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Abstract

Introduction: Transmission-blocking vaccines (TBV) prevent community spread of malaria by
targeting mosquito sexual stage parasites, a life-cycle bottleneck, and will be used in elimination
programs. TBV rely on herd immunity to reduce mosquito infections and thereby new infections
in both vaccine recipients and non-recipients, but do not provide protection once an individual
receives an infectious mosquito bite which complicates clinical development.

Areas covered: Here, we describe the concept and biology behind TBV, and we provide an
update on clinical development of the leading vaccine candidate antigens. Search terms ‘malaria
vaccine,” ‘sexual stages,” ‘transmission blocking vaccine,” *‘VIMT” and ‘SSM-VIMT” were used
for PubMed queries to identify relevant literature.

Expert opinion: Candidates targeting £ falciparum zygote surface antigen Pfs25, and its 2
vivax orthologue Pvs25, induced functional activity in humans that reduced mosquito infection

in surrogate assays, but require increased durability to be useful in the field. Candidates

targeting gamete surface antigens Pfs230 and Pfs48/45, respectively, are in or nearing clinical
trials. Nanoparticle platforms and adjuvants are being explored to enhance immunogenicity.
Efficacy trials require special considerations, such as cluster-randomized designs to measure herd
immunity that reduces human and mosquito infection rates, while addressing human and mosquito
movements as confounding factors.
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1. The Concept of a Malaria Transmission-Blocking Vaccine

Malaria elimination and eradication have received renewed interest and prioritization, but
existing tools are insufficient to eliminate from areas of stable transmission [1]. Vaccines
played an important role to eliminate or eradicate other infectious diseases of humans
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or animals, such as smallpox, poliomyelitis, and rinderpest [2,3]. Vaccines are safe,
cost-effective, can be administered to large populations in mass campaigns, and provide
an extended window of immunological activity against pathogens. While traditionally
developed to prevent infection and disease in individuals, the effect of vaccines to prevent
onward transmission of the infectious agent is pivotal to elimination and eradication
efforts in communities. In this way, vaccines benefit both immunized and non-immunized
individuals through herd immunity, thus protecting groups who may not receive the
intervention.

Transmission-blocking vaccines (TBV) work by attacking parasites in the mosquito vector
to impede their spread through the community (Figure 1) and are needed for malaria
elimination programs. TBV have been identified by the Malaria Eradication Research
Agenda (MalERA) as a potential tool for malaria eradication, and a priority for development
[4]. During elimination campaigns, TBV would be used in conjunction with other
approaches, such as vector control, and by comparison are intrinsically safe for the
environment. When added to other malaria vaccines, TBV may reduce the release of escape
mutant parasites, with the separate benefit that combined vaccine activities might more
effectively interrupt the parasite life cycle and thwart community spread of malaria.

TBV do not provide individual protection if a vaccinee receives an infectious mosquito bite,
but instead offer benefits to all community members by reducing the number of infectious
mosquitoes and hence the rate of new human infections (Figure 1, center panel). The TBV
concept was described in the 1970s using the avian parasite 2 gallinaceum for proof-of-
principle: chickens that were immunized with formalin- or radiation-treated parasites [5]

or purified gametes [6] induced antibodies in chickens that immobilized microgametes and
prevented parasite transmission to mosquitoes. To mediate their activity, TBV incorporate
antigens expressed by gametocytes and developmental stages in the mosquito — gametes,
zygotes, and ookinetes — to induce antibodies that attack the parasite as it undergoes sexual
stage and sporogonic development in the midgut (Figure 1, right panel). Antibodies can
neutralize the parasite by targeting key biological processes (such as male gamete binding
red cells during exflagellation), by blocking parasite-mosquito interactions (such as parasite
chitinase that digests peritrophic matrix to allow traversal), or by initiating immune killing
effects (such as complement-mediated lysis of gametes by Pfs230 antibodies).

While TBV targets parasites as they attempt to establish infection in mosquitoes, a broader
concept termed Vaccine to Interrupt Malaria Transmission (VIMT) coined by the Malaria
Eradication Research Agenda (MalERA) encompasses pre-erythrocytic and blood stage
vaccines that have an effect on transmission [7] along with TBV. The idea underlying VIMT
is that a pre-erythrocytic vaccine that reduced the number of human infections, or a blood
stage vaccine that limited infection duration, will also reduce community spread of malaria.
Further, mosquito proteins or enzymes [4] such as Anopheles gambiae aminopeptidase

1 (AnAPNL1), carboxypeptidase and saglin that play a role in parasite development have
also been assessed as targets for mosquito stage vaccines, and have also been referred to

as transmission-blocking vaccines. MalERA promoted ‘sexual-sporogonic-mosquito stage
vaccines to interrupt malaria transmission’ or SSM-VIMT as an acronym to subsume TBV
[8], but this terminology has not been widely adopted: a PubMed search of ‘SSM VIMT’
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(or ‘SSM-VIMT?’) identifies only four publications since 2014 versus more than 60 with a
search for ‘malaria TBV” over the same period.

2. Biology of Plasmodium Sexual Stages: Bottleneck in the Malaria Life

Cycle

Sexual reproduction is obligatory for Plasmodium and occurs in the mosquito midgut,
ultimately leading to the sporozoite forms in salivary glands that are injected into the

next human host (Figure 1, left panel) — hence the terms “sporogony’ or ‘sporogonic
development.” Sexual stages commence in the human host with gametocytogenesis, as a
small fraction of merozoites invading red cells are committed to become male or female
gametocytes (i.e. pre-gametes) that will subsequently fertilize in and infect mosquitoes.
While the pathogenic asexual blood stages of £ falciparum can expand to levels of

500,000 parasites/pl or more, peripheral blood gametocyte levels are typically far lower.
Unlike other human malaria parasite species, in which asexual and sexual forms expand
concomitantly in peripheral blood, 2. falciparum gametocytes remain sequestered during
several developmental stages, finally appearing in peripheral blood after 10-12 days as stage
V gametocytes, the mature forms that will egress from erythrocytes as gametes in the midgut
of blood-fed mosquitoes.

Sexual and sporogonic development offers a significant bottleneck in the Plasmodium

life cycle, making these stages an attractive target for interventions. After gametocytes

are drawn into the mosquito midgut during a bloodmeal, several environmental factors
(temperature, pH, xanthurenic acid) stimulate egress from red cells. Each female gametocyte
(macrogametocyte) yields a single macrogamete, while male microgametes are activated by
intracellular calcium to undergo three rounds of DNA replication followed by endomitosis
[9]. Each zygote forms within minutes of mosquito ingestion through fertilization of a single
macrogamete by a single microgamete, then progresses through the forms of motile ookinete
and finally sessile oocyst on the mosquito midgut. Each infected mosquito midgut will
usually harbor fewer than 10-100 oocysts [10], a small number of parasites to target for
interventions, albeit many more parasites are ingested in the original bloodmeal.

TBYV development has primarily focused on antigens expressed on the surface of gametes,
zygotes, and ookinetes (Figure 1C). The first candidates (Pfs230, Pfs48/45, Pfs25, and
Pfs28) — which remain the leading candidates more than 3 decades later — were identified
using functional monoclonal antibodies generated by vaccinating animals with gametes
[11,12] or ookinetes [13]. Initially identified by their orthologues in the avian malaria
parasite P, gallinaceum, the P, falciparum antigens Pfs230 and Pfs48/45 are expressed by
gametocytes, appear on the surface of gametes and zygotes, then are shed as zygotes
transition to ookinetes [13]. Owing to their stages of expression, antibodies against Pfs230
and Pfs48/45 exert their effects before gamete fertilization, and Pfs230 and Pfs48/45 induce
antibodies during human infection [14]. As a consequence, vaccine responses to Pfs230
or Pfs48/45 may be boosted during infections and this could prolong durability of vaccine
activity. Clinical trials of Pfs230 or Pfs48/45 vaccines should model antibody decay to
understand the impact of intercurrent malaria infections.
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Conversely, the £ falciparum antigens Pfs25 and even later Pfs28 appear as surface antigens
on zygotes as they develop into ookinetes [13]. Pfs25 and Pfs28 are exclusively expressed by
parasites in the mosquito vector, and antibodies do not develop against these antigens during
human malaria infections. Therefore, Pfs25 and Pfs28 vaccines cannot rely on boosting
during natural infections to ensure durability of activity. Pfs25 and Pfs28 antibodies act
against the parasite after fertilization. Orthologues of these four leading candidate antigens
are expressed by the other human malaria parasite species such as £ vivax, and these

will likely be prioritized for vaccine development upon evidence of activity with the
corresponding £ falciparum candidates.

As a general statement, TBV antigens are genetically conserved when compared to other
malaria vaccine antigens, presumably owing to limited exposure of the sexual stage parasites
to the human immune response, and therefore limited selective pressure that drives sequence
variation and escape mutants. The introduction of TBV might alter this equation, and
evidence for vaccine sieving effects on parasite variants should be carefully assessed during
clinical trials. The parasite sexual stages represent a key period for the generation of genetic
diversity [15] as well as for regulation of virulence during subsequent infection of the
mammalian host [16,17]. Whether and how these aspects of sexual stage parasite biology
impact vaccine activity and efficacy in humans, and vice versa, represent intriguing aspects
for investigation during TBV clinical trials.

3. TBV Candidate Clinical Development

The four leading TBV candidate antigens are cysteine-rich with multiple 6-cys (Pfs230 and
Pfs48/45) or epidermal growth factor (EGF)-like domains (Pfs25 and Pfs28) that have been
difficult to express as correctly folded recombinant proteins and in general have proven to be
poorly immunogenic. The first to be generated as a recombinant protein was Pfs25 [18]. In
preclinical rodent studies, the transmission-blocking activity of Pfs25 immunogens exceeded
the activity induced by other TBV antigens or antigen combinations [19,20]. Conversely,

the recombinant expression of properly folded 6-cys antigens has proven to be particularly
challenging, and only recently achieved for Pfs48/45 [21].

3.1. Pfs25

In light of early success generating recombinant Pfs25 protein along with preclinical
evidence for superior functional serum activity [19,20] measured in mosquito feeding
assays (see ‘Measuring vaccine activity and efficacy’ below), Pfs25 (and its orthologue
Pvs25) was prioritized for TBV clinical development until recently (Table 1). Pfs25 was
included in an attenuated vaccinia virus vector called NYVAC-Pf7, along with several
other A falciparum antigens, but immunogenicity was poor for most antigens included in
the construct [22]. Perhaps surprisingly, the Pfs25 antigen induced the highest level of
antibody, but only marginal transmission-blocking activity was detected in immune sera via
laboratory membrane feeding assay (that measures parasite transmission to mosquitoes).
Early clinical grade recombinant Pfs25 protein products were prepared in S. cerevisiae, but
clinical trials were terminated early due to reactogenicity, likely due to unbound antigen

in the alum formulation in the first recombinant protein trial (Table 1) [23]. Subsequently,
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Pichia pastoris-expressed Pfs25 was formulated in the more potent adjuvant Montanide ISA
51, a water-in-oil emulsion, in order to further enhance antibody responses. Unfortunately,
the trial of Pfs25 (as well as S. cerevisiae-expressed Pvs25) in ISA 51 was also halted
prematurely owing to significant reactogenicity [24].

Most recently, Pfs25 has been developed as a protein—protein conjugate nanoparticle
vaccine. Studies in animals demonstrated functional immunogenicity of Pfs25 was enhanced
by chemical conjugation to carriers such as Outer Membrane Protein Complex (OMPC)

of Neisseria meningitidis [26] or to EPA, a recombinant, detoxified ExoProtein A from
Pseudomonas aeruginosa [27-29]. In an open-label, dose-escalating Phase 1 trial in the

U.S [30]. Pfs25-EPA conjugates formulated with Alhydrogel® were generally well tolerated
and induced serum transmission-blocking activity. Transmission-blocking activity increased
with successive doses, and correlated with antibody titer, and after the final dose, with
antibody avidity. In a subsequent trial in malaria-experienced Malian adults [31], Pfs25H-
EPA/Alhydrogel® was again well tolerated and induced significant serum transmission-
blocking activity. However, statistically significant serum activity required four doses, and
antibody titers decreased rapidly after the fourth dose, suggesting the need for improvements
to increase and prolong functional immunogenicity. A plant-derived Pfs25 virus-like particle
(VLP) formulated in Alhydrogel also demonstrated modest immunogenicity in human,
including weak transmission-blocking activity [32], await to be reported (Table 1).

TBV functional immunogenicity might be enhanced by targeting antigens other than

Pfs25. Pfs230 antibodies lyse £ falciparum gametes in the presence of complement [33],
which hypothetically could enhance and prolong antibody activity in humans. Pfs230 gene
disruption reduces oocyst production by >90%, and disruption of its orthologue in the rodent
parasite 2. berghei impairs male gamete fertility [34,35].

Trials in the U.S. and Mali are examining a Pfs230 domain 1 (D1)-EPA conjugate

vaccine candidate (ClinicalTrials.gov ID NCT02942277; NCT03917654). Preclinical studies
indicate that Pfs230 immunogens that contain the N terminal region (aa 443-1132) [36],

and specifically the first (Domain 1, aa 589-730 [37]) of its 14 6-cys domains [38], can
induce functional antibodies. The Pfs230D1 candidate (aa 542—736) currently in clinical
trials extends 48 residues upstream of Domain 1, to a site that is apparently cleaved during
expression in Pichia pastoris [39], and the contribution (if any) of this N terminal fragment
to functional epitopes will be of interest. The ongoing trials are evaluating Pfs230D1-EPA
alone and in combination with Pfs25-EPA, while also examining different adjuvants, as
potential strategies to maximize functional immunogenicity.

3.3. Pfs48/45

Pfs48/45 vaccine development has made recent progress. Of note, Pfs230 and Pfs48/45

are both expressed later in intraerythrocytic gametocyte development and appear on the
surface of gametes emerging from red cells shortly after ingestion into the mosquito midgut.
Pfs48/45 is a GPl-anchored surface antigen of female and male gametes [40] and a binding
partner for Pfs230 [41] which forms a multimeric complex with the £ falciparum LCCL
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domain-containing proteins (PfCCp) that have multiple adhesion domains [42]. Pfs48/45

contains three 6-cys domains and is considerably smaller than Pfs230, but has nevertheless
been difficult to prepare as a properly folded recombinant protein, including its C-terminal
domain 3 which is known to be a target of potent rodent transmission-blocking mAbs [43].

In an important step forward, properly folded Pfs48/45 domain 3 has been expressed in
Lactococcus lactis as a fusion with the RO region of asexual stage Glutamate Rich Protein,
resulting in a construct called R0.6 C [44]. Conformation-dependent functional monoclonal
antibodies bind R0.6 C (indicating proper folding), and in preclinical animal studies, the
candidate induces transmission-blocking antibodies. Subsequently, a fusion protein that
incorporates the pro-domain of Pfs230 (i.e. the region upstream of domain 1 included

in Pfs230D1) and the C-terminal domain of Pfs48/45 was expressed in L. /actis, and in
preclinical studies, induced significantly higher serum functional activity than did R0.6 C,
suggesting a benefit of combining Pfs230 and Pfs48/45 activities [45].

3.4. Novel Antigens

Additional TBV candidates will enter the clinic in future, starting with Pfs48/45. The

female gamete surface antigen Pfs47 mediates evasion of the mosquito immune system [46]
by interacting with a specific midgut receptor [47] and is thought to thereby determine
mosquito receptivity to parasite variants carrying specific Pfs47 alleles. In addition to its role
in parasite—-mosquito interactions, Pfs47 also induces transmission-blocking antibodies in
animals; the specificity of these antibodies has been mapped to a central 52 amino acid (aa)
region [48]. The pre-fertilization antigen HAP2/GCS1 (Hapless 2/Generative Cell-Specific
1), which is involved in male fertility, has also been shown to induce transmission-blocking
antibodies in preclinical studies [49-52].

Naturally acquired antibody responses to gametocyte proteins have been examined to
discover novel vaccine candidates, which hypothetically could act against gametocytes
in the human host as well as parasites in the mosquito midgut. When correlated to

serum transmission-blocking activity measured in mosquito feeding assays, reactivity

of malaria-exposed sera to Pfs48/45, Pfs230, as well as 43 novel gametocyte proteins

on a protein microarray, was associated with functional activity [53]. In an alternative
approach, differential screening of an expression library with sera from Kenyans who
did or did not develop gametocytemia during long-term follow-up, identified eight genes
uniquely recognized by individuals who did not develop gametocytemia during infections;
among these, PfSEGXP seroreactivity predicted lower gametocytemia across the malaria
transmission season [54].

New candidates can be compared or combined with existing candidates to identify the most
potent immunogens [for example, ClinicalTrials.gov IDs: NCT02334462; NCT02942277].

Combinations of TBV with other malaria vaccine candidates that target different life-cycle

stages will also be assessed for their combined activity to interrupt malaria transmission.
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4. Plasmodium vivax TBV Candidates

While traditionally viewed as a ‘benign’ malaria (in comparison to 2. falciparum) albeit one
that causes debilitating illness, increasing evidence has implicated 2. vivaxas an important
cause of severe disease and death [55]. £ vivaxis second to P, falciparum as a cause of
malaria disease and death, but its toll remains large: approximately 14.3 million malaria
episodes each year as the main malaria agent in Asia and Latin America [56]. Despite

this, funds for malaria vaccine development have been disproportionately allocated to 2
falciparum, and studies of £, vivaxare limited by the inability to grow these parasites in
culture. Nevertheless, vaccines may play a particularly important role in 2 vivax control: P
vivax generates dormant liver forms called hypnozoites that are difficult to kill with drugs
and cause periodic relapses over months or years even in the absence of new infectious
mosquito bites. Relapsing hypnozoites make £ vivax particularly difficult to eliminate and
might best be addressed by vaccines that offer extended immunological control.

Progress in the development of £ falciparum vaccines will provide a clear path to develop
the corresponding products for £ vivax using orthologous genes. However, the underlying
assumption that vaccine targets efficacious against 2 falciparum will show similar efficacy
against £, vivax remains unproven. However, the biology of the two parasite species differs
in important ways, and these could impact the efficacy of vaccine interventions. As noted
above, £ falciparum gametocytes remain sequestered for 10-12 days before appearing in
peripheral blood as mature gametocytes, while mature £ vivax gametocytes expand in
parallel with asexual stages in peripheral blood and undergo rapid turnover [57].

To date, the 2 vivax vaccine candidates that have entered clinical trials, PvCSP and Pvs25,
are the orthologues of those that have advanced furthest as £ falcijparum pre-erythrocytic
(PfCSP) and transmission-blocking (Pfs25) candidates, respectively. As with Pfs25, the first
recombinant protein Pvs25 candidate was generated in S. cerevisiae [58]. When formulated
in Alhydrogel®, S. cerevisiae-expressed Pvs25 showed good tolerability, but only modest
antibody titers, albeit serum transmission-blocking activity was measurable in mosquito
feeding assays and correlated with titers [59]. As noted in the section above, a subsequent
trial using Montanide ISA 51 adjuvant to formulate Pvs25 and £ pastoris-expressed Pfs25
was stopped early due to systemic reactogenicity in recipients of both vaccines; in particular,
two volunteers developed erythema nodosum 18 days after receiving one dose of 20 ug
Pvs25/ISA 51 [24].

One strategy to advance £ vivax TBV will be to enhance Pvs25 immunogenicity

through more potent platforms, such as particle-based platforms that have benefited Pfs25
immunogenicity (see section below). However, results to date with Pfs25 suggest limited
activity in humans, and that additional or alternative antigens may be needed for a highly
effective and durable TBV. In parallel with the development of the P falciparum candidate
Pfs230D1-EPA noted above, manufacturing of Pvs230D1-EPA is ongoing to prepare for
clinical trials that may launch in 2021.

Unlike AP falciparum, P. vivax has not been successfully cultivated in vitro, which
complicates development of assays to measure functional activity of antisera raised against

Expert Rev Vaccines. Author manuscript; available in PMC 2024 May 25.
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vivax candidates. As £ vivax TBV advance, investment in assays will also be needed in
order to make Go/No-Go decisions to advance products in clinical development. Such assays
might include engineered rodent malaria parasites that carry £ vivax TBV genes [60], more
robust monkey models of £ vivaxtransmission, or controlled human £ vivax infections
coupled with mosquito feeding assays [61], that can be leveraged to measure TBV activity in
vivo before proceeding to field trials.

5. Platforms and Adjuvants to Improve TBV Activity

Pfs25 and Pfs230 recombinant antigens have induced modest immune responses as
monomers in preclinical animal studies, and this has been borne out by the poor
immunogenicity of recombinant Pfs25 in human trials. Poor immunogenicity is explained
in part by difficulty in generating properly folded recombinant protein: numerous disulfide
bonds stabilize the structure of leading TBV antigens and make recombinant expression
difficult [37,62,63]. As a consequence, vaccine developers have pursued individual domains
or smaller fragments of TBV antigens to prepare immunogens [38,39,44,64—-,44,64-66],
rendering them poorly immunogenic — possibly due to a dearth of strong T cell epitopes as
well as difficulty re-creating conformational B cell epitopes displayed on native antigen.

One strategy to improve the immunogens is to gather structural information on the

antigen and on antigen-antibody complexes to better design domain boundaries or to
engineer immunogens that focus the immune response on neutralizing epitopes, and this

is discussed in detail elsewhere in this volume (see Patel PN and Tolia NH, Structural
vaccinology of malaria transmission-blocking vaccines). In parallel, numerous vaccine
delivery technologies and immune modulatory adjuvants are being explored to enhance
immunogenicity of existing candidates [26,65,67—70]. All these efforts seek to increase
immunogenicity while avoiding undue safety concerns. Safety signals invite special scrutiny
for TBV candidates, because vaccine recipients do not derive a direct protective benefit

that prevents infection. Instead, vaccine recipients and non-recipients alike benefit after herd
immunity lowers transmission and hence infection for the entire community.

Protein-protein conjugation technology is being pursued as a safe, efficient, robust and cost-
effective platform to prepare nanoparticles. In this approach, poorly immunogenic subunit
protein antigens are chemically conjugated to immunogenic carrier proteins to generate
vaccine candidates [27,71]. This approach draws on experiences with polysaccharide-protein
conjugate vaccines, which have been spectacularly successful as an approach to vaccinate
against deadly bacterial agents such as Haemophilus influenzae, Neisseria meningitidis and
Streptococcus pneumoniae [72]. During the early development of PFCSP malaria vaccines,
synthetic peptide [73] or recombinant protein [74] was conjugated to carrier proteins tetanus
toxoid (TT) or detoxified Toxin A of Pseudomonas aeruginosa, respectively, and tested in
humans.

As the first proof-of-concept test of the protein—protein conjugate approach for TBV, Pfs25
was conjugated to the outer membrane protein complex of Neisseria meningitidis (OMPC)
and studied for immunogenicity in rhesus monkeys [26]. Pfs25-OMPC induced antibody
titers that were 1-3 logs greater than the Pfs25 monomer, whether formulated in Montanide
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or alum adjuvants, and demonstrated strong transmission-blocking activity in mosquito
membrane feeding assays. Antibody responses were durable over several months and could
be boosted with monomer antigen.

Subsequent work in this area has focused on chemically linking TBV candidate antigens to
individual immunogenic carrier proteins [28,75]. The cross-linked multimers generated by
chemical conjugation of proteins form nanoparticle structures that induce increased antibody
responses [28,75-77]. For example, scanning electron microscopic examination reveals the
Pfs25-EPA polymer to be a heterogeneous mix of nanoparticles with an average diameter

of 20 nm [27]. The particle properties of these antigens may intrinsically contribute to
improved immunogenicity, and the carrier proteins may also elicit T cell help for antigens
that otherwise lack potent T cell epitopes. In addition to conjugates generated by chemical
cross-linking, researchers are developing TBV particles through other means like fusion
proteins that assemble into virus-like particles (VLPs) or covalent and non-covalent linkages
of target antigens displayed on the VVLP surface [69,78-81].

As described above, recombinant Pfs25 conjugated to Exoprotein A (Pfs25-EPA) was safe
and immunogenic in clinical trials [30,31]. Following the encouraging results with Pfs25-
EPA, a second TBV conjugate vaccine candidate has been generated by coupling EPA

to Pfs230 domain 1 (D1), a 22 kDa recombinant protein fragment that corresponds to
amino acids Ser542-Gly736 and includes domain 1. Pfs230D1 has progressed to clinical
testing in both malaria-naive US subjects and in malaria-experienced individuals in Mali
(ClinicalTrials.gov IDs: NCT02334462; NCT02942277).

CRM197 and Tetanus Toxoid (TT) have been extensively studied in polysaccharide
conjugate vaccines and are used in approved bacterial vaccines [82]. In a recent study, TBV
antigens were assessed as immunogens after conjugation to two commercially available
CRM197 products: CRM197 expressed in the periplasm of Pseudomonas fluorescens,

and EcoOCRM® prepared as soluble, intracellular properly folded protein in £. coli [83].

This study also examined TT, as well as a 50 kDa recombinant N-terminal fragment of
tetanus toxin heavy chain (rTThc) expressed in £. coli, as carriers for TBV. In mice,

Pfs230 conjugates prepared with CRM197, EcoCRM® and TT all induced greater functional
activity compared to conjugates prepared with EPA [84].

Immune-potentiating adjuvants are another important tool to enhance vaccine responses.
However, these often raise issues for tolerability, as described above for trials of TBV
antigens formulated in alum or Montanide adjuvants. Nevertheless, adjuvants available for
clinical studies have increased since the 1980s, in part driven by the quest to enhance
immunogenicity of HIV and malaria vaccines [85]. For example, the efficacy achieved by
the RTS,S anti-infection malaria vaccine (manufactured by GSK, Inc.) required formulation
in a potent adjuvant system (AS), either AS02: a combination of immunostimulants (the
saponin fraction QS-21 and MPL [3-deacylated monophosphoryl lipid]) with an oil in water
emulsion; or AS01: a combination of immunostimulants QS-21 and MPL with liposomes
[86].
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RTS,S/ASO1 (under the trade name Mosquirix) has completed Phase 3 testing, received a
favorable review from the European Medicines Agency, and is currently in implementation
programs [87]. The success of RTS,S, and the possibility of combination with an effective
TBV to interrupt parasite spread through both anti-infection and transmission-blocking
vaccine activities, has prompted trials of Pfs25 and Pfs230 vaccines in AS01 formulations
(NCT02942277; NCT03917654). In rodent studies, formulation of Pfs230 conjugates in
GLA-LSQ (a combination of QS-21 and GLA (synthetic MPL) with liposomes similar to
ASO01) induced higher antibody titers and increased functional activity compared to alum
adjuvant [84]. Pfs230 conjugates formulated in Alhydrogel® yielded a Th2 type response
while GLA-LSQ formulations induced a mixed Th1/ Th2 profile, with the latter being
advantageous to Pfs230 responses that depend on complement for gametocidal activity. For
Pfs25, the combination of 1) conjugation to the carrier protein EPA and 2) formulation in
GLA-LSQ was especially effective at inducing T follicular helper and long-lived plasma cell
responses [76].

6. Measuring TBV Activity and Efficacy

The clinical benefits of TBV are mediated through an unorthodox activity: vaccine recipients
are not protected from the bite of infectious mosquito, but instead will not transmit

their own infection to another biting mosquito. Vaccine recipients and non-recipients

alike benefit when herd immunity reduces community spread of malaria infections. Other
malaria vaccines confer benefits directly to vaccine recipients by preventing or controlling
parasitemia after infectious mosquito bites, hence their efficacy is measured at the individual
level as a reduction in risk or severity of infection.

TBYV functional activity can be measured at the individual level as a reduction in risk

of infection for mosquitoes that feed on vaccinated versus control subjects. However, the
clinical benefit of TBV must be measured at the group or community level, as a reduction
in the entomologic inoculation rate or the community incidence of malaria infection. Such
cluster-randomized controlled trials are expected to be large, complex and costly to execute
[88]. Consequently, TBV developers have designed early clinical trials to establish proof-
of-principle that vaccines induce functional antibodies in humans that reduce mosquito
infections.

6.1. Surrogate Assays

During early phase trials, robust functional assays are needed to provide surrogate measures
of TBV efficacy by quantifying subjects’ ability to block parasite infectivity to mosquitoes.
These assays rely on mosquito feeding on gametocyte-infected blood, and in the most
common format, mosquitoes are dissected roughly a week after the infected bloodmeal to
detect and count oocysts on mosquito midguts. The results of these assays provide the basis
for early Go/No-Go decisions to advance vaccine further in clinical development.

Standard membrane feeding assays (SMFASs) have been the gold standard assay to measure
TBV humoral responses ex vivo, and have been qualified per International Conference

on Harmonization guidelines [50,89]. SMFA are conducted by adding test sera or

purified immunoglobulin to gametocytes grown in culture, then feeding the combination
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to laboratory-reared mosquitoes through an artificial membrane [50,90,91]. By comparing
mosquitoes that receive vaccine antisera versus control sera (or 1gG), oocyst counts are
used to calculate transmission-blocking activity (TBA, the % reduction in the prevalence

of mosquito infection) and transmission-reducing activity (TRA, the % reduction in

mean oocyst count per mosquito). SMFA specifically measures the functional activity of
antibodies against sexual stage parasites, and therefore will not measure the functional
activities of pre-erythrocytic or blood stage vaccines that also may be useful for interrupting
malaria transmission.

While TBA and TRA are related endpoints, that relationship depends on the intensity

of parasite transmission in each assay which is measured in the control mosquitoes (i.e.

fed gametocytes in the presence of nonimmune serum or antibody) and is highly variable
between assays. As oocyst count increases in control mosquitoes, TBA decreases, so that
at high control oocyst counts TBA may not be detected even in the presence of sera with
high TRA. In general, control oocyst counts in SMFA studies exceed the counts observed
in wild-caught mosquitoes, hence TBA estimated by SMFA may be too stringent as a
predictor of vaccine activity. While TBA holds intrinsic appeal as an endpoint since a single
oocyst can render a mosquito infectious to humans, TRA is more robust to variations in
transmission intensity between assays and hence is recommended as the preferred endpoint
to compare results between assays. Further, TRA can be used to estimate TBA at natural
oocyst count levels based on a statistical model [92].

The direct membrane feeding assay (DMFA) employs the same design as the SMFA, with
the exception that gametocyte-infected blood freshly collected from infected individuals is
used in lieu of gametocytes grown in culture, to feed and infect mosquitoes. When used

to test activity of antisera, infected blood samples must be pelleted and washed to remove
plasma, which is replaced with test and control sera. Using this format, the DMFA measures
the activity of vaccine antisera in the same way as SMFA, except the activity is assessed
against heterogeneous parasites and polyclonal infections that better represent the diversity
of field populations [93]. Care is required to ascertain whether oocysts that develop are
those of P, falciparum, versus other malaria parasite species that naturally circulate in a
community (and are not the target of 2 falciparum TBV); a similar approach will be needed
to measure the activity of 2. vivax TBV against £ vivax parasites specifically.

Alternatively, DMFA can be performed with fresh whole blood samples used immediately
after collection from vaccine trial participants on a systematic and regular basis, in order

to quantify the frequency of parasite transmission events. When conducted in this format,
DMFA collects similar data to direct skin feeds (DSF, also referred to as direct feeding
assays or DFA). For DSF, laboratory-reared mosquitoes in containers are allowed to feed
through netting directly on the skin of study participants [94]. DSF and DMFA performed in
this format can generate population-level data that is compared between vaccine recipients
and controls to confirm a statistically significant effect of the investigational product on the
risk of parasite transmission events. The statistical analyses of these data can examine the
proportion of individuals who transmit during a season, the time to the first transmission
event during follow-up, the frequency of transmission events, the proportion or rate of
infected mosquitoes, or the oocyst burden in infected mosquitoes. Again, speciation is
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required to confirm whether oocysts that develop are those of £ falciparum and therefore
should be included in statistical analyses.

DMFA and DSF show high concordance when compared head-to-head in studies of the
same subjects, based on correlation analyses of the proportion of mosquitoes infected [93].
However, DSF better represent the natural event and reproduce the complex interactions
that occur during mosquito blood-feeding in the context of the local immune response

and naturally-occurring gametocyte densities [95]. Despite their correlation, DSFs are more
efficient than DMFA when measured as the proportion mosquitoes infected, and also less
susceptible to human error [93,96,97]. In particular, a decrease in temperature induces
gametocyte egress and formation of gametes, and thus errors in sample processing can
prematurely activate parasites and reduce infectivity in DMFA [98,99]. The initial goal of
field trials using these assays is to show that TBV candidates will significantly reduce the
risk that naturally circulating parasites are transmitted to mosquitoes. Subsequently, the goal
will be to demonstrate that this activity is durable and persists across an entire transmission
season.

Early phase trials offer an opportunity to assess the impact of host and environmental factors
on vaccine functional activity. For example, concurrent infections can impact immune
responses to vaccines and are common in malaria-endemic areas. Helminths have been
observed to impact antibody responses to other vaccines, but preclinical rodent studies did
not find an impact of chronic intestinal helminths on responses to Pfs230 vaccine [100],

and this should be studied in human trials. Because malaria infection can also impair
responses to malaria vaccines [101], the benefit of pretreatment with antimalarials before
TBYV administration should be examined.

6.2. Efficacy Trials

As trials progress to larger numbers of participants, the goal is to show that these vaccines
prevent malaria spread in human populations. To be practical for an elimination campaign,
TBV activity should be sufficiently durable to prevent parasite spread across an entire
transmission season, with its activity restored for a second season by a single additional
dose the following year. TBV may be tested alone or in combination with another malaria
vaccine, such as an anti-infection pre-erythrocytic vaccine, albeit both components must
have proven activity to justify inclusion in a combination. Further, the vaccine combination
may need to demonstrate greater transmission-interruption activity than the anti-infection
vaccine alone to justify proceeding with clinical development. DSF (or DMFA using whole
blood from study participants) provides a surrogate measure of the activity of either TBV,
anti-infection vaccines, or the combination, to reduce mosquito infection events caused by
naturally circulating parasites, and to justify advancing the combined product further in
clinical development.

Larger trials will be required to show that TBV reduce the risk of new infections within a
vaccinated group, reflecting herd immunity that prevents community spread of A2 falciparum.
The functional activity measured by mosquito feeding assays that will be required to
eliminate £ falciparum infection from a particular community remains unknown, and
therefore the criteria to advance TBV candidates to cluster-randomized trials remain a
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subject of discussion. Based on mathematical models, initial estimates held that TBV

should reduce mosquito infections by =85% to achieve elimination goals [102], but gaps

in understanding limit our ability to use surrogate assays of mosquito infections to predict
the degree to which TBV will reduce human infections [103]. According to animal studies,
interventions with relatively low levels of transmission-blocking activity can contribute to
elimination when their effects are compounded over multiple cycles of transmission and they
are most effective in low transmission settings [104].

An expert consultation considered the optimal design for a Phase 3 trial of TBV that

could lead to licensure, assuming an indication for ‘the reduction in incident infection by
Plasmodium falciparum in a community’ [88]. Cluster-randomized trials, which have been
used for other malaria interventions such as bed bets and mass drug administration, were
recommended. Cluster randomization is required to measure vaccine indirect effects, such
as the herd protection by which a TBV conveys its benefits. Considering the potential

for movement of both subjects and mosquitoes between clusters, the experts recommend

a sentinel group within a cluster, surrounded by a buffer area that would mitigate

the confounding effects of human or mosquito movements. However, a cluster remains
undefined, and could be a neighborhood, village, or other population unit. Ultimately, a
cluster should be defined as the area in which TBV herd immunity can be effective (and
therefore measured), considering the potential for human and mosquito movements as well
as other factors that will vary between potential sites.

Family compounds could suffice as clusters to measure herd protection in some settings,

if infections circulate at that level. This could occur within individual households in some
areas, based on the behavior of female Anopheles mosquitoes. Female mosquitoes blood-
feed and then oviposit within a few days at the nearest water source, raising the prospect that
they might preferentially return to the same family compound. Data support the possibility
of household transmission: risk of infection for an individual is related to the infection

status of other household members [105]; malaria infections cluster within households
[106,107]; single-household clusters can persist for months [108]; and in general, Anopheles
movement extends less than 2 km [109]. Mosquitoes may limit their movement when sites
for oviposition are nearby and readily accessible, and this possibility should be evaluated as
a criterion for selecting vaccination clusters.

Ultimately, TBV will be used together with other interventions that contribute to
elimination, such as vaccines against other parasite stages, or drugs and vector control
measures. Upon evidence for the efficacy of a TBV or its combination with malaria vaccines
targeting other stages, and ideally upon licensure for the intended indication, future studies
will assess how VIMT are used in conjunction with other tools to achieve the goal of
elimination in different countries or regions.

Expert Opinion: the Author’s Expert view on the Current Status of the

Field Under Discussion

TBYV have advanced to Phase 2 clinical trials over the past decade in response to a renewed
policy emphasis on malaria elimination and eradication. While researchers continue to
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identify novel antigens that may be included in TBV, clinical development to date has
focused on the leading candidates identified in the 1980s using functional monoclonal
antibodies. Trials of candidates based on the zygote surface antigen Pfs25/Pvs25 have firmly
established that TBV can induce significant serum functional activity in both malaria-naive
and malaria-experienced populations, however TBV functional immunogenicity must be
made more durable to have an impact in the field. Ongoing trials of candidates based on
gamete surface antigens Pfs230 and, in the near future, Pfs48/45, will determine whether
these antigens, or antigen combinations, will be superior to Pfs25 alone and provide the
durable functional activity that will reduce parasite transmission to mosquitoes across a
malaria season. In parallel, numerous groups are exploring platforms to enhance TBV
immunogenicity, with an emphasis on developing nanoparticles or virus-like particles,
spurred in part by the success of Pfs25 protein-protein conjugated nanoparticle vaccines
that enhanced functional immunogenicity without increasing reactogenicity or raising safety
concerns. Adjuvants have been key to enhance efficacy of malaria pre-erythrocytic vaccines,
and encouraging data from preclinical studies support clinical trials that will assess new
TBYV formulations, particularly using liposome-based adjuvants, to enhance functional
immunogenicity including durability.

8. Five-year view: a Speculative Viewpoint on how the Field will Evolve in

5 Years Time

Clinical studies in the next 5 years will establish whether candidates based on the antigens
Pfs25, Pfs230 domain 1, and/or Pfs48/45 domain 3, may suffice to induce durable serum
transmission-blocking activity and warrant expanded Phase 3 testing, or whether novel
antigens will be required. New £ vivax TBV candidates will enter the clinic.

Novel candidate antigens, or engineered immunogens informed by structural studies of
existing candidate antigens in complex with antibody, will continue evaluation in preclinical
studies and could progress to the clinic within 5 years. Existing clinical candidates can

serve as a benchmark to assess whether new antigens or engineered immunogens represent a
sufficient improvement in activity to warrant clinical development.

Pfs25 candidates will likely advance as particle-based vaccines in some form, while future
clinical data will determine whether Pfs230 and Pfs48/45 candidates similarly require
generation of nanoparticles for optimal immunogenicity. Clinical development will also
include assessment of different formulations that enhance immunogenicity. While the list

of adjuvants available for clinical malaria vaccine development is relatively short and has
proprietary constraints, preclinical studies indicate that liposomal adjuvants, such as the
ASO01 adjuvant used in the successful pre-erythrocytic malaria vaccine RTS,S, will likely

be prioritized for evaluation in the coming years. New platforms or adjuvants will require
particular scrutiny in the clinic to reassure regulators and the public that each TBV candidate
maintains an acceptable safety profile to be considered for mass vaccination programs and a
clinical benefit that relies on herd immunity.

The status of the field in 5 years depends largely on the results seen in clinical trials;
upon clear evidence of durable transmission-blocking activity with the candidates currently
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entering the clinic, multi-site or multi-country efficacy trials may start in that time

window. Direct skin feed (DSF) assays and direct membrane feeding assays (DMFA) are
surrogate assays that will demonstrate whether TBV are reducing transmission of naturally
circulating parasites in field trials. For the most promising candidates, studies using a
cluster-randomized design will be used to measure the efficacy for reducing new human
infections, although the designation of a cluster requires further definition, may vary from
site to site, and its resulting size will drive the complexity and cost of such late-phase trials.

Ultimately, effective TBV are likely to be used together with malaria vaccines against
other parasite stages, such as pre-erythrocytic vaccines that prevent human infection, if
the combination is shown to have greater activity to interrupt transmission versus either
component alone. Trials of TBV combined with other malaria vaccines advancing in
clinical development, such as the RTS,S vaccine currently in implementation studies in
African children, can start in the coming years. Initially, combination trials will start with
co-administration of two vaccines, and evidence for increased activity of the combination
will prompt development of a co-formulated product. Public education will be a critical
component of success before implementation of this promising but unorthodox vaccine
approach to malaria control and elimination; information-sharing with national stakeholders
and policy-makers will be an important investment over the next 5 years.
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Avrticle highlights

TBV prevent community spread of malaria and will be used for elimination
campaigns.

TBV target parasite development in the mosquito and do not directly prevent
infection of vaccinees after an infected mosquito bite.

TBV rely on herd immunity and benefit vaccine recipients and non-recipients
alike after infected mosquitoes (and therefore new human infections) decrease
in the community.

Safety is of paramount importance when assessing TBV candidates.

Clinical TBV development currently focuses on gamete and zygote surface
antigens that are known targets of functional monoclonal antibodies.

Pfs25 and Pvs25 candidates have induced functional activity in malaria-
naive, and for Pfs25, malaria-experienced populations, measured by surrogate
mosquito feeding assays with serum or antibodies.

Current TBV development seeks to increase the degree and durability
of functional activity through different antigens, engineered immunogens,
vaccine platforms, and adjuvants.

TBV trials will indicate whether Pfs230 or Pfs48/45 candidates, or new
formulations, achieve durable activity that extends across the malaria season
in the field.

Effective TBV will be used with other control tools in elimination campaigns,
including vector control, antimalarial drugs, and potentially other malaria
vaccines.

Education of national stakeholders, policy-makers, and the public will key
to the success of elimination campaigns that incorporate TBV, a novel and
promising malaria vaccine approach.

Expert Rev Vaccines. Author manuscript; available in PMC 2024 May 25.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Duffy

1. Infected, non-vaccinated
individual transmits parasites
to feeding mosquitoes

Gametocytes
ingested

Female gametes |
emerge

@ .\
Male gémetes
exflagellate

Fertilization +
fusion of nuclei
2. Parasites dEVE[Op

in mosquito host

Zygote

Ockinete
formation

|

3. Mosquito inoculates
and infects TBV-vaccinated
individual

0€2d

Sh/8rd

Sed

82d

)
T 4. TBV-vaccinated
} Ookinete entry individual passes
) into midgut parasites AND antibodies
to feeding mosquitoes
y !
11 _.'.'\’.’-'..‘-.L_r'\i'-k'\
Oocysts
L establish
BT Yo 5. Parasites targeted by TBV-specific
Ab do not develop in
l mosquito host &
Sporoblast
formation
\
Sporozoites
release
| 6. Uninfected mosquitoes b
. [ do not spread infection
_ Sporozoites to next individual
invade salivary \
glands \
Figure 1.

Malaria transmission-blocking vaccines (TBV) target surface antigens of mosquito sexual
stage parasites to interrupt the Plasmodium life cycle in the mosquito vector and thereby
avert new human infections. Mosquitoes that ingest a bloodmeal from an infected individual
take up male and female gametocytes that initiate the mosquito sexual stages (left panel)
and sporogonic development, ultimately yielding infectious sporozoites in mosquito salivary
glands that can be transmitted to another victim. Conversely, when mosquitoes feed on an
infected individual who has received TBV immunization, the vaccine-induced antibodies
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target parasites in a stage-specific fashion that corresponds to surface expression of the
target antigen (right panel), averting development of sporozoites and subsequent human
infections.
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