization to generate robust antigen-spe-
cific T-cell responses for protection against intracellular pathogens.

Toxoplasmosis. Toxoplasma gondii is an obligately intracellular parasite belonging to
the phylum Apicomplexa. This species parasitizes a broad variety of warm-blooded ani-
mals and humans. Although infection with T. gondii is generally asymptomatic, it can be
a severe threat to pregnant women and individuals who are immunocompromised. In a
novel vaccine approach, a vaccine platform using modified dendrimer nanoparticles
(MDNP) in which antigens are encoded by encapsulated mRNA replicons was developed
by Chahal et al. (180). A single dose of the vaccine was able to generate both antibody
and CD81 T-cell responses that resulted in complete protection of mice following chal-
lenge with a range of dangerous pathogens, including T. gondii (180). With T. gondii, six
specific antigens (surface antigen 1 [SAG1], SAG2A, rhoptry protein 18 [ROP18], ROP2A,
apical membrane antigen 1 [AMA1], and dense granule protein 6 [GRA6]), which are
expressed in different life cycle stages and parasite strains, were multiplexed into the
(hexaplex) MDNP vaccine. In the vaccination study, animals received the hexaplex MDNP
vaccine prior to challenge with T. gondii type II strain Prugniaud (PRU), which is known
to be lethal to mice. Vaccinated mice survived longer than 6 months without any clinical
indications, whereas all the nonvaccinated controls were killed by the infection. This
MDNP vaccine platform, with its ability to rapidly produce viable, contaminant-free vac-
cines comprising single or multiple antigens, may be widely applicable against a variety
of pathogens, including parasites, and the diseases they cause.

A subsequent study (113) targeted the nucleoside triphosphate hydrolase II
(NTPase II) protein from T. gondii, which has been shown to elicit Th1 cell-mediated
protective immunity against T. gondii infection. This study, undertaken by Luo et al.
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(113), involved the development of a self-amplifying RNA vaccine (RREP-NTPase-II)
which was delivered to mice intramuscularly in LNPs. The vaccinated mice generated
potent immunity, with robust levels of IgG antibodies and IFN-g produced. In an acute
mouse infection, compared with phosphate-buffered-saline (PBS) controls, vaccinated
animals challenged with the RH strain of T. gondii (103 tachyzoites) survived longer and
had reduced parasite burdens in their brains. In addition, in a chronic mouse model of
T. gondii infection, animals vaccinated with the RREP-NTPase-II encapsulated in LNPs
and subsequently challenged with 20 tissue cysts of the lethal Prugniaud strain had
significantly decreased numbers of brain cysts compared with the control animals
(113). Overall, the mixture of self-amplifying RNA encapsulated in LNPs was shown to
successfully induce a high level of protective immunity and offers promise for future
development as a safe and long-lasting vaccine against T. gondii.

Multivalent mRNA vaccine against Ixodes scapularis. Further support for utilizing a
multivalent RNA approach for antiparasite vaccine development is provided by the
recent success of a mRNA vaccine encoding 19 salivary proteins (19ISP) expressed by I.
scapularis (114) This multicellular ectoparasitic arthropod is able to transmit a number
of pathogens, including the Lyme disease agent (Borrelia burgdorferi), Borrelia miyamo-
toi, Anaplasma phagocytophilum, Babesia microti, and other disease agents that are cur-
rently on the increase in Europe and North America (181). Naturally acquired resistance
to I. scapularis is generally considered the outcome of repeated tick exposure, and the
resultant host immune responses (referred to as tick immunity or acquired tick resist-
ance) are postulated as being generated against the complex mixture of salivary pro-
tein antigens that are released into the tick bite site (114). Sajid et al. (114) used pub-
lished information on the tick’s salivary gland transcriptome/proteome (sialome) and
its dynamic changes during the process of feeding to identify a panel of proteins in
the saliva that enabled them to generate a cocktail of antigens. The 19 antigens
(19ISPs) were chosen based on their high level of immunogenicity and, for the major-
ity, their known mode of action. Nucleoside-modified mRNAs that encoded the 19ISP
were encapsulated in LNPs. Subsequent immunization of guinea pigs with the LNP-
19ISP vaccine induced a robust specific antibody response that was protective against
tick challenge. The vaccinated guinea pigs presented with erythema (redness or irrita-
tion), a key feature of acquired tick resistance, at the site of tick attachment; in addi-
tion, due to poor feeding and early tick detachment, the engorgement weights of the
arthropods that fed on the vaccinated animals were significantly lower than those of
ticks that fed on control animals.

Developing Vaccines for Parasitic Helminths: Some Challenges

The development of effective vaccines against multicellular helminth parasites has
generally proved to be extremely daunting and has proved a more significant chal-
lenge than developing antibacterial or antiviral vaccines. Helminth parasites are com-
plex organisms that have evolved a range of mechanisms, including immune escape,
utilization of efficient nutrient uptake mechanisms, and exploitation of host hormones
and growth factors for worm development, maturation, and egg production, that allow
them to survive in different hosts, often for many years (182). It is likely that blocking
and/or inhibiting a single gene or gene product by vaccination may stimulate a hel-
minth parasite, such as a schistosome, to compensate by a switch to an alternative
metabolic pathway to ensure that it maintains the ability to acquire essential nutrients
from the host or the difficult external environment in order to survive (183). Further
major challenges on the path to developing effective vaccines against parasitic hel-
minths, as indicated above, are the facts that they generally have multiple life cycle
stages, with each often presenting antigens that are stage specific, and they have the
notorious ability to damp and regulate the host immune response (14). Moreover, hel-
minths possess complex genomes and proteomes that add to the challenge of identi-
fying suitable antigenic targets, a process that is crucial for the development of effica-
cious vaccines (14, 184). By employing the schistosome flatworm parasites as models,
cutting-edge techniques have been used for schistosome antigen discovery and for
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deciphering nuclear genomes of S. japonicum, S. mansoni, S. haematobium, and other
schistosome species (185–188) and major advances made in transcriptomics (189–191),
proteomics (192, 193), immunomics (194, 195), and exosomics (196, 197). This novel in-
formation provides a vantage point for understanding the functions of thousands of
gene products with potential as critical vaccine targets, enabling rapid future progress in
antischistosomiasis vaccine development (198).

With the development of novel vaccine strategies such as immunotherapeutic
approaches (199) utilizing the strategies of EV proteins (200) and genetic elements (201),
numerous constructs are being defined for a wide range of helminth parasites. However,
a better understanding of immunological mechanisms induced by helminth vaccines is
necessary for the development of potent vaccine platforms and their optimal design.
Immunopathological reactions in schistosomiasis are mainly induced by eggs laid by
female adults living in blood vessels of the definitive hosts (202). Eggs are released from
feces into the environment to continue the parasite life cycle, while a large proportion of
eggs are trapped in the host liver and intestine (S. mansoni and S. japonicum) or bladder
and genital tissues (S. haematobium). These eggs secrete various components (such as
proteolytic enzymes and glycoproteins) which are able to induce inflammatory immune
responses mediated by CD41 T-helper-2 lymphocytes, subsequently resulting in forma-
tion of granulomas when inflammatory cells (macrophages, lymphocytes, neutrophils,
and eosinophils) clump around the eggs (203). The result is fibrotic lesions in host tis-
sues, eventually resulting in inflammatory and hepatosplenic schistosomiasis (S. mansoni
and S. japonicum) or urogenital disease (S. haematobium) (204).

The potential factors affecting vaccination include the stage of parasitic infection
and the time of relative infection and/or vaccination. It has been argued that the most
vulnerable period for an immune response generated by vaccine is 72 h after cercarial
skin penetration, when the parasite has attained the early developmental stage of the
schistosomula in the lungs (205). In addition, existing parasite infections at the time of
vaccination may also result in worse immunization outcomes. Meanwhile, it was also
found that the natural immunity evidenced in residents living in areas of endemicity
can be normally obtained by repeated infections and that its maintenance might be
stage specific depending on different antibody classes or T-cell responses (206).
Therefore, it is critical to determine whether there is a match between the type of
immune response generated by a parasitic infection and the type of protective
response required for vaccine against the infection. The vaccine factors also include
vaccine formulation and route of administration, which are critical to determine
whether a vaccine is susceptible to interference by parasite infections (207).

In terms of generating vaccine-induced protective immune responses to parasitic hel-
minths, there is extensive research documenting the requirement for a solid Th2-biased
immune response in animal models (14, 20, 184). The cytokine profile analysis was investi-
gated in mice vaccinated with radiation-attenuated cercariae followed by challenge with
normal cercariae (208), the current best model in achieving protection levels correspond-
ing to a >75% reduction in worm burden. It was found that early upregulated pathways
were highly involved with Th2-skewed response and polarization of IgG antibody in the
mice vaccinated with radiation-attenuated cercariae (208). The results also showed high
expression levels of the proinflammatory cytokines IFN-g and TNF-a, which are critical in
activation of macrophages in the pulmonary effector response (209), and IL-10, which
plays an important role in regulating excessive inflammation by depressing a polarized
Th1 response (210). This also supports evidence from human studies showing that immu-
nity to worm infections requires the generation of a robust Th2 immune response and the
production of Th2-associated cytokines such as IL-4, IL-5, IL-6, IL-9, and IL-13 (14, 184).
Thus, there is compelling evidence from numerous studies in humans and animal models
that any helminth vaccine should induce Th2 immunity, but the development of a bal-
anced Th reaction is also important in order to prevent unwanted effects, since both Th1
and Th2 components, if one-sided and extreme, can cause damaging pathology (184). The
deployment of any vaccine dependent on IgE, which is associated with allergic responses,
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might be problematic and held back by safety and regulatory issues (211). Indeed, finding
the right balance of Th1/Th2 responses poses a challenge for any future antihelminth vac-
cine development.

Can mRNA Vaccines Induce Long-Lasting Protective Immunity against Parasitic
Infections?

It is important to re-emphasize that studies on mRNA vaccines tested both in
human clinical trials and in animal models have demonstrated that these vaccines are
able to elicit potent and durable immune responses and that the lasting protection
can be maintained by immune memory (10, 137). A key point for the development of
successful antiparasite vaccines is obtaining long-lasting protective immunity by pro-
ducing long-lived memory B and T cells to provide effector responses that exceed reg-
ulatory responses induced during a natural infection (28). A natural helminth infection
can induce not only an effector response that is protective and a nonpathological
immune response but also a regulatory response. Regulatory responses are known to
suppress bystander vaccination (212) and are characterized by repressive cytokines
(transforming growth factor b [TGF-b] and IL-10) generated by regulatory T (Treg) cells
(213), which may contribute to the depressed resistance to parasite (e.g., a schisto-
some) reinfection in animal models (214). A balanced acquired immune response
between effector CD41 T-cell subsets (Th1, Th2, and Th17), including effector cytokines
(IFN-g , IL-4, and IL-21), has been implicated in protecting against helminth reinfection
(215). As discussed above, mRNA vaccines are characterized by their ability not only to
promote humoral immunity, producing type I IFN responses and downstream Th1-
polarized responses, but also to stimulate a cellular immune response, activating CD41

T cells that are needed to support B-cell differentiation and develop memory responses
(9, 142, 216). These immunological characteristics make mRNA vaccines highly suitable
for combating helminthic infections.

Another critical point in effective vaccination is to retain the vaccine-induced protection
even when antibody levels decline or vanish (the half-life of an antibody is ;30 days).
Acting as an important mechanism in maintaining long-lasting immunity induced by
mRNA vaccines (135, 136), antigen retention by follicular DCs in peripheral lymph nodes
has also been shown to be crucial in generating the protective immunity stimulated in the
I&T approaches against malaria (61) and schistosomiasis (29). As indicated by the recent
debate on the efficacy of SARS-Cov-2 mRNA vaccines versus natural immunity (217), it is
assumed that frequent (re)exposure to parasites in areas of endemicity postvaccination
may help to maintain long-lasting immunity generated by the vaccination. A recent report
further indicated that the host immune response induced by an antischistosomiasis vac-
cine can be enhanced by repeated treatment with praziquantel, which remains the only
effective drug for large-scale population treatment against schistosomiasis in regions of
endemicity. Due to the capacity of praziquantel to kill parasites, its destruction of the
worm tegument and the subsequent release of worm molecules into the host provide an
excellent antigen source to boost the host immune response (218). These features further
highlight the potential of mRNA vaccines in generating protective immune responses that
are long lasting against a parasitic infection.

The Argument for DevelopingMultivalentmRNAVaccines against Helminth Parasites:
Time to Reboot

There is now strong evidence to promote the development of multivalent anthel-
mintic vaccines as essential and effective tools if the goal of controlling or even elimi-
nating parasitic worm infections is to be achieved (14). Moreover, this approach could
be advanced even further, as researchers have proposed the development of single
pan-anthelmintic vaccines that could be deployed against several parasitic helminth
species in a host at the same time to stimulate potent and enduring immune
responses with minimal side effects (14). The development of a pan-anthelmintic vac-
cine that is built from multiple cross-protective antigens may provide a novel alterna-
tive to whole-antigen vaccines. Furthermore, such an approach is timely, given that
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coinfections with two or more worm pathogens are common in individuals from
marginalized communities in many developing countries (219). Given the fact that the
versatile mRNA platform is amenable to multiple targets (220) and in vivo synergistic
effects of multiple mRNAs can significantly foster protective immunity (147), the strat-
egy of developing multivalent mRNA vaccines against helminth parasites has the
potential to lead to a quantum leap in the control of the diseases they cause, resulting
in a clear positive public health impact. This scenario is strengthened by the fact that
codelivery of multiple mRNAs has already been shown to promote synergistic effects
that enhance and broaden protective immunity, exemplified by the hexaplex MDNP
vaccine developed for T. gondii (180) discussed above. It is noteworthy that the multi-
valent mRNA platform has also been successfully optimized for multiple antigen com-
binations with potential for the development of multivalent mRNA vaccines against
COVID-19 variants (148) and seasonal or pandemic influenza viruses (149).

Test Case Scenario: Developing a Transmission-Blocking mRNA Vaccine against
Zoonotic Schistosomiasis Caused by Schistosoma japonicum

When the complexity of the schistosome life cycle and the zoonotic nature of schis-
tosomiasis japonica are taken into consideration, the development of a mRNA-based
transmission blocking veterinary vaccine targeting S. japonicum could provide a unique
approach to parasite control in areas where it is endemic (184). Studies performed in
China (211, 221) and the Philippines (222) demonstrated that bovines, especially water
buffalo (called carabao in the Philippines), are major host reservoirs for S. japonicum
and are likely responsible for circa 90% of environmental egg contamination.
Transmission of S. japonicum through the passage of eggs in the stools of infected buf-
falo and cattle in waterways is a significant problem, with the result that nearby human
populations are frequently exposed to cercariae released from infected freshwater
snails (acting as intermediate hosts), resulting in high levels of schistosomiasis. Quite
recent studies undertaken in the Philippines revealed an extraordinarily high schisto-
some prevalence (70 to 100%) in the carabao residing in areas where schistosomiasis is
endemic (222). A mathematical model of S. japonicum transmission has predicted that
a bovine vaccine for schistosomiasis, capable of reducing stool egg numbers in water
buffalo by 45%, in combination with praziquantel treatment, would lead to a signifi-
cant decrease in transmission, almost to the point of elimination within 10 years (223,
224). The model further predicts that increasing vaccine efficacy above this threshold
would substantially reduce the time required to achieve elimination (178). With this in
mind, much research has focused on development of transmission-blocking vaccines
(recombinant-protein or DNA vaccines) (17, 102, 225–227) effective against S. japoni-
cum in buffalo. An experimental randomized double-blind trial undertaken in China of
a DNA vaccine encoding the triose phosphate isomerase enzyme of S. japonicum
(SjTPI) fused with bovine heat shock protein 70 (Hsp70) (223) induced responses in
water buffalo that were able to reduce worm burdens by 51% and miracidial hatching
by 52%, outcomes that were higher than those induced by the DNA vaccine coding for
SjTPI alone. Subsequently, two double-blind, phase 3 cluster randomized control trials
(RCTs) were recently completed in China (102, 225) and the Philippines (submitted for
publication). The RCTs were designed to determine the effect of an integrated, multi-
component strategy of treatment, snail (intermediate host) control, and vaccination of
bovines with the SjTPI vaccine on schistosome transmission. This framework of trans-
mission underpins the current efforts toward a vaccine deployed in animals against S.
japonicum as an effective and feasible public health objective, an outcome that aligns
well with the concept of One Health, which aims to achieve optimal health outcomes
for people, animals, and the environment (20, 102, 184, 228).

The application of anthelmintic treatments is currently more advanced in the veteri-
nary field than the human one (229). The development of a veterinary vaccine provides
a number of advantages over a human vaccine, including the costs and issues of
safety. Indeed, it has been asserted that the safety profile of a transmission-blocking
veterinary vaccine against schistosomiasis japonica is less stringent than that required
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for clinical application (24). Furthermore, the differentiation of Th1/Th2 responses to
antigen in bovines tends to be more closely related to human responses than that of
responses generated in mice (230), which are currently extensively used as a model for
schistosomiasis. Indeed, much current knowledge of schistosomiasis immunology is
based on murine studies, which may not reflect the true picture of immune responses
induced in natural, outbred mammalian, including human, hosts in areas where the
disease is endemic (230). These arguments apply to vaccine trials with S. japonicum, a
robust parasite that is difficult to kill via acquired protective immunity in the murine
model (231); indeed, a number of key differences between mice and natural schisto-
some hosts are evident (232). Consequently, once appropriate vaccine candidates have
been identified, it is critical as a next step in translation to assess their protective effi-
cacy in more relevant, natural hosts of infection—in the case of S. japonicum, cattle
and buffalo.

The mRNA vaccine platform makes it feasible to develop veterinary-based transmis-
sion-blocking multivalent vaccines targeting multiple helminth and other major zoo-
notic diseases spread between animals and humans, which would be acceptable and
appealing to farmers in areas of endemicity. A chronic schistosome infection impact on
host metabolism, immunity, and the composition of the microbiome, which can modu-
late and/or enhance host susceptibility to infection with other diseases (212, 233). A
prime example is bovine tuberculosis (BTB) caused by the bacterium Mycobacterium
bovis, another major zoonotic chronic respiratory disease spread between bovines and
humans. It continues to be a serious problem in animals and impacts human health in
many poor rural communities in a number of African and Southeast Asian countries
(234), where schistosomiasis may be coendemic. It has been shown that chronic schis-
tosome infection enhances host susceptibility to BTB (235) and that BTB infection can
also increase the occurrence of parasites in buffalo (236). Given the advantages and
feasibility of the multivalent mRNA vaccine approach, developing a transmission-block-
ing multivalent mRNA vaccine for bovines that targets both schistosomiasis and BTB
has the potential to lead to a quantum improvement in the control of these zoonotic
infectious diseases, with a clear future public health impact.

CONCLUSION

The mRNA platform is a notable novel technology that has already reformed vac-
cine development. mRNA vaccines can be simply developed and rapidly deployed,
they are reproducible and inexpensive to manufacture, and, importantly, they are ca-
pable of stimulating broadly protective and long-lasting humoral and cellular immu-
nity (220). The warp-speed development and the subsequent successful deployment
of the highly effective SARS-CoV-2 mRNA vaccines were a result of the unparalleled
early expansion of the COVID-19 pandemic. The accelerated development of mRNA
vaccines currently in different phases of clinical trials targeting a wide range of patho-
gens (168–179) has stimulated considerable interest in enlisting the approach to de-
velop effective and long-lasting antiparasite vaccines; these include vaccines that tar-
get the parasitic helminths, which are the cause of considerable morbidity and infect
more than a quarter of the global population, the majority of whom live in extreme
poverty (237).

Sitting at the top of the list, arguably, is a vaccine against schistosomiasis, although
limitations in the development and production of an mRNA vaccine will require consid-
erable future exploration. This disease continues to be a poverty-promoting, stigmatiz-
ing disease occurring mainly in the poor rural areas of developing countries. Indeed,
no human or animal schistosomiasis vaccine is available, although the journal Science
ranked an antischistosome vaccine as one of the top 10 vaccines that are urgently
needed to improve global public health (238). To date, whereas a considerable number
of antischistosome vaccine candidates have been identified and tested, very few have
proceeded to clinical trials, since the level of protective immunity induced was insuffi-
cient. What is urgently required is a revolutionary and effective antischistosome
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vaccine platform to foster the development and testing of vaccine candidates at high
throughput via cutting-edge, novel technology. By taking advantage of the mRNA vac-
cine approach which has proven so successful in the development of the highly effec-
tive COVID mRNA vaccines, together with the use of suitably appropriate animal mod-
els that will allow evaluation of the protective efficacy of candidate vaccines and
determination of immune correlates of protection, this can be achieved. Antiparasite
mRNA vaccines provide a clear prospect for improving the health conditions of human
and animals in areas of endemicity and preventing exposure of travelers and military
personnel to infection, all of which are potential market populations. Further refine-
ment and optimization of the multivalent mRNA vaccine technology against schistoso-
miasis and other parasitic diseases could result in significant improvements in the
accessibility of advanced vaccine techniques and the deployment of effective vaccines
in the most parasite-affected regions globally.
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