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Abstract

against many diseases of public health importance.

Malaria control relies heavily on the use of anti-malarial drugs and insecticides against malaria parasites and mosquito
vectors. Drug and insecticide resistance threatens the effectiveness of conventional malarial interventions; alternative
control approaches are, therefore, needed. The development of malaria transmission-blocking vaccines that target
the sexual stages in humans or mosquito vectors is among new approaches being pursued. Here, the immunologi-
cal mechanisms underlying malaria transmission blocking, status of Pfs25-based vaccines are viewed, as well as
approaches and capacity for first in-human evaluation of a transmission-blocking candidate vaccine Pfs25-IMX313/
Matrix-M administered to semi-immune healthy individuals in endemic settings. It is concluded that institutions in
low and middle income settings should be supported to conduct first-in human vaccine trials in order to stimulate
innovative research and reduce the overdependence on developed countries for research and local interventions
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Background

The global malaria burden remains high; with an esti-
mated 229 million cases and 409,000 deaths reported
annually [1]. Over 90% of the malaria cases recorded
in 2019 were in the sub-Saharan Africa, and Tanzania
reported 5% of the global malaria deaths [2]. Malaria is
caused by protozoan parasites of the genus Plasmodium,
including Plasmodium falciparum, Plasmodium vivax,
Plasmodium ovale, Plasmodium knowlesi and Plasmo-
dium malariae [3]. The deadliest malaria parasite spe-
cies, P falciparum, is responsible for more than 97% of
malaria mortality across sub-Saharan Africa. The avail-
able malaria control tools rely heavily on the use of anti-
malarial drugs and insecticides against malaria parasites
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and mosquito vectors, respectively. However, standard
malaria drugs do not kill malaria stages infectious to
mosquitoes and the resistance of mosquito vectors to
insecticides is a genuine threat to the current control
strategies [4—7], particularly in areas where transmission
is still high. While the current control methods have led
to substantial reductions in malaria morbidity and mor-
tality, progress has slowed [1].

Vaccination against malaria will ultimately be
required for a sustainable impact on the disease bur-
den and elimination. There has been progress towards
vaccine development against the pre-erythrocytic
and asexual malaria stages in humans in the last dec-
ade. However, variability and polymorphisms in target
parasite proteins for the asexual stages present serious
obstacles to breaking the parasites life cycle through
vaccination [8]. Malaria elimination will, therefore,
require new strategies that can thwart transmission.
Malaria transmission-blocking vaccines offer a new
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approach targeting malaria parasites in the mosquito
host [9], and would contribute significantly to malaria
control and malaria elimination.

The Plasmodium parasite has a complex life cycle
involving different stages between humans and female
Anopheles mosquitoes. The parasite’s intracellular and
extracellular survival is facilitated by a set of over 5000
parasite genes and specialized proteins which help it to
grow and evade the hosts immune responses [10, 11].
The malaria parasite is well adapted to develop in dif-
ferent forms, including infectious forms to the human
liver (sporozoites/pre-erythrocytic) and red blood cells
(merozoite), as well as sexual/sporogonic stages (game-
tocyte/gametes/oocysts) in humans and mosquitoes.
While clinical malaria results from parasite replication
in human erythrocytes, it is the gametocytes, which are
solely responsible for the spread of the disease. Each par-
asite development stage has a unique structure, morphol-
ogy, surface proteins and metabolic pathways that keep
changing as it progresses through its life cycle. These
unique features also help the parasite to escape the host
immune systems, creating challenges for drug and vac-
cine development [10].

The WHO Global Vaccine Research Forum has set out
a strategic framework for malaria vaccine development
in The Malaria Vaccine Technology Roadmap, defining
the goals for global malaria vaccine development com-
munity [12, 13]. The roadmap calls for the development
of vaccines against the deadliest Plasmodium species by
2030 to achieve two key objectives: protective efficacy of
at least 75 percent against clinical malaria and reduction
of parasite transmission to substantially reduce the inci-
dence of malaria infection, enabling elimination in multi-
ple settings. Malaria vaccines in the pipeline are designed
to target specific asexual or sporogonic/sexual stages of
the malaria parasites in humans or mosquitoes. Liver
stage vaccines like RTS-S and R21 are designed to elicit
protection and prevent liver stage parasites to develop
into blood stage parasites; thought to be done through
both humoral as well as T-cell immune responses [14,
15]. Blood stage candidate vaccines such as reticulocyte
homolog five (RH5) induce protection which reduces
parasitaemia and, therefore, severity or episodes of the
disease [16]. Malaria candidate vaccines developed to
target the sexual stages of malaria parasites are com-
monly known as transmission-blocking vaccines (TBVs).
These are designed to induce antibodies which neutral-
ize parasites in the mosquito midgut after an infectious
blood meal, consequently blocking onward transmission
[17]. TBVs do not directly protect immunized individu-
als from clinical malaria but when deployed at commu-
nity level can reduce the number of circulating infectious
mosquitoes below a threshold that sustain transmission.
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This review will discuss the foundational concepts and
methodological approaches for evaluating Pfs25-IMX313
transmission-blocking candidate vaccine administered
with Matrix M adjuvant in an endemic setting. The dis-
cussions will focus on P. falciparum since it forms the
basis for designing the Pfs25-IMX313 vaccine candidate
and is responsible for the majority of malaria mortality.

Vaccine development starts with identification and
characterization of target antigens through scientific
research. Potential vaccine candidates are then evalu-
ated pre-clinically in animal models followed by clini-
cal trial phases I-III in humans, to determine the safety,
immunogenicity, and efficacy of the candidate vaccine,
followed by regulatory approval and field deployment.
Vaccine candidates are usually identified in laboratories
with extensive infrastructure and cutting-edge technolo-
gies for conducting discovery research. Malaria vaccine
research initially focused on the parasite stages leading
to human infection (sporozoites/ pre-erythrocytic stages)
and clinical disease (asexual stages), but as TBV develop-
ment gained pace, the biological understanding of sexual
stages has improved dramatically [18].

Human-to-mosquito malaria transmission
Transmission of P. falciparum from humans to mosqui-
toes depends on the sexual phase of the parasite’s life
cycle. The sexual cycle in humans starts with the acti-
vation of asexual schizonts to express the Apatella2-g
gene (AP2-G), and production of sexual progeny, which
become gametocytes [19, 20]. The AP2-G is member of
the apicomplexan AP2 (APiAP2) family of DNA binding
proteins, and highly conserved. Plasmodium falciparum
gametocytes undergo five morphologically distinct forms
(stages I-V) over a period of 10—12 days. The gametocyte
stages I-IV sequester primarily in the bone marrow and
spleen [21], before finding their way into blood circula-
tion to complete the final maturation steps [22]. Stage V
gametocytes can circulate for several weeks after clear-
ance of asexual parasites [23] and must be taken up by a
female Anopheles mosquito for the parasite sexual cycle
to complete. Many factors influence the likelihood of
gametocytes being transmitted to mosquitoes and estab-
lishing a successful mosquito stage infection [24]. Gen-
eral parasite characteristics that have been associated
with differences in transmission potential and infectivity
include gametocyte density [25—-27], concurrent asexual
parasite density [28], male to female gametocyte ratio
[25, 29], and duration of infection [28, 30]. Host factors,
including, age, anaemia, immunity, and mosquito factors
are also known to influence gametocyte infectiousness
[9].

In the mosquito midgut, Plasmodium gametocytes
egress from the host erythrocyte and develop into
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gametes. Gametogenesis is induced by conditions in
the mosquito midgut including; reduction in tempera-
ture, increase in pH and exposure to xanthurenic acid
[31, 32]. Male gametocytes exflagellate producing up to
eight motile microgametes; whereas, female gametocytes
“round-up” to form one immotile macrogamete [33, 34].
Fertilization of a macrogamete by a microgamete result
in the formation of a zygote, which then develops into
a mature motile ookinete that traverses the midgut wall
and forms an oocyst. Approximately 10-12 days after
blood meal ingestion the rupture of oocysts results in the
release of sporozoites, which will invade the mosquito
salivary glands completing the mosquito stage of the
Plasmodium life cycle [35].

Parasite proteins targeted for blocking malaria
transmission

Malaria transmission-blocking antigens are gener-
ally classified into two groups, pre-fertilization and the
post-fertilization antigens. Pre-fertilization antigens are
expressed during gametocyte development in humans,
and contribute to the viability of mosquito stage parasites
as well as playing a crucial role in fertilization [36, 37].
Some pre-fertilization antigens are gametocyte-specific
while others are shared by the two sexes. Gametocyte-
specific proteins remodel the human host cell to support
gametocyte morphological development and maturation
[38]. Pre-fertilization antigens shared by two gametes
are involved in processes necessary for parasite coloni-
zation of the mosquito midgut. P48/45 and P230 are the
most studied pre-fertilization antigens, belonging to the
6-cysteine protein family [39]. The “P” refers to Plasmo-
dium and the number is the respective molecular weight
of the protein on SDS-PAGE [40, 41]. On the other hand,
P25 and P28 are the most advanced post-fertilization
antigens [42, 43], expressed solely in the mosquito vector;
though transcription may occur in circulating gameto-
cytes [44]. The environment in mosquito midgut triggers
the expression of post-fertilization antigens [45]. Pre-fer-
tilization and post-fertilization proteins have homologs
in all malaria species, and have been the focus of game-
tocyte research for decades as well as forming the basis
of malaria transmission blocking vaccine (TBV) develop-
ment [46, 47].

Some mosquito midgut parasite receptors previ-
ously reviewed [42, 43] have been proposed as variants
of transmission blocking parasite antigens. It has been
postulated that these mosquito-encoded receptors for
specific parasite components can induce antibodies
with potential to prevent mosquito infection and could
also be targets for transmission blocking. The mosquito
Pfs47-binding receptor [48] and the Anopheles alanyl
aminopeptidase N (AnAPN1) are some of the examples
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of mosquito midgut proteins touted as targets for malaria
transmission-blocking [49]. Other recently discovered
antigens include a gametocyte plasma membrane protein
Pbg37 and an ookinete surface protein PSOP25 that are
believed to play a role on exflagelllation [50] and fertiliza-
tion process [51, 52].

Plasmodium falciparum surface antigen 25 (Pfs25)
Pfs25 is a cysteine-rich 217-amino acid composed of four
tandem epidermal growth factor (EGF)-like domains
and encoded by a 0.65-kb gene. Pfs25 is predicted to be
a 25-kDa glycosylphosphatidylinositol (GPI)-anchored
protein belonging to a 13-member P25 family of proteins
[53]. The protein is involved in ookinete formation, sur-
vival in the mosquito midgut, and a possible role in para-
site traversal of the mid-gut epithelium [54—56]. Based
on structural analyses of the P. vivax ortholog Pvs25, the
Pfs25 molecule is thought to be triangular and flat, and
extensively expressed on the ookinete surface, forming
a protective interlocking sheet [57, 58]. Pfs25 expression
starts from the point when gametes egress from ingested
red blood cells in the mosquito midgut, through the
zygote and ookinete stages, with evidence of continued
expression in the oocyst. The female gametocyte con-
tains abundant Pfs25 transcripts, but its translation is
repressed until transmission to the mosquito vector and
egress from the gametocyte infected red blood cell [45].
Lack of expression in the human host means that Pfs25
has not come under the same level of immune pres-
sure as many other potential malaria vaccine antigens
[59]. Large-scale deep sequencing of P. falciparum field
isolates from diverse geographic regions indicates that
the pfs25 gene is highly conserved, revealing only one
synonymous mutation [3]. It is hypothesized that Pfs25
vaccine—induced antibody responses should have trans-
mission reducing activity against diverse parasitic strains.
A study by Da et al. demonstrated that antibodies against
recombinant Pfs25 had significant transmission reducing
activity against diverse isolates from Burkina Faso and
Thailand [60].

Transmission-blocking immune mechanisms

Immune responses to pathogens generally involve
humoral and cellular mechanisms. Humoral responses
to parasite pre-fertilization antigens can be naturally
acquired in the human host [61-67], while humoral
responses against post-fertilization antigens expressed
solely in the mosquito do not occur naturally in humans
but can be induced by vaccination. Natural transmission-
blocking antibodies occur because most of the game-
tocytes die in the human host, releasing intracellular
proteins into the host circulation [68]. The released pro-
teins are processed and presented to the human immune
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system resulting in induction of antibodies, which can
cause a reduction or interruption of parasite develop-
ment (fertilization) in the mosquitoes when taken up in
a blood-meal containing gametocytes [69]. Antibodies
against surface antigens on the gamete surface may pre-
vent fertilization by opsonization resulting in immune
cell-mediated lysis [70] or agglutination of gametes [71],
or by direct lysis of gametes and activation of the comple-
ment system [72, 73]. Antibody activity against malaria
parasite development in mosquitoes was first observed
in 1958 in studies conducted using the avian Plasmodium
gallinaceum and Plasmodium fallax in chickens and tur-
keys, with results showing that birds immunized with
killed parasites had a significant and rapid fall in infectiv-
ity of gametocytes, supporting the role of active immu-
nity [74]. These experiments were reproduced in 1976,
and demonstrated that antibodies were indeed responsi-
ble for preventing parasite development in the mosqui-
toes midgut [75].

Naturally acquired antibody responses to P falcipa-
rum gametocytes were first reported in individuals from
malaria endemic sites in Papua New Guinea, where up
to a 95% reduction in mosquito infectivity was observed
during mosquito feeding experiments with cultured
gametocytes [76]. The presence of naturally occurring
antibodies in endemic areas has since been observed in
studies from different countries including Tanzania [61,
62], Gambia, Kenya, Cameroon [63, 66, 77], Sri Lanka
[64] and Burkina Faso [78]. Published data sets strongly
suggest that recent gametocyte exposure is associ-
ated with a strong and effective transmission-blocking
immunity (TBI) [66, 77, 79]. TBI has been significantly
associated with antibody responses to pre-fertilization
antigens: Pfs230, Pfs48/45, PfsHAP2 and to other novel
gametocyte proteins [80, 81]. There have been conflict-
ing observations regarding age as a factor of natural
seroprevalence even in similar settings; in some studies,
higher responses have been observed in older individuals
[81] while this has not been the case in other studies even
in similar study areas [67, 78].

The cellular immune mechanisms involved in the clear-
ance of circulating gametocytes are not well understood.
Since the red blood cells lack major histocompatibil-
ity complex molecules, direct targeting of gametocyte-
infected erythrocytes by T lymphocytes is not possible.
However, CD4+ T cells can respond to gametocyte anti-
gens [82, 83] and appear capable of inducing long-lasting
gametocytocidal immunity in rodent models [84].

Malaria parasite neutralization inside the mosquito is
not only enabled by human-derived molecules but also by
mosquito cellular immune components already reviewed
[68]. Mosquito infection requires ingestion of both a
male and a female gametocyte, whose microgametes and
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macrogametes must meet inside the midgut for fertili-
zation. Studies have extensively characterized the popu-
lation bottlenecks facing the malaria parasites in the
mosquito-midgut indicating that only a small proportion
of gametocytes ingested in the blood meal by the mos-
quito develop into oocysts; and about 38% of mosqui-
toes that take gametocytaemic blood become infected
[9, 85, 86]. The parasite bottleneck is largely attributed
to formation of a parasite physical barrier (peritrophic
membrane or matrix), surrounding the blood meal after
ingestion [87, 88]. The membrane prevents direct con-
tact between the parasite and the midgut epithelium
thereby interrupting the mosquito-midgut invasion [88];
although ookinetes are able to bleach this barrier through
chitinase enzymes [89]. In addition, there are peroxidase
and nitric oxide synthase present in epithelium, which
leads to nitration of the gut epithelium with subsequent
tagging of ookinetes for destruction by the complement
system [90, 91].

Status of Pfs25-based vaccines

Pfs25 is the most advanced transmission-blocking target
protein [92] in the clinical pipeline, with Pfs230 the only
other protein to be clinically evaluated. Because Pfs25 is
not expressed in the vertebrate host, it is not subjected
to natural immune selection pressure hence reduced risk
of development of resistance parasite strains. However,
Pfs25 cannot benefit from the natural boosting following
vaccination.

The first clinical evaluation of the Pfs25 antigen was
done in a Phase I/1I trial that tested a multi-stage vaccine
containing attenuated recombinant vaccinia viral vec-
tor encoding the sporozoite targets CSP and PfSSP2, the
liver-stage target LSA1, and blood-stage antigens MSP1,
SERA and AMAL alongside Pfs25. The trial assessed the
high and low doses of the vaccine and found the vaccine
to be well tolerated. The Pfs25 component of the vaccine
was highly immunogenic but the anti-Pfs25 antibodies
did not show any transmission blocking activity [93].

In another study, the recombinant Pfs25 and the P
vivax homolog Pvs25, formulated with Montanide ISA 51
adjuvant (a water-in-oil emulsion) were tested in a single
blinded, dose escalation-controlled Phase Ia trial. There
was observed systemic reactogenicity, which was associ-
ated with the antigen/adjuvant combination. There had
been no reports of previous severe systemic reactions
for Montanide ISA 51 [94]. Nevertheless, 5/5 volunteers
who had completed the vaccination before cessation of
the trial developed substantial antibody responses to
Pfs25, and the antibodies blocked parasite development
in Anopheles stephensi mosquitoes. Transmission reduc-
tion activity (TRA) correlated with antibody titres, with
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serum from the best responder showing greater than 90%
reduction in oocyst intensity [95].

Pfs25 has also been evaluated as protein-in-adjuvant
formulation Pf25-EPA in Alhydrogel in a phase Ia trial
[96]. Pfs25-EPA is a recombinant Pfs25 expressed in
Pichia pastoris, chemically conjugated to detoxified Exo-
Protein A from Pseudomonas aeruginosa. The Pfs25-
EPA/Alhydrogel vaccine was evaluated in a two-dose,
three-dose, four-dose regimen, administered at zero, two,
four and ten months, in thirty US healthy volunteers. The
vaccine demonstrated a favourable safety profile in thirty
healthy adult volunteers. At the highest dose, specific IgG
responses were seen following the second and third vac-
cination, peaking two weeks after the 4th booster. In the
two-dose regime, seroconversion rates were generally low
with exception of one volunteer demonstrated high Pfs25
specific antibody titres after receiving a third booster
dose. Antibody avidity was also shown to increase over
successive vaccinations. In standardized membrane feed-
ing assay (SMFA), significant TRA (greater than 50%) was
demonstrated in the highest dose group after the fourth
vaccination. Significant TRA was not detected in the
majority of sera from time points following the second or
third vaccination [96]. A further study on the safety and
immunogenicity of the Pfs25-EPA/Alhydrogel vaccine,
conducted in Bamako, Mali, was completed in 2018 and
results of this Phase Ib trial are currently awaited (Clini-
calTrials.gov Identifier: NCT01867463).

A Phase I dose-escalation study in the USA recently
evaluated the safety and immunogenicity of virus-like
particle (VLP) candidate Pfs25 VLP-FhCMB. Pfs25 VLP-
FhCMB consist of Pfs25 genetically fused to the Alfalfa
mosaic virus coat protein, and is produced in Nicotiana
benthamiana plants [97]. Safety and immunogenicity of
Pfs25 VLP-FhCMB, formulated in Alhydrogel, was eval-
uated in a three-dose regimen, administered on days 0,
56 and 168, in 44 healthy volunteers. The vaccine was
well tolerated at all doses and specific IgG responses
were induced one month after the second and third
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vaccinations. The two lower doses were generally not
immunogenic. Statistically significant TRA was detected
in the highest dose group, inhibiting oocyst intensity at
close to 80% in a subset of 2/8 individuals receiving the
100 pg dose; however, overall, TRA was weak. Pfs25-
based candidates in clinical developments are summa-
rized in Table 1 [98].

The early Pfs25-based vaccine clinical trials have
yielded modest and short-lived antibody responses
with poor transmission-blocking activity, some have
shown significant reactogenicity attributed to adju-
vant formulations [42-44]. Several strategies are being
pursued to overcome this hurdle, including advances
in vaccine expression systems, delivery platforms,
and adjuvant formulations. Expression in a variety of
recombinant systems, including yeast [58, 99], plants
[100], and algae [101], have been successful. Monoclo-
nal antibodies raised against correctly folded recombi-
nant Pfs25 antigens, such as the highly effective 4B7,
have been found to achieve potent transmission block-
ing activity [102] at low concentrations [56, 99], and
MADb 4B7 is used as a reference and positive control
for mosquito-feeding assays [49, 103, 104]. Several
approaches to vaccine particle development have also
been pursued to increase immunogenicity. Conju-
gation to carriers is one of the advanced methods to
improve vaccine immunogenicity where carrier pro-
teins such as Pseudomonas aeruginosa exoprotein A
(EPA) [105] and bacterial outer membrane protein
complex (OMPC) have been used. Another method
is fusion to partners that form complexes, generat-
ing particles [such as C4 bp oligomerization domain
(IMX313)] expressed in Escherichia coli or modi-
fied lichenase carrier (LiKM) produced in Nicotiana
benthamiana. Viral vector vaccines, such as Chad63/
Modified Vaccinia Ankara, are also being assessed
to improve immunogenicity [103, 106, 107] [107].
Adjuvants, such as Alhydrogel® and Montanide®,
have been used for clinical trials of TBVs with some

Table 1 Status of the Pfs25-based candidate vaccines currently in clinical pipeline including the vaccine type and trial identification

number

Vaccine candidate Type Stage of development Trial Identification
number/reference

Pfs25M-EPA/ASO1 Subunit vaccine Phase 1 NCT02942277

Pfs25EPA/Alhdrogel Subunit vaccine Phase 1 NCT02334462

Pfs25EPA/Alhdrogel Subunit vaccine Phase 1 NCT01867463

Pfs25 VLP-FhCMB VLP vaccine Phase 1 NCT02013687

ChAd63 Pfs25-IMX313 = MVA Pfs25-IMX313 Viral vector & nanoparticle vaccine Phase 1 NCT02532049

Pfs25 /Montanide ISA 51 Subunit vaccine Phase 1 [95]

Pfs25-Pfs25 Conjugate vaccine Phase 1 NCT00977899




Mulamba et al. Malaria Journal (2022) 21:159

reactogenicity issues observed, and recently, the sapo-
nin-based Matrix-M adjuvant used for formulating the
pre-erythrocytic vaccine R21[50], this would simplify
future efforts to combine products [98].

Pfs25-IMX313 vaccine development

Pfs25-IMX313 is a protein-nanoparticle vaccine for
which the Pfs25 antigen is genetically fused to the
IMX313 oligomerization domain [107]. The Pfs25 pro-
tein is based on the sequence from the 3D7 P. falcipa-
rum strain, with three potential N-linked glycosylation
sites (112, 165 and 187) mutated. The recombinant
protein-nanoparticle is expressed and secreted in the
Pichia pastoris expression system [103].

IMX313 is a hybrid of the oligomerization domain
of chicken complement inhibitor C4-binding protein
(C4bp), with 21% homology to the sequence of the
human protein (11 identical residues in an overlap of
52 amino acids) [107]. It is thus unlikely that vaccina-
tion with an antigen fused to IMX313 would generate
an immune response against hC4bp. IMX313 forms
homogenous, self-assembling heptamers of the antigen
fused to it [107]. This C4bp oligomerization domain has
been shown to spontaneously form soluble heptameric
structures (termed nanoparticle in this study) when
expressed in E. coli, and protein antigens fused to these
domains induce higher antibody responses compared
to the same amount of monomeric antigen. In addition,
mice immunized with the blood-stage malaria vaccine
candidate antigen MSP119 fused to IMX313 (expressed
in E. coli) were protected against challenge with a lethal
dose of Plasmodium yoelii parasites [107]. Immuniza-
tion of mice and non-human primates with the Myco-
bacterium tuberculosis antigen 85A fused to IMX313 in
both DNA vaccines and viral vectors also demonstrated
that IMX313 enhances T-cells response, with a consist-
ent increase in both CD4 4 and CD8 + T cell responses.

Clinically, IMX313 was first assessed in the recombi-
nant MVA85A-IMX313 tuberculosis vaccine candidate,
administered intradermally, in a Phase Ia trial at the
Jenner Institute in Oxford. In this first-in-human dose
escalation study a total of 18 volunteers received either
MVAS85A-IMX313 or MVAS85A. There were no safety
concerns and no significant difference in the number
of adverse events (AEs) between the MVA85A-IMX313
group and the MVA85A group. While there were no
significant differences in immunogenicity between
MVAS85A and MVAS85A-IMX313 groups [108]. Pfs25-
IMX313 has been clinically tested using ChAd63 prime
and MVA boost. Both vaccines had a favourable safety
profile and induced both antibody and T-cell responses,
but no significant TRA was observed.
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Pre-clinical evaluation of Pfs25-IMX313
Pfs25-IMX313 protein-in-adjuvant vaccines are immu-
nogenic in BALB/c mice: Pfs25-IMX313, formulated in
Alhydrogel, induced higher Pfs25-specifc IgG responses
than soluble Pfs25 alone. These vaccine-induced anti-
bodies were demonstrated to recognize native para-
site proteins by immunofluorescence microscopy [103].
Vaccination with Pfs25-IMX313/Alhydrogel has been
shown to induce antibody responses in BALB/c mice
with significantly higher TRA compared to IgG from
mice immunized with monomeric Pfs25/Alhydrogel
(p<0.02 at all concentrations of IgG tested). A similar
effect was observed following vaccination with ChAd63/
MVA Pfs25-IMX313, compared to viral vectors encoding
Pfs25. Based on functional activity as assessed in SMFA,
the quality of the anti-Pfs25 antibody response induced
by immunization with the Pfs25-IMX313 protein-nano-
particle was significantly improved in comparison to that
induced by soluble Pfs25 [103].

Pfs25-IMX313 in Matrix-M
The clinical development of Pfs25-IMX313 in Matrix-M
adjuvant is aimed towards the production of an effective
transmission-blocking malaria vaccine for individuals in
malaria-endemic regions. Matrix-M is a potent saponin-
based adjuvant, comprising partially purified extracts of
the bark of the Quillaja saponaria Molina tree, phos-
phatidylcholine and cholesterol, formulated as a 40 nm-
sized complex. Matrix-M has been shown to efficiently
activate and recruit immune cells to the draining lymph
node, including T-cells, B-cells, NK-cells, dendritic cells
and granulocytes, which may lead to enhanced antigen
presentation [109]. Matrix-M has demonstrated a favour-
able safety profile, as well as the enhancement of cellular
and humoral immune responses to a range of vaccines
[102, 109, 110]. Available safety data demonstrates that
the Matrix-M adjuvant is well tolerated and there have
been no serious unexpected adverse reactions or adverse
reactions of special interest reported [50, 102, 109, 111].
A Pfs25-IMX313 batch produced at GMP standard,
and administered both with and without the Matrix-M
adjuvant has been demonstrated to be immunogenic in
BALB/c mice, and the addition of Matrix-M adjuvant
led to significantly higher antibody responses [103].
Prime-boost in a two-dose schedule of Pfs25-IMX313 in
Matrix-M adjuvant (P-P) was compared with heterolo-
gous viral-vectored prime-boost, with ChAd63 and MVA
Pfs25-IMX313 (A-M), as well as with a mixed regimen,
with ChAd63 Pfs25-IMX313 priming followed by Pfs25-
IMX313/Matrix-M boost (A-P). The highest Pfs25-spe-
cific IgG titres were seen in PP prime-boost, which were
significantly higher when compared with the ChAd63/
MVA Pfs25-IMX313 regimen. In addition, antibody
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responses induced following immunization with Pfs25-
IMX313 had higher avidity than responses induced by
soluble Pfs25 [103].

A brief discussion of Pfs25-IMX313/Matrix-M
evaluation in Bagamoyo, Tanzania

One of the key steps in qualifying the viability of a can-
didate vaccine involves safety and tolerability evaluation
in humans. An open label first-in-human phase I vac-
cination trial has been set up in Tanzania to assess the
safety and tolerability of Pfs25-IMX313/Matrix-M in 52
semi-immune healthy volunteers from Bagamoyo dis-
trict. Although each component of the Pfs25-IMX313/
Matrix-M has been extensively tested in humans before,
this will be the first time for all the vaccine components
to be administered as “a single syringe” Enrolment and
vaccination shall start in adults before proceeding to chil-
dren. Enrolment of volunteers will follow a strict stag-
gered approach, with one of group of adults receiving a
low dose of the vaccine followed by another adults’ group
receiving a high dose of the vaccine in six-weeks interval.
Vaccination in children is planned after completion of all
the doses in adults and associated data review.

A two-years enrolment schedule has been designed,
with one group of volunteers receiving immunization at
months; zero, one and three, while another group shall
receive immunization at months; zero, one and seven.
This trial has been designed to only detect very large dif-
ferences in the incidence of local and generalized adverse
events between the vaccination groups. This is done to
balance the chance to detect any possible untoward reac-
tions against the desire to limit the number of volunteers
involved for safety purposes, hence a small sample size
per group will be used, given that similar studies evaluat-
ing Pfs25 candidate vaccine used between six and twenty
participants per group [112, 113].

Bagamoyo is one of the six districts of the Tanzania’s
coast region, with a population of about 345,000. It has
a humid tropical climate with seasonal average temper-
ature ranging from 13 °C to 30 °C and relative humidity
as high as 98%. Malaria remains a public health prob-
lem in the district; and transmission tends to be high-
est between March—May and October—November [61].
Malaria transmission-blocking vaccines will mainly
benefit endemic populations by reducing the malaria
transmission in the vaccinated communities. While
having limited benefit for tourists or military personnel
since they do not offer direct benefit to the vaccinated
individual. Their utility depends on mass deployment
in the community and their abilities to protect whole
populations against malaria transmission. Traditionally,
assessment for safety and tolerability of new vaccines
starts in naive individuals in non-endemic settings
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during first-in-human phase one studies [98]. However,
it is adventurous to conduct first in-human evaluations
of Pfs25-IMX313/Matrix-M in endemic setting where
transmission occurs is an ideal approach since the epi-
demiology, and the genetic make-up of the population
may have a bearing on vaccine usage and general out-
comes. [114, 115]. It is in line with the Belmont report
that all the phases of the trial are conducted in popula-
tions who will benefit the most.

Assessing immunogenicity

Vaccines work by ‘teaching’ the body to recognize a for-
eign invader (a pathogen) by priming the immune sys-
tem after introduction of either part or an inactivated or
weakened form of a pathogen and allowing the body to
develop an effective response without danger of disease.
This priming of the immune system means that, should
the pathogen be encountered naturally, the immune sys-
tem is able to react more quickly and effectively than if
it had not been primed [116]. Immunogenicity is a com-
plex measure of how well a vaccine works, and measures
the type of immune response that the vaccine generates
and its magnitude over time [117]. The analysis of vac-
cine immunogenicity provides valuable information not
only on how well a vaccine is working, but can support
aspects such as the determination of dosage and immuni-
zation schedules [118].

The overall level of induced antibodies can be meas-
ured through techniques such as ELISA (enzyme-linked
immunosorbent serum assay), and specific neutralizing
antibodies can be screened for via neutralizing assays.
Measurement of T-cell responses can be more complex
than the measurement of antibody levels, but through
assays such as enzyme-linked Immunospot assays it is
possible to define which types of T-cells are present and
at what level. The immunogenicity of Pfs25-IMX313
administered with Matrix-M will be determined to
assess if this candidate vaccine can induce stronger and
more lasting transmission-blocking responses in humans
compared to candidates tested previously. Levels of vac-
cine-induced Pfs25 antibodies will be measured in the
immunized serum collected from vaccinated volunteers
using Enzyme-Linked ImmunoSorbent Assays (ELISAs);
the protocol described previously [119] will be adapted
and followed when performing the assays. Other assays,
including; ex vivo ELISpot for interferon gamma, flow
cytometry, as well as specific ELISAs for measuring
total IgG, isotype and avidity, will be performed. Sera
samples with peak Pfs25 antibody levels will be selected
for assessment of the activity/functionality of vaccine
induced Pfs25 antibodies on oocyst development in
mosquitoes.
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Approach for evaluating vaccine efficacy in Bagamoyo

Efficacy is a measure of the vaccine’s ability to prevent a
clinical outcome of interest that can vary from infection,
disease or mortality [118]. The standard epidemiologic
method for TBV vaccine efficacy evaluation is a clus-
ter randomized trial, involving two sets of community
clusters, one set receiving a test vaccine and another
set receiving a placebo with a follow up to determine
and compare the incidence of malaria infections in the
two sets of clusters. For TBVs, standard efficacy evalua-
tion involves a number of villages, some receiving TBV
and others receiving a control vaccine, with the readout
being malaria cases [120]. However, this approach is diffi-
cult, time-consuming, and costly. The antibodies induced
in humans by TBVs impact on parasite development in
mosquitoes making it possible to indirectly measure
of transmission blocking activity via mosquito feeding
experiments and subsequent assessments of parasite
infections in mosquitoes. Studies have indicated that a
mosquito feeding experiment is an accurate proxy of the
natural infection cycle in P falciparum. This approach
which is sometimes referred to as an ex-vivo efficacy
evaluation can provide a platform to screen potential
vaccine candidates and inform field development of the
best candidate [24, 121]. This approach is ideal for pre-
liminary efficacy evaluations during early stage TBV tri-
als, as community-based efficacy evaluations cannot
precede vaccine safety and immunogenicity qualification.

Mosquito membrane feeding assays (MFAs) which
allow artificial mosquito infections with malaria, have
been developed [122, 123], making it possible to evalu-
ate the ability of naturally elicited or vaccine-induced
antimalarial antibodies to block mosquito infection.
Mosquito feeding can be performed either by direct bit-
ing on individuals infected with malaria or by ex vivo
exposure to infected blood delivered through a glass
membrane. While the first method requires the avail-
ability of infected patients carrying mature gametocytes
in blood circulation and the fulfilment of ethical restric-
tions, the second is based on the use of cultured gameto-
cytes, commonly known as Standard Membrane Feeding
Assays (SMFAs) or the use of gametocyte-infected blood
directly obtained from patients, usually referred to as
Direct Membrane Feeding Assays (DMFAs). Transmis-
sion blocking activity can be assessed based on different
indicators, such as reduction in the number of infected
mosquitoes, reduction in oocyst counts per mosquito, or
by the reduction of sporozoite production [124].

The ex-vivo efficacy of Pfs25-IMX313 candidate vac-
cine in Bagamoyo will be evaluated using SMFAs and
DMFAs as summarized in Fig. 1. Immunized sera with
peak antibody levels will be mixed with wild or cultured
gametocyte isolates and fed to a laboratory-reared [125]
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mosquito colony, to determine whether the vaccine-
induced Pfs25 antibodies can reduce or prevent oocyst
development inside mosquito-midguts. SMFAs will be
performed using gametocytes of NF54 laboratory strain
of P. falciparum parasite [126]. During Direct membrane
feeding assays, the autologous plasma of gametocyte car-
riers will be replaced with Pfs25-immune serum from
vaccinated volunteers. Gametocyte carrier plasma will
be replaced with Plasmodium-naive European/American
serum in control assays. The protocol described previ-
ously [60] will be used with two main modifications; the
gametocyte-infected venous blood will not be washed
in order to maintain some autologous blood compo-
nents, and Pfs25 immunized serum will be used instead
of immunized plasma. The mosquitoes will be dissected
eight days post-feeding to detect and quantify midgut
infections with P, falciparum oocysts.

Two parameters, transmission-blocking and -reduc-
ing activities (TBA and TRA respectively) will be used
to determine ex-vivo efficacy of the Pfs25-IMX313/
Matrix M candidate vaccine with both field and labora-
tory gametocyte isolates. TBA is a measure of percent
(%) inhibition of oocyst prevalence and will be deter-
mined as: 100 X {1 — (proportion of mosquitoes with any
oocysts in the test assays)/ (proportion of mosquitoes
with any oocysts in the control assays). TRA is meas-
ure of percent (%) inhibition of mean oocyst intensity
and will be calculated as: 100 X {1 — (mean number of
oocysts in the test assays)/(mean number of oocysts in
the control assays)} [127]. If use of microscopy for detec-
tion of oocyst proves to be insufficient, infections will be
diagnosed using molecular techniques.

Evidence of natural transmission-blocking
immunity in Bagamoyo

Understanding the dynamics of natural transmis-
sion-reducing immune responses will aid future local
deployment of transmission-blocking vaccines [61, 62].
Therefore, in addition to evaluating activity of Pfs25 vac-
cine-induced responses, we will investigate the natural
prevalent anti-gametocytes antibodies in Bagamoyo and
the extent of transmission-reducing activity of preva-
lent antibodies. A sero-survey has been planned in vil-
lages around Bagamoyo districts starting August 2021.
The survey will mainly target volunteers in the age group
5-14 years because these are known to harbour a greater
number of gametocytes and more infectious [128], but
other volunteers between the age of 15-45 will also be
enrolled. Screening for natural antibodies will mainly be
conducted using gametocyte and gamete antigens; Pfs230
and Pfs48/45, Pfs47. The sero-survey will also be used to
identify gametocyte carriers who will donate field game-
tocytes to be challenged against Pfs25 vaccine-induced
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Evaluation of Pfs25-IMX313 in Matrix M and seroprevalence of
natural antibodies to malaria gametocyte antigens in
Tanzanian volunteers

[ —
Gametocyte/sero survey
Up to 1500 volunteers screened
for malaria gametocytes and anti-
gametocyte antibodies in
Bagamoyo

Malaria parasite cell
cultures
Gametocytes from P.
falciparum NF54 cultures

Vaccination Trial
Safety and Immunogenicity of Pfs25-
IMX313 in Matrix M assessed in 52
healthy volunteers during the
vaccination trial in Bagamoyo

Pfs25-immunised
serum with different

Pfs25-immunised serum
at different vaccination

1 l Malaria positives by RDT and Malaria negatives by

microscopy screened for anti-
gametocyte antibodies

RDT and microscopy
also screened for anti-

doses collected for schedule collected for
MFAs MFAs

] |

Immunised serum and gametocyte
isolate mixed and fed to the Ifakara

gametocyte

—

¥

laboratory strain of mosquitoes Via MFAs

Heparinised blood collected from
asymptomatic gametocyte-
carriers for DMFAs. Carriers

treated and discharged from the

study following DMFAs

Volunteers who screen
negative for gametocytes
but positive for asexual
parasites treated and
discharged from the study

following microscopy results

w

Mosquitoes dissected 8 days post feeds to
visualize and quantify oocysts and to
determine the TBA & TRA (efficacy) of Pfs25-
IMX313 in Matrix M

form of transmission blocking [102] and reducing [50] activities

Stage V NFS54gametocyte
harvested for SMFAs

Fig. 1 Layout for evaluation of Pfs25-IMX313in Matrix-M; Pfs25-immunized serum samples from vaccinated volunteers will be collected and mixed
with field or cultured gametocyte isolates and fed to laboratory-reared mosquitoes to determine the ex-vivo efficacy of the vaccine candidate in

antibodies from the vaccination trial. Transmission-
blocking activity will be assessed against cultured game-
tocytes and a laboratory strain of local mosquitoes.

Capacity and infrastructural demands

Facilities and resources

Good infrastructure and strong capacities are required
to accomplish vaccine testing and evaluations activities.
Vaccination of participants is a major undertaking involv-
ing; community engagement and sensitization, screen-
ing and vaccination of trial participants, close safety
monitoring, laboratory investigations and biological
assays, such as the measurement of immune responses
and functionality via ELISAs and mosquito membrane-
feeding assay (MFAs). This undertaking requires a team
of multidisciplinary professionals with diverse expertise
to match different aspects the work. Community liaison
officers together with the village health care workers or
trained field worker are required to engage communities

and prospective study volunteers, clinicians are needed
to assess volunteers for inclusion/exclusion criteria and
monitor their health after receiving the vaccination,
additionally pharmacists are required to oversee vac-
cine preparation, physicians and nurses who administer
the vaccines must be present, and ACLS or PALS trained
clinicians who provide monitoring and care for any post-
immunization emergency are a must. Also needed are:
medical biotechnologists to ensure proper sample collec-
tion, processing, transport, and storage as well as imme-
diate measurement of biological parameters, as well as
medical entomologists to perform mosquito-feeding
assays and associated dissections for endpoint analysis,
data managers to enter, and quality assurance managers
and ensure participants’ safety and data quality according
to established procedures [98].

The trial will be conducted at the Clinical Trial
Facility (CTF) located at the IHI Branch in Bago-
moyo- coastal region, Tanzania. The IHI has close
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partnerships with the Tanzania government, and a
number of reputable regional and northern partners
including Kenya Medical Research Institute-Wellcome
Trust Research Programme (KWTRP), Institute of
Research in Health Sciences (IRSS), Burkina Faso, Jen-
ner Institute at the University of Oxford, The Swiss
Tropical and Public Health Institute (Swiss TPH), and
the US National Institutes of Health (NIH), among oth-
ers. The CTF has clinical consultation rooms, a phar-
macy, vaccination room, data management room and
an observation area for study participants. There is a
resuscitation room that is equipped with oxygen, suc-
tion, defibrillator and resuscitation kits. The trial facil-
ity has experienced trained staff including pharmacist,
physicians and highly experienced nurses. Study physi-
cian and nurses are ACLS, and PALS certified and are
involved in regular re-training activities involving sim-
ulations. A clinician is accessible 24 h a day by phone
to provide medical care to participants as needed out-
side the scheduled study visits. The Bagamoyo District
Hospital (BDH), a public hospital is in close proxim-
ity for secondary level health care services. The BDH
has one paediatric and a general wards, basic radiol-
ogy and ultrasound facility and routine paediatric sur-
gery is also carried. Referral to tertiary level facilities is
rarely required, but, in cases where such referrals are
needed, participants are sent to Muhimbili National
Hospital or Aga Khan Hospital in Dar es Salaam. The
CTF is supported by Bagamoyo Research and Training
Centre (BRTC) laboratory located within the grounds
of BDH. Medical laboratory investigations and test-
ing in the fields of; clinical chemistry, haematology,
parasitology, biochemistry, microbiology, immunol-
ogy analyses are performed in BRTC laboratory. The
BRTC laboratory is ISO 15189:2012 accredited by the
Southern African Development Community Accredi-
tation Services (SADCAS). The CTF is also supported
by well-equipped and resourced insectary with capac-
ity to do high-throughput rearing of mosquitoes, mos-
quito-feeding assays and dissections. In addition, the
institute has a good transportation network to ensure
constant transportation of persons, samples, and
materials between the field, clinics, and laboratories.
There is also an independent Quality Assurance unit
in place, which oversees the quality and integrity dur-
ing trials.

As a testimony for its ability to conduct first-in-
human studies, the CTF hosted the first [129] study
in Africa in 2012 evaluating its safety and feasibility
in malaria endemic population. The challenge studies
require a very close safety monitoring to ensure the
safety and wellbeing of study participants is assured.
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Ethics and community engagement
All required approvals have been granted for study
activities to be conducted. The Tanzania National Guide-
lines of Ethics for Health Research, stipulate regulatory
approval for clinical trials, starting with approvals from
ethics committees at respective host Institutions where
the studies will be undertaken. If the study involves
testing an investigational drug or vaccine, institutional
approval must be followed by clearance from National
Medicines & Medical Devices Authority (TMDA) before
final approval from the ethics committee at National
Institute of Medical Research (NIMR). Local authorities
and community representatives including village heads,
family heads, health providers, and school heads are con-
sulted for permission and approval conduct clinical tri-
als in the communities. A series of meetings are held to
explain the study to the potential participants in the com-
munity. These meetings include sensitization for general
information and pre-screening for more detailed infor-
mation. Locally acceptable approaches are used to inform
and invite community representatives, potential partici-
pants, and parents/guardians to the sensitization meet-
ings. A lay background and justification of the intended
study is discussed in a culturally appropriate fashion.
Attention is focused on study procedures and blood sam-
ple collections. The purpose of blood sample collection
and the associated risks are explained in a culturally sen-
sitive fashion, to avoid misunderstandings. Opportunities
are provided for the community members to ask ques-
tions and get responses from the Investigators. At the
end of a sensitization meeting, potential participants are
invited to register and attend a pre-screening meeting at
CTE, where detailed information about the study is pro-
vided using the PIS in a group and individual sessions.
This participative approach has reinforced community
confidence towards our studies and subsequently posi-
tioned IHI to successfully conduct previous clinical trials
[129-132] in Tanzania. The success of these trials was a
result of IHI’s technical capacities and dynamic team, to
execute the intense activities that compose these trials.

Challenges and considerations

Technical challenges

Mosquito feeding assays are cumbersome and problem-
atic to standardize. In addition, human antibodies must
act quickly before degradation in the mosquito and
before parasite traversal of midgut epithelium (~24 h)
that limits its accessibility to antibody [98] but it is dif-
ficult to determine the exact ingested antibody levels in
the mosquito required for a subsequent transmission
blockade. Transmission blocking and reducing activi-
ties directly measured in the human host will overcome
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these challenges and strengthen the current efforts to
develop transmission-blocking vaccines [133, 134]. The
need for the Pfs25-based vaccines to maintain high levels
of potent antibody that preclude mosquito infection and
lack of natural boosting within the human host continues
to be major concern for the vaccine development [98].

Reagents and supplies

There are limited local suppliers for many essentials, rea-
gents and consumables required for field, clinical and
laboratory activities during field trials. Consequently, the
local supply chain largely depends on overseas suppli-
ers and northern partners. The limitation on movements
brought about by the COVID-19 pandemic and the pri-
oritization for production and delivery of COVID-19
related medical supplies have hugely disrupted local sup-
ply chains for interventions of other disease, including;
malaria, HIV and TB, among other infections. The cur-
rent disruptions in local and international supply chains
and the complex local procurement policies have caused
significant delays in the implementation of the trials in
Tanzania. To address this, collaborations with overseas
institutions have been strengthened and new suppliers
of a range of consumables found. Furthermore, the IHI
is working to address some of the internal challenges that
are contributing to the delayed procurement of reagents
by restructuring the supply chain unit and improving the
processes and human resource capacity.

Conclusion

Transmission blocking vaccines can play a significant role
in reducing the burden of malaria and their field evalu-
ation requires experienced personnel and infrastructure
to provide credible results. There has been remarkable
improvement and strengthening of research capacity
and infrastructure across many southern institutions in
recent decades. These institutions should be given more
opportunities to conduct first-in human trials to stimu-
late innovative research and reduce the overdependence
on developed countries for research and local interven-
tions against many diseases of public health importance.
Malaria transmission occurs largely in low- and mid-
dle-income countries, where the disease epidemiology,
and the genetics of the endemic population will have
significant impact on use of the vaccine and the desired
outcomes. Relying on results from first-in human evalu-
ations conducted in naive settings may not yield relevant
information on the safety and immunogenicity for a vac-
cine that will eventually be deployed in endemic settings.
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