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Abstract
Development of Novel Immunogens for Malaria Vaccines and Serosurveillance
By Jessica N. McCaffery

Malaria is responsible for over 200 million cases and nearly half a million deaths annually. The successful
implementation of control measures resulted in a significant reduction in transmission in the past few
years. However, these epidemiological changes created a challenge for future elimination efforts because
identifying areas of active transmission is more difficult due to an increase in the prevalence of
asymptomatic infections and lack of treatment-seeking behavior. The increase in resistance of parasites to
anti-malarial drugs and mosquitoes to insecticides have further complicated control efforts. While one
malaria vaccine, RTS,S/AS01 (Mosquirix) has been approved for use in Europe, efficacy remains low at
~30%, and protection wanes rapidly. Therefore, there is a need for new vaccines and tools for
determining areas of active transmission.

The failure of RTS,S to induce long-lived efficacy has been attributed to a lack of CD8* T cell responses
which are required for parasite clearance during the pre-erythrocytic stage. Based on the evidence that
viral vectors are efficient platforms for the induction of CD8* T cell-mediated immunity, we assessed the
immunogenicity of a novel simian adenoviral vector (SAd36) encoding a chimeric multi-stage
Plasmodium yoelii vaccine candidate. We demonstrate that the SAd36 vector can replace the human Ad5
vector, to which there are high levels of pre-existing immunity in adults, without compromising CD8+ T
cell immunogenicity. The robust CD8+ T cell responses induced by recombinant SAd36 translated into a
lower parasite load in mice following infectious challenge. Additionally, the T cell immunogenicity of the
SAd36 vector can be enhanced further through the addition of a signal peptide derived from the murine
IgGx light chain in the adenoviral transgene.

Transmission-blocking vaccines (TBVs) offer an alternative strategy to achieve malaria control by
eliciting antibodies that interrupt transmission in the mosquito. The post-fertilization antigen P25 is an
attractive TBV target as it mediates several functions essential to parasite survival, but P25 is poorly
immunogenic in humans. Here we report that a chimeric P. vivax Merozoite Surface Protein 1 (cPvMSP1)
reported by our group is able to function as a carrier protein for P. vivax P25, inducing long-lived plasma
cells and improving the durability and magnitude of antibody responses capable of blocking the
transmission of P. vivax field isolates in direct membrane-feeding assays.

Serological assays can provide population-level infection history to inform elimination campaigns. Here
we use multiplex antigen detection assays to evaluate cPvMSPL1 for its ability to capture IgG from
naturally exposed US travelers with known infection status from all four human Plasmodium species. We
observed increased assay signals for the cPvMSP1 compared to the native recombinant PvMSP1,
suggesting increased sensitivity. Regardless of infecting species, a majority of sera from malaria patients
exhibited high assay signals to cPvMSP1. Therefore, a serological assay based on cPvMSP1 has a great
potential for the development of sensitive surveys that may support malaria elimination efforts.
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Introduction

Malaria is the infection of a host with the mosquito-borne parasite Plasmodium, irrespective of the
symptomology. It is estimated that 3.2 billion people are currently living in areas of malaria transmission.
In 2017, 219 million people were infected with Plasmodium, resulting in 435,000 deaths, 70% of which
were in children under the age of 5 (1). The Plasmodium parasites responsible for malaria are members of
the Apicomplexa phylum of parasitic protozoa, which includes other notable members such as the
opportunistic pathogens Cryptosporidium spp., and Toxoplasma gondii. Like other Apicomplexa,
Plasmodium spp. are obligate intracellular organisms with a complex life cycle that comprises both
mosquito and vertebrate hosts. The life cycle of Apicomplexa typically includes three main stages as
follows: 1) infection of the host with a ‘zoite’ form and growth within a host cell, which also includes
mitotic division for Plasmodium spp.; 2) sexual development which involves the production of gametes,
subsequent fertilization, and formation of zygotic forms known as oocysts; and 3) sporogenesis in which
new ‘zoite’ forms are generated that can infect the next host (2). Plasmodium spp. have been found to
infect diverse vertebrate hosts, ranging from reptiles and birds to mammalian hosts including rodents,
nonhuman primates, and humans (3).

We aim here to provide a comprehensive review of the immune responses to Plasmodium infections
through the description of key events of each stage of the parasite life cycle. An overview of the major
antigens that have been used as targets for vaccine development to prevent infection, disease, and block

transmission will be discussed at the end of each section.

1. Initiation of infection of the vertebrate host and immune responses to Plasmodium in the dermis

1.1 The infectious bite and start of migration
Infection begins when sporozoites are injected into the dermis of the vertebrate host by a female
Anopheles mosquito during a blood meal, with approximately 10-100 sporozoites injected per infections

bite (4). Once in the dermis, the motile sporozoites must traverse through cells of multiple physical
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barriers to reach their preferred developmental site, the liver. Since sporozoites lack cilia and flagella,
sporozoites glide to move along solid surfaces, reaching top speeds of 10 um/s (5). This gliding motility
is related to the immunodominant circumsporozoite protein (CSP). CSP is discharged from the apical end
of the sporozoite and redistributes across the surface towards the anterior end (6) with the help of a
submembranous actin-myosin motor (5), allowing the sporozoite to move forward (6) and leaving a trail
of secreted CSP as it moves (7). Reverse genetic studies using thrombospondin-related adhesion protein
(TRAP)-deficient P. berghei mutants have determined that the gliding motility and infectivity of
Plasmodium are also dependent on TRAP (8).

To cross the physical barriers during its journey to the liver, the sporozoite migrates through cells that
make up these interfaces. Sporozoite cell traversal, which was first reported in macrophages of P. berghei
infected mice and rats (9, 10) before being reported in other cells types, involves the active penetration of
sporozoites into the host cell, their subsequent cytosolic migration, and exit, often resulting in the death of
the host cell. The first of the physical barriers faced by the sporozoite are the dermal phagocytes and
dermal fibroblasts, which are involved in wound healing and produce the extracellular matrix that makes
up the connective tissue in the skin. Next, the sporozoite must cross the endothelial cells of the skin
capillaries, travel through the blood to enter the liver through the Kupffer cells to invade hepatocytes (11).

Although the majority of sporozoite development occurs in liver hepatocytes, reports in P. berghei
infected mice indicate that ~50% of sporozoites remain in the skin immediately following an infectious
bite, with 11% of those injected developing into exoerythrocytic forms in the dermis and epidermis 24
hours post-infection. These dermal exoerythrocytic forms can also generate infective merozoites (12). In
addition to reports of complete exoerythrocytic schizogony outside the liver, sporozoites have been
observed in the hair follicles, an immunologically privileged site due to the absence of MHC class |
expression, for up to two weeks (12). Beside the ~50% of sporozoites that remain in the skin, another
~25% can be found in the proximal draining lymph node, with only 25% or less of those injected into the

skin completing their migration to the liver (13). These observations may point to a secondary parasite
15



reservoir in the skin, which also allows for detection of the parasite by the immune cells in the dermis and

their subsequent trafficking to draining lymph nodes.

1.2 The skin, the first line of defense

The skin acts as the first line of defense against infection to many pathogens, and thus, this organ
harbors a variety of innate and adaptive immune cells to combat infection. The two major compartments
making up the skin are the epithelium and connective tissue. The primary dendritic cell (DC) population
in the epidermis and epithelium of hair follicles are Langerhans cells, which act as professional antigen-
presenting cells (APCs) and perform immune surveillance functions. In addition to Langerhans cells, the
epidermis is also home to skin-resident T cells in humans and dendritic epidermal T cells (DETCs) in
mice. In humans, skin resident T cells are usually CD8+ T cells and can be activated by antigen-
presenting cells within the skin (14). However, since the purpose of the mosquito bite is to obtain blood
from blood vessels within the dermis, most immune sensing of invading parasites will likely occur in the
dermis rather than the epidermis. The innate immune cell population of the dermis includes multiple
specialized DC subsets such as dermal DCs and plasmacytoid DCs (pDCs), as well as mast cells, natural
killer T cells (NKTSs), and innate lymphoid cells. Cells belonging to the adaptive arm of immune
responses present in the dermis include multiple T cells populations such as Tn1, Th2, and Tu17 subsets
of CD4+ T helper cells. Populations of yd T cells are also present in the dermis and function in both

innate and adaptive immune responses (14-16).

1.3 Immune responses to mosquito saliva

Before considering the anti-parasite immune responses, we should first understand how the host

responds to the mosquito saliva to appreciate the context of the response to infective mosquito bites.
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During a blood meal, the female Anopheles mosquito uses her proboscis to puncture the dermis with the
intent of rupturing a blood vessel and feeding from it directly or from the pool of blood caused by the
rupture. While probing for a blood vessel, the mosquito repeatedly moves her proboscis and injects
nanoliter quantities of saliva into the dermis of the host; if the mosquito is carrying a pathogen such as
Plasmodium, this is injected into the skin as well. The injection of saliva during feeding is known to
promote vasodilation, capillary extravasation, edema, hemorrhaging, and strong inflammatory responses
(17), due in part to the vasoactive compounds within mosquito saliva (18). As a result, mosquito bites will
usually cause local cutaneous inflammatory reactions, which include erythema, small papules, and

pruritic swelling (17).

The inflammatory reactions induced by mosquito saliva vary depending on the host’s exposure to
previous mosquito bites and potential allergic reactions such as IgE-mediated (type I) hypersensitivity
reactions (19). The type | reactions induced by mosquito saliva are caused by mast cell degranulation due
to cross-linking of FceR1 receptor-associated IgE antibodies or direct mast cell degranulation induced by
salivary components. This results in further fluid extravasation and recruitment of DCs, monocytes, and
polymorphonuclear leukocytes, including neutrophils from the bloodstream to respond to the injury and
potential pathogen injection. In addition, the mosquito saliva dependent degranulation mast cells in the
skin also result in the sequestration of DCs in the draining lymph nodes (19). Since mosquito saliva
contributes to immediate hypersensitivity reactions, immune cell infiltration, and sequestration of

leukocytes in the draining lymph nodes, it likely affects the resulting adaptive response to sporozoites.

1.4 The repertoire and function of immune cells in the skin

Assuming the mosquito bite described resulted in the intradermal inoculation of sporozoites, which
cells would be most likely to sense the parasite first? As noted in the description of immune responses to

mosquito saliva, mast cells are tissue-resident innate immune cells that function as first responders within
17



the tissue, releasing inflammatory mediators and cytokines upon interaction with pathogens. TNF-o and
IL-8 released by mast cells promote vasodilation and recruitment of neutrophils, while TNF-a also

functions in driving IL-1 production by classical M1 macrophages (14).

As with many infections and injuries, neutrophils are often the first immune cell recruited to infected
tissue. The chemokines that attract neutrophils to the mosquito bite site will also upregulate endothelial
adhesion molecules, allowing neutrophils to undergo extravasation into the affected tissue. Once at the
site of the mosquito bite, neutrophils will engage in the Killing of the sporozoites they encounter through
the release of peroxidases, proteases, and can also extrude their own DNA and histones forming
neutrophil extracellular traps (NETSs) to immobilize the migrating sporozoite (20). A recent study by Mac-
Daniel et al. found that intradermal injection of C57BL/6 mice with either wild-type P. berghei
sporozoites or salivary gland extract induced similar levels of local inflammation and neutrophil
infiltration at 2 hours post-inoculation, but by 4 hours the neutrophil infiltration continued to rise in the
mice inoculated with sporozoites and decreased in mice receiving only mosquito salivary gland extracts.
This suggests that although mosquito saliva can contribute to an inflammatory response, the parasite
presence is necessary to maintain immune cell recruitment (21). This study also reported the association
of neutrophils and resident myeloid cells with sporozoites in the skin and draining lymph nodes, resulting
in a Thl cytokine profile in the draining lymph nodes 24 hours post-inoculation with P. berghei
sporozoites (21). However, it is important to note that due to the tendency of C57BL/6 mice to have
skewed Tyl responses that these results may differ in other mouse strains, such as Tn2 skewed BALB/c

mice (22).

In addition to the recruitment of neutrophils by chemokine secreting mast cells, the release of TNF-a
by mast cells immediately following the mosquito bite results in activation of M1 macrophages.
Activation of these classical macrophages promotes their increased phagocytosis, production of

inflammatory cytokines, the killing of pathogens or infected cells via NO release, expression of MHC
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class I molecules and costimulatory molecules CD80/86 (23). These responses improve the ability of M1
macrophages to take up material in the tissue, including inoculated sporozoites, and present the
encountered antigens to T cells in the draining lymph node leading to their subsequent activation.
However, since sporozoites are known to traverse phagocytic cells in both the dermis and liver, traversal
activity can also prevent the destruction of sporozoites by these cells (24). This effect has been confirmed
in recent studies which demonstrated the ability of P. berghei sporozoites to invade and survive within

CD11b+ cells, which correspond to dendritic cells, monocytes, and macrophages in mice (21).

As previously noted, dendritic cells are also resident in the dermis and will secrete cytokines and
chemokines in response to infection or tissue damage. Dermal DCs also have the ability to produce
inducible nitric oxide synthase (iNOS) and subsequent nitric oxide (NO) production from L-arginine
within macrophages or infected cells (25). The short-lived free radical NO has multiple activities which
include antimicrobial functions resulting in the killing or reduced infectivity of pathogens such as
protozoa, and immunoregulatory functions that may either promote or decrease inflammation and affect
the differentiation of T cells (26). Dermal DCs are known to rapidly migrate to the lymph nodes following
pathogen inoculation, where they function as efficient antigen-presenting cells, activating both CD4+ T
cells through presentation of antigen in the context of MHC class 11, and activating CD8+ T cells through
cross-presentation of antigens derived from ingested pathogens in the context of MHC class | (15). The
cytokines produced by these dendritic cells will also influence the subsequent development of the T cells,
driving them to differentiate into one of several cellular subsets, including Twul, Tu2, or Ty17 for CD4+ T
cells depending which cytokines are produced (15). Furthermore, studies using P. yoelii infected BALB/c
mice have demonstrated that the DCs that pick up sporozoites inoculated by an infectious mosquito bite
travel to the skin-draining lymph nodes where they prime the first cohort of CD8+ T cells to be activated

in response to Plasmodium infection (27).
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1.5 Immune sensing and parasite recognition

Although we have identified which immune cells are involved in the recognition of the sporozoite in
the dermis, we should also understand the mechanisms by which dermal cells respond to the mosquito
bite and injected sporozoites. Immune cells and somatic cells alike possess external and internal receptors
that allow them to identify common features of pathogens and evidence of tissue damage that may
correspond to injury or infection, these receptors are known as pattern recognition receptors (PRRs). PRR
expression varies depending on the cell type, allowing for infected cells to recognize that they have been
infected and antigen-presenting cells to recognize a wider range of molecular patterns to differentiate
between tissue damage and pathogen presence so that they can respond accordingly. The two major
classes of molecular patterns identified by PRRs are damage-associated molecular patterns (DAMPSs) and
pathogen-associated molecular patterns (PAMPS) (28). Several major classes of PRRs have been
identified including Toll-like receptors (TLRs), which can detect certain PAMPs and DAMPs (29). Of the
13 TLRs identified, humans express TLRs 1-10, with TLRs 1, 2, 4, 5, and 6 being expressed as
transmembrane receptors on the cell surface and TLRs 3, 7, 8, 9 found within exosomes and at the
endoplasmic reticulum (30). TLRs are known to be found on professional APCs like dendritic cells and
macrophages, and the role of these TLRs has also been extensively studied in the context of neutrophil
activation (31). Furthermore, the expression of mMRNA encoding TLRs 1-10 has been observed in mast
cells in the skin (32). Certain non-immune cell subsets, such as the fibroblasts which reside in the dermis
and are characterized by their production of extracellular matrix components, express TLRs 1-10 as well

(30).

As noted, PRRs identify PAMPs and DAMPs following infection and injury, with the molecules that
act as DAMPs sequestered away from their corresponding receptor under normal conditions, however,
upon injury, these molecules are exposed. DAMPs are therefore perceived as danger signals since they

are released by damaged and dying cells. Receptor triggering by DAMPs alerts the immune system of
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damage, causing the cells involved to promote wound healing and recruit other immune cells that can
help eliminate potential intruders (30). Although production of DAMPs as the result of mosquito bites has
not been explicitly studied, we know that the mosquito bite and migration of the sporozoite in the dermis
results in tissue damage, hemorrhaging, and inflammation (17) and therefore DAMPs are likely released
in the process. Furthermore, the cell traversal used by sporozoites to move through various physical
barriers is known to result in cell death (9-11), and the molecular components of these dead cells may also

include DAMPs.

Despite the lack of knowledge of DAMP production following a mosquito bite and Plasmodium
sporozoite inoculation, we can infer which innate signaling events may be conserved from studies
examining innate immune responses in the skin. The nuclear high-mobility box group protein HMGBL,
heat shock proteins 60 and 70, oxidized LDL, extracellular matrix component hyaluronic acid, fibrinogen,
and fibronectin are all DAMPs released from damaged or dying cells in humans which have been
identified as TLR ligands (30, 33). Specifically, HMGBL1 has been demonstrated to be recognized by
TLR4 (34). Studies conducted in TLR4 deficient mice have found that these mice displayed prolonged
wound healing compared to their wild type counterparts (35). Based on these and similar observations of
TLR associated wound healing (30), it is likely that the human host has evolved to respond to damage
signals in a manner that promotes immune cell infiltration to clear any potential pathogens at the site of
injury and healing of skin wounds as well to prevent any further introduction of pathogens, however these

responses are not specific to mosquito bites or Plasmodium infection.

In addition to DAMPs that may be generated as the result of an infectious bite, Plasmodium
sporozoites may also contain PAMPs. However, there have been no studies published which report PRR
ligands derived from sporozoites present in the skin. Despite the lack of knowledge about innate immune
sensing of sporozoites in the skin, studies of sporozoite invasion of hepatocytes have revealed that

Plasmodium RNA is capable of triggering melanoma differentiation-associated protein 5 (MDADS)
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activation leading to signaling through the mitochondrial antiviral signaling protein (MAVS) which
induces type | interferon production (28). If sporozoite RNA is detected by dermal cells, it is likely that
this pathway may also play a role in innate sensing of sporozoites in the dermis. However, future studies

to confirm this are required.

Aside from the PRR signaling described, it appears that the bulk of immune cell recognition of free
sporozoites includes neutrophils recruitment by chemokine secreting mast cells, classical macrophage
activation which increases phagocytosis, and dendritic cell sampling of foreign matter present in the
dermis (19). In addition, indiscriminate mechanisms of matter uptake by APCs, such as pinocytosis, allow
for the ingestion of pathogens that do not trigger any of the receptors described and may also contribute to

the sporozoite uptake in the dermis.

2. Liver Stage Infection

2.1 Trafficking of the sporozoites to the liver and hepatocyte invasion

Plasmodium sporozoites that reach the blood vessels following injection travel to the liver to initiate
the next stage of their life cycle. To enter the hepatocytes, sporozoites must first traverse the sinusoidal
epithelium, which forms a barrier between the blood and hepatocytes. The liver sinusoid contains
endothelial cells interspersed with specialized liver resident macrophages known as Kupffer cells. Though
we do not have a complete understanding of all the factors involved in the migration of the sporozoite
from the blood into the liver, several key proteins involved in this process have been identified.

CSP, which was discussed briefly in the previous section due to its contribution to the gliding motility
of sporozoites, also contributes to cell transversal of sporozoites into the liver as CSP has been found to
bind to heparan sulfate proteoglycans (HSPGs) on liver cells. This binding is a critical step for the arrest
of the sporozoite at the liver sinusoid. Although CSP has been found to be essential for this process, it is

yet to be determined if the amino-terminus domain or the thrombospondin type | repeat domain of the
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carboxy-terminal are involved in binding to the liver sinusoid (36). Nonetheless, antibodies directed
against the cell adhesive motif present in the region | of CSP, located at the amino-terminal end of the
protein, are capable of inhibiting invasion of HepG2 cells by multiple Plasmodium spp. (37), indicating
that this region may be necessary for binding. In addition, it has been demonstrated that CSP is
proteolytically cleaved by parasite-derived cysteine proteases following contact with hepatocytes, and
inhibiting this cleavage prevents the invasion of hepatocytes by the sporozoite without affecting its
migration (38).

Following attachment of the sporozoite to the liver sinusoidal barrier via CSP, TRAP and its related
family of proteins appear to be involved in the gliding motility of the sporozoite at the sinusoid surface
and mediate entry into the target cells (39). Most reports indicate that sporozoites cross into the liver
through Kupffer cells (40, 41), but evidence of endothelial cell transversal has also been reported (36).
Once in the liver parenchyma, sporozoites traverse several hepatocytes before ultimately arresting their
migration to begin their differentiation into the next stage of their life cycle (42).

In addition to the highly conserved Plasmodium proteins CSP and TRAP, at least five other proteins
have been found to be essential for in sporozoite cell traversal into the liver. These include the sporozoite
microneme protein essential for cell transversal (SPECT 1), SPECT 2, cell traversal protein for ookinetes
and sporozoites (CelTOS), phospholipase (PL), and gamete egress and sporozoite traversal protein

(GEST), whose functions are reviewed by Sinnis et al. (43) and Cowman et al. (44).

2.2 Plasmodium liver-stage forms

After migration through several hepatocytes, the sporozoite invades and forms a parasitophorous
vacuole within the hepatocyte in which it will differentiate into an exoerythrocytic form (EEF) (39).
During its development in the hepatocyte, the parasite undergoes transformation into a spherical liver-

stage form that increases in size, known as the large exoerythrocytic form (LEF) (2). In P. vivax, P. ovale,
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and P. cynomolgi infections, some sporozoites invade hepatocytes without developing into the LEF and
instead form dormant hypnozoites, which are resistant to treatment with all anti-malarial drug treatments
except primaquine and the recently introduced tafenoquine. In addition, the hypnozoite can become

activated weeks to months following the initial infection, being responsible for relapse infections.

As a LEF, the parasite undergoes karyokinesis without cytokinesis, resulting in the formation of up to
30,000 nuclei in a period of ~30 hours (36). This process of nuclear fission without cell division is
referred to as exoerythrocytic schizogony (28) and culminates with the budding of merozoites which are
contained within a vesicle known as the merosome. Over a period of 7-10 days in humans (2, 36) or ~48
hours in mice (45), between 10,000 and 30,000 merozoites are produced from a single sporozoite, which
then rupture from the merosome into the bloodstream to go on to infect red blood cells (2, 28). It is also
important to note that the pre-erythrocytic Plasmodium infection of the dermis and liver is clinically
silent, with the period before the release of merozoites into the bloodstream known as the prepatent

period.

2.3 Innate immune response to liver-stage infection

The concept of pathogen and damage-associated molecular patterns (PAMPs and DAMPS) that are
recognized by pattern recognition receptors of the innate immune system were discussed above, but these
immune sensing mechanisms apply to liver-stage Plasmodium infection as well.

One of the main PAMPs associated with liver-stage Plasmodium infection is
glycosylphosphatidylinositol (GPI) anchors, which link many of the surface proteins to the plasma
membrane. Protozoan derived GPI anchors have been found to be potent stimulators of macrophages,
resulting in subsequent cytokine synthesis (28, 46). The PAMP activity of these GPI anchors seems to be
dependent on their specific structure, which includes a longer glycan core and lipid component that differs

from that of mammals, and two or three fatty acyl chains for P. falciparum merozoites. These features
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allow the differentiation of Plasmodium-derived GPI anchors and recognition by TLR1/2 or TLR2/6
heterodimers, as well as lower levels of TLR4 homodimer stimulation (46). Activation of these TLRs
results in phosphorylation of inhibitor of nuclear factor-xB (IxkB) and mitogen-activated protein kinases
(MAPK) family members and typical downstream signaling associated with these pathways, culminating
in the synthesis of pro-inflammatory cytokines, such as TNF-a (46).

As described in the previous section, Plasmodium RNA present within infected hepatocytes is
capable of activating MDADS and subsequent MAVS signaling, resulting in the production of type | IFNs
(28). In addition, reports from studies in wild-type and TLR7 deficient mice have demonstrated that in the
first 24 hours following infection, the host immune response to Plasmodium is highly dependent on TLR7
signaling (47). This report indicates a role for TLR7 in the detection of Plasmodium RNA as TLR7 is
typically associated with the recognition of single-stranded RNA internalized in phagosomes within
APCs.

In addition to the limited understanding of the PRRs capable of recognizing liver stage infection, the
innate immune mechanisms involved in targeting infected hepatocytes is also an area of ongoing research.
In the liver, y3 T cells, NK cells, and NKT cells have been implicated in contributing to IFN-y secretion
and targeting of LEF within infected hepatocytes (2). IFN-y also promotes the production of IL-12 and
IL-18 by phagocytes and helps in boosting NK cell activation. NK cells, vd T cells, as well as any
previously activated CD8+ cytotoxic T cells, produce granzymes and perforin in addition to IFN-y to
further promote the killing of infected hepatocytes, thereby preventing the development of merozoites and
their release into the blood (2). Studies of irradiated P. berghei infected mice have shown that the
induction of iNOS, and resulting NO production can protect mice from challenge with viable sporozoites.
This study highlights the importance of IFN-y production by CD8+ T cells and other cell types as
described above, and subsequent iNOS induction and NO production by hepatocytes or Kupffer as a
means of killing liver stage parasites and infected hepatocytes (47). However, further studies are required

to determine if other innate immune cells or mechanisms are involved in targeting infected hepatocytes.
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Sporozoites arrive to the liver through the bloodstream after exiting the inoculation site. The route
taken through the liver by the blood travels through the portal vein or the hepatic artery, and ultimately
into the liver sinusoids, which due to a fenestrated endothelium reduce the speed of the blood through the
sinusoids. This reduction in speed allows for the immune cells within the liver to detect pathogens within
the blood, but at the same time provides an opportunity for hepatotropic pathogens to invade hepatocytes
(48-50). As was mentioned above, sporozoites most frequently cross from the bloodstream through
Kupffer cells in order to enter the liver. Kupffer cells are considered one of the largest populations of
tissue-resident macrophages and are responsible for clearing substances identified as foreign, such as
bacteria, or altered-self, such as endotoxins from the liver. A pro-inflammatory cytokine response in
these cases would result in a continuous inflammatory environment that could cause liver damage (40); as
a result, the liver is considered to be immunologically tolerant to protect against uncontrolled
inflammation in response to the foreign and gut-derived antigens that pass through regularly (51). Instead,
Kupffer cells have been reported to secrete anti-inflammatory cytokines, a phenomenon described as
portal vein tolerance. However, pro-inflammatory responses initiated by Kupffer cells do occur but lead
to liver fibrosis and cirrhosis (40). Interactions between Kupffer cells and sporozoites have been reported
to cause suppression of antigen presentation by Kupffer cells and downregulation of MHC class |

expression (16).

In addition to the tolerogenic phenotype of Kupffer cells, sporozoite interaction has been reported to
further downregulate immune responses to Plasmodium infection. Studies have demonstrated that
sporozoite-Kupffer cell interactions are capable of inducing cAMP signaling, which results in decreased
phagocytosis (16). It has also been reported that CSP can inhibit respiratory burst, and production of
reactive oxygen species (ROS), by Kupffer cells (52). Studies in which C57BL/6 mice received either
infection with P. berghei sporozoites or immunization with irradiated P. berghei sporozoites found

differences in MHC class | expression (53). This study found that mice receiving the sporozoite infection
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showed no IL-12p40 production and reduced expression of MHC class I, while irradiated sporozoite-

immunized mice upregulated MHC class | and costimulatory molecules, and produced 1L-12p40 (53).

2.4 Adaptive immune response to liver-stage infection

As previously noted, a subset of the sporozoites injected into the dermis will either migrate via the
lymphatics to draining lymph nodes or will be phagocytosed by APCs present in the skin which
subsequently migrate to the draining lymph node. DCs in particular, play a crucial role in priming CD8+
T cells with Plasmodium antigens through cross-presentation of sporozoite antigens (27). The importance
of DC cross-presentation of sporozoite antigens has been demonstrated through studies in which DCs
were pretreated with TLR ligands, resulting in pre-maturation and inhibition of cross-presentation to
CD8+ T cells (27, 54). However under conditions mimicking natural infection, the migration of APCs
carrying sporozoite antigens to draining lymph nodes ultimately results in the priming of the first cohort
of CD8+ T cells to be activated in response to Plasmodium infection in mouse models (27). Although
these cells have been detected in draining lymph nodes as early as 48 hours post-immunization with
irradiated P. yoelii sporozoites, significant CD8+ T cell responses are not detected in the liver and liver
draining lymph nodes until 72 hours (55). This experimental evidence is consistent with the
epidemiological observation that multiple Plasmodium infections are required to obtain immunity to the
infection since the anti-sporozoite CD8+ T cells induced can only reach the liver after sporozoites have
begun the liver stage development. Also, prolonged antigen exposure may be may be necessary to

promote optimal liver-stage-specific CD8+ T cells (56).

Following trafficking of anti-sporozoite CD8+ T cells to the liver, two effector mechanisms capable
of killing of Plasmodium-infected hepatocytes are the production of granzyme and perforin, and Fas/FasL
interactions (55). However, CD8+ T cells that lack one or both of these mechanisms are still capable of

eliminating Plasmodium liver stage forms (57). Instead, production of IFN-y by activated CD4+ and
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CD8+ T cells, as well as by NK cells, 6 T cells, and NKT cells, contributes to the immune responses
against hepatic Plasmodium infection in a number of ways. These responses include the induction of
nitric oxide synthase production and subsequent nitric oxide production capable of killing infected
hepatocytes as mentioned earlier, canonical activation of macrophages to become M1/classical
macrophages which display increased phagocytosis and cytokine production, and the induction of isotype
switching in B cells resulting in the production of cytophilic 1gG2a antibodies (58). Despite this diversity
of effector mechanisms, extremely high percentages of anti-sporozoite specific CD8+ T cells are required
to provide protection. It has been estimated that sterilizing immunity against P. berghei in BALB/c mice
was associated with a population of memory T cells of a single antigenic-specificity that exceeded 8% of
the total population of CD8 T cells (59). Due to this requirement for very high numbers of circulating
CD8+ T cells to maintain protection, the focus has shifted to define tissue-specific immune responses

capable of providing protection from liver-stage malaria.

Recently the roles of CD8+ tissue-resident memory cells, Trw, in the liver have been revealed to be
essential for protection against liver-stage malaria (60). Trm responses were first identified as CD8+
memory populations in the liver that contributed to immunity following studies with radiation attenuated
sporozoites (61, 62). Trm cells are differentiated from early effector T cells by IL-15 and TGF-f signaling
(49, 63), while differentiated circulating effector T cells have been found to be incapable of migrating to
tissues. The CD8+ Trm cells display high expression of CXCR6 (62), which allow these cells traffic to
and stay in the liver due to the production of CXCR6 ligands by liver sinusoidal epithelial cells and
hepatocytes (64). As a result, CXCR6 expression is required for the maintenance of liver Trw cells and
loss of CXCRG results in loss of liver-associated memory and anti-sporozoite immunity (64). Protection
by CD8+ Trwm cells is mediated by the production of cytokines including IFN-y and TNF-a, as well as the
production of granzyme B (60), allowing the direct and immediate killing of sporozoites and infected

hepatocytes. Recent studies have shown that Trm cells patrol the liver sinusoids, with an approximate
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half-life of 36 days (65). Due to the loss of protection when T cells lack CXCR6 (64), and that strategies
capable of reliably inducing sporozoites-specific Trm cells are capable of providing sterile protection

from malaria, it is likely that immunizations capable of inducing these cells display improved efficacy.

Recent studies by two different groups were able to identify that the immunization route, adjuvant,
and a prime-boosting strategy could be used to specifically enhance liver Trm responses (60, 66).
Improved induction of liver Trm responses compared to radiation attenuated sporozoite immunization
could be obtained through immunization regimens designated prime and trap (60), or prime and target
(66). The prime and trap strategy employs DC targeting through Clec9A monoclonal antibodies to deliver
a peptide antigen intravenously (60). This is then followed up by an adeno-associated viral boost, as this
vector targets hepatocytes and expresses the antigen encoded within the transgene (60, 67). In contrast,
the prime and target method uses an adenovirus intramuscular prime, followed by a boosting
immunization with a poly(lactic-co-glycolic acid) (PGLA) protein-loaded nanoparticles delivered
intravenously. The PLGA-nanoparticles were found to be taken up by Kupffer cells following
concentration within the liver (66). Both of these methods rely on generating a robust CD8+ T cell
response that is then directed to the liver through a boosting immunization that specifically targets liver
cells. While no difference was found between adjuvanted and unadjuvanted immunization regimens in the
prime and target studies when the adjuvants Remiquimod and monophosphoryl A were tested (66), the
prime and trap strategy found that the use of the anti-TLR3 agonist poly(l:C) or the TLR9 agonist CpG

were able to further enhance the formation of Trwm cells in response to vaccination (60).

Besides the contribution of CD8+ T cells, humoral immune responses are a major contributor to anti-
sporozoite immunity and protection against liver-stage infection. Anti-CSP monoclonal antibodies have
been known to block infection in vivo since the 1980s (68, 69). Mathematical modeling of results from
the Phase I1b clinical trial of the P. falciparum CSP based vaccine candidate RTS,S suggests that high

levels of anti-CSP repeat antibodies, ranging between 100-200 pg/ml, are required for protection (70). In
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addition to anti-CSP antibody responses, there have also been reports from P. falciparum endemic areas
that anti-TRAP antibodies are associated with protection from infection (71). Interestingly, anti-parasite
antibodies can be downregulated during the infection, as it has been reported in P. yoelii infected mice
that Plasmodium blood-stage infection may contribute to a loss of antibody-producing plasma cells by
induction of apoptosis of the blood-stage antigen Merozoite Surface Protein-1 (MSP-1)-specific plasma

cells and memory B cells and induced apoptosis of other bystander plasma cells (72).

Based on these observations, it is apparent that high levels of CD8+ T cells and antibodies are needed
to provide protection from liver infection or progression of the parasite to the blood stage. However, it
should be noted that a single infected hepatocyte able to avoid destruction by these immune mechanisms

can produce ~10,000-30,000 infectious merozoites that can produce the full blood-stage infection.

2.5 Major liver-stage antigens and pre-erythrocytic vaccines

Due to the protective effects mediated by IFN-y secreting CD8+ T cells and anti-sporozoite antibody
responses, induction of these cells has become a goal of many pre-erythrocytic vaccines and vaccine

candidates.

One of the first models of vaccination against malaria was the use of irradiated sporozoites. In the
initial studies carried out by Nussenzweig et al. in 1967, A/J mice immunized with 5,000-75,000
irradiated P. berghei sporozoites displayed different levels of protection from challenge with 1,000 viable
sporozoites two weeks post-immunization, with the average protective efficacy of this method around
37% (73). This concept was later applied to humans in 1973 using mosquitoes irradiated at 15,000 rads
carrying P. falciparum as the mode of immunization. Upon the experimental challenge of the volunteers
with non-irradiated mosquitoes, it was observed that one of these four volunteers was protected from

infection (74). Clinical trials carried out in the 1980-1990s revealed that over 1,000 bites from irradiated
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mosquitoes carrying P. falciparum sporozoites were necessary to protect against challenge by nine weeks
post final exposure and this protection lasts for 23-42 weeks (75). More recently, radiation-attenuated P.
vivax sporozoites were used for seven immunizations of 89 adults at ~65 infectious bites each, following
controlled human malaria infection at eight weeks post final immunization a 42% protective efficacy was

observed (76).

Although irradiated mosquito and sporozoite-based vaccination methods have revealed a great deal about
the mechanisms of protection against Plasmodium infection, immune responses against pre-erythrocytic
stage antigens need to be very robust to prevent blood-stage infection given that a single infected
hepatocyte can release up to 30,000 infectious merozoites. This may explain why it is difficult to produce
sterilizing immunity based on radiation attenuated sporozoites unless a high number are used for
immunizations. As a result of the requirement for a high number of radiation attenuated sporozoites or
high bite counts by irradiated mosquitoes, this immunization method will likely be difficult to administer
to large numbers of people, especially in endemic areas where the equipment required to either irradiate
or store sporozoites is scarce. Looking at examples of successful disease eradication measures as a guide
for malaria vaccination, one of the factors contributing to the reduction of polio cases in the developing
world was the use of oral administration of the attenuated oral poliovirus vaccine (77). Therefore it is
likely that a vaccine that is easier to administer will be more successful at reducing the disease burden of
malaria. However, Sanaria has recently conducted clinical trials using isolated irradiated sporozoites
delivered intravenously (PfSPZ vaccine) in several African countries including Mali, Tanzania, Kenya,
Burkina Faso, Ghana, and Equatorial Guinea (78), demonstrating that although difficult, malaria

eradication using this immunization method may be feasible.

Another promising vaccination strategy has been the use of CSP and CSP subunit vaccines. One of
the most notable examples is the P. falciparum CSP based subunit vaccine candidate RTS,S/AS01, as it is

the most advanced malaria vaccine candidate, having completed Phase 111 clinical trials (79), and received
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approval in 2015 by the European Medicines Agency for use outside the European Union in malaria-
endemic areas (80). Despite this significant step in the development of malaria vaccines, there is still
room for improvement as the vaccine efficacy of RTS,S/AS01 is between 28-32% (81). Relevantly,
vaccine efficacy induced by RTS,S/AS01 has been found to wane over time with children in the fifth year
of follow-up displaying negative efficacy due to higher than average exposure to malaria parasites (79).
Similar results have recently been reported for the P. vivax CSP-based vaccine candidate VMP001, as this
candidate was unable to induce sterile protection and only 59% of the vaccinees displayed delayed onset

of parasitemia compared with unvaccinated controls (82).

In addition to the challenge of eliminating every infected hepatocyte to prevent blood-stage infection,
the genetic variability of Plasmodium isolates and subsequent vaccine failure should be of major concern
as vaccine candidates based on a single strain risk promoting the selection of strains not represented in the
formulation (83, 84). Using the example of polio eradication efforts again, characterization of the
circulating polio was carried out before three strains were selected to be included in the inactivated polio
vaccine (77). In contrast RTS,S/AS01 was designed based on the sequences of a single African-derived
strain of P. falciparum designated 3D7 (85). To account for strain variability, our group has designed
several experimental CSP-based vaccine candidates including a P. vivax CSP recombinant protein
chimera (PvRMC-CSP), which includes sequences representing the VK247 strain repeat region and two
different VK210 type | repeat variants. We observed that immune responses elicited in mice against this
chimeric protein were not genetically restricted, and all six mouse strains tested elicited robust antibody
responses as well as multi-functional PvRMC-CSP-specific CD4+ and CD8+ T cells (86). However,
further pre-clinical studies in non-human primates and clinical trials are required to determine the

protective efficacy of this novel candidate against P. vivax challenge.

Vaccines targeting the thrombospondin-related adhesion protein (TRAP) have also shown promise in

clinical trials. Clinical trials of a heterologous prime-boost regimen that includes a multiple epitope TRAP
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protein delivered by the chimpanzee adenovirus 63 (ChAd63) and the modified vaccinia Ankara (MVA)
viral vectors have been recently reported. These trials showed 13% sterile protection in malaria-naive

adults, and of those that did develop an infection, 33% displayed a delayed time to treatment (87).

There are currently no published studies on Cell-traversal protein for ookinetes and sporozoites
(CelTOS) based vaccine candidates. However, a clinical trial of a falciparum malaria protein FMP012
(Clinical Trial Identifier NCT01540474), based on E. coli expressed P. falciparum CelTOS was
conducted by the Walter Reed Army Institute of Research (WRAIR) and the United States Army Medical
Research and Development Command (USAMRMOC) in thirty malaria naive volunteers, but this work
remains unpublished. Since CelTOS is highly conserved among Plasmodium spp., it is likely that this
protein may serve as the target of future preclinical and clinical studies. This high level of conservation
translates into cross-species protection as mice immunized with P. falciparum CelTOS are protected from

heterologous challenge with P. berghei sporozoites (88).

Although there are many pre-erythrocytic malaria vaccine candidates under development, it is still
debated whether multiple pre-erythrocytic antigens should be used to improve sterilizing immunity (89).
As an alternative, multiple stages would be targeted to eliminate any merozoites that escape destruction
by vaccine-induced responses in the liver (90, 91). Finally relevant for pre-erythrocytic vaccines a robust
vaccine platform should be considering including human adenoviruses (92, 93), simian adenovirus (87),

modified vaccinia viruses (87), or virus-like particles (94).

3. Blood Stage Infection

3.1 Release of merozoites from the liver, erythrocyte invasion, and blood-stage infection

Following the release of tens of thousands of merozoites from each infected hepatocyte into the

hepatic circulation, merozoites immediately begin the invasion of erythrocytes. Erythrocyte invasion is a
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multi-step process in which merozoites engage in pre-invasion interactions with the red blood cell before
actively invading and once inside, the infection with merozoites causes morphological changes in the
erythrocyte membrane in a process known as echinocytosis. Despite the complexity of this process, the

invasion of erythrocytes by merozoites occurs within 2 minutes (44).

The pre-invasion stage comprises the low-affinity interactions between the merozoite surface coat
proteins and the erythrocyte, which mediates the first contact between the two cells. One of the major
surface proteins involved in this process is the merozoite surface protein 1 (MSP1) which is attached to
the plasma membrane of the merozoite via glycophosphatidylinositol (GPI) and one of the most abundant
proteins of the surface coat of merozoites (95). MSP1 binding of the erythrocyte surface is known to be
blocked by binding of exogenous heparin sulfate and considering that human erythrocytes possess
heparin-like molecules on their surface, these heparin proteins likely act as receptors for merozoite
binding (96). Evidence also suggests that MSP1 serves as a platform for three or more large protein
complexes that exhibit erythrocyte binding capabilities (97). P. falciparum MSP1 is synthesized during
schizogony and is expressed as a complex on the surface of the merozoite. The ~200 kDa MSP1 precursor
that appears on the surface of newly released schizonts is cleaved into four fragments, of approximately
83, 30, 38, and 42 kDa each, with the MSP1 42 kDa fragment (MSP14,) attached to the surface via the
GPI anchor at the C-terminus (98, 99). Upon erythrocyte invasion, MSP14; is cleaved into a ~ 33 and 19
kDa fragments, with the MSP19 kDa fragment remaining on the merozoite surface during the invasion
process (98, 100). Notably, antibodies targeting MSP119 can inhibit merozoite invasion of erythrocytes in

humans (101).

In addition to merozoite binding of erythrocytes mediated by MSP1 and related complexes,
alternative pathway ligands, which exhibit redundant erythrocyte binding functions, are involved in the
pre-invasion process (102). These ligands include reticulocyte-binding homologs, such as the P.

falciparum PfRh2a, PfRh2b, PfRh4, and PfRh5. A class of proteins known as erythrocyte binding
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antigens, which include EBL-1, EBA-140, EBA-175, and EBA-181, also function as alternative pathway
ligands (102). The functions of members of both ligand families are reviewed in Tham et al. (103).
Overall these ligands bind to receptor proteins on the erythrocyte surface, including the complement

receptor CR1, and glycophorin A, B, and C (44).

In P. falciparum, binding of PfRh5 to basigin is essential for merozoite invasion and results in an
influx of Ca?* ions into the erythrocyte (102). This influx then allows for the deposition of the apical
membrane antigen-1 (AMAL) and the rhoptry neck (RON) protein complex into the plasma membrane of
the erythrocyte, resulting in irreversible attachment of the erythrocyte and merozoite (44). The influx of
Ca?" ions into the erythrocyte is also thought to contribute to the echinocytosis that occurs after PfRh5
binding, which includes erythrocyte shrinkage and appearance of spiky protrusions on the erythrocyte
surface (44, 102). The force of the merozoite’s actomyosin motor then pushes the parasite into the
erythrocyte as the lipid-rich rhoptry proteins form the parasitophorous vacuole, followed by fusion of the

erythrocyte membrane and parasitophorous vacuole at the posterior end of the merozoite (44).

Although the process of erythrocyte invasion for P. vivax is not as well characterized as that of P.
falciparum, several major proteins and receptors critical for this process have been identified. However,
one major difference from P. falciparum blood-stage infection is that P. vivax preferentially binds and
invades reticulocytes, the immature red blood cells. Similar to other Plasmodium spp., P. vivax
merozoites express three major surface proteins, MSP1, MSP3 (variants MSP3.10 and MSP3a), and
MSP9, which can be targeted by naturally acquired immunity to provide protection from blood-stage
infection (104). Other merozoite surface proteins including MSP4, MSP5, MSP7, and MSP10 have also
been examined to determine potential protein-protein interactions which mediate merozoite invasion,

which may make these proteins logical targets for vaccination (105).

In P. vivax, MSP1 the processing of the ~200 kDa fragment first into the 42 kDa surface fragment,

then into the 19 kDa fragment occurs in a similar process to that observed for P. falciparum (98), leaving
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MSP1,5 on the surface just before the invasion. In addition to MSP1 binding to the reticulocyte surface,
invasion of P. vivax is for the most part dependent on the expression of the Duffy blood group antigen,
also known as the Duffy antigen receptor for chemokines (DARC), on erythrocytes. The P. vivax Duffy
binding protein 1 (PvDBP1) is responsible for the interaction between the merozoite and the reticulocyte
via DARC (106). Lack of the Duffy blood group, known as Duffy-null, is a common phenotype in Africa
and confers resistance of Duffy-null individuals to P. vivax (106). However, it has recently been
documented that Duffy-null individuals throughout Africa and South America are capable of being
infected with P. vivax, which may be the result of a DNA expansion of DBP1 that allow DBP1 to bind
with low affinity to an alternate receptor based on parasites isolated from Duffy-null P. vivax infections
(106). Additional P. vivax proteins capable of interactions with reticulocytes have also been identified,
including MSP6, reticulocyte binding proteins (PvRBP1 and 2), and AMA1, whose functions are

reviewed in Li and Han (107).

Once infection of the red blood cell has been established, Plasmodium begins an ~48-hour cycle of
erythrocyte invasion, replication, and erythrocyte rupture resulting in the release of 16-32 more
merozoites from each infected erythrocyte into the blood (44, 108). The egress of merozoites is a highly
regulated process involving multiple protein kinases, including cGMP protein kinase (PfPKG) and the
calcium-dependent protein kinase (PFCDPKS5). MSP1 also plays a role in merozoite egress from
erythrocytes by processing subtilisin 1 on the merozoite surface, allowing it to bind to the spectrin protein
on the erythrocyte membrane (44). Due to the erythrocyte damage caused by merozoite egress and the
appearance of variant surface antigens on the erythrocyte membrane the blood stage of Plasmodium
infection is responsible for the clinical symptoms which include fever, malaise, anemia and chills and in
severe cases renal failure, cerebral malaria, seizures, and coma. Placental malaria is also a risk for

pregnant women infected with Plasmodium (108).
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3.2 Innate immune recognition of blood-stage infection

Multiple innate immune cells are involved in the response to blood-stage malaria infection.
Macrophages play an essential role in blood-stage immunity as they can phagocytose infected
erythrocytes in a cytophilic antibody or opsonin-independent manner through the use of scavenger
receptors such as CD36 (109). NK cells in the peripheral blood are considered necessary for elimination
of infected red blood cells (iIRBCs) as depletion of NK cells in P. chabaudi infected mice results in a
sharp increase in parasitemia (110). IFN-y production by NK cells is also essential for the activation of
macrophages and isotype switching of B cells to produce 1gG2a cytophilic antibodies (109). NKT cells
and yd T cells are also considered to aid in the immune response to blood-stage infection through similar
methods as NK T cells (108). In addition, dendritic cells are one of the earliest responders to blood-stage

Plasmodium infection due to their expression of various pattern recognition receptors (109).

Of the Plasmodium pathogen-associated molecular patterns identified, most are associated with
blood-stage infection (28). GPI-anchored proteins, including MSP1, have been found to activate TLR1/2
heterodimers, TLR4 homodimers, and TLR2/6 heterodimers with GPI anchors containing three fatty acid
chains preferentially activating TLR1/2 and those containing two fatty acid chains activating TLR2/6
(28). Activation of these TLRs within macrophages causes the release of cytokines, including TNF, and

nitric oxide production (28).

Nucleic acids derived from Plasmodium have also been found to stimulate several different classes of
PRRs. Due to the high number of AT-rich motifs present in both P. falciparum and P. vivax, which
contain ~6000 and ~5000 AT-rich motifs respectively, these motifs have been found to cause downstream
PRR signaling through STING-IRF3, which induces the production of type I IFNs, IFN-a and TFN-f (28,
111). Although P. falciparum and P. vivax both possess AT-rich genomes, the accumulation of
Plasmodium DNA within macrophages involved in phagocytosis of iRBCs allows for the activation of

TLR9 by immunostimulatory CpG motifs since ~300 CpG motifs are present within P. falciparum and

37



~2500 CpG motifs are present in P. vivax. Recognition of CpG motifs by TLR9 results in the secretion of
pro-inflammatory cytokines from TLR9 stimulated macrophages and DCs (28). In addition, Plasmodium
DNA has also been found to stimulate AIM2 signaling, which results in caspase 1 activation and release
of active IL-1p (28, 112). As mentioned previously, Plasmodium RNA has also been found to activate

TLR7 and MDAS5 signaling (28).

Hemoglobin is the main energy source for Plasmodium during blood-stage infection, and digestion of
hemoglobin by Plasmodium is associated with the production of toxic protoporphyrin metabolites,
including heme. The heme molecules are then polymerized via parasite associated enzymes to ensure
parasite survival within the iRBC and result in the production of hemozoin crystals. Upon ingestion of
iRBCs by macrophages and DCs, these hemozoin stimulate multiple PRRs (28). TLR9 has been found to
be activated by hemozoin associated with Plasmodium DNA, resulting in the production of pro-
inflammatory cytokines (28). AIM2 and NLRP3 are also stimulated by the presence of hemozoin, which
again promotes the production of type I IFNs, production of active IL-1p, and causes caspase 1 activation
(28). In addition to the multiple PAMPs produced during blood-stage infection, the destruction of
erythrocytes during merozoite release from iRBCs produces three major damage-associated molecular

patterns (DAMPSs), which include heme, microvesicles, and uric acid.

Besides the production of heme by the parasite as a byproduct of hemoglobin digestion, heme is also
produced via the oxidation of free hemoglobin released from RBCs. Free heme triggers TLR4 present on
the surface of multiple APCs and endothelial cells. In macrophages and DCs, TLR4 activation causes the
release of pro-inflammatory mediators. However, activation of TLR4 on endothelial cells promotes the
surface expression of adhesion molecules, such as ICAM-1 (108), causing increased vascular
permeability and infiltration of leukocytes into the tissues. This process ultimately results in membrane

damage, necrotic cell death, and further inflammation (28). Heme is degraded by heme oxygenase 1,
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without TLR4 activation, it results in anti-inflammatory effects and tissue repair that antagonize the

effects of heme-associated TLR4 activation (28).

Host cells, including infected red blood cells, platelets, endothelial cells and leukocytes, use
microvesicles for intracellular communication. These microvesicles can also contribute to inflammation
through the delivery of TLR agonists. In malaria, microvesicles have been found to activate TLR4 on
macrophages resulting in the release of inflammatory mediators, and TLR4 on endothelial cells, causing

the expression of adhesion molecules (28).

The degradation product of nucleic acids derived from dying host cells also produces pro-
inflammatory responses. Uric acid is produced as a byproduct of purine metabolism, and when present in
sufficient quantities in the blood or other body fluids will form monosodium urate crystals. During
Plasmodium infection, the buildup of uric acid and urate crystals has been found to activate the cytosolic
receptor NLRP3 when internalized by phagocytes, resulting in caspase 1 activation and release of IL-1p

(28).

3.3 Adaptive immune effectors during blood-stage infection

Due to the importance of IFN-y in the immune response to blood-stage infection, IFN-y producing
Th1l CD4+ T cells are an essential part of the adaptive immune response to iRBCs. Thl CD4+ T cells
promote improved humoral responses by providing B cell help, while the secretion of IFN-y promotes B
cell isotype switching to produce cytophilic IgG2a antibodies (108) and optimally activates CD8+ T cells

(58).

Cytotoxic CD8+ T cells have also recently become appreciated for their role in protection against
blood-stage malaria in P. yoelii infected mice, although iRBCs lack MHC class | molecules required to be

recognized by the TCRs of CD8+ T cells (113). Instead, CD8+ T cell-mediated anti-blood stage immune
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responses are Fas ligand (FasL) dependent, with iRBCs expressing the death receptor Fas on their surface.
Fas-FasL interactions between the iRBC and the CD8+ T cell, respectively cause the infected erythrocyte
to externalize phosphatidylserine, thereby allowing the infected cell to be more easily phagocytosed

(113). In addition to this function, production of IFN-y and inducible nitric oxide synthase production by
CD8+ T cells has also been observed to promote improved immune responses toward Plasmodium as well

as the direct killing of parasites and iRBCs (58).

The cytophilic anti-merozoite antibodies produced in response to IFN-y secretion and Th1 mediated B
cell help facilitate anti-blood stage immunity through three main actions. Antibody binding to free
merozoites prevents the invasion of new red blood cell and recruitment of complement, which further
prevents invasion as well as parasite killing by antibody-dependent cell-mediated cytotoxicity (ADCC)
(114). The binding of antibodies to free parasites also acts as an opsonin, improving their uptake by
macrophages and other phagocytic cells (58). The antibodies bound to iRBCs also act as opsonins and

result in enhanced phagocytosis of these cells (58).

3.4 Major blood-stage antigens that serve as erythrocytic vaccine targets

Due to the numerous antigens involved in the invasion of erythrocytes by merozoites and the
expression of variant surface antigens on the erythrocyte during blood-stage infection, there are a variety
of antigens that have been targeted by erythrocytic vaccines. We will, therefore, focus on the antigens

targeted by several vaccine candidates that have advanced to clinical trials.

Merozoite surface protein 1 (MSP1) has been a frequent target of blood-stage malaria vaccines, often
in combination with other antigens. A recent phase | clinical trial of a combination P. falciparum MSP1
and EBAL175 vaccine tested in healthy malaria naive volunteers from India found that while the vaccine

was well tolerated, that antibodies generated primarily against the EBA175 antigen PfF, while eliciting a
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poor immune response to PFMSP1, likely due to antigen interference (115). Clinical trials conducted
using a simian adenovirus ChAd63 and MV A vectored vaccine targeting the P. falciparum blood-stage
antigens MSP1 and the apical membrane antigen 1 (AMA1) found that although the induction of strong
cellular immune responses against these antigens was safe, that it did not affect blood-stage parasite
growth (116). Also, immune interference was observed as anti-MSP1 responses were dominant over anti-
AMA-1 responses (116). Later clinical trials of this vaccine noted that although the antibody response
was not able to protect vaccinees against controlled human malaria infection, serum IgG levels against
both antigens were boosted post-infection (117). These studies highlight the importance of considering

antigen interference of dual or combination antigen vaccines.

Clinical trials of a vaccine candidate known as JAIVAC-1, which used mixture of recombinant P.
falciparum blood-stage proteins targeting the 19kDa domain of MSP1 and the F2 domain of the
erythrocyte binding antigen 175 (EBAL75), demonstrated that this vaccine-elicited antibody responses
against the EBA175 F2 domain, but not against MSP1 (115). Safety and immunogenicity testing has also
been carried out using the P. falciparum region Il of EBA175 delivered in aluminum phosphate antigen
and has shown this vaccine to be well tolerated and capable of eliciting antibody responses in young

adults (118).

AMAL1 has also been a frequent target of single-antigen blood-stage malaria vaccines. A phase la
clinical trial of the P. falciparum 3D7 blood-stage antigen AMAL delivered as a recombinant protein
formulated in the adjuvant Alhydrogel, with or without CPG 7909, or delivered using the ChAd63 and
MVA vectors showed that IgG responses elicited by ChAd63 priming could be boosted by immunization
with the recombinant protein, independent of the inclusion of CPG 7909 (119). This work also highlights
the promise of heterologous prime-boost vaccinations including an adenoviral prime and protein boost,

however further studies are required to determine if these responses can provide significant protection.
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Phase 1 clinical trials of the FMP2.1/AS02 vaccine which uses the recombinant protein FMP2.1
targeting the protein AMAL derived from the P. falciparum strain 3D7 formulated in the AS02 adjuvant
found that the vaccine was well tolerated in children living in the endemic malaria nation of Mali and

capable of inducing high antibody responses that were sustained by the one year follow-up (120).

Although there have been numerous erythrocytic vaccine clinical trials for P. falciparum derived
antigens, there have been relatively fewer trials targeting P. vivax, and a distinct lack of anti-erythrocytic
stage antigens. However, a further description of multiple pre-erythrocytic and erythrocytic Plasmodium
spp. vaccine clinical trials have been reviewed by Moreno and Joyner (121). Additionally, many of the P.
falciparum variant surface antigens that serve as immune targets and malaria vaccine candidates are

reviewed in Chan et al. (122).

3.5 Use of anti-Plasmodium antibody responses to determine population-level malaria exposure

through serological assays.

While repeat exposure to Plasmodium is required for individuals living in malaria-endemic regions to
develop antibody responses capable of providing protection (123-125), the presence of anti-Plasmodium
antibodies can be detected after a single infection (126). Serological assays can take advantage of the
presence of these antibodies to indirectly measure malaria transmission intensity, a useful tool for
determining malaria transmission in a large population where nucleic acid studies would be too costly
(127). This method is especially advantageous in regions entering or undergoing elimination campaigns,
as the reduction in malaria transmission has been found to result in increased numbers of sub-patent and
sub-microscopic asymptomatic infections (128). In addition to the skilled staff required for detection of
malaria by microscopy, the use of microscopy for detection of the level of exposure in the population is
unfeasible. Serological assays, such as multiplex, have been compared with other measures of

transmission intensity, including hospital records, PCR, and entomological inoculation rates (EIR) (127),
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as well as comparing longitudinal versus cross-sectional study designs (129), and have been found to be
robust and provide either improved or consistent results in comparison to these other commonly used
methods of transmission assessment. Hospital records have been notably unreliable as the number of
malaria-infected patients could be over-inflated due to the presence of other febrile illnesses within
endemic malaria regions, such as dengue virus infection (127). The entomological inoculation rate, which
measures the mosquito bites per person over a period of time, has been reported to be unreliable at times
due to the heterologous distribution of mosquitoes (130). Additionally, this method relies on mosquito
trapping with adult volunteers, which creates practical and ethical concerns, while also making these

results difficult to extrapolate to children (127), who make up more than 70% of malaria deaths annually
(1).

Serological transmission assessments, including multiplex assays, offer other advantages inherent to
the assay. Unlike microscopy and nucleic acid-based tests, which provide information on the presence or
absence of an active infection, serology relies on antibody detection, which provides a history of
infection. These results can be used to determine the seroconversion, or when an individual becomes
positive for a particular antibody response, and mapping seroconversion by age can be used to inform the
distribution of resources for elimination campaigns. Conversely, the drop off in antibody-positive
individuals can be sued to determine historical changes in strains or species within a region (131).
Furthermore, serological assays can use dried blood spot samples, which are relatively easy to collect,
store, and process (132). Additionally, because bead-based multiplex assays have the ability to use
antigens linked to microbeads associated with unique fluorescent dyes, this method can be used to detect
multiple antigens within a single sample (132). Serological methods for malaria antibody detection have
frequently been used by the CDC to aid in malaria elimination efforts in countries including Haiti (128,

129) and Mali (133). Due to the unique features of serological based assays, it is likely that these assays
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will continue to see increased use to aid in elimination campaigns as we approach the goals set out by the

WHO for reducing malaria transmission (134).

4. Gametocytes and sexual maturity of Plasmodium
4.1 Development of gametocytes

The study of gametocytes has been challenging as gametocytes are difficult to detect in the human
host by routine microscopy since their numbers are below the threshold of detection. Furthermore, many
epidemiological studies neglect the study of these forms as they are not related to symptomatology (135).
Recent studies of malaria transmission using molecular tools to increase the gametocyte detection
threshold have demonstrated that the carriers of submicroscopic gametocyte parasitemias are still able to

infect mosquitoes and constitute a disease reservoir.

Gametocytes develop from the asexual blood-stage forms and appear between 7 and 15 days after the
emergence of the blood forms (136). Studies in P. falciparum have shown that the decision to convert into
gametocytes is taken before the production of merozoites since all of the merozoites from a single
schizont will progress either to the asexual stages or to gametocytes (137, 138). In P. berghei, there is
evidence that liver schizonts can produce gametocytes directly without the need for a blood-stage cycle
(138). This can explain the early gametocytemia seen in P. vivax, as gametocytes appear almost
simultaneously during P. vivax infection (139). So far, it is considered that gametocyte production is
species and strain-specific. Studies based on the gene Pfgig, located on chromosome 9 has been related to
the production of gametocytes, observed that culture of parasites with a disrupted Pfgig gene produce five

times fewer gametocytes than wild-type controls (140).

Although it has been considered that the gametocytogenesis is a stress response to survive a hostile

environment, the fact that progression to a sexual stage occurs early in the parasite life cycle seems to
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contradict that idea (138). However, it appears that a variety of environmental stimuli (e.g., immune
responses, the presence of reticulocytes or mammalian hormones) also induces the production of
gametocytes (138) making it a response to environmental changes, guaranteeing the transmission to the

mosquito which is the definitive host.

During gametocyte development, approximately 250 to 300 genes have shown to be upregulated at
the mRNA level in transcriptomic studies (141, 142), with proteomic studies showing 350 gametocyte
specific proteins in P. falciparum (143). The gametocytes exhibit 5 developmental stages within the
vertebrate host and remain inside the host erythrocytes. In stage | and 11 of development, erythrocytes
have a round appearance while taking the crescent shape of the parasite adjacent to the outer side of the
gametocytes pellicle in latter stages. In the mature gametocyte, iRBC is a small cytoplasmic cover (136).
Also, male and female gametocytes can only be differentiated morphologically from stage 1V onwards.
Giemsa stain allows for the differentiation of these parasites as female gametocytes have a small nucleus
with a nucleolus and concentrated pigment resulting in violet color, while male gametocytes have a large
nucleus with diffuse pigment giving a pink coloration (138). Stage I-1V gametocytes are sequestered in
the bone marrow and the spleen, presumably to avoid immune clearance while stage V gametocytes are
released into the bloodstream and only become infectious to the mosquito after 2 or 3 days of circulation

(136, 138).

In the bone marrow CD36 appears to be the main ligand for the stage I-11 gametocytes adherence,
while ICAM-1, CD49c, CD166, and CD164 have been suggested as ligands for later stages (138). The
expression of PFEMP-1 (Plasmodium falciparum Erythrocyte Membrane Protein — 1) in knob structures
in erythrocytes infected with early-stage gametocytes suggest that this protein, which is the primary
mechanism for cytoadherence and sequestration of asexual parasites, also plays a role in the bone marrow
sequestration of early gametocytes, as later gametocyte stages do not express adhesive knobs expressing

PfEMP-1 (138). It is not yet known which signals cause gametocytes to change their adhesion motifs
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through their development, as the main proteins mediating the cytoadherence and sequestration in the late
gametocyte stages have not been identified. The transcription profile of two proteins STEVOR (Sub-
Telomeric Variant Open Reading frame) and RIFIN (Repetitive Interspersed family) suggest these

proteins as possible adhesive proteins, but their role remains to be confirmed (138).

Following these processes, remaining development occurs within the mosquito midgut after

gametocytes are taken up by a female Anopheles mosquito during a blood meal.

4.2 Immune response to gametocytes.

Epidemiological studies have demonstrated that there are host immune factors controlling gametocyte
populations, as gametocytemia is higher in infants and non-immune population and gametocytemia
decreases with the number of experienced infections (135). It also appears that areas with a low
prevalence of malaria exhibit higher gametocyte loads (135). Although it can be considered that the
reduction in gametocyte numbers are related to the control of asexual forms, the immune targeting of
gametocyte proteins expressed in the red blood cell membrane has been described, and studies have

demonstrated that gametocytes decrease faster than the asexual forms (135).

There are two main ways that the host immune system can attack the gametocytes: 1) inhibition of the
sequestration, allowing the clearance of immature gametocytes before they become infectious, and 2)

active clearance of circulating gametocytes. (138).

It is considered that the immune responses against PFEMP-1 are directed to both asexual stages and
gametocytes and can, therefore, control these forms of the parasite through ADCC (138, 144). CD36,
which is an early gametocyte ligand, also promotes the uptake of gametocyte-infected erythrocytes by

monocytes and macrophages (138). Molecules in the surface of gametocyte-infected erythrocytes may
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also induce immune responses which then promote the clearance of the circulating gametocytes, but so far

no evidence of an antigen or a mechanism has been elucidated (138).

4.3 Major gametocyte antigens and vaccine targets

From the early studies of Gwardz and Carter using P. gallinaceum, antibodies within the host able to
recognize gametocytes were described. These antibodies targeted the gametocyte proteins P48/45 and
P230 but did not exert an effect in the human host. However, they were able to kill the gametes in the
mosquito after they emerged from the red blood cell (145). Later epidemiological studies have shown
naturally occurring antibodies against these targets (146-148). Importantly, these proteins do not show

immune selection, with P48/45 and P230 exhibiting a limited level of antigenic polymorphism (145).

The P48/45 and the P230 proteins belong to a family of proteins denominated the six-cys motif
protein family. These proteins contain 2 to 14 copies of a structurally similar domain characterized by
conserved cysteine residues forming disulfide bonds (145). Several studies have shown that the
characteristic of the disulfide bonds and structure are critical to maintaining the functionality of these

proteins.

Both the P48/45 and the P230 proteins are present in the micro and the macrogametes. Studies with
the P. berghei orthologous proteins have demonstrated that P48/45 is necessary for the fertility of
microgametes, as P48/45 knockout macrogametes can be fertilized by wild-type microgametes, while
knockout microgametes cannot fertilize wild-type macrogametes (145). P230 knockouts have also shown
a reduction of the fertilization capacity of the gametocytes by reducing the binding of microgametes to the
red blood cells to form fertilization centers (145). Further studies with monoclonal antibodies showed that
the targeting of cells with monoclonal antibodies against P48/45 inhibits fertilization by blocking the

macrogamete, while monoclonal antibodies against P230 were not able to block transmission (149).
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Nevertheless, it has been demonstrated that for the antibodies against P230 to be effective, complement is
needed (150). With this information, it can be inferred that a synergistic approach targeting both P48/45
and P230 is preferable than to target P230 alone as this protein does not seem essential for the fertilization

process.

Early studies with P48/45 defined three separate, non-repeated, epitope regions on the P48/45
structure, all of which were conformation-dependent. Using monoclonal antibodies, Carter et al.
demonstrated that the infectivity of the mosquitoes was significantly reduced with the antibodies that
targeted epitope I, but not those that target of epitope 11 or 11l. However, further studies with combinations
of monoclonal antibodies demonstrate that the simultaneous targeting of epitopes Il and 111 could reduce
the transmission (151). This suggests that a vaccine based on P48/45 should either include the whole

protein structure or maintain the structure of these three epitopes for a subunit vaccine.

Another gametocyte protein that mediates gamete-gamete interactions is the HAP2 protein; this
protein was first described in Chlamydomonas and is highly expressed in several species, including
Plasmodium (152). Studies have shown that the disruption on HAP2 blocks the fertilization process by
inhibiting the fusion of the gametes membranes (152). In addition, pre-clinical studies of a P. berghei

HAP2 based vaccine showed promising results by reducing the in vivo mosquito infection by 34% (153).
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5. Malaria in the Mosquito

5.1 Parasite development in the midgut, movement through the peritrophic matrix, differentiation,
and migration to salivary glands for transmission to the next host

During its lifetime, a female mosquito must repeatedly take blood meals as a protein source to
complete its egg development. This feature makes mosquitoes ideal transmitters of many blood-borne
pathogens, including yellow fever, dengue, and Zika viruses, as well as the apicomplexan protozoa
Plasmodium responsible for malaria (154). One of the difficulties of studying Plasmodium infections is
the complex life cycle in both the host and the vector. Since sexual stage development and fertilization
take place within the midgut lumen of the mosquito, the parasite is obligated to carry out its life cycle in
the mosquito (154). The Plasmodium infection is also a challenge for the vector innate immune responses
which must respond to the multiple stages and the anatomical locations of the parasite throughout the
infection.

Infection begins upon ingestion of male and female gametocytes present in the blood of the vertebrate
host from which the mosquito takes a blood meal (155). Over a period ranging from 18-24 hours, the
male and female gametocytes undergo gametogenesis to develop into gametes. The mature gametocytes
start developing in the mosquito midgut inside the red blood cells taken in the Anopheles blood meal after
receiving environmental cues present in the midgut including 1) the change from a warm-blooded host to
the mosquito, which includes a temperature reduction of approximately 5 °C, 2) a pH increase, and 3)
xanthurenic acid a byproduct of the mosquito eye pigment synthesis (136). These mature gametocytes can
follow one of two pathways, female macrogametes or male microgametes (136). When the male
microgametes fertilize the female microgamete in the midgut lumen, a diploid zygote is formed (156).
The zygote then divides via meiosis to develop into a motile form known as the ookinete (157). From the
tens of thousands of gametocytes ingested initially, typically 50-100 ookinetes are produced (155).

Ookinetes then travel to the peritrophic matrix that lines the midgut lumen and traverses this barrier to
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invade a single midgut epithelial cell. After entry into the epithelial cell, the ookinete must travel to the
basal lamina to differentiate into an oocyst before the infected cell is extruded from the epithelial layer.
Typically between 5-200 oocysts are produced (158). Over the next ten days, the oocysts further develop
into approximately 50,000 sporozoites that are released into the hemolymph of the open circulatory
system of the mosquito known as the hemocoel, at approximately two weeks after the initial blood meal
(154, 157). These sporozoites then migrate to the salivary glands and traverse the salivary gland
epithelium to arrive at the salivary gland lumen, allowing the sporozoites to be mixed with the saliva to be
injected into the next host during a blood meal (154, 157). Of the thousands of sporozoites released into
the hemolymph, approximately 11,000 sporozoites successfully make the journey to the salivary gland
lumen and between 10 and 100 sporozoites are injected into the next host during a single blood meal

(155).

5.2 Physical barriers to infection

Infection of Anopheles by Plasmodium also poses a threat to the vector, which in response has
evolved a variety of innate immune defense mechanisms to combat the infection. As noted in the previous
section, the parasite must traverse, the peritrophic matrix, the midgut epithelium, and the salivary gland
epithelium during its development and migration process. Thus, the Plasmodium parasite experiences
major survival bottlenecks, which can be observed as a substantial stage-specific reduction in parasite
numbers during these events. Lumenal and epithelial innate immune responses account for the majority of
parasite reduction (157). However, humoral immune responses also play a major role in this reduction
and will be discussed in detail in later sections.

The first physical barrier faced by the Plasmodium parasite within the mosquito is the chitinous
peritrophic matrix. The peritrophic matrix is composed of polymers secreted by cells of the midgut

epithelium which surround the bolus of blood ingested by the mosquito and serves as another layer of
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protection from bacteria, parasites, and other pathogens that were also taken up during the blood meal
(159, 160). This is evidenced by reports that infectivity is reduced in P. gallinaceum infected Aedes
aegypti when the thickness of the peritrophic matrix is increased (161).

After crossing the peritrophic matrix, the next barrier faced by the parasite is midgut epithelium,
which separates the hemocoel from the digestive enzymes and potential pathogens within the midgut
lumen (160). This barrier is made up of polarized epithelial cells that possess microvilli on the apical
surface facing the lumen and are responsible for the secretion of enzymes that aid in digestion and
nutrient absorption (160). The basolateral membrane of the midgut epithelial cells contains complex
convolutions which create increased surface area to allow for the transport of water, ions, and other
molecules (160, 162). The epithelial cells are connected via the basal membrane to the basal lamina,
which separates hemolymph and other hemocoel contents from the midgut, while still allowing for the
entry of soluble immune factors from the hemocoel (160, 162). The midgut cells also possess rigid
junctional complexes at the apical region that mechanically link the cells together or allow for
intracellular communication (160). Due to the rigid nature of this junction, the route through the epithelial
cells may be the less challenging route for the parasite to take to reach the basal lamina. Outside the basal
lamina is a layer of muscle encases the midgut and allows for the distension of the midgut during a blood
meal (160).

Similar to the process of hepatocyte invasion by the sporozoite, the cell-traversal protein for ookinetes
and sporozoites (CelTOS) has been found to be essential for infectivity of the mosquito as targeted
disruption of CelTOS in P. berghei reduces the infectivity of Anopheles stephensi mosquitoes 200-fold
compared to wild-type parasites (163). This is due to the role of CelTOS in ookinete traversal of the
midgut epithelium (163).

Finally, in order to be transmitted to the next host, the sporozoites that are released into the
hemolymph during their development in the mosquito must enter the mosquito salivary glands. The

mosquito proteins saglin and circumsporozoite binding protein (CSPBP) act as receptors for the
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thrombospondin-related adhesion protein (TRAP) and circumsporozoite protein (CSP), respectively. The
interaction between these receptors and the proteins on the surface of the invading sporozoite allows the
parasite to bind and penetrate the cells of the mosquito salivary gland (164). The importance of TRAP in
sporozoite entry of the salivary gland has been demonstrated, as studies of TRAP deficient mutant

sporozoites were reduced in the salivary gland, although they were abundant in the hemolymph (8).

5.3 The effect of mosquito microbiota on infection

Like humans, mosquitoes are host to communities of diverse bacteria which concentrate in the
digestive tract. In recent years, the effect of the mosquito microbiota on survival and development of
pathogens, including Plasmodium, has come to be more greatly appreciated, although this area is still
under investigation (165). Several reports indicate that the presence of certain species of Gram-negative
bacteria within mosquito midguts are associated with inhibition of the development of Plasmodium
parasites within the midgut (165-168). In addition, it has been observed that the majority of bacteria that
make up the microbiota of the mosquito are Gram-negative (165), which serves an advantage to the
mosquito if they offer protection from more harmful pathogens. The microbiota has also been found to
reduce mosquito permissiveness to infection, as antibiotic treatment of An. gambiae allowed for increased

P. falciparum oocysts numbers following infection (165).

Several mechanisms may contribute to the modulation of Plasmodium infection by the microbiota.
One explanation is that following a blood meal, bacteria populations increase by 70-16,000 fold in the
midgut (169) and as a result, there is increased production of anti-microbial peptides by the mosquito
(154). As aresult, this increase in antimicrobial peptide production may enhance the ability of the
mosquito to eliminate or interrupt parasite growth. Another possible explanation is that bacteria-derived
factors may also kill off Plasmodium parasites within the midgut (170). This second hypothesis has

recently been supported by studies on Enterobacter populations within An. gambiae which demonstrated
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that Enterobacter derived reactive oxygen species are capable of preventing the infection of the mosquito

by P. falciparum and that this interaction was also mosquito-independent (171).

5.4 Recognition of Plasmodium by mosquito PRRs, major immune signaling pathways, and effector

mechanisms

Although as invertebrates, mosquitoes lack an adaptive immune system, there are multiple innate
immune mechanisms, including pattern recognition receptors, with which the mosquito can recognize
Plasmodium parasites during infection. PRRs that have been identified in An. gambiae include C-type
lectins, thioester containing proteins (TEPS), peptidoglycan recognition proteins (PGRPSs), scavenger
receptors (SCRs), galactoside-binding lectins (GALE), Gram-negative binding proteins (GNBPs), and

fibrinogen-like domains (FBNs) (172).

In addition to the recognition of Gram-negative bacteria, GNBPs have been found to be upregulated
following Plasmodium infection (173, 174). GNBP4 has been demonstrated to participate in the killing of
P. berghei, but not P. falciparum, while GNBP2 can Kill P. falciparum but is less effective against P.
berghei (174). The fibrinogen-related protein FBN9 has also been shown to bind to ookinetes during their
invasion of the midgut epithelium (175), and may likely contribute to the killing of Plasmodium, as they

are essential for killing bacteria and maintaining homeostasis of the mosquito immune system (174).

The recognition of Plasmodium by peptidoglycan recognition proteins and dGNBP1 has been found
to activate the mosquito Toll pathway (157), which signals via receptor homologs of the human Toll
pathway. Upon recognition of P. berghei derived molecules by PGRPs, a serine protease cascade is
activated and causes the binding of the signaling molecule Spétzle to the mosquito Toll receptor. This

binding initiates downstream signaling through MyD88, which recruits the protein Tube, which then
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recruits Pelle and TRAF (157). TRAF activation causes the transcription factor Rell to translocate to the
nucleus of the mosquito cell and upregulate transcription of immune genes, including antimicrobial
effectors and genes responsible for microbial killing (157). Antimicrobial peptides expressed as the result

of Toll signaling in mosquitoes include defensins and cecropins (176).

Another major immune signaling pathway in mosquitoes is the IMD pathway, which results in
downstream signaling via the JNK and NF«B pathways. Following the recognition of P. falciparum by
the transmembrane PGRP-LC receptor, IMD is recruited to the cytosolic domain, leading to recruitment
and activation of FADD and subsequently Dredd. Activation of these molecules leads to signaling via the
NF«B pathway and cleavage of the transcription factor Rel2, allowing for its translocation into the
nucleus. Once in the nucleus, Rel2 causes the upregulation of anti-Plasmodium anti-microbial effectors

(157) such as gambicin and attacin (176).

Although the thioester-containing proteins (TEPS) of mosquitoes have pattern recognition function,
these hemolymph proteins also share structural similarities with vertebrate complement components.
Early studies in An. gambiae demonstrated that the TEP1 gene has been found to be upregulated
following P. berghei infection (177). However, this protein is also present in the mosquito hemolymph
prior to Plasmodium infection (178). Structurally similar to the complement protein C3 in humans (178),
TEP1 was later identified as a hemocyte produced opsonin which is secreted into the hemocoel as an
inactive form that requires proteolytic cleavage to mediate its function (174). The cleaved TEP1 protein is
then stabilized by the leucine-rich repeat proteins LRIM1 and APL1C prior to binding ookinetes in the

midgut, leading to their destruction by phagocytic cells (174).

Additional humoral responses to Plasmodium include melanization. In this pathway, serine protease
cascade is activated in response to the recognition of the pathogen. This pathway activates pro-
phenoloxidases which generate a second cascade, ultimately resulting in the generation of melanin and

free radicals. The free radicals produced help to directly kill pathogens, while melanin is deposited on the
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surface of the pathogen resulting in its encapsulation (154, 157, 174). The biochemical signaling

pathways involved in the melanization immune response is reviewed in Christensen et al. (179).

6. Transmission Blocking Immunity

6.1 Developing Transmission Blocking Vaccines

The main objective of Transmission Blocking Vaccines (TBV) for malaria is to prevent the infection
in the mosquito and therefore reduce the disease burden in a population (135). This concept of protection
is different from liver or blood-stage disease vaccines which offer individual protection against the
infection or the disease manifestations (135). Instead, the main benefit of TBVs is reducing the number
of cases of malaria over time as an eradication measure. Furthermore, TBVs will increase the efficiency
and sustainability of other control tools (135). As mentioned before, malaria is transmitted by mosquitos
from the Anopheles genus, and transmission intensity depends on the number of Anopheles mosquitos in a
given area and the prevalence of gametocytes in the peripheral blood of the population. It is important to
mention that in an endemic area, more than half of the population carries malaria parasites in the blood as
an asymptomatic infection. As a result, these individuals constitute one of the main reservoirs for malaria

transmission and are the target of TBV (135).

The main concept of TBVs is to induce antibodies in the human host which will be taken up by
female Anopheles mosquitoes during a blood meal and block the development of the mature parasite
forms in the mosquito midgut, thereby rendering the mosquitoes unable to infective more individuals
(135, 145). There are several controversies concerning the use of transmission-blocking vaccines. First,
TBVs will not protect the vaccinated persons but reduce transmission, which will make them only

effective in endemic areas (180). Second, the general opinion is that unless there is a population coverage
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between 80 and 100% of the gametocyte carriers, the beneficial effects will not be seen (135, 145). In
addition, TBVs could be dangerous if they delay or prevent the acquisition of naturally acquired
immunity (135). Nonetheless, studies evaluating the impact of vector control measures have demonstrated
that the reduction of transmission in medium to high transmission areas induces a significant reduction in

all-cause mortality, with the youngest age groups of the population receiving the most benefit (181-183).
6.2 Anti-parasite antibody uptake and neutralization of the parasite within the mosquito

After induction of antibodies against mosquito stage antigens in the mammalian host, how do these
antibodies exert their transmission-blocking functions in the vector? Since the parasites emerge into the
mosquito midgut after the female Anopheles mosquito ingests the infected red blood cell, these forms are
exposed to multiple plasma elements present in the mosquito blood meal including complement,
granulocytes and most importantly the host-derived antibodies (135, 145). These components play a role
affecting the normal development of the parasite sexual forms within the mosquito and ultimately
reducing the transmission. Studies have shown that if the Fab fragments of monoclonal anti-P28
antibodies are active, complement is not required for the killing of the parasite (145). Nonetheless, human
sera with anti-Pvs25 (P. vivax P25) antibodies loses its killing activity after heat inactivation, indicating
that complement is necessary to block transmission with P25 vaccine-induced antibodies (184). If the
ookinetes are incubated with anti-P28 antibodies both in culture or through membrane feeding assays,
they show extensive damage in the plasmalemma and the cytoplasm, suggesting a killing mediated by the

complement (185).

Antibodies against the P25 protein can also block the migration of the ookinete through the mosquito
midgut, as anti-P25 antibodies in P. gallinaceum block the passage of the ookinete through the peritrophic
membrane secreted by the mosquito midgut to containing the blood meal (186). It can be therefore
considered that the antibodies against P28 and P25 affect both the zygote and the ookinete during the first

hours after the blood meal as these antibodies can promote an antibody-dependent cytotoxicity
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mechanism in the presence of host complement and immune cells in the midgut. However, after
complement is degraded, these antibodies show a neutralization function which prevents the migration of

parasite forms that were not killed previously.

6.3 Major Plasmodium antigens expressed in the vector that serve as transmission-blocking vaccine

targets

The Plasmodium parasite must complete the sexual stage of its development in the mosquito before it
can be transmitted to the vertebrate host. Two major classes of antigens are present in the vector, 1) the
pre-fertilization antigens that are expressed in the gametocyte in the human and the gametes in the
mosquito, which are described in the gametocyte section and 2) the post-fertilization antigens which are
only expressed in the mosquito. The post-fertilization antigens are present in the zygotes and ookinetes,
and antibodies recognizing these forms prevent the invasion of the mosquito midgut (156, 187). Under
natural conditions, the human host is not exposed to the post-fertilization antigens. Therefore there would
not be a natural boosting effect during infection and which may result in a short-lived response.
Therefore, highly immunogenic formulations able to produce long-lasting, effective antibody levels are

necessary (145).

Of the post-fertilization antigens, the best characterized is the P25 protein. P25 mRNA is present in
the gametocytes, but the protein appears after the gametes emerge from the red blood cell in the mosquito
midgut (136, 145). P25 is present on the surface of the zygotes and the ookinetes and mediates several
functions including promoting the clustering of the ookinetes thereby allowing them to survive the midgut
proteolytic environment (188). P25 also mediates the attachment and invasion of the mosquito midgut by
damaging the midgut epithelium (189-191) and posteriorly binding to laminin and collagen 1V in the

basal membrane. The attachment of the oocyst to the basal membrane is the starting signal for the
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development from ookinete to oocyst (192, 193) and therefore P25 is essential for the parasite to complete

its life cycle.

P28 is a paralog of P25 present is several Plasmodium species and is speculated that this protein arose
as a product of gene duplication (194). Studies in P. berghei have shown that deleting either P25 or P28
has a significant effect in transmission, while deletion of both proteins leads to complete prevention of
midgut infection (195). Nonetheless, it has been demonstrated that sufficient antibody titers against one of

these proteins can effectively block transmission (196).

Phase I clinical trials using Pvs25 have shown that humans can produce anti-P25 antibodies.
Nevertheless, an ideal vaccine and adjuvant formulation has not been obtained. The first reported clinical
trial of a protein-based Pvs25 vaccine candidate adjuvanted with alum showed poor immunogenicity with
antibodies elicited unable to block transmission (184). A subsequent clinical trial using a protein-based
Pvs25 in Montanide ISA 51 adjuvant, demonstrated that low doses of the formulation were able to induce

transmission-blocking immunity, but higher doses were associated with systemic adverse effects (197).

After the completion of both the P. falciparum and P. berghei genomes, a family of secreted proteins
consisting of multiple adhesive “animal-like” domains present in the gametocytes was described (136).
This protein family known as the PfCCp (P. falciparum Limulus coagulation factor C domain-containing
proteins) in P. falciparum (198) or as PbLAP (P. berghei LCCL-Lectin adhesive like proteins) in P.
berghei (199) is expressed in the gametocytes at stage Il of their maturation, but expression stops
following fertilization and development of the zygote. Knockout studies have demonstrated that these
proteins do not affect the gamete fertilization or the normal maturation of the zygote into the oocyst but
reduce the formation of sporozoites from the midgut oocyst and block the transition of the oocyst

sporozoites into the mosquito salivary glands.

Another family of proteins with adhesive functions is the protein family comprising the von

Willebrand factor-like A domains and thrombospondin type 1-like domains. Members of these protein



family include CSP and TRAP Related Protein (CTRP), Membrane Attack Ookinete Protein (MAOP),
Secreted Ookinete Adhesive Protein (SOAP) and Willebrand factor A domain Related Protein (WARP).
Gene disruption studies with the members of these protein families have demonstrated that these proteins
mediate ookinete infectivity in the midgut (136). These examples make the adhesive domains and
adhesive function proteins an attractive target for a transmission-blocking vaccine, as they mediate critical

steps in the development and maturation of the parasite oocysts.
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Conclusions

In summary, the complexity of the Plasmodium life cycle requires that vaccinologists have an in-
depth understanding of the major events of that occur at each stage of the parasite life cycle in order to
successfully halt the parasite development. After the completion of the RTS,S/AS01, the field of malaria
vaccinology came to appreciate that a second generation of malaria vaccine would be required to target

this disease effectively.

Based on the results of clinical trials of malaria vaccines, it seems that a multi-stage approach is
necessary to prevent disease and eradicate malaria as the complexities of the life cycle and diverse
antigenic profile in each stage requires multiple targets to control parasites that can escape responses
against the previous stage. This is evidenced by the high levels of anti-pre-erythrocytic immunity required
to prevent a blood-stage infection. Therefore, a combined pre-erythrocytic and erythrocytic stage vaccines
may be necessary to prevent illness. It should also be noted that both cellular and humoral adaptive
immune responses are required to control both the liver and the blood-stage parasite forms. This suggests
that a combination of vaccine platforms, such as heterologous vaccination regimens, able to induce both
arms of the immune system in a high magnitude (i.e. heterologous vaccination regimens) may be essential

for an effective malaria vaccine.

Furthermore, transmission-blocking candidates would be necessary in endemic areas as a part of an
eradication campaign that includes vector control, active surveillance, chemotherapy of infected

individuals irrespective of their symptomatology, in addition to vaccination.
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Abstract

Malaria remains a considerable burden on public health. In 2017, the WHO estimates there were 219
million malaria cases causing nearly 435,000 deaths globally. A highly effective malaria vaccine is
needed to reduce the burden of this disease. We have developed an experimental vaccine candidate
(PyCMP) based on pre-erythrocytic (CSP) and erythrocytic (MSP1) stage antigens derived from the
rodent malaria parasite P. yoelii. Our protein-based vaccine construct induces protective antibodies and
CD4* T cell responses. Based on evidence that viral vectors increase CD8" T cell-mediated immunity, we
also have tested heterologous prime-boost immunization regimens that included human adenovirus
serotype 5 vector (Ad5), obtaining protective CD8" T cell responses. While Ad5 is commonly used for
vaccine studies, the high prevalence of pre-existing immunity to Ad5 severely compromises its utility.
Here, we report the use of the novel simian adenovirus 36 (SAd36) as a candidate for a vectored malaria
vaccine since this virus is not known to infect humans, and it is not neutralized by anti-Ad5 antibodies.
Our study shows that the recombinant SAd36PyCMP can enhance specific CD8* T cell response and
elicit similar antibody titers when compared to an immunization regimen including the recombinant
Ad5PYCMP. The robust immune responses induced by SAd36PyCMP are translated into a lower parasite

load following P. yoelii infectious challenge when compared to mice immunized with Ad5PyCMP.

62



Introduction

Malaria remains a considerable burden on public health. In 2017, there were an estimated 219 million
cases of malaria and 435,000 deaths, most of which occurred in children under 5 years of age, being a
leading cause of death in this population (1). A vaccine against malaria is a research priority and an
essential tool for control and elimination efforts.

The development of an effective malaria vaccine has been a challenge due to the complex
Plasmodium life cycle (108). The pre-erythrocytic stage is initiated by the injection of sporozoites into the
dermis by Anopheles spp mosquitos. The sporozoites then travel via the circulatory system to invade
hepatocytes, where the parasite then differentiates and produces tens of thousands of infectious
merozoites per infected hepatocyte that burst to release the parasites into the circulatory system where
they invade erythrocytes. Within the erythrocyte, the parasite again undergoes a cycle of growth and
proliferation, ultimately resulting in the bursting of the erythrocyte and the release of new infectious
merozoites to continue the erythrocytic stage of infection, and the clinical symptomatology associated
with malaria.

Several key proteins are responsible for the motility and invasion of the infectious forms into their
respective target cells. During the pre-erythrocytic stage, the circumsporozoite protein (CSP) and the
thrombospondin-related adhesive protein (TRAP) are responsible for the gliding motility and infectivity
of the sporozoite (5, 8). Similarly, the merozoite surface protein 1 (MSP1) is involved in the invasion of
the merozoite into the erythrocyte, and antibodies targeting MSP1,¢ have been found to inhibit merozoite
invasion of erythrocytes in humans (101).

Many malaria vaccine candidates have therefore aimed to target the pre-erythrocytic antigens to
prevent hepatocyte infection and the erythrocytic antigens to prevent clinical manifestations. Radiation-
attenuated sporozoites have been used to produce sterilizing immunity, but this method remains
impractical for widespread use due to logistical constraints (108). Furthermore, the most advanced

malaria vaccine candidate, RTS,S/AS01, has failed to produce long-lived efficacy (200, 201), likely due
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to lack of CD8" T cell responses induced and its design based on a single pre-erythrocytic stage antigen
target, CSP (202), as a single sporozoite that evades immune responses induced against CSP can produce
tens of thousands of blood stage merozoites (51, 70, 108). Moreover, preclinical murine studies on a
vaccine candidate based on two pre-erythrocytic-stage antigens, CSP and the thrombospondin-related
adhesive protein (TRAP), have not shown increased efficacy compared to single antigen vaccines (89).
Therefore, we hypothesize that a malaria vaccine targeting multiple Plasmodium stages is necessary for
optimal induction of protective immunity.

We have designed P. yoelii chimeric recombinant protein-based vaccines, constructed by binding of
cognate promiscuous T cell epitopes (i.e. capable of binding to 10 or more MHC class 1l molecules) to
well characterized B-cell epitopes, representing CSP and the erythrocytic-stage antigen merozoite surface
protein 1 (MSP1) (203, 204). We also have expressed a hybrid protein by genetic fusion of the chimeric
CSP and MSP-1 proteins (90), designated P. yoelii Chimeric Multistage Protein (PyCMP). This vaccine
protected mice from experimental challenge through induction of CD4* T cells and antibodies (90).
However, the lack of induction of protective CD8" T cells led us to pursue an adenovirus-vectored
malaria vaccine, and we reported that an Ad5 prime and two proteins boosts significantly increased the
PyCMP protective effect (93).

Despite the relevance of the Ad5-based vector as promising vaccine platform, adult populations
exhibit a high prevalence of pre-existing anti-Ad5 neutralizing antibodies, limiting the effectiveness (205,
206). Simian adenoviruses provide a promising alternative, as they maintain the same safety profile as
Ad5 (205, 207) and the level of anti-vector neutralizing activity of human sera has been found to be low
(208). In addition, the use of simian adenoviruses in Ebola Virus (209, 210), HIV (207), HCV (211), and
malaria (116, 212-214) vaccine candidates provides further support for the safety and utility of these
vectors.

Here we evaluated the immunogenicity and protective efficacy of a heterologous Ad prime — protein

boost vaccination regimen, testing three different doses of the simian adenovirus 36 (SAd36), a vector
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resistant to neutralizing anti-Ad5 antibodies (208). This vector was engineered to express the synthetic
PyCMP gene. We show that immunization regimens including SAd36PyCMP improves immunogenicity
and efficacy in comparison to Ad5 vectored PyCMP, making SAd36 a promising vector for the

development of an effective malaria vaccine.

Materials and Methods

Viral Vectors. The replication incompetent Ad5PyCMP vector was constructed using the E1-deleted Ad5
backbone as we previously described (93, 215). To construct the genome of simian adenovirus 36 SAdV-
36 from species E containing the PyCMP transgene cassette in place of the deleted ELA/B genes we used
the strategy originally described by Roy et al. (208). We employed the E1-deleted molecular clone
pC36.000.CMV.PI.LEGFP.BGH (p1411) of an SAd36 vector expressing eGFP and a pShuttle plasmid that
were kindly provided by Dr. James M. Wilson (Penn Vector Core — Gene Therapy Program, University of
Pennsylvania). The PyCMP-coding sequence was cloned into the pShuttle plasmid between the CMV
promoter and BGH polyadenylation signal. The expression cassette was excised with I-Ceul and PI-Scel
restriction enzymes and ligated to plasmid DNA containing the SAd36 genome, which was linearized
using unique I-Ceul and PI-Scel restriction sites introduced in place of E1 region. The ligated DNA was
transformed into E. coli strain, XL10-Gold (Stratagene), to select the plasmid containing viral genome
carrying the CMV-driven PyCMP transgene. The constructed genome was released from plasmid DNA
by digestion with Pacl and transfected into HEK293 cells to rescue the replication incompetent
SAd36PYyCMP vector. Both SAd36PyCMP and SAd36-GFP vectors were upscaled in HEK293 cells and
then purified using double cesium chloride gradient centrifugation as described (216). The purified vector
preparations were dialyzed against PBS containing 10% glycerol, and viral particle (vp) titers were

determined based on absorbance at 260 nm as described by Maizel et al. (217).
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Chimeric Vaccine, Immunization Regimens, and Parasites. The PyCMP gene is a 1242bp gene
encoding a chimeric antigen based on the P. yoelii CSP genetically linked to a chimeric P. yoelii MSP1.
The transgene expression and purification have been previously described (90, 92).

Female CB6F1/J (H-29°) mice, 6 to 8 weeks of age, were purchased from Jackson Laboratory. This
strain was selected based on the response of syngeneic mice to chimeric antigens (218) and to
characterize T cells response via the H-2K%/SYVPSAEQI/APC tetramer (Tetramer Core Facility, Emory
University) which includes the CTL epitope of the P. yoelii CSP included in PyCMP. Mice (n= 10 per
group) were primed intramuscularly at day 0 with recombinant SAd36 at a dose of 10° (Low dose), 107
(Intermediate dose), or 10'° v.p. (High dose), or the previously protective recombinant Ad5 107 v.p. dose
(92, 93). All mice received two boosting immunizations with 20 pg of PyCMP emulsified in Montanide
ISA 51 (Seppic, Fairfield, NJ) at days 30 and 60. Naive mice (n=10) were used as a control (Table 1).
Mice were bled 20 days after each immunization for assessment of antibody titers via ELISA. PBMCs
were obtained from mouse whole blood samples at days 10, 20, 40, 50, and 70 post-priming and were
processed for flow cytometry.

Anopheles stephensi P. yoelii 17XNL infected mosquitoes were obtained from the NYU School of
Medicine insectary core facility. At day 80 after the priming immunization, experimental challenges were
done intravenously using 100 freshly isolated sporozoites. Follow-up of parasitemia and hemoglobin (Hb)
was performed as previously reported (90). Hemoglobin levels below 5 g/dl were considered severe
anemia and animals with this condition were euthanized. All procedures were approved by Emory

University’s IACUC and followed accordingly.

ELISA assays. The antibodies elicited by immunization with the hybrid protein and their 1gG isotype
profiles were determined by ELISA as described (204).The avidity of antibodies was assessed by a
thiocyanate elution ELISA as described previously (92, 219, 220) and calculated as described by Perciani

etal. (221).
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Flow cytometry assays. To measure PyCMP-specific CD8" and CD4* T cells, peripheral blood was
collected into 3.7% sodium citrate tubes at days 10, 20, 40, 50, and 70 post priming. Erythrocytes were
lysed with ACK buffer (Life Technologies). After washing, the cells were incubated with LIVE/DEAD
fixable yellow stain (Life Technologies) per the manufacturer’s protocol. PBMCs were then incubated
with the following antibodies for 30 minutes for analysis by flow cytometry: a-CD3g-PerCP, a-CD4-
Alexa Fluor 700 (eBioscience), a-CD11a-PerCP-Cy5.5, a-CD49d-FITC, a-CD8-APC-Cy7, and the H-
2Kd/SYVPSAEQI/APC tetramer. All antibodies were from Biolegend unless noted otherwise. The cells
were initially gated on SSC/FSC, and the frequency of tetramer-positive cells was determined on the
gated CD11a*CD8* population. The co-expression of CD11a and CD49d were used to identify antigen-
specific effector CD4* T cells as previously described (Supplementary Figure 1) (222).

Cellular immune responses in the spleen were measured by ICS to simultaneously analyze IL-2, IFN-
v, and TNF-a at the single-cell level in T cells 5 days after the final boosting immunization as described
(92). Cells were stimulated with either PyCMP or one of three peptide pools of 15-mer synthetic peptides
overlapped by 10 amino acids peptides representing PyCMP. Pool 1 contained 14 peptides representing
the PyCSP chimeric antigen (203); pool 2 contained 24 peptides representing the MSP1 derived
promiscuous T-cell epitopes, and pool 3 contained 20 peptides representing the PyMSP19 sequence (90).
Cells were stimulated for 6 hours with the protein or pools at 2 pg/ml at 37°C in the presence of
GolgiPlug (BD Biosciences). Cells were then incubated for 15 min with CD16/CD32 before surface
staining for 30 min with a-CD3g-PerCP-Cy5.5, a-CD8a-BV605, and a-CD4-Pacific Blue. Permeabilized
cells were then stained intracellularly for 30 min with a-IFN-y-FITC, a-IL-2-APC, and a-TNF-a-PE.
Flow cytometry acquisition was performed using an LSRII (BD). Data were analyzed using FlowJo V10.
The leukocytes were initially gated on CD3*CD4* and CD3*CD8"; then antigen-specific cytokine-
secreting T cells were identified (Supplementary Figure 2). The frequency of antigen-specific cytokine-
producing cells was determined by subtracting the percentage of cytokine-producing T cells after

incubation with medium alone from the percentage of cytokine-producing T cells after incubation with
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PyCMP or peptide pools. A threshold for a positive cytokine response was set above the background, and
samples that did not meet this requirement were set to zero. Analyses of multifunctional T cell responses

were performed using a Boolean analysis in FlowJo and SPICE software (223).

Statistics. Statistical analysis and graphs were made using GraphPad Prism software. Antibody responses
and tetramer staining data were log-transformed to achieve normality, permitting parametric testing and
comparison using one-way ANOVA with Bonferroni's post-test. For cytokine-secreting cells, Kruskal-
Wallis test with Dunns post-test was used. In experimental challenges, parasitemia differences between
groups were evaluated by comparing areas under the curve of parasitemia versus time and parasitemia

peak values using Kruskal-Wallis test with Dunns post-test.

Results

Infectivity of Simian Adenovirus 36 compared to Ad5

SAd36 exhibits characteristics that make it desirable as a vector beyond its resistance to anti-Ad5
antibodies (208). The AB loop within the knob domain of the SAd36 fiber, which mediates binding of
CAR-binding human Ad serotypes, is identical to human Ad4 (species E) and is very similar to Ad2, Ad5
(species C) and Ad12 (species A) (224). This suggests that the fiber knob could mediate SAd36 binding
to CAR similar to chimpanzee adenovirus CV-68 (species E) (225). In addition, the SAd36 penton base
includes an RGD motif in one of the two surface loops, suggesting that integrins may also play a role in
virus internalization giving this vector different infection routes which could potentially make it a more

efficient infectious agent than Ad5.

To evaluate the infectivity of SAd36 derivatives with respect to Ad5-based vectors, we tested a
generated SAd36-GFP vector along with previously described Ad5-GFP vector using gene transfer assay

in human A549 and murine N2A cells. The levels of gene transfer mediated by SAd36-GFP were about
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100-fold lower in both human and mouse epithelial cells when compared to the Ad5 vector.

(Supplementary Figure 3).

Immunization with SAd36 Induces Comparable Quantity and Quality of Antibodies as Ad5

We previously determined that heterologous adenoviral prime-protein boost regimens are the most
efficacious where the combination of adenovirus and protein is used (92, 93). We, therefore, used one of
three doses of the recombinant simian adenoviral vector at either 10°, 107, or 10°v.p for priming to
determine the optimal dose to induce protective efficacy. Mice primed with recombinant Ad5 at 107 v.p.,
as well as mice receiving no immunizations, were used as controls (Table 1). Following an intramuscular
adenoviral prime at day 0, mice were boosted with 20 pg of the PyCMP protein emulsified in a 1:1

volume ratio of Montanide 51 ISA VG adjuvant subcutaneously at days 30 and 60 post priming.

To determine the effect of SAd36 prime-PyCMP protein boost regimens on antibody responses and
the impact of the dosage, antibody titers were measured by ELISA against the PyCMP protein. Antibody
titers determined from sera obtained at day 20 post prime revealed that immunization regimens that
included a priming immunization with SAd36 at doses of 10® and 107 v.p. elicited antibody titers
comparable to mice primed with 107 v.p. of Ad5 (Figure 1A). In addition, mice primed with SAd36 at
10 v.p. had significantly higher antibody titers compared to both SAd36 106 and 107 v.p. priming groups
(Figure 1A). No significant differences between groups were observed at later time points, and analysis of
antibody titers 20 days after the final immunization revealed that all regimens produced over 10° log
titers, with the SAd36 10° and 107 v.p. priming doses being the most immunogenic (Figure 1B). Although
the SAd36 10% regimen initially displayed the highest antibody titers at day 20 after the final
immunization, by day 80 the antibody titers induced by this regimen were the lowest compared to the

SAd36 10° and 107 v.p. regimen and the Ad5 regimen.
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Since cytophilic antibody subclasses directed against MSP119 (226) and CSP (227) have been found
to be correlated with protection against Plasmodium infection, we assessed the distribution of anti-
PyCMP IgG1 and IgG2a induced by the immunization regimens. This approach also allows us to
indirectly assess Thl and Th2 responses as cytokines produced by Thl cells induce antibody class
switching to produce cytophilic antibodies. When titers of IgG1 and 1gG2a subclasses were evaluated by
ELISA 20 days after the final immunization, we observed no significant difference between IgG1 and
IgG2a anti-PyCMP antibody titers within the SAd36 107, SAd36 10%° or Ad5 107 regimens indicating a
more balanced induction of Th1/Th2 response (Figure 1C). However, we observed significantly higher
IgG1 response in mice immunized with the SAd36 10° regimen. When we assessed the differences in the
IgG1 or the IgG2a response between the groups, we observed no significant differences suggesting that

the Ad5 and SAd36 vectors elicit a similar subclass profile.

Antibody responses against PyCMP were further characterized by assessment of antibody avidity
using sodium thiocyanate antibody displacement ELISAs 20 days after the final immunization. All
immunization regimens induced antibodies with a mean avidity over 0.85, with the Ad5 107 immunization
group producing antibodies with the highest index. The only statistically significance difference observed

was the higher antibody avidity of the Ad5 when compared to SAd36 at 10 v.p. (Figure 1D).

Immunization with SAd36 is Capable of Inducing High Levels of CSP-Specific CD8" T cells

To determine if the SAd36 regimens could elicit PyCMP specific-CD8" T cells, the frequency of
tetramer-reactive CD8" T cell in peripheral blood was compared. All immunization regimens induced
robust CD8" T cell responses (Figure 2A). By day 40, the mice immunized with Ad5 107 v.p. had the
lowest numbers of PyCMP specific CD8* T cells compared to the mice immunized with SAd36 at any
dose, with the frequency of tetramer-positive CD8" T cells induced by the Ad5 107 regimen at day 40

being significantly lower than that induced by SAd36 10 (p < 0.05). Although not significant at later
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time points, lower frequencies of antigen-specific CD8* T cells induced by the Ad5 107 regimen were

observed through day 70 (Figure 2C).

When the CD4* T cell response was analyzed, the highest level of antigen-experienced CD4* T cells
was observed after priming and the first boosting (Figure 2B). No significant differences were observed at
any time point, with all the SAd36 immunization regimens displaying ~3% or more antigen-experienced
CD4* T cells, similar to the levels induced by the Ad5 regimen (Figure 2B and D). Nonetheless, since this
response includes both CD4* T cells induced by the transgene product and the vector, the results

demonstrate a higher induction of CD4+ T cells by SAd36 but not necessarily transgene-specific.

Multi-functionality of T cells induced by Immunization

To assess CD4* and CD8* T cell functionality, their ability to produce the cytokines IFN-y, IL-2, and
TNF-a was measured 5 days after the final immunization. When compared to other immunization
regimens, SAd36 at 10 v.p. produced a significantly higher proportion of triple cytokine producing
CD8" T cells (Figure 3A). In addition, the SAd36 10%° v.p. regimen also induced a significantly higher
proportion of single producing IL-2 CD4" T cells and the highest percentage of IFN- y and TNF-o double

producing, and IFN-y single-producing CD8* T cells compared to all other regimens (Figure 3A).

When the multi-functionality of CD4* T cells was assessed, the SAd36 10*° regimen induced the most
triple cytokine producing CD4" T cells compared to all other regimens, as well as the most IFN-y single
producers followed closely by the Ad5 regimen. Furthermore, multi-functionality of CD4* T cells was

observed in all groups (Figure 3B).
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Cytokine Production in Response to PyCMP

The breadth of the cytokine response induced by immunization was assessed in splenocytes obtained
5 days after the final immunization and stimulated with peptide pools. We observed that the SAd36 10%°
immunization regimen induced the highest level of IFN-y producing CD8* T cells, and this recognition
was significantly higher than that of the SAd36 107 regimen for pool 1 (Figure 4A). Furthermore, the
SAd36 10% regimen induced a significantly higher IFN-y production by CD4* T cells in response to pool
3 stimulation (PyMSP19) when compared to all other immunization regimens, and higher IFN-y

production of IFN-y by CD4* T cells in response to pool 1 when compared to SAd36 107 (Figure 4D).

When the IL-2 and TNF-a response was analyzed, SAd36 10%° regimen immunization also induced
the highest IL-2 (Figure 4B and E) and TNF-a (Figure 4C and F) production by CD8* and CD4* T cells
compared to all other immunization regimens, with a significantly higher CD4+ T cell production of IL-2

and TNF-a in recognition of the Pool 3 when compared to the Ad5 regimen (Figures 4E and 4F).

In addition to differences in cytokine production between the immunization regimens, cytokine
production by CD4* and CD8" T cells within each immunization regimen was not significantly different
in response to the three peptide pools, suggesting that there was no immunodominant epitope within the

chimeric protein.

Protective Efficacy of SAd36 Prime-PyCMP Protein Boost Immunization Regimens

At day 80, mice were challenged intravenously with ~100 freshly isolated P. yoelii sporozoites
isolated from Anopheles stephensi mosquitoes. All immunization regimens had significantly reduced
parasitemia levels compared to naive mice when the parasitemia kinetics were expressed as area under the
curve (Figure 5A). Although not statistically significant, SAd36 10° and 10%° v.p. regimens were the most

protective regarding the reduction of parasitemia and all regimens that included an SAd36 prime
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displayed a trend for lower parasitemia when compared to Ad5 in comparison to the naive group (Figure

5A).

When pre-patency periods were compared, all immunization regimens showed an increased pre-
patency period compared to the naive group, indicating that all regimens reduced parasite load in the liver
and delayed progression to blood stage infection. The SAd36 10° and 10%° immunization regimens
displayed significantly longer pre-patency periods when compared to the Ad5 immunization regimen,
however the SAd36 107 regimen also displayed a trend towards increased pre-patency period compared to

the Ad5 regimen (Figure 5B).

Discussion

Both humoral and cellular immune responses are necessary to provide protection against Plasmodium
infection (70, 228-230). To induce an optimal cellular response against Plasmodium, viral vectors have
been used to increase the numbers of CD8" T cells capable of recognizing Plasmodium antigens (92, 93,
116, 213, 214, 231). Adenoviral vectors are easily adaptable to vaccine studies because of their ability to
incorporate large transgene inserts, high levels of transgene expression for periods up to one year (232),
and their ability to be mass-produced at vaccine quality under good manufacturing practice (233, 234).
The most commonly used adenoviral vector, Ad5, shows an excellent immunogenicity and safety profile.
Nonetheless, studies of populations living in malaria endemic areas have revealed that approximately
50% of the adult population has high titers of neutralizing antibodies against this virus (235). To
circumvent the pre-existing immunity to Ad5, while maintaining the many benefits of adenoviral vectors,
we tested SAd36 a novel simian adenovirus vector, which is resistant to anti-Ad5 antibodies (208). We
evaluated the relevance of using a recombinant SAd36 to deliver a transgene that includes chimeric P.

yoelii CSP, and MSP1 proteins denoted PyCMP (90).

73



Priming with either SAd36PyCMP and Ad5PyCMP followed by two protein boosts, induced
comparable antibody titers, levels of IgG1 and IgG2a subclasses, and similar antibody avidity for the
SAd36 10° and 10'° regimens, indicating that SAd36 exerts effects on the humoral immune responses
similar to that of the Ad5 vector. Furthermore, all immunization regimens induced antibodies with avidity
indices above 0.85. These results are promising as previous reports have cited that antibody avidity above

0.80 is correlated with sterilizing immunity to Plasmodium infection (236).

Despite promising humoral responses, the goal of adenoviral immunization is to induce robust
cellular immune responses to the transgene product. Tetramer analysis revealed that SAd36 induces more
anti-CSP specific CD8" T cells compared to Ad5 in response to the CTL epitope included in PyCMP. The
lower induction of CD8* T cells by the Ad5 107 regimen is consistent with previous reports that
vaccination with Ad5 leads to T cell exhaustion or anergy (237). Additionally, both vectors induced
comparable levels of CD4* T cell activation. The ability of simian adenoviral vectors to induce more
robust CD8* T cells responses is a desirable feature for pre-erythrocytic malaria vaccines, as high
numbers of antigen-specific CD8" T cells are necessary for protection (238), while high CD4* T cells
levels provide protection against blood stage parasite challenge in humans (229). Furthermore, the higher
immunogenicity of simian vectors has also been observed by other groups using chimpanzee-derived
adenoviruses (87, 116, 212, 239, 240), making simian adenoviruses particularly attractive as rare human
adenoviruses have shown lower immunogenicity than Ad5 in preclinical trials (235, 241, 242). However,
despite the improved anti-CSP specific CD8* T cell responses observed, analysis of memory responses
following priming immunizations with either SAd36 or Ad5 is required to determine differences in long-

term immunogenicity between these vectors.

The use of SAd36 as a vector for malaria vaccination is further supported by the results obtained from
assessment of CD4* and CD8* T cells functionality in response to adenoviral prime-protein boost

immunization regimens. T cell functionality was assessed as the ability of these cells to produce IFN-y,
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IL-2, and TNF-a in response to the PyCMP recombinant protein since these cytokines have been
associated with protection against malaria infection (108). We found that immunization regimens
incorporating SAd36 induced equivalent, if not higher, levels of IFN-y from both CD4" and CD8"* T cells.
IFN-y is involved in promoting more efficient phagocytosis and presentation of foreign peptides by
macrophages (108, 243). Relevantly, the protective effect of IFN-y production was also observed during
the phase Ila clinical trial of RTS,S, as prolonged IFN-y production by CD4" and CD8" T cells was

associated with protection (228).

In addition to T cell functionality, the breadth of the immune responses induced by vaccination must
be considered since immunodominance of one or a small set of epitopes may promote the immune escape
of the parasite over time. When we assessed the breadth of the immune response to three peptide pools
representing the length of PyCMP, we found no indication of immunodominance. The lack of
immunodominance suggests that the SAd36 vector should be considered for improving the cellular
immunogenicity of protein-based malaria vaccine candidates, as immunodominance has been reported by

other groups when using Simian Ad vectors and multi-antigen vaccine candidates (89, 116).

The infectious challenge with P. yoelii demonstrated that heterologous Ad prime-protein boost
regimens including SAd36 priming provided both liver stage protection by increasing the length of the
pre-patency period and blood stage protection by reducing parasitemia levels. This also further confirms
the role of heterologous Ad-Protein regimens as one of the best strategies to obtain multistage malaria
protection (92). Based on the similar protective efficacy of the regimens including a high and low dosage
of SAd36, we can consider that the lower-dose regimen overcame the negative impact of the low
adenoviral dosage on cellular immune responses through the induction of high titers of high avidity
antibodies against the PyCMP transgene product, which further suggests that an effective malaria vaccine
will depend on both humoral and cellular responses. However, the dosage-effect described here requires

further characterization. Furthermore, it is likely that the humoral immunogenicity of SAd36 can be
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improved with hexon-modifications to present T helper epitopes, as we have recently described (92, 93).

It is also important to note that a lower infectivity of SAd36 compared to Ad5 can explain the capacity of
SAd36 to induce protective responses in a wider dose range than Ad5, as we have demonstrated that high
Ad5 doses (higher than 10%°v.p.) significantly reduce the protective efficacy of heterologous Ad-

regimens, an event mediated by a significant reduction in antigen-specific responses (93).

In conclusion, we have found that SAd36 offers many advantages over the commonly used Ad5,
beyond its resistance to anti-Ad5 antibodies, as it shows an improved humoral and cellular immune
responses profile when delivered as part of an adenoviral prime-protein boost regimen that correlates with

improved protection from infectious challenge in a stringent murine malaria model.
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Figure 1. SAd36PyCMP elicits comparable antibody responses compared to AdA5PyCMP. Female

CB6F1/J mice (n =5 per group) were vaccinated according to the regimens described in Table 1. (A)

Anti-PyCMP antibody titers measured 20 days after the priming immunization. Each symbol represents

the values for an individual mouse. The horizontal lines represent the arithmetic mean for each group.

Statistical analysis was conducted using Kruskal-Wallis and Dunn’s post-test, *p<0.05. (B) Anti-PyCMP

antibody titers measured 20 days after the final immunization. (C) Comparative titers of IgG1 and 1gG2a

antibody subclasses induced by each immunization regimen measured 20 days after the final

immunization. Endpoint ELISA titers were measured as the highest dilution of sera that resulted in an

optical density of 0.5 (OD0.5) and were determined using the recombinant protein PyCMP and serum
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from mice immunized with Ad5 or SAd36. (D) Avidity of antibodies induced by the different vaccinated
groups calculated as defined by Perciani, et al. (221). Statistical analysis was conducted using Kruskal-

Wallis and Dunn’s post-test, *p<0.05.
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Figure 2. Induction of PyCMP-Antigen-Specific T cells by SAd36PyCMP and Ad5PyCMP

Immunization. Female CB6F1/J mice (n = 5 per group) were immunized according to the regimens

SAd36 10°
SAd36 107
SAd36 10
Ad5 107

described in Table 1. PBMCs were obtained from mouse whole blood samples at days 10, 20, 40, 50, and

70-post priming and were processed for flow cytometry. (A) Kinetics of CD8* T cells capable of

recognizing the H-2K%/SYVPSAEQI/APC tetramer induced over the course of the immunization regimen.

(B) Kinetics of the percentage of CD4* T cells expressing high levels of CD11a and CD49d, indicating

antigen-experienced cells, in the course of the immunizations. (C) Average number of tetramer-specific

CD8" T cells induced by each immunization group were determined ten days after the final immunization

(day 70). (D) Percentage of activated CD4* T cells, determined by high levels of expression of CD49d

and CD114, at day 70, ten days after the final immunization. Results are presented as the percentages of

positive cells per 108 PBMCs. Statistical analysis was conducted by Kruskal-Wallis test with Dunns post-

test, statistically significant differences are denoted by *(p < 0.05) and ** (p < 0.01).
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Figure 3. Cytokine production by CD8" and CD4" T cells stimulated ex vivo with the PyCMP

protein. Female CB6F1/J mice (n = 5 per group) were vaccinated according to the regimens described in
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Table 1. (A) Pie Charts: Percentage of multifunctional and single cytokine producing CD8* T cells
following ex vivo stimulation with PyCMP protein at day 70 post priming. Bar Graph: Percentage of total
CD8" T cells capable of producing one, two, or three cytokines following ex vivo stimulation with
PyCMP protein. Results are presented as the percentages of positive cells per 106 CD8* T cells. (B) Pie
Charts: Percentage of multifunctional and single cytokine producing CD4* T cells following ex vivo
stimulation with PyCMP protein at day 70 post priming. Bar Graph: Percentage of total CD4" T cells
capable of producing one, two, or three cytokines following ex vivo stimulation with PyCMP protein.
Results are presented as the percentages of positive cells per 106 CD4* T cells. Graphs were produced and

data was analyzed using SPICE software (223).
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Figure 4. Cytokine production following ex vivo stimulation with PyCMP peptide pools. Female
CB6F1/J mice (n =5 per group) were immunized according to the regimens described in Table 1.
Splenocytes were obtained five days after the final immunization and incubated with peptide pools
containing pools of 15AA overlapping peptides representing PyCMP. Following 6 hours of stimulation,
cells were intracellularly stained and processed for flow cytometry. Results are presented after
background subtraction. Percentage of CD8" T cells capable of producing IFN-y (A), IL-2 (B), and TNF-
a (C) after stimulation. Percentage of CD4" T cells capable of producing IFN-y (D), IL-2 (E), and TNF-a
(F) following stimulation. Statistical analysis was conducted using Kruskal-Wallis test to determine
differences between the immunization regimens. Statistically significant differences (p < 0.05) are

indicated by a single asterisk.
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Figure 5. SAd36-PyCMP Protective Efficacy. Female CB6F1/J mice (n = 10 per group) were
immunized according to the regimens described in Table 1. 30 days after the final immunization mice
were challenged with 100 freshly Isolated Plasmodium yoelii sporozoites isolated from Anopheles
stephensi. (A) Kinetics of parasitemia expressed as Area Under the Curve (AUC) and (B) the length of
the pre-patency period were analyzed by Kruskal-Wallis test with Dunns post-test. Statistically significant

differences are denoted by *(p < 0.05), ** (p < 0.01), and ***(p < 0.001).
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Table 1. Immunization Groups

Immunization AZf'mmg’ Day 0 Protein Boost Prot2e|n Boost
Group transgene Dose 1, Day 30 Day 60
SAd36 10° oyl 10°vp. PYCMP PYCMP
SAd36 107 PySCAI\VIdIEG- 10 vp. PyCMP PyCMP

SAd36- .
SAd36 10 10 PyCMP PyCMP
PyCMP vp. y y
Ad5 107 Ad5-PyCMP 10’ v.p. PyCMP PyCMP
. . No No
Control No immunization immunization immunization

Mice were immunized intramuscularly at day 0 with adenovirus in PBS at the dose corresponding to their
group. Mice were then boosted subcutaneously at days 30 and 60 with 20 pg of the P. yoelii chimeric
multistage protein (PyCMP) emulsified in Montanide ISA 51 VG in a 1:1 volume ratio. Control group
mice received no immunizations. (n = 10 per group). Mice were bled for analysis of antibody titers via
ELISA 20 days after each immunization. PBMCs were obtained from mouse whole blood samples at days

10, 20, 40, 50, and 70 post priming and were processed for flow cytometry.
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Supplementary Figure 1. Gating strategy for the definition of antigen-specific CD4* T cells. In this
sample gating strategy leukocytes were gated in SSC-A vs FSC-A. In the leukocyte population, CD3*
cells were gated to select lymphocytes, and the surface expression of CD4 and CD8 was posteriorly
identified. On the CD4* T cells, the expression of CD49d and CD11a was assessed as it is associated to
antigen-experienced CD4* T cells. The top row shows the gating of a representative naive mouse and the

bottom row shows the strategy for a mouse receiving SAd36 at 10° dose.
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Supplementary Figure 2. Gating Strategy for Analysis of Cytokine Production. In this sample gating,
cells were first gated as leukocytes (SSC-A vs FSC-A) and then for singlets (FSC-H vs FSC-A). The
singlets gate was further analyzed for their uptake of the Live/Dead stain to determine live versus dead
cells. After selection of the live population, the CD3 expression was then analyzed to select the T cell
population. CD4 and CD8 surface expression was then determined. Intracellular expression of cytokines

(IFN-y, TNF-a, IL-2) was analyzed in each T cell subset.
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Supplementary Figure 3. Characterization of the Infective Capacity of Ad5 and SAd36 vectors. A.

Monolayers of A549 (human epithelial lung cancer cell line) or N2A cells (mouse neuroblastoma cell
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line) were incubated for 1 hour with either SAd36-GFP or Ad5-GFP at a multiplicity of infection (MOI)
of 300 vp/cell. After incubation, infection medium (DMEM/F-12, 1:1) containing virus and 2% FBS was
replaced with culture medium containing 5% FBS and cells were incubated at 37°C and 5% CO. for at
least 20 hours to allow eGFP reporter gene expression. The infected cells expressing eGFP were detected
using an epifluorescent microscope, and images were taken at 10X magnification. B. Monolayers of A549
(human epithelial lung cancer cell line) and ID8 cells (mouse epithelial ovarian cancer cell line) were
infected with either SAd36-GFP or Ad5-GFP vectors using the indicated multiplicities of infection
(MOQI). The infection efficiencies of SAd36-GFP or Ad5-GFP vectors were determined based on the
levels of fluorescent signal intensity detected with a multi-mode plate reader in infected and uninfected
cells 48 hours post infection. The average values of relative fluorescent units (RFU) are presented after
subtracting background signal detected in uninfected monolayers that served as negative controls. Each

bar represents the cumulative mean of triplicate measurements * standard deviation.
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Abstract

Introduction: Cellular and humoral immune responses are both involved in protection against
Plasmodium infections. The only malaria vaccine available, RTS,S, primarily induces short-lived
antibodies and targets only a pre-erythrocytic stage antigen. Inclusion of erythrocytic stage targets and
enhancing cellular immunogenicity are likely necessary for developing an effective second-generation
malaria vaccine. Adenovirus vectors have been used to improve the immunogenicity of protein-based
vaccines. However, the clinical assessment of adenoviral-vectored malaria vaccines candidates has shown
the induction of robust Plasmodium-specific CD8+ but not CD4+ T cells. Signal peptides (SP) have been
used to enhance the immunogenicity of DNA vaccines but have not been tested in viral vector vaccine
platforms.

Objectives: The objective of this study was to determine if the addition of the SP derived from the
murine IgGk light chain within a recombinant adenovirus vector encoding a multistage P. vivax vaccine
candidate could improve the CD4+ T cell response.

Methods: In this proof-of-concept study, we immunized CB6F1/J mice with either the recombinant
simian adenovirus 36 vector containing the SP (SP-SAd36) upstream from a transgene encoding a
chimeric P. vivax multistage protein or the same SAd36 vector without the SP. Mice were subsequently
boosted twice with the corresponding recombinant proteins emulsified in Montanide ISA 51 VG.
Immunogenicity was assessed by measurement of antibody quantity and quality, and cytokine production
by T cells after the final immunization.

Results: The SP-SAd36 immunization regimen induced significantly higher antibody avidity against
the chimeric P. vivax proteins tested and higher frequencies of IFN-y and IL-2 CD4+ and CD8+ secreting
T cells, when compared to the unmodified SAd36 vector.

Conclusions: The addition of the murine IgGk signal peptide significantly enhances the
immunogenicity of a SAd36 vectored P. vivax multi-stage vaccine candidate in mice. The potential of this

approach to improve upon existing viral vector vaccine platforms warrants further investigation.
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Introduction

The life cycle of Plasmodium parasites is known for its complexity, and as a result, immunity to
malaria infections in vertebrates relies on both humoral and cellular immune responses. Early passive
transfer experiments demonstrated the protective role of 1gG antibodies derived from malaria immune
adults when used as a therapeutic intervention (244). Clinical trials of sporozoite inoculation have
revealed that IFN-y producing T cells are associated with the protection from malaria (230). Based on this
evidence, a multistage vaccine capable of eliciting both cytophilic antibodies and antigen-specific T cells
would likely enhance protective efficacy through a comprehensive vaccination strategy.

The RTS,S/AS01 vaccine represents a significant breakthrough as the first P. falciparum malaria
vaccine that has completed Phase 3 clinical trials (80). However, RTS,S has reported low efficacy due in
part to protection based primarily on antibodies against the circumsporozoite protein (CSP) central repeat
region (202) present in pre-erythrocytic stage forms, which wane rapidly and require boosting
immunizations to maintain efficacy (245). The inclusion of erythrocytic stage targets to control parasites
that evade liver clearance and enhancing cellular immunogenicity are likely necessary for developing an
effective second generation of malaria vaccines.

Adenoviral vectored malaria vaccines have been able to improve the immunogenicity of protein-
based vaccines (246-249) and induce protective Plasmodium-specific CD8+ T cells in pre-clinical and
clinical studies (212, 250, 251), but low induction of CD4+ T cell suggests further improvements to
adenoviral vectors should be investigated (251). Recent studies examining the induction of CD4+ cells
following vaccination with an Ad5 vector have shown significantly lower frequencies of antigen-specific
CD4+ T cells are induced when compared to acute infection, an effect that could be attributed to lower
IL-2 signaling (252). Increasing secretion or altering post-translational modifications of adenoviral
transgene products might result in improved presentation of vaccine antigens to CD4+ T cells.

Signal peptides (SP), also referred to as signal sequences, are short peptides (~20-30 residues) that

can influence the targeting pathway of the protein and promote protein secretion or specific post-
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translational modifications such as glycosylation (253). As a result, SP from highly secreted proteins have
been used to improve protein secretion levels of recombinant proteins in cell lines (254-256), as well as
for ectopic expression of endogenous adenoviral genes (257). Recently, the inclusion of an SP into a
DNA vaccine targeting HPV oncogenes was found to induce potent cellular and humoral immune
responses that protected against tumor challenge (258). Of the signal peptides used to improve transgene
expression, the sequence derived from the murine immunoglobulin kappa (IgGx) light chain
(METDTLLLWVLLLWVPGSTG), is one of the most well characterized (254-256).

We hypothesized that the addition of the signal peptide derived from murine IgGk light chain
upstream of a transgene delivered via a recombinant adenovirus vector would improve the CD4+ T cell
response to the transgene product in comparison to vaccination with the same recombinant vector without
the signal peptide (250). Here we demonstrate that the addition of the murine IgGk SP improves the
immunogenicity of an adenoviral vectored P. vivax multistage vaccine (86, 259) in mice by significantly
increasing IFN-y and IL-2 secretion by CD4+ T cells, and improving antibody avidity. To our knowledge,
this is the first report of the insertion of a peptide leader sequence as part of an adenoviral transgene with

the goal of improving the immunogenicity of an adenoviral vectored vaccine candidate.

Material and Methods

Viral vectors. The DNA sequence encoding the hybrid cPvCSP/cPvMSP1 protein containing the C-
terminal six-His tag was codon-optimized for mammalian expression and incorporated into a pShuttle
plasmid between the CMV promoter and BGH polyadenylation signal. The constructed plasmid was
further modified to introduce the N-terminal SP into the hybrid cPvCSP/cPvMSP1 protein. The
oligonucleotide duplex encoding IgGxk light chain SP was cloned into Kpnl restriction site upstream of the
cPvCSP/cPVMSP1 transgene resulting in additional three amino acids (Tyr-Pro-Thr) introduced between
the signal peptidase consensus cleavage site and the first Met start codon of the cPvCSP/cPvMSP1

transgene. Both cPvCSP/cPVMSP1 or SP-cPvCSP/cPVMSP1 expression cassettes were excised with I-
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Ceul and PI-Scel restriction enzymes and ligated to plasmid carrying the SAd36 genome using unique I-
Ceul and PI-Scel restriction sites introduced in place of E1 region, as previously described (208, 250).The
ligated DNA was transformed into E. coli strain, XL10-Gold (Stratagene), to select the plasmids
containing viral genomes carrying the CMV-driven cPvCSP/cPvMSP1 and SP-

cPvCSP/cPVvMSP1 expression cassettes. The constructed genomes were released from the plasmids by
digestion with Pacl restriction enzyme and were then transfected into HEK293 cells to rescue the
replication incompetent SAd36 vector derivatives as described elsewhere (250). Both vectors were
upscaled in HEK293 cells and purified using double cesium chloride gradient centrifugation as previously
described (216). The purified vector preparations were dialyzed against PBS containing 10% glycerol,
and viral particle (vp) titers were determined based on absorbance at 260 nm as described by Maizel et al.

(217).

In vitro viral vector culture and western blot analysis. To assess the expression levels of
cPvCSP/cPvMSP1 and SP-cPvCSP/cPvMSP1 transgenes, monolayers of A549 cells grown in 6-well
plates were incubated for 1 hour with either vector at the multiplicity of infection (MOI) of 2,500 vp/cell.
Infection medium (DMEM/F-12, 1:1) containing 2% FBS was replaced with fresh culture medium
containing 5% FBS and cells were incubated at 37°C and 5% CO, for at least 48 hours to allow transgene
expression. The samples of cell lysates and culture medium supernatants were collected and analyzed by
Western blot using anti-six-His tag mAb Penta-His (QIAGEN) and polyclonal 1gG purified from sera of

rabbits immunized with the cPvCSP or the cPvMSP1 chimeric proteins (Convance Inc.).

Chimeric protein vaccine design and peptide pools. We have previously described the synthetic genes
encoding the chimeric P. vivax CSP (cPvCSP) (86) and the chimeric merozoite surface protein 1
(cPvMSP1) (259). These chimeric proteins include several promiscuous T cell epitopes (PTE) capable of

binding to multiple human HLA alleles and at least one B cell epitope, with each region separated by
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GPGPG spacers to enhance stability. cPvCSP contains 1) two PTE from the C-terminal region of P. vivax
CSP; 2) the conserved region | of P. vivax CSP; 3) VK210 type 1 repeat sequence variants, and 4) three
copies of the 9-mer peptide representing the VK247 type 2 repeat sequence variant (86). cPvMSP1
includes 1) five PTE from PvMSP1; 2) an extended PvMSP1,, fragment that includes two T helper
epitopes derived from PvMSP133; and 3) six copies of the CSP repeat region NANP derived from P.
falciparum included as a purification tag (259). Production of the transgenes and proteins have been
described previously (86, 259).

Peptide libraries containing 15-mer synthetic peptides, overlapping by 11 residues each and spanning
the complete sequence of both cPvCSP and cPvMSP1 were commercially synthesized (Sigma-Aldrich),
and used to characterize T cell reactivity to specific protein regions as described (86, 259). The cPvCSP
peptide library was separated into 4 pools, with pool A representing the first PTE in cPvCSP; pool B
representing the second PTE and the region I; pool C representing the VK210 repeat sequences; and pool
D representing the VK247 repeat sequences (86). The two cPvMSP1 peptide pools represented the

cPVvMSP1 PTE (pool 1) and the PvMSP-133 and the PvMSP-114 protein fragments (pool 2) (259).

Mouse immunizations. Female CB6F1/J (H-29°) mice, aged 6-8 weeks were obtained from Jackson
Laboratory (Bar Harbor, ME) and housed in micro-isolation cages. We have previously assessed the
immune response of six different mouse strains with different H-2 alleles to the cPvCSP protein and
found that PvRMC-CSP was able to induce robust antibody responses in six different inbred mouse
strains (86). Similar immunogenicity was also observed in both BALB/c and C57BL/6 mice in response
to the cPvMSP1 peptide in previous assessments by our group (259). The CB6F1/J mice were selected as
a TH1/TH2 neutral strain to characterize the induction of CD4 response by vaccination, as the parent
strains C57BL6 and BALB/c have been reported to be skewed to TH1 or TH2 responses, respectively
(260). All animal experiments and procedures were performed in accordance with guidelines and

approved by the Emory University Institutional Animal Care and Use Committee. Two groups of 10 mice
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were primed intramuscularly with 108 viral particles (v.p.) of either the SAd36-cPvCSP/cPVMSP1 or the
SP-SAd36-cPvCSP/cPVMSP1 vector diluted in PBS (Table 1). Mice were boosted on days 20, and 40
post-priming with 10 pg of each protein emulsified in Montanide 51 ISA VG (Seppic) adjuvant
subcutaneously. A group of 10 naive mice was used as a control, as we have not found significant
differences between naive and adjuvant immunized mice. Mice were bled 24 hours before each
immunization and 20 days after the final immunization (day 60) for determination of antibody responses.
Five days after the final immunization, 5 mice per group were euthanized for flow cytometric analysis of

T cell responses.

Serological Assays. Total IgG antibody titers and IgG1 and IgG2a subclass titers against cPvCSP and
cPvMSP1 were determined via ELISA, as described previously (259). Antibody avidity indices were
determined using ammonium thiocyanate elution ELISA for each group using pooled sera, with each
sample run in quadruplicate, as described previously (259). The avidity index was calculated as the ratio
between the antilog of the absorbance curves obtained with (x1) and without (x2) NHsSCN, following
procedures described previously (219, 259). Sera obtained at day 60 were pooled by group to evaluate
antibody reactivity against native PvCSP and PvMSP1 via indirect immunofluorescence assay as

described previously using pooled sera at a 1:500 dilution in PBS with 1% BSA (259).

Ex vivo stimulation with peptide pools and analysis of cytokine production by flow cytometry.
CD4+ and CD8+ T cells functionality was defined as their ability to produce IFN-y, IL-2, and TNF-a.
Flow cytometry analysis of ex vivo stimulated T cells derived from splenocytes obtained five days after
the final immunization was performed as described previously (92). Briefly, splenocytes were stimulated
for 6 hours with 1 pg/ml of a single peptide pool, with GolgiPlug (BD Biosciences). Cells were Fc
blocked (BD Biosciences) and stained with Live/Dead Fixable Yellow dye (Life Technologies) and anti-

CD3, CD4, CDS8, IFN-y, IL-2, and TNF-a antibodies (BioLegend) according to the manufacturers’
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protocol. Flow cytometry was performed using an LSRII cytometer (BD Biosciences) and analyzed with
FlowJo V10.1 software. Cytokine positive cells were identified based on gating of unstimulated cells,
with the threshold set above background. Cytokine production values for all cells that did not meet the

threshold were set to zero. The sample gating strategy is provided in Supplementary Figure 1.

Germinal Center B cell responses in draining lymph nodes after priming. Mice (n=6/group) were
immunized intramuscularly bilaterally into the quadriceps femoris muscles with the unmodified SAd36-
cPvCSP/cPvMSP1 or Signal Peptide- SAd36-cPvCSP/cPVMSP1 vectors at 108 v.p. for the assessment of
germinal center B cell responses in draining lymph nodes 9 days after priming. Lymph nodes were
removed (261), and one lymph node per mouse was processed for assessment via flow cytometry as
described previously (262). Lymphocytes were stained for viability, Fc blocked, and surface stained with
anti-CD95 BV605 (clone SA367H8), anti-GL7 PE (clone GL7), and anti-B220 Alexa Fluor 647 (clone
RA3-6B2) antibodies (Biolegend) according to manufacturer’s instructions. Flow cytometry was
performed using an LSRII cytometer (BD Biosciences) and analyzed with FlowJo V10.1 software. The
germinal center B cell populations were identified as described previously (263), with FMO samples used
to set gates for positive populations for CD95, B220, and GL7. A sample gating strategy is shown in
Supplementary Figure 6.

Germinal centers were also visualized via immunofluorescent assay in tissue sections prepared from
inguinal lymph nodes obtained from the same cohort of mice. Briefly, lymph nodes were frozen in
optimal cutting temperature compound (VWR International) as described previously (264). Frozen tissues
were cut into four sections of 10 um. Sections were stained with unconjugated GL7 (clone GL7,
Biolegend) and B220 (clone RA3-6B2, Biolegend) antibodies for chromogenic staining prior to staining
of replicate sections with anti-B220 and GL7 fluorochrome-conjugated antibodies listed previously.
Slides were visualized as described previously using an Olympus FVV1000 confocal microscope and

Olympus Fluoview V4.2 software for image capture (259, 263).
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Statistics. GraphPad Prism Software V5.0 was used to perform statistical analysis and generate graphs.
Mann-Whitney test was used for analysis of differences in antibody titers between the SAd36 and SP-
SAd36 regimens. Unpaired t-tests were used for analysis of differences in antibody avidity. Kruskal-
Wallis test with Dunn’s post-test was used to determine the differences in cytokine production between
the two immunization groups and the naive mice following stimulation with the peptide pools. Analysis
of the differences in triple, double, and single cytokine producing CD4 and CD8 T cells between the
SAd36 and SP-SAd36 regimens was assessed using student’s t-test. Statistical analysis for germinal
center B cell assessment was conducted using Kruskal-Wallis with Dunn’s post-test to determine

differences between the immunization regimens.

Results
The impact of the murine IgGxk signal peptide on protein secretion in vitro. The simian adenovirus 36
(SAd36) vector was selected for assessment of the effect of the insertion of the murine IgGk light chain
derived signal peptide on the adenoviral vector immunogenicity, as we have previously found SAd36 to
exhibit higher immunogenicity than the standard Ad5 vector (250). The SAd36 vector is replication
deficient due to deletion of the E1 and E3 genes. A hybrid transgene encoding a chimeric P. vivax CSP
(cPvCSP) linked to a chimeric P. vivax MSP1 (cPvMSP1) protein (cPvCSP/cPvMSP1), expressed under
the control of the CMV promoter, was inserted in place of the deleted E1 gene. The signal peptide derived
from the murine IgGxk light chain was inserted after the CMV promoter and upstream of the
cPvCSP/cPVvMSP1 transgene (Figure 1A).

Before determining the immunogenicity of the SAd36 vector containing the signal peptide (SP-
SAd36), the expression of the cPvCSP/cPvMSP1 transgene was analyzed in the cell lysates and tissue

culture medium of A549 cells collected 2 days post-infection with 2,500 v.p. of the recombinant SAd36
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and SP-SAd36 via western blot. The hybrid cPvCSP/cPvMSP1 protein is expressed as a single protein
with a mass of 51 kDa (Figure 1B).

When the secretion of the cPvCSP/cPvMSP1 protein was assessed via western blot, we observed a
slight reduction in the amount of soluble cPvCSP/cPvMSP1 protein released into the tissue culture
medium from A549 cells infected with the SP-SAd36 vector as compared to SAd36 control, appearing as
a medium intensity band at 51kDa using anti-cPvMSP1 or anti-cPvCSP antibodies (Figure 1B, Left).
This demonstrated that addition of signal peptide did not affect intracellular cPvCSP/cPvMSP1 transgene
expression level while resulting in Therefore, the use of murine IgGk light chain leader sequence was not
able to increase either expression or secretion efficiency of our multistage P. vivax vaccine candidate
following infection of A549 cells in vitro. However, this does not exclude possible alterations in post-
translational processing of the peptides due to the SP. Assessment of protein levels within the infected
A549 cell lysates revealed bands of similar intensity at ~50 kDa for cells infected with either SP-SAd36
or SAd36 vectors expressing the chimeric P. vivax transgene when an anti-Penta-His monoclonal
antibody was used for detection (Figure 1B, Right panel), suggesting that similar levels of the protein are

retained inside the cell independent of the SP.

SP-SAd36 induces high avidity antibodies. We assessed the humoral immunogenicity through the
analysis of antibody kinetics induced by priming immunization with either the recombinant SP-SAd36 or
unmodified SAd36 vector followed by two protein boost immunizations (Table 1). The dose of 108 v.p. of
SAd36 was selected based on our previous studies with the recombinant SAd36-cPyCSP/cPyMSP1 vector
expressing orthologous P. yoelii sequences (250). When antibody titers elicited by the immunization
regimens was assessed, no significant differences in antibody titers against the cPvCSP protein were
observed between the two regimens at any time point (Figure 2A). Assessment of the anti-cPvMSP1

antibody responses revealed similar kinetics and final antibody titers between regimens. However, mice
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immunized with SP-SAd36 displayed significantly higher anti-PvMSP1 titers post-priming compared to
unmodified SAd36 primed mice (Figure 2D).

The quality of the antibodies induced by immunization was assessed through the analysis of 1gG
subclasses since anti-CSP (227) and MSP1 (226) cytophilic antibodies, which correspond with 1gG2a in
mice, as they have been found to be associated with protection. Analysis of the IgG1 and IgG2a titers 20
days after the final immunization (day 60), revealed no significant differences in the subclasses elicited by
either vector against the two P. vivax chimeric proteins (Figure 2B, E). Antibody avidity 20 days after the
final immunization was assessed as another measure of antibody quality. We observed that mice
immunized with the SP-SAd36 regimen produced anti-cPvCSP and anti-cPvMSP1 antibodies of

significantly higher avidity than those induced by the unmodified SAd36 regimen (Figure 2C, F).

Antibodies induced by vaccination recognize Plasmodium native proteins. The ability of the anti-
cPvCSP and anti-cPvMSP1 antibodies to recognize the native structure of CSP and MSP1 was assessed
by IFA. P. berghei sporozoites transgenic for the P. vivax CSP VK210 repeat region (265) were used for
the assessment of the anti-cPvCSP antibodies, as the VK210 repeat region is present within the cPvCSP
protein. We observed that antibodies elicited by either immunization regimen recognized the P. vivax
CSP VK210 transgenic sporozoites (Figure 3A). Slides prepared with blood obtained from a P. vivax
infected Saimiri boliviensis monkey were used for the assessment of anti-cPvMSP1 antibodies. We
observed that sera obtained from mice immunized with either regimen bound to P. vivax schizonts (Figure
3B). Combined, these data indicate that antibodies elicited against the cPvCSP protein and cPvMSP1

protein recognize the native structure of the P. vivax CSP and MSP1, respectively.

Immunization with the SP-SAd36 regimen induces higher IFN-y and IL-2 production by CD4+ and
CD8+ T cells. The cellular response against cPvCSP and cPvMSP1 was assessed by determining the

frequency of IFN-y, IL-2 and TNF-a secreting T cells following ex vivo stimulation with peptides pools
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representing the complete amino acid sequence of the chimeric proteins (86, 259). When the frequencies
of cytokine-secreting T cells obtained from mice immunized with the SP-SAd36 regimen were compared
to those of naive mice, we observed significantly higher frequencies of cytokine-secreting CD4+ and
CD8+ T cells obtained from the SP-SAd36 regimen in response to all cPvCSP and cPvMSPL1 peptide
pools (not shown). Significantly higher frequencies of cytokine-secreting T cells in mice immunized with
the SAd36 regimen in comparison to naive mice were only observed for IFN-y —secreting CD8+ T cells in
response to cPVCSP pool B and cPvMSP1 pool 2; for IL-2-secreting CD8+ T cells in response to cPvCSP
pool A; for TNF-a secreting CD4+ T cells in response to cPvMSP1 pool 1; and for TNF-a secreting
secreting CD8+ T cells in response to both cPvMSP1 pools (Supplementary Figures 2 and 3).

Analyses between the SP-SAd36 and SAd36 immunization groups revealed significantly higher
frequencies of IFN-y secreting CD4+ T cells from mice immunized with the SP-SAd36 regimen
following stimulation with cPvCSP pools A and B (Figure 4A). Significantly higher frequencies of IL-2-
secreting CD4+ T cells were observed in mice immunized with the SP-SAd36 regimen in response to all
four cPvCSP pools (Figure 4B). Analysis of CD8+ T cells revealed significantly higher frequencies of
IFN-y secreting cells in response to pool D in mice immunized with the SP-SAd36 regimen (Figure 4D).
We observed no differences in the frequency of TNF-a secreting T cells between the immunization
regimens (Figure 4C and F). When T cell multifunctionality was assessed, we observed that mice
immunized with SP-SAd36 had significantly higher frequencies of IL-2 and TNF-a, co-expressing CD4+
T cells when stimulated with cPvCSP Pool B (Supplementary Figure 4).

When the frequencies of IFN-y, IL-2, and TNF-a secreting CD4+ and CD8+ T cells in response to the
cPvMSP1 peptide pools were assessed, we observed a significantly higher frequency of I1L-2 —secreting
CD4+ T cells obtained from the SP-SAd36 regimen mice when compared to the unmodified SAd36
regimen (Figure 5B). No other significant differences were observed in the production of cytokines by
CD4+ or CD8+ T cells in response to the cPvMSP1 peptide pools (Figure 5). When T cell

multifunctionality was assessed, we observed that mice immunized with SP-SAd36 had significantly
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higher frequencies of IFN-y and IL-2 co-expressing cells CD8+ T cells when stimulated with cPvMSP1

Pool 2 (Supplementary Figure 5).

Higher frequencies of germinal center B cells are observed in draining lymph nodes following
immunization with SP-SAd36. To further understand the mechanisms involved in the increased
antibody avidity and IL-2 production by CD4+ T cells observed following immunization with the SP-
SAd36 immunization regimen, we assessed the frequency of germinal center B cells
(B220+CD95+GL7+) in draining lymph nodes via flow cytometry analysis. The experiments were
conducted nine days after priming with 108 v.p. of either the SAd36-cPvCSP/cPvMSP1 or SP-SAd36-
cPvCSP/cPvMSP1 vector intramuscularly (Figure 6). We observed significantly higher frequencies of
B220+CD95+GL7+ germinal center B cells in the mice immunized with the SP-SAd36 vector when
compared to naive mice (Figure 6A). However, no significant differences were observed between naive
mice and SAd36 immunized mice at this timepoint. Similarly, when we compared the total number of the
B220+CD95+GL7+ triple positive population, we observed similar differences between the groups, with
significant differences between the SP-SAd36 and naive groups (Figure 6B). To confirm these differences
in the GC B cell response, we conducted immunostaining using fluorescent microscopy of LNs obtained
from the same animals at day 9 post-priming with either the SAd36 or SP-SAd36 priming. The draining
inguinal LN sections were stained with anti-GL7 and anti-B220 antibodies, to identify GCs and B cell
follicles respectively. Germinal centers were clearly stained in the dLN sections obtained from both
SAd36 and SP-SAd36 when visualized by fluorescence microscopy with a distinctly higher number of
GL7+ cells in lymph nodes from mice immunized with SP-SAd36 and very low number of positive cells

observed in lymph nodes from unvaccinated mice (Figure 6C).
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Discussion

The development of an effective malaria vaccine able to induce strong and balanced CD4+ and CD8+
T cell responses, as well as cytophilic antibodies, remains elusive. At present, multiple vaccine platforms
and delivery systems are being investigated to determine the optimal vaccination regimen to induce broad
and long-lasting immunity to malaria. Clinical studies of the protein-based vaccine, RTS,S, have shown
protective efficacy mainly mediated through the induction of antibodies (266). However, suboptimal
CD8+ T cell induction has been a concern for RTS,S (202). Evidence from clinical trials has
demonstrated that adenoviral vectors induce strong CD8+ T cell responses to Plasmodium antigens while
maintaining a good safety profile (240, 267-270). However, poor induction of CD4+ T cell responses by
adenoviral-vectored malaria vaccine in clinical trials indicates that improvements in CD4+ T cell
induction should be investigated (251).

Here we describe a strategy to further optimize the delivery of adenoviral transgenic products through
the insertion of a murine IgGk derived signal peptide. Although we observed no differences in the
secretion of the cPvCSP/cPvMSP1 transgene product into the A549 tissue culture medium between the
SP-SAd36 and unmodified SAd36 vectors, signal peptides have a variety of other effects on protein
synthesis which may influence the selection of protein targeting pathways within the SP-SAd36 infected
cells. Interactions between the signal peptide and the translocon at the endoplasmic reticulum (ER), as
well as downstream events within the ER, including the potential cleavage of the IgGxk signal peptide,
may also affect antigen presentation (reviewed in (253)). Our observations of increased antibody
responses are consistent with those observed in recent studies on the effect of signal peptides on the
immunogenicity of the HIV glycoprotein gp120, which found that the addition of a signal peptide
impacted the glycan profile of gp120 increasing the antigenicity of the mature protein (271). Additionally,
the use of a signal peptide in an HPV DNA vaccine based on the protein E7 was found to significantly
increase antibody titers to E7, a tumor-associated antigen which typically exhibits low immunogenicity,

when compared to mice immunized with the same antigen without the signal peptide. The authors
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concluded that this was due to the conserved function of the signal peptide and its ability to alter the
default protein trafficking pathway; this modulation in the sorting of the heterologous protein in
mammalian cells resulted in the increased humoral immune response to the DNA vaccine (272).
However, the changes in immunogenicity may also vary depending on the adenoviral vector used, as
comparative assessments of Ad5 and Ad26 vectored gp120 vaccinations have found that the viral vector
used can skew the Fc-effector profiles of vaccine-induced antibodies and glycosylation profiles (273-
276). The contribution of the murine IgGk signal peptide on these processes as part of the SP-SAd36
vector transgene, therefore, requires further investigation.

Comparison of the antibody response induced by the SP-SAd36 and unmodified SAd36 regimens
revealed that the SP-SAd36 vector induced significantly higher antibody avidity in comparison to the
unmodified vector. These findings are significant as increased avidity may translate to enhanced efficacy
based on observations from preclinical studies of P. falciparum CSP vaccines which reported that avidity
indices above 0.80 provided sterilizing protection against P. falciparum CSP transgenic P. berghei
challenge (236). P. falciparum vaccine clinical trials have also demonstrated antibody avidity to be
associated with improved ability to inhibit parasite growth (277).

Assessment of differences in cellular immunogenicity revealed significantly higher frequencies of
IFN-y-secreting CD4+ T cells in response to the peptide pools representing the promiscuous T cell
epitopes within cPvCSP protein chimera. This improvement is encouraging based on reports that high
frequencies of IFN-y-secreting CD4+ T cells provide protection from malaria (58, 70). Moreover, IFN-y
producing CD4+ cells play a crucial role in promoting B cell class switching activity (243) and have also
been associated with protection from P. falciparum in clinical trials (230).

Immunization with the SP-SAd36 regimen also resulted in increased frequencies of IL-2 secreting
CD4+ T cells observed in response to all peptide pools of cPvCSP and cPvMSPL1. This feature may
represent a significant improvement for adenoviral vectors based on a recent study by Lee et al. (252)

which found that vaccination with an Ad5 recombinant vector induced significantly lower frequencies of
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antigen-specific CD4+ TH1 cells compared to acute infection, an effect attributed low IL-2 signaling
(252). The increased IL-2 production we observed also has the potential to improve the overall T cell
immunogenicity, as IL-2 promotes proliferation and differentiation of naive CD8+ T cells and the

survival of antigen-experienced T cells (278). These improvements in the cellular immune responses are
consistent with reports demonstrating enhanced immunogenicity of a DNA vaccine due to the inclusion of
the IgGk signal peptide when compared to an unmodified vaccine (258).

When we assessed germinal center B cell responses, we observed the highest frequency of germinal
center B cells in mice immunized with the SP-SAd36 vector, suggesting that the improvements in
antibody avidity observed for the SP-SAd36 regimen may be due to the induction of better germinal
center responses. Previous studies of germinal center B cells and T follicular helper (TFH) responses in
mouse models of Plasmodium infection have found that increased frequencies of these cell types are
associated with increased titers of anti-parasite antibodies and improvements in parasite control and
clearance (222, 279). Moreover, in the murine P. chabaudi model the germinal centers are essential for
the resolution of chronic infection (280, 281).

Overall, we observed that the inclusion of a IgGk signal in the sequence of an adenoviral vector
insert, improved the functionality of CD4+ cells, the antibody avidity and the frequency of germinal
center B cells. Our results highlight the potential of this method to improve existing viral vector vaccine

platforms and warrants further investigation.
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Figure 1. Signal Peptide Simian Adenovirus 36 schematic and protein expression. A) Schematic of
the signal peptide simian adenovirus 36 vector (SP-SAd36-cPvCSP/cPvMSP1). The SP-SAd36 vector is
replication deficient due to deletion of the E1 and E3 genes. Inserted in the place of the deleted E1 gene is
the immunoglobulin kappa light chain signal peptide and the cPvCSP/cPvMSP1 transgene, which is
under control of the cytomegalovirus (CMV) promoter. B) Analysis of cPvCSP/cPVMSP1 expression
following Ad vector infection. Western blot analysis of A549 cells 2 days post infection with the
indicated Ad vectors at the MOI of 2,500 vp/cell. The major protein bands close to 51 kDa correspond to
the expected mass for cPvCSP/cPVMSP1. The positions of molecular weight markers (in thousands of
daltons) are indicated to the left of each gel. Left: The secretory proteins were detected in culture medium
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collected from cells infected with SP-SAd36-cPvCSP/cPvMSP1 (lane 1) and SAd36-cPvCSP/cPVvMSP1
(lane 2) using antibodies raised against the cPvMSP1 protein in rabbits. Antibodies raised against the
cPvCSP protein in rabbits were used to detect secretory proteins in tissue culture medium collected from
cells infected with SP-SAd36-cPvCSP/cPvMSP1 (lane 4) and SAd36-cPvCSP/cPvMSP1 (lane 5). Mock-
infected A549 cells (lane 3 and 6) are also shown as controls. Right: The hybrid cPvCSP/cPVvMSP1
protein containing a 6x-His Tag, was detected in samples of cell lysates obtained from cells infected with
SP-SAd36-cPvCSP/cPVMSP1 (lane 7) and SAd36-cPvCSP/cPvMSP1 (lanes 8) using a Penta-His mAb.

The negative control sample of mock-infected A549 cells (lane 9) is also shown.
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Figure 2. Antibody response to cPvCSP and cPvMSP1 proteins following priming immunization at
day 0 with either the unmodified SAd36-cPvCSP/cPvMSP1 recombinant vector or the recombinant vector
including the signal peptide sequence (SP-SAd36-cPvCSP/cPvMSP1) and two subsequent recombinant
proteins boosts at days 20 and 40. A) Kinetics of antibody titers to cPvCSP. B) IgG1 and IgG2a antibody
titers elicited against cPvCSP, 20 days after the final immunization. C) Antibody avidity against cPvCSP,
determined by ammonium thiocyanate ELISAs 20 days after the final immunization. D) Kinetics of
antibody titers to cPvMSP1. E) IgG1 and 1gG2a antibody titers elicited against cPvMSP1, 20 days after
the final immunization. F) Antibody avidity against cPvMSP1, determined by ammonium thiocyanate
ELISAs 20 days after the final immunization. Statistical analysis was conducted using Mann Whitney test
for antibody titers, and unpaired t-test for avidity to determine differences between the immunization

regimens. Statistically significant differences are denoted by *(p < 0.05), **(p < 0.01).

109



o

A.  SAd36 SP-SAd36 SAd36 SP-SAd36

Alexa 488

DAPI

Merged

Figure 3. Immunofluorescence assays of P. vivax sporozoites and blood stage schizonts. Reactivity of
immunized mouse sera to sporozoites (A) and blood stage schizonts (B). Top panels show Alexa 488
labeled anti-mouse IgG secondary antibodies binding to sera obtained from mice immunized with either
the regimen that included priming with the unmodified SAd36-cPvCSP/cPvMSP1 or SP-SAd36-
cPvCSP/cPvMSP1 recombinant vectors 20 days after the final immunization. Middle panels show the
DAPI stained nuclei of sporozoites and blood stage schizonts. The bottom panels show the merged

images.
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Figure 4. Cytokine-secreting T cells after ex vivo stimulation with cPvCSP peptide pools 5 days after
the final immunization and assessed by flow cytometry. A-C) Frequency of cytokine-secreting CD4+ T
cells following stimulation with cPvCSP peptide pools A, B, C, or D. D-F) Frequency of cytokine-
secreting CD8+ T cells following stimulation with cPvCSP peptide pools A, B, C, or D. Interferon-y-
secreting T cells are shown in Figures A and D. Interleukin-2-secreting T cells are shown in B and E.
Tumor necrosis factor-a-secreting T cells are shown in C and F. Values represent the percentage of either
CD4+ or CD8+ T cells positive for the individual cytokine. Kruskal-Wallis test with Dunn’s post-test was
used to determine differences in the production of cytokines in response to a stimulus with an individual
peptide pool between mice immunized with a regimen that included a priming with SAd36-
cPvCSP/cPvMSP1 or priming with SP-SAd36-cPvCSP/cPvMSP1. Statistically significant differences
between the SAd36 and SP-SAd36 regimens in response to individual pools are denoted by *(p < 0.05)

and **(p < 0.01) within the SP-SAd36 bar.
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Figure 5. Cytokine-secreting T cells after ex vivo stimulation with cPvMSP1 peptide pools 5 days
after the final immunization and assessed by flow cytometry. A-C) Frequency of cytokine-secreting
CD4+ T cells following stimulation with cPvMSP1 peptide pools 1 or 2. D-F) Frequency of cytokine-
secreting CD8+ T cells following stimulation with cPvMSP1 peptide pools 1 or 2. Interferon-y-secreting
T cells are shown in Figures A and D. Interleukin-2-secreting T cells are shown in B and E. Tumor
necrosis factor-a-secreting T cells are shown in C, and F. Values presented represent the percentage of
either CD4+ or CD8+ T cells positive for the individual cytokine. Statistical analysis was conducted using
Kruskal Wallis with Dunn’s post-test was used to determine differences in the production of cytokines in
response to a stimulus with an individual peptide pool between mice immunized with a regimen that
included priming with SAd36-cPvCSP/cPvMSP1 or priming with SP-SAd36-cPvCSP/cPvMSP1.
Statistically significant differences between the SAd36 and SP-SAd36 regimens in response to individual

pools are denoted by *(p < 0.05) and **(p < 0.01) within the SP-SAd36 bar.

112



25- i B.

10‘3 m
1033

ol ==

10

102

% CD95+GL7+B220+ Cells
[
| 2
>
Total Number of GL7+CD95+ Cells
1*-
]
#

SAd36  SP-SAd36 Naive

SP-SAd36 Naive

Figure 6. Frequency and total number of germinal center B cells in the draining lymph nodes nine
days post priming. Frequency (A) and total number (B) of germinal center B cells, identified by positive
staining with anti-B220, CD95, and GL7 antibodies via flow cytometry for the SP-SAd36-
cPvCSP/cPVvMSP1 and SAd36-cPvCSP/cPYMSP1 immunizations, and naive mice. Statistical analysis was
conducted using Kruskal-Wallis with Dunn’s post-test to determine differences between the

immunization regimens. Statistically significant differences are denoted by *(p < 0.05). C) Draining
inguinal lymph node from the same mice were obtained 9 days after priming with either the SP-SAd36-
cPvCSP/cPvMSP1 or SAd36-cPvCSP/cPvMSP1 vectors, and sectioned and stained with the same
fluorochrome-conjugated anti-B220 and GL7 antibodies used for flow cytometry assessment. A

representative section from each group is shown at 20x magnification.
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Supplementary Figure 1. Sample Gating Strategy. Splenocytes from immunized animals were
obtained five days after the final immunization and stimulated with a single peptide pool from either
cPvCSP or cPvMSPL1. Splenocytes derived from naive mice housed in similar conditions were used as a
control. Cells were then stained with fluorescent antibodies and gated based on size for singlets and
lymphocytes, then on live cells based on negative staining for viability dye. Live cells were further gated
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on CD3+, then on either CD4+ or CD8+ (A). CD4+ and CD8+ populations were then gated on interferon-
v, interleukin-2, and tumor necrosis factor-o positive populations. Plots from a representative mouse from
the SP-SAd36-cPvCSP/cPVMSP1 and naive groups following stimulation with Pool B of cPvCSP are
shown. Cytokine production by the CD4+ T cells from the representative SP-SAd36 mouse (B) and naive
mouse (C), and cytokine production by CD8+ T cells from the representative SP-SAd36 mouse (D) and

naive mouse (E).
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Supplementary Figure 2. Cytokine-secreting T cells after ex vivo stimulation with cPvCSP peptide
pools 5 days after the final immunization of mice primed with SAd36-cPvCSP/cPvMSP1 and assessed by
flow cytometry. A-C) Cytokine responses of CD4+ T cells following stimulation with cPvCSP peptide
pools A, B, C, or D. D-F) Cytokine responses of CD8+ T cells following stimulation with cPvCSP
peptide pools A, B, C, or D. Interferon-y responses are shown in figures A and D. Interleukin-2 responses
are shown in B and E. Tumor necrosis factor-a responses are shown in C and F. Values presented
represent the percentage of either CD4+ or CD8+ T cells positive for the cytokine. Statistical analysis was
conducted using Mann Whitney test to determine differences in the production of cytokines in response to
a stimulus with an individual pool between the regimen that included priming with SAd36-
cPvCSP/cPvMSP1 and naive mice. Statistically significant differences between groups in response to

individual pools are denoted by *(p < 0.05) within the SAd36 bar.

116



>
o
)

2.5

)
% 28 ) g B Pool 1
O 20 8 20 hl] = Pool 2
= - —1 +
& 15 + 1.5 E 3
3 3 S,
L 1.0 O 10 u»_:
1 o 1
] z
2 3 H
= 0
ET - = 00 . SAd36 Naive
SAd36 Naive SAd36 MNaive
D., . E. F
3 8 g
) 8y 3
'_ 1 |
tn i_ - &
+
8 24 8 2 B
4
! 9 o
; 1- & 14 3
T = L2
= R =
& o 0 - =0
SAd36 Naive SAd36 Maive SAd36 Naive

Supplementary Figure 3. Cytokine-secreting T cells after ex vivo stimulation with cPvMSP1 peptide
pools 5 days after the final immunization of mice primed with SAd36-cPvCSP/cPvMSP1 and assessed by
flow cytometry. A-C) Cytokine responses of CD4+ T cells following stimulation with cPvMSP1 peptide
pools 1 or 2. D-F) Cytokine responses of CD8+ T cells following stimulation with cPvMSP1 peptide
pools 1 or 2. Interferon-y responses are shown in figures A and D. Interleukin-2 responses are shown in B
and E. Tumor necrosis factor-o. responses are shown in C, and F. Values presented represent the
percentage of either CD4+ or CD8+ T cells positive for the cytokine. Statistical analysis was conducted
using Mann Whitney test to determine differences in the production of cytokines in response to a stimulus
with an individual pool between the regimen that included priming with SAd36-cPvCSP/cPvMSP1 and
naive mice. Statistically significant differences between groups in response to individual pools are

denoted by *(p < 0.05) within the SAd36 bar.
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Supplementary Figure 4. Secretion of multiple cytokines by T cells in response to ex vivo
stimulation with cPvCSP peptide pools 5 days after the final immunization and assessed by flow
cytometry. Pies represent the percentage of multifunctional and single cytokine producing CD4+ or CD8+
T cells. Bar graphs represent the percentage of CD4+ or CD8+ T cells producing three, two or one
cytokines out of the total CD4+ or CD8+ T cell population. The multifunctionality of CD4+ T in response
to stimulation with cPvCSP (A) Pool A, (B) Pool B, (C) Pool C, or (D) Pool D are shown in the top four
panels. The multifunctionality of CD8+ T cells in response to stimulation with cPvCSP (E) Pool A, (F)
Pool B, (G) Pool C, or (H) Pool D, are shown in the bottom four panels. Statistically significant
differences between mice immunized with a regimen that included priming with SAd36-
cPvCSP/cPvMSP1 (blue bars) or priming with SP-SAd36-cPvCSP/cPVMSPL1 (red bars) in response to
individual pools were determined using student’s T-test are denoted by *(p < 0.05) above the SP-SAd36

bar. Graphs were produced using SPICE software (223).
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Supplementary Figure 5. Secretion of multiple cytokines by T cells in response to ex vivo
stimulation with cPvMSP1 peptide pools 5 days after the final immunization and assessed by flow
cytometry. Pies represent the percentage of multifunctional and single cytokine producing CD4+ or CD8+
T cells. Bar graphs represent the percentage of CD4+ or CD8+ T cells producing three, two or one

cytokines out of the total CD4+ or CD8+ T cell population. The multifunctionality of CD4+ T in response
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to stimulation with (A) Pool 1 of cPvMSP1 and (B) Pool 2 of cPvMSP1, as well the multifunctionality of
CD8+ T cells in response to stimulation with (C) Pool 1 of cPvMSP1 and (D) Pool 2 of cPvMSP1 are
shown. Statistically significant differences between mice immunized with a regimen that included
priming with SAd36-cPvCSP/cPvMSP1 (blue bars) or priming with SP-SAd36-cPvCSP/cPVMSP1 (red
bars) in response to individual pools were determined using student’s T-test are denoted by *(p < 0.05)

above the SP-SAd36 bar. Graphs were produced using SPICE software (223).
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Supplementary Figure 6. Sample Gating Strategy for Germinal Center B cells. Cells from the
draining lymph nodes of immunized and naive animals were obtained nine days after priming with either
the unmodified SAd36 or SP-SAd36 vector or left unvaccinated. Cells were then stained with fluorescent
antibodies and gated based on size for leukocytes and singlets, then on live cells based on negative
staining for viability dye. Live cells were further gated on B220+, and GL7+ and CD95+. Plots from
representative mice from the SAd36-cPvCSP/cPvMSP1 (A), SP-SAd36-cPvCSP/cPVvMSP1 (B), and naive

groups (C) are shown.
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Table 1. Immunization Regimens

Prime Boost Boost
Regimen Day 0 Day 20 Day 40
Ad-transgene D Protein Dos Protein Dos
ose e e
Unmodified SAd36- 08 1 cPvCSP+cPv 10 cPvCSP+cPv 10
SAd36 cPvCSP/cPVMSP1 v.p MSP1 pg/each MSP1 Hg/each
Signal cPvSCI:DSIiI/D(;I(i:\g/?\/ISP 08 ! CPVCSP+cPv 10 CPVCSP+cPv 10
Peptide SAd36 1 v.p MSP1 pg/each MSP1 Hg/each
Nalve No immunization No Immunization No Immunization
Control

Mice received an intramuscular prime at day 0 with the adenovirus in PBS at a dose of 108 v.p.

Mice were boosted subcutaneously with a mixture of 10 pg of the individual cPvCSP and cPvMSP1

proteins emulsified in Montanide ISA 51 VG in a 1:1 volume ratio at days 20 and 40. Blood was drawn in

the 24 hours preceding each immunization and 20 days after the final immunization for the analysis of

antibody responses by ELISA and immunofluorescence assays (n=5). Splenocytes were obtained 5 days

after the final immunization for analysis of T cell functionality in response to stimulation with cPvCSP or

cPVMSP1 peptide pools (n=5).

123




Chapter 4

A multi-stage Plasmodium vivax malaria vaccine candidate able to induce long-lived antibody

responses against blood stage parasites and robust transmission-blocking activity

Jessica N. McCaffery »# Jairo A. Fonseca 122 # Balwan Singh !, Monica Cabrera-Mora ¢, Caitlin

Bohannon ?, Joshy Jacob ¥ 3, Myriam Arévalo-Herrera 4, Alberto Moreno *2

1. Emory Vaccine Center, Yerkes National Primate Research Center, Emory University, 954

Gatewood Road, Atlanta, GA 30329.

2. Division of Infectious Diseases, Department of Medicine, Emory University, 69 Jesse Hill, Jr.

Drive, SE, Atlanta, GA 30303.

3. Department of Microbiology and Immunology, Emory University School of Medicine, 1510 Clifton

Road, Atlanta, Ga 30322.

4. Caucaseco Scientific Research Center, Malaria Vaccine and Drug Development Center (MVDC),

Cali, Colombia.

Originally published in Frontiers in Cellular and Infection Microbiology:
McCaffery JN, Fonseca JA, Singh B, Cabrera-Mora M, Bohannon C, Jacob J, Arévalo-Herrera M,
Moreno A. (2019). A Multi-Stage Plasmodium vivax Malaria Vaccine Candidate Able to Induce Long-
Lived Antibody Responses Against Blood Stage Parasites and Robust Transmission-Blocking Activity.
Front Cell Infect Microbiol. 2019 May 1;9:135. PMID: 28483199. doi: 10.3389/fcimb.2019.00135.

Copyright © 2017, Frontiers.

124



Abstract

Malaria control and interventions including long-lasting insecticide-treated nets, indoor residual spraying,
and intermittent preventative treatment in pregnancy have resulted in a significant reduction in the
number of Plasmodium falciparum cases. Considerable efforts have been devoted to P. falciparum
vaccines development with much less to P. vivax. Transmission-blocking vaccines, which can elicit
antibodies targeting Plasmodium antigens expressed during sexual stage development and interrupt
transmission, offer an alternative strategy to achieve malaria control. The post-fertilization antigen P25
mediates several functions essential to ookinete survival but is poorly immunogenic in humans. Previous
clinical trials targeting this antigen have suggested that conjugation to a carrier protein could improve the
immunogenicity of P25. Here we report the production, and characterization of a vaccine candidate
composed of a chimeric P. vivax Merozoite Surface Protein 1 (CPvMSP1) genetically fused to P. vivax
P25 (Pvs25) designed to enhance CD4* T cell responses and assessed in a murine model. We demonstrate
that antibodies elicited by immunization with this chimeric protein recognize both the erythrocytic and
sexual stages and are able to block the transmission of P. vivax field isolates in direct membrane-feeding
assays. These findings provide support for the continued development of multi-stage transmission
blocking vaccines targeting the life-cycle stage responsible for clinical disease and the sexual-stage

development accountable for disease transmission simultaneously.
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Introduction

Malaria remains one of the most serious threats to global health. In 2017, there were an estimated 219
million malaria cases resulting in 435,000 deaths worldwide (1). Of the five Plasmodium species that cause
malaria in humans, P. vivax is the most widely distributed with ~2.8 billion people at risk of infection (282).
Its wide geographical range is mainly due to the ability of P. vivax to develop within the Anopheles
mosquito vector at lower temperatures, allowing for its survival at higher altitudes and temperate climates
(283). Furthermore, P. vivax has the ability to produce hypnozoites, dormant liver-stage parasites present
in P. vivax but not in P. falciparum (284), causing relapse infections weeks to months after the initial
infection. Effective malaria control programs, therefore, require comprehensive measures that involve

targeting both of Plasmodium species (285, 286).

Current malaria control efforts have mainly been focused on the use of vector-based interventions,
including long-lasting insecticide-treated nets (LLIN), indoor residual spraying (IRS), and preventative
therapies. Preventive therapies include intermittent preventative treatment in pregnancy (IPTp) with the
sulfadoxine-pyrimethamine and seasonal malaria chemoprevention (SMC) in children aged 3-59 months
living in areas of high seasonal malaria transmission (1). While these interventions have resulted in a
significant reduction in P. falciparum cases (287), P. falciparum vector-based interventions are less
efficacious against P. vivax (288). Anomalous climate patterns, as well as the emergence of mosquito
resistance to insecticides (289, 290) and parasite resistance to antimalarial treatments (1, 291, 292), pose

additional challenges to the prevention and treatment of malaria despite improved malaria control coverage.

Due to the numerous challenges faced by traditional malaria control methods, the development of novel
intervention tools is essential. One potential strategy is the use of transmission-blocking vaccines as they
are considered one of the best alternatives to achieve malaria control. Since the life cycle of Plasmodium

requires the female Anopheles mosquito to ingest gametocytes during a blood meal from an infected human
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host to reach the mosquito midgut and begin the next stage of development outside the human red blood

cells, this transition could be interrupted by anti-parasite antibodies present in the blood meal (156).

There are two kinds of transmission blocking antigens that can be targeted by vaccines: pre-fertilization
and post-fertilization antigens. Pre-fertilization antigens are expressed by gametocytes and gametes;
antibodies against these antigens can block the formation of zygotes by binding to the gametes (187). Post-
fertilization antigens are expressed by zygotes, ookinetes, and oocysts, antibodies that recognize these
forms prevent the mosquito midgut invasion (156, 187). Under natural conditions, the human host is not
exposed to post-fertilization antigens. However, transmission-blocking vaccination can be used to elicit

antibodies targeting post-fertilization antigens that the mosquito will be exposed to during the blood meal.

Of the post-fertilization antigens described to date, the P25 protein present on the surface of ookinetes
and oocysts, first described by Tsuboi et al. (293), is one the best characterized (294). P25 mediates several
functions including promoting the clustering of the ookinetes and allowing them to survive the midgut
proteolytic environment (188). P25 also mediates the attachment and invasion of the mosquito midgut by
damaging the midgut epithelium (189-191), and binding to laminin and collagen IV in the basal membrane

which serves as the starting signal for the ookinete to oocyst development (192, 193).

While previous phase | clinical trials using the P. vivax P25 protein (Pvs25) have demonstrated that
humans can produce antibodies against this antigen, an ideal formulation has not been reported. The first
clinical trial of a protein-based Pvs25 vaccine candidate formulated with alum as an adjuvant showed poor
immunogenicity and no transmission blocking effect (184). A subsequent clinical trial using a protein-based
Pvs25 formulated with Montanide ISA 51 as an adjuvant, showed that low doses of the formulation were
able to induce transmission blocking immunity, but higher doses were associated with systemic adverse
events (197). However, pre-clinical and clinical studies aimed at improving the suboptimal

immunogenicity observed by immunization with the Plasmodium P25 proteins, Pfs25 and Pvs25 have
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suggested that the addition of a carrier protein could potentially enhance the immunogenicity of this protein

(295-297).

A vaccine targeting only a transmission-blocking antigen faces challenges in maintaining an antibody
response to parasite antigens to which there would be no bosting effect by natural exposure. Furthermore,
this type of vaccine would not provide the human host with protection against infection and would likely
have low compliance especially if multiple vaccinations were required. We hypothesize that the
development of a bifunctional P. vivax vaccine able to target both a blood stage antigen and a sexual stage
antigen could provide protection against infection to the vaccinated host as well as reduce transmission. A
multi-stage transmission-blocking vaccine is particularly relevant for P. vivax given the fact that most
relapses are asymptomatic (298), as asymptomatic patients are less likely to receive treatment to clear the
infection quickly, resulting in longer periods where the parasite can be spread by mosquitoes. In addition
to targeting a reservoir of malaria transmission, a P. vivax bifunctional blood stage and transmission
blocking vaccine may also improve vaccine uptake due to its potential to provide clinical immunity, as well

as a reduction in transmission.

Our group has previously defined several CD4* T cell epitopes within the erythrocytic stage antigen
Merozoite Surface Protein 1 (MSP1) of P. vivax. These epitopes contain features that define them as
promiscuous T cell epitopes (i.e., able to bind a broad range of MHC class Il alleles) (220). Synthetic
peptides representing these P. vivax MSP1 T cell epitopes are recognized by lymphocytes from individuals
naturally infected with P. vivax (220). We have designed and expressed a chimeric P. vivax MSP1
(cPvMSP1) by genetically linking five of these promiscuous T cell epitopes arrayed in tandem
conformation to an extended version of the carboxyl-terminal 19kDa fragment of the P. vivax MSP1
Merozoite Surface Protein 1 (PvMSP119) (259). We have shown that immunization with cPvMSP1 induced
significantly better cellular and humoral immune responses in the murine model when compared to the

native protein (259). Here we report the design, production, and characterization of a chimeric bifunctional

128



protein composed of the previously described cPvMSP1 (259), now genetically fused to recombinant Pvs25
(cPvMSP1-Pvs25). We hypothesize that cPvMSPL1 will serve both as a carrier protein that can improve
Pvs25 immunogenicity while also inducing robust anti-blood stage protective immune responses. Here we
assessed the cellular and humoral immunogenicity of cPvMSP1-Pvs25 in mice and its ability to induce
long-lived plasma cells, as well as the ability of antibodies elicited by vaccination with cPvMSP1-Pvs25

vaccination to reduce transmission when tested in functional assays.

Methods

Ethics statements. This study including human samples was carried out in accordance with the
recommendations of the ICH/GCP guidelines, Comité de Etica para Investigacién con Humanos, Centro
Internacional de Vacunas (CECIV) and the protocol approved by the CECIV. All subjects gave written

informed consent in accordance with the Declaration of Helsinki.

All animal protocols that include experimental animal procedures using mice and NHP were carried
out in accordance with the US Animal Welfare Act and approved by the Emory University’s Institutional

Animal Care and Use Committee and followed accordingly.

Design and biochemical characterization of the P. vivax chimeric Pvs25-MSP1 protein. The 861 bp
synthetic gene encoding the chimeric P. vivax merozoite surface protein 1 protein (cPvMSP1) used for
these studies has been previously described (259). A 546 bp synthetic gene encoding Pvs25 (codon
optimized for expression in E. coli) was produced by Geneart (Regensburg, Germany). The sequence for
the synthetic gene was derived from the Salvador | strain (XP_001608460; A23 to L195), which does not
include its signal peptide and the GPI anchor. A sequence encoding the peptide MAVD was added upstream

of the amino-terminal A23 for protein expression. The synthetic gene was subcloned into a pET24d(+)
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vector. For the production of the synthetic gene encoding the bifunctional chimeric protein, the chimeric
PvMSP1 plasmid construct was digested with Xhol and the Pvs25 plasmid amplified by PCR using
Xhol/Ncol specific primers. The fragments were annealed and then ligated with T4 DNA ligase. The proper
configurations of the Pvs25 and cPvMSP1-Pvs25 genes were verified by enzyme restriction analysis and
the sequence confirmed using an automatic sequencer. The recombinant pET plasmids were transformed
into BL21 (DE3) cells with kanamycin selection. The sequence of the recombinant bifunctional erythrocytic
stage-transmission blocking chimeric protein, designated cPvMSP1-Pvs25 (Figure 1A), includes: i) MAVD
amino terminus to reduce degradation during synthesis in E. coli and to provide a start signal; ii) Five
promiscuous T cell epitopes derived from P. vivax MSP1 capable of binding to a broad range of MHC class
Il alleles, arranged in tandem interspaced with GPGPG spacers: PvT4 (N7s-Lg7), PvT6 (F11s-His7), PvT8
(Lisg-D177), PvT19 (L37s-Sse7) and PvT53 (Si0ss-N1o77); iii) An extended version of the P. vivax MSP119 kKD
protein fragment, which includes two promiscuous T cell epitopes derived from MSP133 protein fragment;
iv) A (NANP)s tag from the original chimeric PvMSP1 derived from the P. falciparum circumsporozoite
protein included for biochemical characterization of antigenic integrity of the chimeric protein and to
provide an optional affinity purification tag; and v) The Pvs25 sequence derived from the P. vivax Salvador
I strain, without the signal peptide and the GPI anchor, but including the MAVD sequence derived from

the plasmid Pvs25.

Protein expression was induced with 1 mM IPTG, and the soluble Pvs25 was purified with a Ni-NTA
affinity column. cPvMSP1-Pvs25 was expressed in inclusion bodies and refolded as previously described
(299) using 4M concentration of urea in the refolding solution. After refolding, the protein was purified
using gel filtration chromatography. The integrity of the proteins was analyzed by western blot using the
anti-Pvs25 monoclonal antibody (mAb) N1-1H10 (MRA-471, BEI Resources), anti-His tag, or the mAb
2A10 that recognize the (NANP)s carboxyl terminal tag of the cPvMSP1-Pvs25 (Figure 1 and

Supplementary Figure 1). Additionally, endotoxin levels of the purified protein product were determined
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using the E-Toxate Limulus amebocyte lysate kit (Sigma), according to the manufacturer’s instructions, and

were determined to range between 25 and 42 EU/mg of protein.

Synthetic peptides. A library of 61 15-mer synthetic peptides overlapped by 11 residues and spanning the
complete cPvMSP1-Pvs25 chimeric protein sequence was commercially synthesized by the multiple solid-
phase technique (Sigma-Aldrich). Peptide pools were used to characterize cellular reactivity, with the
cPvVMSPL1 peptide pool 1 representing the sequence of the cognate T cell epitopes derived from the MSP1
structure included in our chimeric construct and the cPvMSP1 pool 2 representing the complete amino acid
sequence of the MSP114 kD protein fragment. Pvs25 pool 1 and pool 2 represent the amino acid sequence

of Pvs25 (Table 1).

Mice immunizations. Groups of ten female CB6F1/J (H-29°) mice, 6 to 8 weeks of age, were purchased
from The Jackson Laboratory. The animals were immunized subcutaneously on days 0, 20 and 40, in the
base of the tail and the interscapular area, using 20 pg of either the cPvMSP1-Pvs25 or Pvs25 proteins
emulsified in the adjuvant Montanide ISA 51 VG (Seppic). As a control, groups of mice received PBS
emulsified in the same adjuvant. A summary of the immunization regimens and groups can be found in
Table 2. All animal protocols were approved by the Emory University’s Institutional Animal Care and Use

Committee and followed accordingly.

ELISA assays. The procedures for the assessment of 1gG antibody titers, subclasses, and avidity have been
previously described (259). Antibody titers elicited by immunization of mice were determined by ELISA
using Immulon 4HBX plates (Thermo Scientific) coated with 1 ug/ml of cPvMSP1-Pvs25, Pvs25 or
PvVMSP1, diluted in carbonate buffer as described (204).
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Briefly, plates were allowed to incubate overnight with 100ul of the 1 ug/ml protein solution. The
solution was removed, and plates were washed three times with wash buffer consisting of PBS 1X with
0.05% Tween20. 200 ul of blocking solution, BSA (KPL) diluted 1:10 in distilled water, was added to each
well and plates were incubated again for 2 hours at 37°C. Blocking solution was removed without washing.
Sera were diluted in a dilution solution composed of 1:20 BSA (KPL) in distilled water at a starting dilution
of 1:320. 1:320 served as the initial starting dilution for all samples. Serial dilutions were made until 1:
327680, the maximum allowed in a 12 column 96 well plate, leaving one column for background. Cutoffs
for positive titers were set at the highest dilution of sera where the O.D. was greater than that of the mean
plus three standard deviations above the optical densities obtained using pre-immune sera. If the cutoff
values were above the limit of detection of the serial dilutions allowed by the plate, the starting dilution
was adjusted accordingly for repeat ELISAs until the cutoff value was reached. Following a one-hour
incubation with 100 pl of the diluted mouse sera at 37°C, the plates were washed five times with wash
buffer before the addition of 100 pl of peroxidase labeled goat anti-mouse 1gG antibody (KPL) at 1:1000
in dilution solution. Plates were again incubated for 1 hour at 37°C before washing five times with wash
buffer. ABTS solution (KPL) was used to reveal the ELISA following a one-hour incubation. Optical
densities were determined using a VERSAmax ELISA reader (Molecular Device Corporation) with a 405

nm filter. Results are presented as the reciprocal of the end-point dilution.

IgG1 and 1gG2a subclass profiles of vaccine-induced antibodies were also determined. ELISAs were
run as described for the determination of antibody titers, except that after incubation of the plates with sera,
plates were washed and incubated with biotinylated rat anti-mouse mAbs IgGl and IgG2a, (BD
Pharmingen) for 2 hours. After washing, the bound antibodies were detected using horseradish peroxidase
(HRP)-streptavidin (KPL) and the SureBlue™ TMB Microwell Peroxidase Substrate (KPL). The
peroxidase reaction was stopped with the TMB Stop Solution (KPL). Optical densities were determined

using a VERSAmax ELISA reader (Molecular Device Corporation) with a 450 nm filter.
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The avidity indices of the antibodies were assessed by ammonium thiocyanate elution-based ELISA
using sera samples obtained at day 60, corresponding to 20 days after the final immunization, and day 730,
(two years after the first immunization). The avidity ELISA was conducted similarly to the total IgG titer
ELISA, with slight modifications. Briefly, serial dilutions of the sera were assayed in the absence and
presence of 1M NHiSCN (Sigma Aldrich) in PBS. The plates were incubated for 15 min at room
temperature before washing and proceeding with the assay as described above. The avidity index was
calculated as the ratio between the antilog of the absorbance curves obtained with (x1) and without (x2)

NH4SCN, as previously described (221).

For ELISA competition assays, purified polyclonal anti-cPvMSP1-Pvs25 and anti-Pvs25 elicited in
rabbits (Covance) were used. Fixed amounts of the monoclonal antibody N1-1H10 (1 ng) were tested with
2-fold dilutions of purified rabbit IgG using the recombinant Pvs25 protein as antigen. The concentration
of polyclonal antibodies required for 50% inhibition of Pvs25-N1-1H10 interaction was then estimated

using linear regression.

Indirect immunofluorescence assays (IFA). Sera obtained from 10 C5B6F1/J mice after the third
immunization with cPvMSP1-Pvs25 were pooled, and antibody reactivity against native Pvs25 protein was
evaluated by indirect immunofluorescence. For assessment of antibody reactivity to native P. vivax MSP1,
an aliquot of blood was collected from a P. vivax infected Saimiri boliviensis monkey (kindly provided by
Dr. Mary Galinski) into CPD tubes and washed twice using RPMI 1640 medium before the cells were
adjusted to 1% hematocrit. Ten microliters of the cell suspension were added to wells of 12-well slides
(ICN Biomedicals Inc) and air-dried before storage at —20 C. To evaluate reactivity, parasites slides were
air-dried at RT for 30 minutes. Afterward, slides were incubated 90 min with mouse sera obtained from
after the third immunization, diluted at 1:500 in PBS with 0.2% BSA in a dark, moist chamber. After the

incubation, slides were washed three times with PBS containing Tween-20 (PBS-T), to minimize non-
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specific binding. Parasites were stained for 30 min at RT in a dark, moist chamber with goat anti-mice
Alexa Fluor 488 (Invitrogen) at a 1:500 dilution in Evans Blue 0.4% in PBS 1X. After staining, microscope
slides were washed three times and allowed to dry completely. Parasite nuclei were stained using 4°,6-
diamidino-2-phenylindole dihydrochloride (DAPI) included in the anti-fade mounting medium Prolong

(Life Technologies) before coverslips were placed.

For assessment of reactivity to Pvs25, young oocysts were derived in vitro as described (300) and
produced using the P. berghei transgenic parasite expressing Pvs25 (MRA-904, pv25DR, BEI Resources).
Culture smears were stored at -80°C until need. Slides were allowed to air dry at room temperature for 30
minutes before being fixed for 10 min in 4% PFA/PBS. Slides were then washed three times with PBS 1X
and blocked for 1 h in blocking buffer (10% v/v FBS, 1% w/v BSA in PBS). Slides were allowed to incubate
overnight with sera from individual rabbits immunized with either Pvs25 or cPvMSP1-Pvs25 at 1:500 in
1% (w/v) BSA in PBS at 4 °C in a wet chamber. The following day, slides were washed three times in PBS
and then incubated with Alexa Fluor 488-conjugated goat anti-rabbit (H+L) 1gG (ThermoFisher) at 1:500
in 0.4% Evans Blue in PBS 1X for 60 min. After washing three times, slides were allowed to dry completely
(8 hours) and mounted with ProLong Gold anti-fade reagent with DAPI (Life Technologies) and a

coverslip.

ELISpot assays. 96-well plates were coated with 5 ug/ml Pvs25, cPvMSP1-Pvs25, and cPvMSP1 and
blocked with complete RPMI (10% FBS, 1% penicillin/ streptavidin, 1% HEPES, and 50 pM 2-
mercaptoethanol). Bone marrow and splenic cells were then isolated from the CB6FJ/1 mice two years
post-immunization with Pvs25, cPvMSP1-Pvs25, or the Montanide adjuvant control. To isolate bone
marrow cells from the mice, femur bones were removed from following Emory IACUC approved
euthanasia. Femurs were then placed in complete RPMI, and the ends of the bones were clipped off with

sterile surgical scissors. The bone marrow was then flushed from the femur with RPMI using a syringe into
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a new sterile conical tube. The bone marrow was then passed through the syringe needle several times to
resuspend the cells. Similarly, spleens are removed post-mortem and then pulverized through a cell strainer
using the inside of the syringe. Cells were washed and used immediately with no further processing. Cells
were serially diluted on prepared plates and incubated for 16 hours at 37°C. The plates were then treated
with anti-lgG-biotin (Southern Biotechnology) followed by incubation with streptavidin-alkaline
phosphatase (Sigma). Plates were then developed with 5-bromo-4-chloro-3-indolylphosphate (Sigma) until
spots appeared, and spots counted with CTL ImmunoSpot software. Results were then normalized to

adjuvant control mice.

Flow cytometry assays. Flow cytometry analyses of cPvMSP1-Pvs25 or Pvs25 specific T cells were
conducted to simultaneously analyze IFN-y at the single-cell level in T cells derived from splenocytes
obtained five days after the final boosting immunization. Mice were euthanized according to the Emory
IACUC approved protocols and spleens were removed. Spleens were transferred into complete media,
composed of DMEM, 1% non-essential amino acids, 2 mM L-glutamine, 5% inactivated FBS, 50 uM 2-
mercaptoethanol, 10 mM HEPES, 100 U/ml penicillin and 100 pg/ml streptomycin. Spleens were then
homogenized under sterile conditions, and the homogenized fluid was passed through 200 pm nylon strainer
to remove clumps and large pieces of tissue. Red blood cells were lysed using 2ml of BD PharmLyse buffer
incubated with for 3 minutes before centrifugation at 400g for 5 minutes and washing with 5 ml of flow
cytometry buffer. Cells were counted and the concentration was adjusted to 107 cells/ml. 100 pul was then
placed in individual round bottom tubes. Cells were stimulated for 6 hours with peptide pools at 2 pg/ml
at 37°C, in the presence of GolgiPlug (BD Biosciences). Cells were then incubated with Live/Dead Aqua
Stain (Life Technologies) followed by surface staining with a-CD3 (PerCP Cy5.5), a-CD4 (Alexa Fluor
700), and a-CD8a (APC-Cy7) for 30 min. The cells were then fixed, permeabilized and stained with

antibodies against IFN-y (APC). All the monoclonal antibodies were obtained from BioLegend. Flow
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cytometry analyses were performed using an LSRII flow cytometer (BD Biosciences), and data were
analyzed using FlowJo software version 10.1. The lymphocytes were initially gated on the Live/Dead
channel, and then CD3* and then CD4* and CD8" populations. Antigen-specific cytokine-secreting T cells
were identified within both the CD4* and CD8* populations. The frequency of antigen-specific cytokine-
producing cells was determined by subtracting the percentage of cytokine-producing T cells after incubation
with medium alone from the percentage of cytokine-producing T cells after incubation with the peptide

pools. Samples that did not meet this requirement were set to zero.

Transmission-blocking assays. The transmission-blocking activity of sera derived from rabbits
immunized with Pvs25 or cPvMSP1-Pvs25 was measured by direct membrane feeding assays as described
elsewhere (301-303). Briefly, 150 pul of infected RBCs from P. vivax infected patients were washed twice
with RPMI 1640 medium (Sigma Aldrich) and diluted in a 150 ul of fresh sera from rabbits obtained after
three immunizations with 20 pug of cPvMSP1-Pvs25 or Pvs25 to feed 100 adult (2-3 day old) An. albimanus
mosquitoes. Pre-immune sera from the same rabbits were used as a negative control. After 30 minutes of
feeding, unfed mosquitoes were removed from the cages, and fed mosquitoes maintained at 27°C and 80—
90% relative humidity. All procedures were performed at 37°C. Seven days after feeding, 30-40 mosquitoes
were dissected, midguts were stained with 2% mercurochrome, and the numbers of oocysts per mosquito

midgut were counted.

Statistical analysis. Statistical analysis and graphs were made using GraphPad Prism 5.0 software
(GraphPad Software Inc.). For analysis of the antibody responses, all ELISA titers were log-transformed to
conform to the normality and variance requirements of parametric testing and compared using Student’s t-
test for comparison of antibody titers between groups. Student’s t-test was used for the comparison of

antibody avidity between groups. Mann Whitney was used for the comparison of antibody subclass ratios
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between immunization groups. Differences in the numbers of antibody secreting cells obtained via ELISpot
were analyzed using the Mann-Whitney test to compare responses obtained from the Pvs25 and cPvMSP1-
Pvs25 immunization groups. Levels of cytokine IFN-y production obtained from flow cytometry were
analyzed using unpaired t-tests to compare immunization groups. The transmission-blocking activity of the
anti-cPvMSP1-Pvs25 or anti-Pvs25 sera compared against naive sera or between the groups was analyzed

using one-way ANOVA.

Results

Design, expression, and characterization of the chimeric protein cPvMSP1-Pvs25. The chimeric
PvVMSP1 protein used to create a bifunctional vaccine construct by genetic fusion to the Pvs25 protein has
previously been reported by our group (259). Briefly, the protein consists of five experimentally defined
promiscuous T cell epitopes (220) derived from several regions along the native P. vivax MSP1. These
epitopes are arrayed in tandem, interspaced with GPGPG spacers, and genetically fused to an extended
form of the PvMSP115 kD fragment that contains two T helper epitopes derived from MSP13; kD fragment.
Initial immunogenicity studies showed that this protein was able to elicit robust cytophilic antibody and
CD4* and CD8+ T cell responses when delivered either alone as a recombinant protein formulated in water-
in-oil emulsion using homologous prime-boost immunization regimens (259) or via heterologous prime-
boost immunization regimens using recombinant adenoviral vectors for priming immunization (304). To
test the feasibility of developing a hybrid vaccine with the potential of inducing blood and mosquito stage-
specific immunity, we expressed cPvMSP1-Pvs25 and Pvs25 as recombinant proteins in E. coli (Figure 1A,

1B).

To confirm the biochemical identity of the cPvMSP1-Pvs25 protein, western blot analysis using
monoclonal antibodies targeting specific regions of the cPvMSP1 and Pvs25 protein components was

conducted (Figure 1C). The monoclonal antibody N1-1H10 was used for assessment of both the cPvMSP1-
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Pvs25 and recombinant Pvs25 proteins, as it recognizes a conformational-dependent epitope (305) present
in the second epidermal growth factor-like domain of Pvs25 (306) and is able to inhibit oocyst development
in the vector (307). Anti-His tag antibodies were used to identify the His-tag present at the C terminal end
of the Pvs25 protein segment of the cPvMSP1-Pvs25 protein and the recombinant Pvs25. The monoclonal
antibody 2A10 targets the circumsporozoite (NANP), repeat region derived from P. falciparum, which is
present in the cPvMSP1-Pvs25 protein at the carboxyl-terminal end of the chimeric PvMSP1 protein. We
observed recognition of the cPvMSP1-Pvs25 protein as a single band with the expected size of ~52 kDa by
the monoclonal antibody targeting the NANP repeats (2A10), the anti-His tag monoclonal antibody, and
the monoclonal antibody targeting the Pvs25 protein (N1-1H10). As expected, we also observed binding of
the anti-Pvs25 monoclonal antibody (N1-1H10) and the anti-His-tag antibody to the recombinant Pvs25
protein, shown as a ~25 kDa band. These experiments confirm that at least the epitopes of these monoclonal

antibodies remained correctly folded.

To determine if the Pvs25 functional domains are conserved within cPvMSP1-Pvs25, we used ELISA
competition assays (Figure 1D). Purified polyclonal antibodies elicited in rabbits by immunization with
the recombinant proteins were tested at different concentrations and co-incubated with fixed amounts of
the monoclonal antibody N1-1H10 (307). The polyclonal antibodies inhibited the binding of N1-1H10 with
a distinct competition pattern. The concentration of the polyclonal antibodies required for 50% inhibition
of antigen-monoclonal antibody interaction was estimated in 32 ug for anti-Pvs25 and 13 ug for anti-
cPvMSP1-Pvs25. These results suggest that antibodies elicited by immunization with the protein expressed

in E. coli have transmission-blocking potential.

Antibody response induced by cPvMSP1-Pvs25. Hybrid CB6F1/J mice were immunized with Pvs25 or
cPVMSP1-Pvs25 on days 0, 20, and 40 (Table 2). Sera were obtained 20 days after each immunization.

When we assessed the anti-cPvMSP1-Pvs25 titers at day 20 and 40, we observed significantly higher titers
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in the cPvMSP1-Pvs25 immunized group than in the Pvs25 group at both time points (P = 0.0017 and
0.0262, respectively). At day 60, 20 days after the last immunization, mice immunized with cPvMSP1-
Pvs25 had mean antibody titers of 3.4 x 10° against the chimeric recombinant protein, significantly higher
(P = 0.0414) than those in mice immunized with Pvs25 which had mean antibodly titers of 2.4 x 108 (Figure
2). At day 730, two years after the first immunization, the group immunized with cPvMSP1-Pvs25 had
mean antibody titers of 1.7 x 10° against cPvMSP1-Pvs25, a reduction of 26.8%. This observation is in
sharp contrast with the group of mice immunized with Pvs25 that had mean antibody titers of 3.7 x 10°
against cPvMSP1-Pvs25, a reduction of 89.2% (P= 0.0107, Figure 2). The data suggest that unlike Pvs25

the antibody response induced by cPvMSP1-Pvs25 is long-lasting in mice.

To assess if antigenic competition occurs in mice immunized with the chimeric protein, antibody titers
against the individual components of the bifunctional chimeric protein (Pvs25 and cPvMSP1) were also
measured (Figure 3). The cPvMSP1-Pvs25 immunization group was able to recognize Pvs25 at day 60 with
mean antibody titers of 2.4 x 108, which were similar to levels in mice immunized with Pvs25 (P = 0.9617)
(Figure 3A). Assessment of anti-Pvs25 titers at day 730 in mice immunized with cPvMSP1-Pvs25 revealed
a titers reduction of 47.2%, while the antibody titers in mice immunized with Pvs25 alone were reduced by
86.0%, a significant difference between the groups (P = 0.0402) (Figure 3A). As expected, mice immunized
with Pvs25 alone did not produce antibodies against PvMSP1, showing only minimal reaction at the highest
concentration of sera used. In contrast, mice immunized with cPvMSP1-Pvs25 had mean anti-PvMSP1
antibody titers of 6.6 x 10®at 20 days after the final immunization, and 1.0 x 10° two years later (P = 0.0027)
(Figure 3D); the later titers at day 730, remained significantly higher than the Pvs25 immunized group, with

a reduction of 84.8% (P = 0.003).

Characteristics of anti-Pvs25 and anti-MSP1 antibodies. The average avidity index of anti-Pvs25

antibodies induced by immunization with cPvMSP1-Pvs25 at 20 days after the final immunization was
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significantly lower than that induced by immunization with Pvs25 (0.79 and 0.95 respectively, P = 0.0038)
(Figure 3B). In contrast, by day 730 the respective values were 0.68 and 0.50 (P = 0.0108), indicating a

significantly higher avidity index for antibodies induced by cPvMSP1-Pvs25 compared with Pvs25 alone.

The characteristics of the antibodies against chimeric PvMSP1 were only analyzed in the group
immunized with cPvMSP1-Pvs25 since only these mice recognize this antigen. The average avidity index
of the cPvMSP1-Pvs25 induced anti-MSP1 antibodies 20 days after the final immunization was 0.74 and

remained similar after two years (0.71, P = 0.6381) (Figure 3E).

The 1gG subclasses induced by vaccination with Pvs25 and cPvMSP1-Pvs25 was assessed in order to
determine antibody quality, as cytophilic antibodies against MSP1, which correspond to IgG2a in mice,
have previously been reported to be associated with protection (226). Measurement of the Pvs25-specific
IgG2a and IgG1 subclasses, expressed as the 1gG2a/lgG1 ratio, revealed a higher ratio for the cPvMSP1-
Pvs25 immunized mice at both day 60 and day 730, however only at day 730 was the 1gG2a/lgG1 subclass
ratio of the cPvMSP1-Pvs25 group significantly higher than that of Pvs25 immunized mice (P = 0.0131)
(Figure 3C). Assessment of the IgG subclass ratios for anti-PvMSP1 responses induced by vaccination with
cPVMSP-Pvs25 revealed a different pattern, with the 19gG2a/lgG1 ratio of the anti-MSP1 antibodies
significantly higher at 60 days than at 730 days after the first immunization (P = 0.0010) (Figure 3F),

showing a shift towards a Th2 phenotype over time.

Anti-cPvMSP1-Pvs25 induced antibodies recognize the native parasite proteins. The ability of the
antibodies induced by vaccination with cPvMSP1-Pvs25 or Pvs25 to recognize the native antigens on the
surface of oocysts and schizonts was assessed by immunofluorescence (Figure 4). Transgenic P. berghei
parasites (MRA-904 parasites) expressing Pvs25 on the surface of oocysts were used to assess the ability
of antibodies from cPvMSP1-Pvs25-immunized mice to recognize native Pvs25. As expected, pooled sera

from the cPvMSP1-Pvs25-immunized group obtained at day 60 were able to bind to the surface of P.
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berghei Pvs25 transgenic parasites (Figure 4). Thin smears made from infected red blood cells from P.
vivax infected Saimiri monkeys were used to assess the ability of antibodies from cPvMSP1-Pvs25
immunized mice to recognize the native PvMSP1 protein. Pooled sera from the cPvMSP1-Pvs25
immunized group obtained at day 60 recognized P. vivax schizonts (Figure 4). Combined, these data
indicate that chimeric cPvMSP1-Pvs25 immunization elicited antibodies capable of binding the native

structure of Pvs25 and the native P. vivax MSP1.

cPVMSP1-Pvs25 plasma cell induction. To confirm that the long-lasting antibody responses observed at
two years post-immunization were related to the induction of long-lived plasma cells (LLPCs), antigen-
specific 1gG plasma cells were measured in CB6F1/J mice immunized with Pvs25, cPvMSP1-Pvs25, or
Montanide via ELISPOT two years post-immunization. Mice immunized with cPvMSP1-Pvs25 generated
a robust, long-lived IgG plasma cell response not only to the cPvMSP1-Pvs25 protein itself but also to
Pvs25 and cPvMSP1 (Figure 5). This response lasts for the lifetime of the animal. The number of long-
lived 1gG plasma cells in the bone marrow specific to cPvMSP1-Pvs25 was significantly higher (P =
0.0456) in mice immunized with cPvMSP1-Pvs25 than those immunized with Pvs25 alone (Figure 5A).
Furthermore, the group immunized with Pvs25 was unable to generate a plasma cell response significantly
above that of the adjuvant-only control. Mice immunized with cPvMSP1-Pvs25 also generated significantly
greater numbers of IgG ASCs specific to Pvs25 (Figure 5B), and PvMSP1 (Figure 5C) compared to mice
immunized with Pvs25 (P = 0.0022 and P=0.0092, respectively). This increase in long-lived IgG plasma
cells was most pronounced in the bone marrow, though antigen-specific 1gG plasma cells persist in the
spleen at lower numbers. Overall, immunization with cPvMSP1-Pvs25 was more efficient, as it was able
to stimulate long-lived, Plasmodium-specific 1gG plasma cells when compared to standard Pvs25

immunization.
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Cellular response induced by cPvMSP1-Pvs25. Following the assessment of the humoral response
induced by vaccination with cPvMSP1-Pvs25 as compared to Pvs25, we sought to determine if cPvMSP1-
Pvs25 was able to induce a cellular response able to recognize individual components of the bifunctional
chimeric protein. CB6F1/J mice were immunized three times with 20 pg of either the chimeric cPvMSP1-
Pvs25 or the recombinant Pvs25 on day 0 and 20, as described in Table 2. Mice were euthanized five days
after the second immunization and splenocytes were stimulated with peptide pools representing the
recombinant Pvs25 and cPvMSP1 proteins (Table 1) to analyze the production of IFN-y by both CD4" and
CD8" T cells (Figure 6). A sample gating strategy is shown in Supplementary Figure 2. We observed no
difference in the production of IFN-y between the immunization groups in either the CD4* or CD8* T cell
populations in response to stimulation with the Pvs25 peptide pools (Figure 6A and 6B). Following
stimulation with Pool 1 of cPvMSP1, we found that CD4* T cells from mice immunized with cPvMSP1-
Pvs25 produced significantly higher levels of IFN-y than those immunized with Pvs25 (P = 0.0010) (Figure
6C). Similarly, we found that following stimulation with Pool 2 of PvMSP1, both CD4" and CD8* T cells
from mice immunized with the cPvMSP1-Pvs25 protein produced significantly more IFN-y than the Pvs25

immunization group (P = 0.0043 for CD4*, P = 0.0138 for CD8", Figure 6C and 6D).

Transmission-blocking activity of anti-cPvMSP1-Pvs25 antibodies. Sera samples, obtained from rabbits
after three immunizations with either cPvMSP1-Pvs25 or Pvs25, were tested for transmission-blocking
activity using three different P. vivax isolates in independent membrane feeding assays. The transmission
blocking activity and the number of oocysts counted were assessed for both groups (Table 3). The activity
of immune sera was compared to pre-immune control sera (Table 3). Upon dissection of mosquitoes, we
found that sera obtained from both Pvs25 and cPvMSP1-Pvs25 resulted in significantly lower percentages
of infected mosquitoes when compared to the pre-immune sera samples. Similarly, we found significantly
lower numbers of oocysts present in the mosquitoes that had fed on the Pvs25 and cPvMSP1-Pvs25 samples
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as compared to the pre-immune rabbit sera controls. Overall, our results indicate that antibodies induced by
cPVMSP1-Pvs25 are able to block the infection in 90% of exposed mosquitos, and in infected mosquitos,

the parasite load is 98% lower than in mosquitoes feeding on a non-immunized source.

Discussion

Development of novel malaria intervention tools, such as transmission-blocking vaccines (TBVS), is
essential to combat the increased reports of insecticide and drug resistance (289, 290), as they could increase
the efficiency and sustainability of these existing malaria control methods (135). TBVs rely on the
generation of antibodies that block the development of Plasmodium parasites within the mosquito midgut.
However, under natural conditions, the human host is not exposed to the pre- and post-fertilization antigens
targeted by TBVs. Since there would not be a natural boosting effect during infection, highly immunogenic
formulations able to produce long-lasting, effective antibody levels are necessary (145). We propose that
the ideal formulation for a transmission-blocking malaria vaccine should consist of a transmission-blocking
component combined with a prophylactic vaccine in order to simultaneously provide protection against
disease to the recipient and reduce transmission. Here we present evidence that a chimeric protein designed
based on one of the best-characterized post-fertilization antigens, P25, conjugated to P. vivax MSP1
(cPvMSP1-Pvs25), elicits long-lasting antibody responses against both proteins, without immune
interference, while inducing robust cellular responses to PvMSP1 in CB6F1/J, comparable to those we have
previously reported for cPvMSP1 alone in BALB/c and C57BL/7 mice, which is expected as the CB6F1/J

is the F1 hybrid of these two strains (259).

Assessment of the quality and longevity of the antibody response induced revealed that immunization
with cPvMSP1-Pvs25, as compared to Pvs25, resulted in the induction of an antibody response against the
immunogens as well as against the individual components, which lasted for the lifetime of the animal with

a much lower reduction in antibody titers at two years post-immunization. Most critically, we observed a
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lower reduction in anti-Pvs25 antibody titers at two years post-immunization in groups of mice immunized
with the bifunctional chimeric protein as compared to the Pvs25 group. These results are significant as an
ideal transmission-blocking vaccine candidate must be capable of inducing functional and long-lasting

antibodies using a simplified immunization regimen for use in mass administration (308).

For the proof-of-concepts studies reported here, we selected Montanide ISA 51 VG, a water-in-oil
based adjuvant (309) that has been tested before in clinical trials (310-312). Our results are consistent with
the reported high efficiency of this adjuvant to induce robust antibody responses given its ability to promote
polarization of naive T cells into T follicular helper cells (313). However, safety concerns have arisen from
a Phase | clinical trial of Pfs25 and Pvs25 formulated in Montanide 51 showing systemic adverse events
compatible with erythema nodosum (197). Recent comparisons of P. falciparum Pfs25 formulated in novel
oil-in-water based adjuvants compared with alum-based adjuvants found that oil-in-water-based adjuvants
EMO081 and EM082 were more efficient in eliciting high titers of anti-Pfs25 IgG antibodies than the alum
adjuvants (314). Interestingly, this study also found that an adjuvant composed of oil-in-water-
glucopyranosyl lipid A-induced high-affinity antibodies that effectively blocked infection of mosquitoes
with P. falciparum and demonstrated that avidity could provide a surrogate measure of efficacy beyond the
antibody titers (314). The strong adjuvant effect was also confirmed by a Phase | clinical trial of a Pfs25
vaccine candidate paired with the aluminum adjuvant Alhydrogel, which observed a rapid decline in
antibody responses after vaccination (315). Overall, these experiments corroborate the adjuvant-
dependency on the magnitude and durability of the antibody response of P25-based vaccines (295, 316).
The long-lasting immunity induced by cPvMSP1-Pvs25 is therefore very encouraging compared to
previous studies and warrant further investigation regarding the best adjuvant system to deliver the

bifunctional chimeric protein.

Due to the importance of long-lived plasma cells (LLPC) in maintaining protective antibody levels for

years (295), LLPC induced by vaccination with cPvMSP1-Pvs25 were assessed. We were able to confirm
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high levels of bone marrow and spleen LLPCs at two years post-immunization. We observed that
immunization with cPvMSP1-Pvs25 was more efficient at generating long-lived Plasmodium-specific IgG
plasma cells when compared to Pvs25, with significantly more Pvs25-specific LLPCs also observed in the
bone marrow. Previous assessment of the effect of different carrier proteins and adjuvants on the
immunogenicity and longevity of the antibody response induced against Pfs25 in mice by Radtke et al.
(295) found that both of the self-derived mouse serum albumin and the foreign tetanus toxoid carrier
proteins tested generated robust humoral and cellular responses. The authors concluded that since TBVs
rely on antibody responses to block transmission of the parasite, the ideal TBV should either induce a large
antibody response that can diminish over time while remaining at levels high enough to provide protection
or induce a durable antibody response sustained by LLPCs in order to provide lasting protection. Along
with the reports by Radtke (295), subsequent studies on the effect of an MSP8 based carrier tested with
Pfs25 conducted by Parzych et al. (297), both suggest that a highly immunogenic carrier protein is likely
due to the presence of CD4* T cell epitopes that can promote humoral responses through the recruitment of
CD4* T cells. Based on this we can conclude that the likely mechanism of action of the cPvMSP1 carrier
protein is the improved recruitment of CD4* T cells due to the five promiscuous T cell epitopes included
in this chimeric protein, which ultimately promote the overall humoral response to the vaccine and

induction of the anti-Pvs25 LLPC response.

Avidity of the antibodies induced by vaccination with either Pvs25 or cPvMSP1-Pvs25 was also
assessed as a measure of immunogenicity. At 20 days after the final immunization, anti-Pvs25 antibody
avidity indices were 0.95 for Pvs25 and 0.79 for cPvMSP1-Pvs25 immunization groups. By two years post-
immunization, the anti-Pvs25 avidity index of the Pvs25 group had fallen to 0.50, significantly lower than
the avidity index of 0.68 at two years induced by immunization with cPvMSP1-Pvs25. Consistent with the
maintenance of antibody avidity against Pvs25 by the cPvMSP1-Pvs25 immunization regimen, the avidity

indices of the anti-cPvMSP1 response were not significantly different at 60 days than at two years post-
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immunization. The high avidity antibodies elicited by cPvMSP1-Pvs25 are, therefore, encouraging given
their relevance as a biomarker of efficacy of TBVs beyond the antibody titers (314). We can also conclude
that this is likely an effect of the improved LLPC response induced by the cPvMSP1-Pvs25 vaccination

regimen, allowing for the maintenance of higher avidity antibodies over time.

Cytophilic IgG antibody subclass responses directed against MSP114, as well as other merozoite surface
antigens, have previously been found to be associated with control of parasitemia and protection from
symptomatic illness in children in P. falciparum endemic areas (226). The cytophilic antibody subclasses
correspond to 1gG1 and IgG3 in humans and IgG2a in mice. We observed a shift in the 1gG2a/lgG1 ratio
of the anti-cPvMSP1 antibody response between day 60 and two years post-prime, with a significant
reduction in the 1gG2a subclass response. In contrast, there was a significantly higher IgG2a/lgG1 subclass
ratio for anti-Pvs25 antibodies in cPvMSP1-Pvs25 immunized mice compared to Pvs25 immunized mice
at the two-year time point. Although we observed higher levels of 1gG1 than IgG2a in the anti-cPvMSP1
response, the significantly higher 1gG2a/lgG1l ratio observed for the anti-Pvs25 response elicited by
cPvMSP1-Pvs25 vaccination is promising and may have biological significance due to differences in the
ability of 1gG subclasses to activate the classical complement pathway. Parasites present in the mosquito
midgut after the female Anopheles mosquito ingests infected red blood cells are exposed to multiple plasma
elements present in the mosquito blood meal including complement, granulocytes, and the host-derived
antibodies (135, 145). These components can all affect parasite development within the mosquito and
ultimately reduce transmission. Studies have shown that human sera with anti-Pvs25 antibodies have
reduced Killing activity after heat inactivation indicating that complement may be necessary to block
transmission with Pfs25 vaccine-induced antibodies (184). The classical complement pathway involves the
binding of complement molecule Clq to the Fc region of the antigen bound antibody. However, IgG
subclasses differ in their ability to activate complement, as human cytophilic antibodies 1gG3 and 1gG1

have been found to more effectively activate the classical complement pathway than the 1gG2 subclass.
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This study suggests that cPvMSP1-Pvs25 immunization is more effective at inducing cytophilic 1gG2a

subclass antibodies in mice.

The ability of antibodies induced by individual components of the bifunctional chimeric protein in this
study to bind the native structures expressed by ookinetes and schizonts is essential for their functional
activities. We confirmed by IFAs that antibodies induced by immunization with cPvMSP1-Pvs25
recognized the native structure on the surface of transgenic oocysts expressing Pvs25 as well as the native
structure of PvMSP1 in P. vivax blood stage schizonts. We have previously shown that passive
immunization using antibodies elicited by the orthologous P. yoelii chimeric MSP1 protein, based on
sequences from the P. yoelii 17X strain, protect naive mice against heterologous challenge with P. yoelii
nigeriensis N67 isolates (204). Although we were unable to repeat similar passive transfer experiments in
this study, future studies using transgenic parasites expressing P. vivax MSP1 are warranted. Additionally,
the binding capability of anti-cPvMSP1-Pvs25 antibodies and the robust transmission blocking activity
elicited by immunization as determined by membrane feeding assays, support further studies on the
functionality of the anti-Pvs25 and anti-cPvMSP1 antibodies induced by vaccination with cPvMSP1-Pvs25.
Furthermore, while no differences in the IFN-y response were observed between the immunization groups
following stimulation with the Pvs25 peptide pools, as expected, stimulation with cPvMSP1 peptide pools
revealed that cPvMSP1-Pvs25 induced high levels of IFN-y CD4" and CD8" T cells as compared to Pvs25-
immunized mice. The ability of cPvMSP1-Pvs25 to maintain robust IFN-y responses to cPvMSP1 when
conjugated to the Pvs25 protein is encouraging for the blood stage component of this vaccine candidate, as
several reports have indicated that high frequencies of IFN-y secreting CD4* T cells provide protection

from malaria in humans (58, 70, 230).

Direct membrane feeding assays allow the assessment of transmission-blocking activity to determine
the functionality of antibodies elicited by vaccination (317). Currently, transmission-blocking assays are

considered the most epidemiologically important method of evaluating transmission blocking vaccine
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candidates (317). We found that sera obtained from both Pvs25 and cPvMSP1-Pvs25-immunized rabbits
had significantly high transmission blocking activity, as shown by the lower percentages of infected
mosquitoes and the number of oocysts compared with pre-immune sera. Unlike P. falciparum membrane
feeding experiments, which can be done from parasite cultures, these results are promising as they came
from wild P. vivax isolates, allowing for better prediction of the transmission blocking potential these
antibodies might achieve if tested in clinical trials in endemic areas. These results support further

development of cPvMSP1-Pvs25 as an effective transmission-blocking vaccine.

The leading post-fertilization transmission-blocking vaccine (TBV) candidates P25 and P28 are shown
poor immunogenicity (195, 295). Chemical conjugation to carrier proteins, a strategy used for
glycoconjugate vaccines to enhance the immunogenicity of bacterial polysaccharides (318), has been tested
to improve the immune responses induced by post-fertilization antigens. Clinical trials of the conjugated
Pfs25-exoprotein A (EPA) vaccine showed excellent safety profile, but the antibody responses induced by
immunization were short lasting with poor responses elicited in volunteers living in endemic areas
compared to non-endemic areas (315, 319). Using a similar approach, P. falciparum Merozoite Surface
Protein 8 has been used as a protein carrier to improve the immunogenicity of Pfs25 taking advantage of

the presence of CD4* T cell epitopes reported in the protein (297).

The development of licensed vaccines that reduce malaria transmission of P. falciparum and P. vivax
is one of two main strategic goals of the 2030 Strategic Goals of Malaria Vaccine Technology published
by the WHO; the other is a malaria vaccine with at least 75% efficacy against clinical malaria (320). While
there is controversy concerning the use of transmission-blocking vaccines, including the fact that
transmission-blocking antigens alone will only reduce transmission but will not protect vaccinated
populations from disease (180), the combination of transmission blocking antigens with antigens targeting
the clinical stages of malaria could be used to prevent both disease and transmission. Studies evaluating the

impact of vector control measures have demonstrated that the reduction of transmission in medium to high
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transmission areas induces a decrease in all-cause mortality, with the youngest age groups of the population
benefiting the most (181-183). We report here that the addition of an anti-erythrocytic stage antigen in the
form of the chimeric PvMSP1 protein genetically conjugated to Pvs25 improves the immunogenicity of the
TBYV candidate while preserving the functionality of Pvs25 induced antibodies. Our results provide support
for the continued development of cPvMSP1-Pvs25 and other multi-stage malaria vaccine candidates to
address the need for effective vaccines targeting both the parasite stage responsible for the clinical

manifestations and simultaneously the sexual stage responsible of transmission.
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Figure 1. cPvMSP1-Pvs25 protein structure, sequence, and characterization. A) cPvMSP1-Pvs25
structure. This protein includes five promiscuous T cell epitopes of cPvMSP1 (yellow), each separated by
a GPGPG spacer (diagonal lines). The promiscuous T cell epitopes are linked to a fragment derived from

P. vivax MSP1,, and the entire P. vivax MSP1,, kD fragment (white), and the P. vivax Pvs25 protein (blue),
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in single letter code. The carboxyl-terminal (H)s tag provided by the vector was not included in the
sequence. The yellow shaded area shows the region of the chimeric protein that contains the promiscuous
T cell epitopes. The blue area shows the P. vivax Pvs25 protein. C) Western blot analysis of the purified
cPVMSP1-Pvs25 (lanes 1-3) and the purified Pvs25 proteins (lanes 4 and 5). Each protein was run as
separate PAGE gels using 1.0 ug total of purified protein under reducing conditions, and blots were stained
with individual antibodies. Full uncut blots are shown in Supplementary Figure 1. Samples were incubated
with following antibodies: Lane 1 and 4, the monoclonal antibody N1-1H10 which targets Pvs25; lane 2
and 5, an anti-His-Tag monoclonal antibody targeting the C terminal tags of the cPvMSP1-Pvs25 and Pvs25
proteins; lane 3, the monoclonal antibody 2A10 which targets the cPvMSP1 C terminal tag. The molecular
weight markers (BioRad) are indicated. D) Polyclonal anti-cPvMSP1-Pvs25 and anti-Pvs25 elicited in
rabbits compete for binding with the transmission blocking monoclonal antibody N1-1H10. Fixed amounts
of N1-1H10 (1 ug) were tested with 2-fold dilutions of purified rabbit IgG using Pvs25 as antigen. O.D.
values (y-axis) are shown for anti-Pvs25 in closed circles and anti-cPvMSP1-Pvs25 in open triangles using
polyclonal antibodies ranging from 0.078 ng/ml to 20 ug/ml (x-axis). Data are presented as the geometric

mean values.

152



107+ 107+ —

* * ® Pvs25

a5 8T e PVWSP1-Pvs25
%8 a2 AE—. AEEA _AA A -Pvs
&% 100 « & » 10° a
<2 o T
o2 a2
g gk v A

> >
> T © L] L]
G2 10 §£8 10 .
g3 g% e 2

104 T T T 104 T T
20 40 60 60 730

Day Day

Figure 2. Antibody responses to the chimeric PvMSP1-Pvs25 protein. Antibody responses against the
chimeric PvMSP1-Pvs25 protein were assessed in CB6F1/J mice following immunization with either Pvs25
(closed circles) or cPvMSP1-Pvs25 (open triangles). A) Kinetics of the antibody response against
cPvMSP1-Pvs25 on days 20, 40, and 60 (n=10). B) Comparison of antibody titers between day 60 (n=10)
and at 2 years (730 days after the first immunization, n=7). The titers against PvMSP1-Pvs25 are shown.

Statistical analysis was conducted using Mann Whitney tests. Statistically significant differences are

denoted by * (p < 0.05).
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Figure 3. Antibody responses to cPvMSP1 and Pvs25. Antibody responses against the recombinant
cPVMSP1 and Pvs25 proteins that form the recombinant cPvMSP1-Pvs25 protein were assessed in CB6F1/J
mice following immunization with either Pvs25 (closed circles or bars) or cPvMSP1-Pvs25 (open triangles
or bars) on day 60 and 730 after the first immunization. The titers against Pvs25 and cPvMSP1 are shown
in A) and D), respectively. Results are presented for n=10 mice for day 60 and n=7 mice for day 730.
Avidity indices for anti-Pvs25 and anti-cPvMSP1 are shown in B) and E). 1gG subclass responses, displayed
as the 1gG2a to IgG1 ratio, are shown in C) for Pvs25 and F) for cPvMSP1. Avidity indices and subclass
results are presented as the mean values obtained from sera pooled from the 10 mice at day 60 or the 7
surviving mice at day 730, responses were averaged from four technical replicates. Statistical analysis was
conducted using unpaired t-tests. Statistically significant differences are denoted by * (p < 0.05) and ** (p

<0.01).
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Figure 4. Immunofluorescence assays of ookinetes and schizonts. Sera from individual rabbits
immunized with either Pvs25 or cPvMSP1-Pvs25 was used to assess reactivity against in vitro derived
oocysts using the P. berghei transgenic parasite expressing Pvs25 (left and center columns). A pool of sera
obtained from CB6F1/J mice 20 days after the final immunization with cPvMSP1-Pvs25 was used to assess
reactivity against blood-stage P. vivax parasites (right panels). The upper panels show staining with DAPI,

the middle panels show staining with a either goat-anti-rabbit or goat-anti-mouse 1gG (H+L) Alexa Fluor
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488 secondary antibody, and the bottom panels show the merged images. All images are shown at 100x

magnification, white bars represent 5 um in length.
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Figure 5. 1gG-producing long-lived plasma cells. Antigen-specific 1gG plasma cells present in the bone
marrow or spleen of CB6F1/J mice immunized with Pvs25 (closed circles, n=7), cPvMSP1-Pvs25 (open
triangles, n = 8) were analyzed at two years post first immunization. IgG long-lived plasma cells specific
to A) cPvMSP1-Pvs25, B) Pvs25, and C) cPvMSPL1 are shown. Statistical analysis was conducted using

Mann Whitney. Statistically significant differences are denoted by * (p < 0.05) and ** (p < 0.01).
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Figure 6. IFN-y production by CD4" and CD8" T cells following stimulation with Pvs25 and cPvMSP1
peptide pools. Splenocytes obtained from CB6F1/J mice immunized with either Pvs25 (closed circles, n=6)
or cPvMSP1-Pvs25 (open triangles, n=6) five days after the final immunization were stimulated with
peptide pools representing either MSP1 or Pvs25 at 2ug/ml for 2 hours. Production of interferon-y in
response to stimulation with Pvs25 peptide pools by A) CD4* T cells and B) CD8* T cells in response to
stimulation with cPvMSP1 peptide pools by C) CD4* and D) CD8* T cells are shown. Statistical analysis
was conducted using unpaired t-tests. Statistically significant differences are denoted by * (p < 0.05) and

** (p < 0.01).
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Table 1. Chimeric PvMSP1 and Pvs25 peptide pools

Peptide Pool Sequence Peptide Pool Sequence
MANFVGKFLELQIPG MAVDAVTVDTICKNG
VGKFLELQIPGHTDL AVTVDTICKNGQLVQ
LELQIPGHTDLLHLG DTICKNGQLVQOMSNH
IPGHTDLLHLGPGPG KNGQLVQMSNHFKCM
TDLLHLGPGPGFNQL LVQMSNHFKCMCNEG
HLGPGPGFNQLMHVI SNHFKCMCNEGLVHL
GPGFNQLMHVINFHY KCMCNEGLVHLSENT
NQLMHVINFHYDLLR NEGLVHLSENTCEEK
HVINFHYDLLRANVH VHLSENTCEEKNECK
FHYDLLRANVHGPGP ENTCEEKNECKKETL
LLRANVHGPGPGLDM EEKNECKKETLGKAC
NVHGPGPGLDMLKKV ECKKETLGKACGEFG
PGPGLDMLKKVVLGL ETLGKACGEFGQCIE
LDMLKKVVLGLWKPL KACGEFGQCIENPDP
KKVVLGLWKPLDNIK EFGQCIENPDPAQVN

CPV“ASPl POOIl LGLWKPLDNIKDGPG PVSZS POOIl CIENPDPAQVNMYKC
KPLDNIKDGPGPGLE PDPAQVNMYKCGCIQ
NIKDGPGPGLEYYLR QVNMYKCGCIQGYTL
GPGPGLEYYLREKAK YKCGCIQGYTLKEDT
GLEYYLREKAKMAGT CIQGYTLKEDTCVLD
YLREKAKMAGTLIIP
KAKMAGTLITIPESGP
AGTLIIPESGPGPGS
ITIPESGPGPGSKDQI
SGPGPGSKDQIKKLT
PGSKDQIKKLTSLKN
DOIKKLTSLKNKLER
KLTSLKNKLERRQONG
LKNKLERRONGPGPG
LERRONGPGPGVKSS
ONGPGPGVKSSGLLE YTLKEDTCVLDVCQY
GPGVKSSGLLEKLMK EDTCVLDVCQYKNCG
KSSGLLEKLMKSKLTI VLDVCQYKNCGESGE
LLEKLMKSKLIKENE CQYKNCGESGECIVE
LMKSKLIKENESKET NCGESGECIVEYLSE
KLIKENESKEILSQL SGECIVEYLSETQSA
ENESKEILSQLLNVQ IVEYLSETQSAGCSC
KEILSQLLNVQTQLL LSETQSAGCSCAIGK
SQLLNVQTQLLTMSS QSAGCSCAIGKVPNP
NVQTQLLTMSSEHTC CSCAIGKVPNPEDEK
QLLTMSSEHTCIDTN IGKVPNPEDEKKCTK
MSSEHTCIDTNVPDN PNPEDEKKCTKTGET
HTCIDTNVPDNAACY DEKKCTKTGETACQL
DTNVPDNAACYRYLD CTKTGETACQLKCNT
PDNAACYRYLDGTEE GETACQLKCNTDNEV

CPV“ASPJ'POOIZ ACYRYLDGTEEWRCL PVSZS P00|2 CQLKCNTDNEVCKNV
YLDGTEEWRCLLTFK CNTDNEVCKNVEGVY
TEEWRCLLTFKEEGG NEVCKNVEGVYKCQC
RCLLTFKEEGGKCVP KNVEGVYKCQCMEGF
TFKEEGGKCVPASNV GVYKCQCMEGFTFDK
EGGKCVPASNVTCKD CQCMEGFTFDKEKNV
CVPASNVTCKDNNGG EGFTFDKEKNVCLLE
SNVTCKDNNGGCAPE
CKDNNGGCAPEAECK
NGGCAPEAECKMTDS
APEAECKMTDSNEIV
ECKMTDSNEIVCKCT
TDSNEIVCKCTKEGS
EIVCKCTKEGSEPLF
KCTKEGSEPLFEGVF
EGSEPLFEGVFCSSS
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Peptide pools used for stimulation of T cell for assessment of cytokine production after the final
immunization. cPvMSP1 Pool 1 represents MSP1 T cell epitopes present in cPvMSPL. Pool 2 represents
the extended MSP119 kD protein fragment. Pvs25 pools 1 and 2 cover the full sequence of the Pvs25

protein.
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Table 2. Immunization regimens

Prime Boost Boost
Regimen Day 0 Day 20 Day 40
Protein® D Protein? D Protein? D
ose ose ose
cPvMSP1- cPVMSP1- 20 cPVvMSP1- 20 cPVvMSP1- 20
Pvs25 Pvs25 ug Pvs25 ug Pvs25 Mg
Pvs25 . 20 Pvs25 20 Pvs25 20
X Pvs25 protein : .
protein Hg protein Hg protein Mg
Adjuvant . Montanide ISA 51 Montanide ISA 51
Control Montanide ISA 51 VG VG VG

CB6F1/J mice received subcutaneous immunizations at days 0, 20, and 40 with 20 pg of either cPvMSP1-
Pvs25 or Pvs25, both emulsified at a 1:1 volume ratio with the adjuvant Montanide ISA 51 VG. An

equivalent volume of PBS was emulsified at a 1:1 volume ratio for subcutaneous injections in the adjuvant

control group at the same intervals.
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TABLE 3 | Transmission-blocking activity.

Group Sample

cPvMSP1-Pvs25  Control Pl 1
Imnimune sera 1
Conltrol P12
Immune sara 2

Pvs25 Contral P11

Immune sera 29

Megative control AB human serm

NA: not applicable.

a Number of mosquitoes infected (total number of mosquitoes dissected).

Experiment 1
ibady No. infected g
titers (total number
by ELISA dissected)® of cocyst?
155+78
2668
1568
21
175276
V]

TBA (%)°

Experiment 2

No. infected Average
(total number

dissected)® of oocyst?
2332 209+ 13
B{32) 13186
23 (30)

TBA (%)

No. infected

(total
dissected)?

10 (30
7 (30)
12 (30)
0(30)

Experiment 3
Average TBA (%)°  P-value®
number
of oocyst?
100 0.0
100 0.
100 0.0
100 0.0
NA

b Average calculated as total of oocyst /total of mosquitoes dissected + standard deviation.

c Percent inhibition of mean mosquitoes post 3rd immunization sera compared to pre-immune rabbit sera

in each independent assay calculated as (1 — [mean mosquitoes in normal rabbit sera/mean mosquitoes

post 3rd immunization sera] x 100). A pool of AB normal human sera was used as a negative control.

d Pre-immune sera from this rabbit was not tested, antibody titer was 1280.

e Statistical significance P <0.05

Sera samples from immunized rabbits (cPvMSP1-Pvs25 and Pvs25) were tested in direct membrane-

feeding assays (three different experiments) using blood samples collected from naturally infected

patients as described (303).
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cPvMSP1-Pvs25 Pvs25

N1-1H10 His tag 2A10 N1-1H10 His tag His tag

Supplementary Figure 1. A full scan of the entire original Western blot analysis of the purified
cPVMSP1-Pvs25 (left panel) and the purified Pvs25 proteins (right panel). Samples were incubated with
the specified antibodies: monoclonal antibody N1-1H10 which targets Pvs25; anti-His-Tag monoclonal
antibody targeting the C terminal tags of the cPvMSP1-Pvs25 and Pvs25 proteins; or the monoclonal
antibody 2A10 which targets the cPvMSP1 C terminal tag. The molecular weight markers (BioRad) are

included.
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Supplementary Figure 2. Gating strategy for CD4* and CD8" IFN-y-producing murine T cells. The

gating strategy for identifying IFN-y CD4* and CD8* T cells from murine splenocytes isolated 5 days post

boosting includes: FSC singlets, viability gating, CD3* cells, CD4* versus CD8" T cells, and IFNy* cells.

Data shown represent IFN-y gating in CD4" T cells of mice receiving Pvs25 or cPvMSP1-Pvs25.
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Abstract

As malaria incidence decreases, it becomes increasingly difficult to identify areas of active
transmission due to an increase in asymptomatic infections. Serological assays can provide
population-level infection history to inform elimination campaigns. Here we use multiplex antigen
detection assays to evaluate a chimeric P. vivax MSP1 antigen (PvRMC-MSP1), initially designed to
be broadly recognized for use in vaccine studies, for its ability to capture 1gG from 236 naturally
exposed US travelers with known infection status from all four human malarias. We observed increased
assay signals for the PvRMC-MSP1 chimera vs the recombinant PvMSP1 for 89.5% (34/38) of P. vivax
infected patients. Regardless of infecting species, we observed that a majority of sera from malaria
patients provided a high assay signal to the PvRMC-MSP1 antigen. These results support further study of
designed antigens as a method for increasing sensitivity or broaden binding capacity to improve existing

serological tools.

165



Introduction

Malaria morbidity and mortality remains a major public health problem globally. According to World
Health Organization (WHO) estimates, there were 219 million cases of malaria in 2017 which resulted in
435,000 deaths (1). Malaria elimination targets have been set for at least 10 countries by 2020, and by 20
countries by 2025 (134). As malaria incidence and transmission in a region decreases, it becomes
increasingly difficult to identify areas of active transmission and to detect active infections partially due
to an increase in the prevalence asymptomatic infections (and lack of treatment-seeking behavior)
potentially contributing to further malaria transmission (127, 321-327). Therefore, improved methods for
monitoring areas of active transmission in areas of low transmission intensity are required. Entomological
inoculation rates, which measure the mean number of infectious mosquito bites per individual over time,
remain a widely-accepted measure of transmission, but lack precision due to heterogeneous mosquito
distributions (130). Furthermore, this method is not without practical and ethical considerations, as it
requires mosquito trapping using adult volunteers and can be difficult to extrapolate to pediatric
populations (328, 329). Co-endemic patterns of malaria also pose a problem for malaria control efforts as
vector-based intervention targeted toward Plasmodium falciparum are less efficacious against P. vivax
(288). In sub-Saharan Africa, P. falciparum is by far the most prevalent malaria, but P. vivax, P.
malariae and P. ovale as have been identified as well (1). Human populations in many other parts of the
world are also subjected to the burden of multiple Plasmodium species that complicates accurate

diagnosis and epidemiology (330, 331).

There has been an increase in the use of serological and antibody-based detection assays as a method
for measuring exposure and determining transmission intensity to aid in malaria control in regions
undergoing elimination campaigns (129, 131, 332). Quantitative immunoassays offer several advantages
over other platforms including more robust data generation by providing more information than only the

presence or absence of an active infection. Quantitative immunoassays can also estimate individual- and
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population-level malaria exposure history (127, 128, 333), and have the ability to use dried blood spot
samples that are pragmatic for field and laboratory processing (334). One or multiple recombinant
antigens are typically used to detect anti-malaria antibodies in patient samples, and common targets
include: circumsporozoite protein (CSP), apical membrane antigen 1 (AMAL), and merozoite surface
proteins (MSP1, MSP2, and MSP3) (131, 332, 333, 335, 336). IgG responses to the recombinant MSP1;9
isoforms for the four human malarias (P. falciparum, P. vivax, P. malariae, and P. ovale) have found to
be largely specific, giving more confidence in population seroestimates even when these four Plasmodium
spp. are co-endemic (336). Recently, the use of chimeric malaria proteins as serosurveillance tools has
been explored, including a multi-epitope chimeric antigen that contained epitopes from eight Plasmodium
falciparum antigens (337, 338). While this serological tool was well-recognized by P. falciparum infected
patients in endemic regions along the China-Myanmar border, this antigen displayed very limited cross-

reactivity with P. vivax infected individuals (337).

Previously, our group had developed a chimeric P. vivax MSP1 antigen (designated PvRMC-MSP1),
intended for use in vaccine studies. This chimeric antigen was shown to bind to several MHC class Il
alleles (220), and was recognized by individuals living in malaria endemic areas of Brazil with no
indication of genetic restriction based on HLA-DRB1 and HLA-DQB1* alleles (259). The immunological
components of PRMC-MSP1 include: an extended version of PvMSP119 containing two additional T
helper epitopes present in MSP133, five promiscuous T cell epitopes (capable of binding multiple MHC
Class Il alleles) arrayed in tandem, and a C-terminal (NANP)s affinity tag (259). In this current study, we
evaluate the ability of PYRMC-MSP1 to induce IgG antibodies that would bind to non-vivax antigenic
targets, as well as the ability of the chimera to capture 1gG from naturally exposed persons with known

infection status to all four human malarias.
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Methods

Ethics statements. All animal protocols that include experimental animal procedures using mice and
rabbits were carried out in accordance with the US Animal Welfare Act and approved by the Emory
University’s Institutional Animal Care and Use Committee, protocol YER-2002483-092616GN and

followed accordingly.

Samples with or without PCR-confirmed malaria infection were described previously (339), and
determined by the CDC Human Subjects office to be research that does not involve human subjects
(2017-192). No contact nor access to personal identifiers were available to laboratory staff from the

Centers for Disease Control and Prevention or Emory University.

Structure of the P. vivax recombinant chimera, and other antigens used in the study. We have
previously described the design of PvRMC-MSP1 for use as a malaria vaccine candidate (259) (Figure 1).
Briefly, PvRMC-MSP1 was based on the P. vivax Belem sequence (GenBank: XP_001614842.1), and
includes the following segments: 1) Methionine and alanine were included as the first two amino acids to
provide both the start signal and decrease degradation during synthesis in E. coli, and valine and aspartic
acid were introduced downstream as part of the cloning strategy; 2) Five promiscuous T cell epitopes
(220, 259), designated PvT4 (N7g-Lo7), PvT6 (F11s-H1z7), PvT8 (Liss-D177), PvT19 (La7e-Sag7), and PvT53
(S10s8-N1077) linked in tandem and separated by GPGPG spacers; 3) An extended version of P. vivax
MSP1,, fragment including two T helper epitopes derived from MSP1s3; 4) The P. falciparum
circumsporozoite protein (NANP)g repeat region was included at the C-terminal end as an additional
affinity purification tag. GPGPG spacers were used to separate all segments described to enhance the
stability of the protein, preserve epitope conformation, and assist with antigen processing. The PIMSP1,
PvMSP1, PmMSP1, PoMSP1, and CSP antigens have all been used in previous studies, and were

produced as described before (336, 340).
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Mouse and Rabbit Immunizations. We have previously reported on the immunogenicity of the
PVRMC-MSP1 in mice and rabbits (259). Briefly, all animal experiments and procedures involving mice
were performed in accordance with Emory University’s Institutional Animal Care and Use Committee.
Female BALB/c (H-2% mice aged 6-8 weeks were obtained from Charles River (Wilmington, MA). Mice
were immunized at days 0, 20, and 40 with 20 pg of PVRMC-MSP1 emulsified with the adjuvant
Montanide ISA 51 VG at a 1:1 volume ratio. All immunizations were administered subcutaneously at the
base of the tail and in the interscapular area. Sera was collected prior to the first immunization and 20
days after the final immunization. Sera from pre-immune timepoints was used as negative controls for

multiplex assays.

Similarly, rabbits were immunized four times with PvRMC-MSP1 at 20 day intervals. Sera was
obtained prior to the first immunization and after the final immunization. All rabbit immunizations and
sera collection was carried out by Convance (Princeton, NJ). Rabbit polyclonal 1gG antibodies were
purified from sera collected after the final immunization by protein A affinity chromatography using the
Affi-Gel protein A MAPS Il kit (BioRad) according to the manufacturer’s instructions. The total IgG

solution obtained from the elution was then dialyzed in PBS.

Antigen coupling to magnetic beads. All antigens were covalently linked to MagPlex (magnetic)
microspheres (Luminex Corp., Austin, TX) as described previously (133). Briefly, beads were pulse
vortexed before being transferred to a microcentrifuge tube and centrifuged for 90 seconds at 13,000xg.
The supernatant was removed and beads were washed with 0.1M sodium phosphate, pH 6.2 (NaPOs).
Beads were activated by suspending in NaPO4 with 5 mg/ml of EDC (1-ethyl-3-[3-
dimethylaminutesopropyl] carbodiimide hydrochloride) and 5 mg/mL sulfo-NHS (sulfo N-

hydroxylsulfosuccinimide) and incubating with rotation for 20 minutes at room temperature (RT)
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protected from light. After wash with 50 mM 2-(N-morpholino)ethanesulfonic acid (MES), 0.85% NaCl,
pH 5.0, beads were suspended in this same buffer to a final volume of 1 ml and appropriate amount of
each antigen added: PvRMC-MSP1 (20 ug), PfMSP1 (20 pg), PvMSP1 (20 ug), PmMSPL (20 pg),
PoMSP1 (20 ug), PfCSP (30 ug). Beads were rotated for 2 hours at RT protected from light, then washed
and suspended in PBS with 1% bovine serum albumin (BSA) and incubated for 30 minutes at RT by
rotation. Beads were washed with storage buffer (PBS, 1% BSA, 0.02% sodium azide and 0.05% Tween-
20) and suspended in storage buffer containing protease inhibitors (200 pg/mL Pefabloc, 200 pg/mi

EDTA, 1 pg/mL pepstatin A and 1 pg/mL leupeptin) and stored at 4°C.

Multiplex Antibody Detection Assays. All samples were diluted in blocking buffer (Buffer B: PBS,
0.05% Tween 20, 0.5% polyvinylpyrrolidine, 0.5% poly(vinyl) alcohol, 0.1% casein, 0.5% BSA, 0.05%
Tween-20, 0.02% NaNs, and 3 pg/mL E. coli extract to prevent nonspecific binding). All human samples
were assayed at a standard 1:400x plasma dilution. The standard MBA was performed as described
previously in flat bottom BioPlex Pro 96 well plates (Bio-Rad, Hercules, CA) (133). Wash steps included
attaching the assay plate to handheld magnet (Luminex Corp, Austin, TX), the addition of 100 pl wash
buffer PBST (PBS, 0.05% Tween-20) to each well, then gentle tapping on side of plate to facilitate
magnetization of beads, and inverting the plate to evacuate the liquid. Beads (1,000 beads/antigen/well)
were suspended in Buffer A (PBS, 0.5% BSA, 0.05% Tween-20, 0.02% NaN3) and 50 pl bead master mix
added to each well. Plates were washed two times with PBST and 50 pL of sample was added to each
well and incubated with shaking at RT for 90 minutes. After 3 washes with PBST, beads were incubated
for 45 minutes with detection antibody appropriate for the samples: biotinylated goat anti-rabbit IgG
(H+L, 1:500, Zymed), biotinylated rat anti-mouse 1gG (1:500, Invitrogen), or biotinylated mouse anti-
human IgG (mixture of 1:500x anti-hlgG and 1:625 anti-hlgGs, both Southern Biotech). After 3 washes,

beads were incubated with streptavidin-phycoerythrin (1:200 Invitrogen, Waltham, MA) for 30min. After
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3 washes, wells were incubated with Buffer A for 30 minutes under light shaking to remove any loosely
bound antibodies. After 1 wash, samples were resuspended in 100 ul PBS and fluorescence data collected
immediately on the MAGPIX with Bio-Plex Manager™ MP software with a target of 50 beads per region
per well. Median fluorescence intensity (MFI) signal was generated for a minimum of 50 beads/region,
and background MFI from wells incubated with Buffer B was subtracted from each sample to give a final

value of MFI minus background (MFI-bg) for analysis.

Immunofluorescence assays. Sera obtained terminal bleeds from rabbits were used to evaluate antibody
cross-reactivity against P. falciparum MSP1 via indirect immunofluorescence assay as described
previously. P. falciparum NF54 thin smears were made from culture at the late schizont stage where
parasitemia was determined to be 4%. Rabbit sera was diluted at 1:500 in PBS with 1% BSA, and
reactivity of immunized rabbits was compared to that of rabbit sera obtained prior to immunization with
PVRMC-MSP1. A human hyperimmune sera pool with high reactivity to all Plasmodium MSP1 antigens
was created from samples previously tested by serological assays. Immunofluorescence images were
captured using a Zeiss confocal fluorescence microscope with Axiovision (Zeiss, Jena, Germany)

software and presented at 100x magnification.

Statistics and analyses. All graphs were made in Microsoft Excel (Redmond, WA). Protein alignments
were assessed using the Clustal Omega Multiple Sequence Alignment tool available from the European
Bioinformatics Institute (EMBL-EBI) using the GenBank accession numbers XP_001352170.1 for P.
falciparum 3D7, P. ovale SCQ16291 for P. ovale, and SBS84075.1 for P. malariae. All sequences were
compared to those reported for PvRMC-MSP1, which is based on the P. vivax Belem sequence, with

accession number XP_001614842.1 (259).
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Results

Alignment of PvRMC-MSP1 with other MSP1s from the four human Plasmodium species. The
PVRMC-MSP1 protein has an estimated molecular mass of 31 kDa, and is shown by schematic in Figure
1A. The 5 promiscuous T cell epitopes included in the chimera ranged between 35-85% identity with
other human malarias (Figure 1B), with the highest overall being PvT8 (average 81.7%) and the lowest
being PvT4 and PvT19 (both average 41.7%). Accounting for all 5 T cell epitopes, P. ovale showed the
highest alignment (59% overall) followed by P. malariae (52%) and P. falciparum (50%). Among the
MSP1,, fragments, P. ovale against showed the highest identity to PvRMC-MSP1 (51%), followed by P.

malariae (50%) and P. falciparum (45%) (Figure 1C).

Assessment of PvRMC-MSP1 capacity to elicit cross-reactive antibodies. Sera or purified 1gG
titrations from terminal bleeds of rabbits and mice previously immunized with PvRMC-MSP1 assayed for
binding to the immunogen, or the MSP1 antigen from the four human malarias. Purified total 1gG from
rabbits maintained a high assay signal for PvRMC-MSP1 before eventually dropping off below 1,000
pg/ml (Figure 2A). The assay signal for 1IgG against PvMSP1 also maintained a high signal before
dropping between 100,000 and 10,000 pg/mL. In addition to 1gG binding the antigens based on the P.
vivax, we observed low-level signal at dilutions between 107-10* pg/ml for PFMSP1, and a very low assay
signal for both POMSP1 and PmMSP1. Assessment of immunized mouse sera resulted in a similar
binding pattern, with the strongest signal elicited by PvRMC-MSP1, followed by P. vivax MSP1 (Figure
2B). Very low assay signals were seen for the immunized mouse sera against PfIMSP1, POMSP1, and
PmMSP1, and did not appear to titrate out with further dilution. Immunofluorescence assays (IFAs) with
slides fixed with parasitized red blood cells from P. falciparum NF54 culture showed IgG binding to P.

falciparum-infected cells from both PvRMC-MSP1-immunized rabbit sera as well as hyperimmune
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human sera (Figure 2C). We have previously reported on that anti-PvRMC-MSP1 antibodies elicited by

vaccination are able to recognize P. vivax schizonts by IFA (259).

19G binding to PvRMC-MSP1 and MSP1,¢ antigens in malaria patients. A panel of 236 US travelers
returning to the United States with malaria infection was chosen to assess binding to the MSP1 antigens
from all 4 human malarias or PvRMC-MSPL1. Irrespective of infecting species, the plots showing direct
comparison of the assay signal for 1gG against PvRMC-MSP1 against another MSP1 antigen typically
gave four distinct quadrants of patient samples: negligible signal for both, high signal for both, or
negligible signal for one but high signal for the other (Figure 3). For the relationship with PvMSP1, a
dense cluster of double-positives is observed (Figure 3A), whereas many samples elicit a strong signal for
PVRMC-MSP1 alone and a negligible signal for PvMSP1. As expected, no samples provided a signal for
PvMSP1 only (being that this antigen is included within PvRMC-MSP1). When compared to PFMSP1,
these four populations could be clearly observed, with few persons in the middle range of assay signals
(Figure 3B). Comparison between PYRMC-MSP1 binding and either P. malariae or P. ovale MSP1
(Figure 3C and 3D, respectively) showed that most individuals that responded to the PmMSP1 or
PoMSP1 antigen also responded to PvRMC-MSP1 resulting in many more double-positive individuals

than PmMSP1 or POMSP1 singe-positive individuals alone.

To further illuminate how 1gG produced during human malaria infection was able to bind PvRMC-
MSP1, sera samples were categorized by species responsible for active infection (Figure 4). Of the 236
malaria patients’ plasma samples, 181 were from P. falciparum infections, 4 from P. malariae, 13 were
from P. ovale, and 38 were from P. vivax. Regardless of infecting species, we observed that a majority of
sera from malaria patients provided a high assay signal to the PvRMC-MSP1 antigen (Figure 4A). In
stark contrast to PvMSP1 alone which showed an assay signal for only 4 samples of persons with P.

falciparum infection (Figure 4B, blue circles), 1gG binding to PvRMC-MSP1 gave a range of signals for
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many of the falciparum infections, with many of these approaching the maximum signal for the platform
(MFI-bg of 32,000). Another observation was noted for the P. vivax infected plasma, with many of these
samples reaching maximum signal intensity for PvRMC-MSP1, but more of a range of signals for
PvMSP1 alone (green circles in Figure 4A vs Figure 4B). If assessing the MFI-bg signal between these
two antigens for the 38 P. vivax plasma, PvRMC-MSP1 reliably provided higher 1gG binding capacity
when compared to PvMSP1 for a single sample (Supplementary Figure 1). As shown by high specificity
estimates previously (336), 1gG assay signal for the four MSP1 antigens was typically dedicated only for
that particular infecting malaria species (Figure 4B,C,D,E), though heterologous signals are also
observed. Life history of malaria exposure is not known for these persons, and it could not be ascertained

if IgG from a previous infection would still be lingering.

Antibody binding to PvRMC-MSP1 from P. falciparum-infected plasma is not due to the presence
of the PFCSP NANP repeat region alone. Due the the presence of the P. falciparum circumsporozoite
protein NANP repeat region on the C-terminus of PvRMC-MSP1, we sought to determine if the PvRMC-
MSP1 binding signal we observed from patients with active P. falciparum malaria infection was due to
IgG binding the NANP region alone. A scatterplot for the PFCSP and PvRMC-MSP1 assay signals for
only the 181 persons infected with P. falciparum showed the many persons to be double-positive for both
of these antigens (Figure 5). Additionally, some plasma samples showed a correlation of assay signals
between the two antigens — tracking on a y=x reference line. However, some of these assay signals from
falciparum infections were non-existent for PFCSP, yet showed very high PvRMC-MSP1 IgG binding. No

persons were anti-PfCSP IgG positive alone.
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Discussion

As the malaria community grows increasingly independent of microscopy, numerous new tools have
been developed for mass screening a human population for malaria infection or exposure. In the field,
these tools are typically designed to assay for some component of the Plasmodium parasite, and the DNA
and antigens produced during the parasite life cycle are attractive targets due to their high sensitivity and
specificity in detection of active infection (341, 342). However, especially in areas of low malaria
endemicity, tools for detection of infection do not offer much information for residual and historical
transmission outside of confirmation that infection prevalence is low in the population. By looking at
history of personal (and population) exposure through host-produced antibodies, this window of time in
finding a “malaria positive” is greatly augmented (127, 335). Serological studies offer numerous
advantages over other measures of prevalence and transmission, including: passive surveillance which
would underestimate the number of active cases occurring in a region (343), microscopy which requires
skilled staff while also missing low-density infections, nucleic acid-based assays which are costly for
large scale studies and detect only active infection (127, 325), and entomological inoculation rates which

are laborious to collect and have shown strong biases in heterogeneous environments (130).

For malaria serological studies, tailoring the sensitivity of the assay using a highly immunogenic
antigen has previously been suggested as a method to improve serological testing and estimates generated
by this data (127). Recent assessment of a multi-epitope chimeric protein, initially designed as a vaccine
candidate, for use as a serological marker in P. falciparum elimination settings in Southeast Asia
demonstrated the potential of a tailored antigen in serological studies (337). An additional chimera based
on the fusion of the P. falciparum MSP1 and MSP8 antigens has shown efficacy for induction of growth-
inhibitory antibodies in animal models (344, 345), but has been yet to be used to assay human sera from
naturally-exposed populations. Based on data generated using these types of unnatural antigens for

malaria-based serostudies, the concept of a chimeric or some other non-naturally occurring antigen could
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be of great value since the objective is anti-malarial antibody capture (and not induction of a humoral
response). Using this concept, we tested a chimeric P. vivax MSP1 antigen for the capacity to capture
naturally-induced 1gG antibodies in humans with known active infection to one of the four human

malarias.

For the extended 19kD fragment of the PvMSP1 antigen, we report an approximate 50% conserved
amino acid identity between PvRMC-MSP1 and each of the orthologous regions from the other three
human malarias. Human antibody binding to the MSP1 19kD antigen is known to have some
conformational dependency, and these antibodies tend to recognize epitopes that are conserved among
variant sequences (346). However, multiple motifs have been identified within the MSP1 19kD antigen
which are available for antibody binding (346, 347), so sequence similarity of a single epitope would not
necessarily dictate potential for cross-binding and 1gG capture. Sequence identity among the five
promiscuous T cell epitopes was widely varying — from 35% to 85%. This degree of conservation in the
MSP1 and T cell epitopes provides a potential explanation for the assay signal for 1gG capture to
heterologous antigens for rabbits who had been vaccinated PvRMC-MSP1, and immunized rabbit 19G
binding to P. falciparum blood stage schizonts by immunofluorescence assay. The sequence similarity or
conformation of the 19kD fragments alone would not provide a likely explanation for this finding, as
human IgG among these antigens from different human malarias has been shown to be largely specific
(336). Overall, the degree of cross-binding of IgG raised against PvRMC-MSP1 in these animals appears

to be very low, even at high serum and 1gG concentrations.

Upon assessment of 1gG capture between PvRMC-MSP1 and recombinant P. falciparum, P.
malariae, and P. ovale MSP1 19kD antigens, we observed in Plasmodium-infected persons a consistent
subset of individuals’ plasma that contained IgG strongly recognizing both the lone MSP1 antigen and the
chimeric antigen. This was seen regardless of infecting Plasmodium species, and this “double-positive”

population of persons was much more prevalent for P. ovale and P. malariae infections when compared
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to the POMSP1 or PmMSP1 antigen “single-positives” alone. Even for active P. falciparum infections, the
number of double positives were roughly equivalent to the PFMSP1 single positives alone. Considering
the selection of promiscuous T cell epitopes within the PvRMC-MSP1 protein, which were included
based on their predicted ability to multiple human MHC class 1l molecules, this finding may not be
surprising of a broader capacity for 1IgG binding. An assessment of peptides from P. vivax MSP1
preceding the development of PvRMC-MSP1 showed a high degree of variability in the ability of
peptides to bind HLA class Il molecules and to be recognized by individuals from endemic areas (220),
and data from the initial characterization of PvRMC-MSP1 demonstrated that 50.4% of individuals living
in Brazil had antibodies able to recognize the PvRMC-MSP1, with no indication of genetic restriction

based on HLA-DRB1 and HLA-DQB1* alleles (259).

An additional observation was that the majority of P. vivax patients carrying 1gG antibodies with a
higher capacity of binding PvRMC-MSP1 when compared to the recombinant PvMSP1 19kD antigen
alone. Though these two antigens were coupled to the microbeads at the same concentration, the assay
signal of PvRMC-MSP1 versus PvMSP1 was increased for 89.5% (34/38) of P. vivax-infected plasma,
with some samples showing an increase of over an order of magnitude. One plasma had a decreased assay
signal, and signals remained very low for three plasma. Many regions of South and central America are
currently within, or approaching, the elimination phase of their national malaria programs, and P. vivax is
the predominant residual species in some of these places (348). Having a more sensitive serological tool
for detection of P. vivax exposure would be able to assist the Americas and other global settings in
mapping out regions and populations where malaria still resides, especially when P. vivax is the primary

human malaria.

Designed antigens with intentional broad antibody binding capacity could provide a valuable tool for
use in serological assessment studies when compared to whole recombinant antigens alone which are

intended to be true to the genome-encoded antigen. This current study benefitted from the use of the bead-
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based multiplex system which allows simultaneous data collection of 1gG presence and levels against
multiple antigens (128). Including both broad-reacting, as well as Plasmodium species-specific, antigen
coated beads in an assay panel could provide a very nuanced view of individual and population level
exposure histories and provided an extensive 1gG profile and detailed seroestimates (349, 350). Our study
was limited by the absence of knowledge for individuals’ previous Plasmodium exposure history outside
of their current infection event. This population of US resident travelers returning with malaria infection
would be more biased toward those with nascent exposure, but it would not be able to be ascertained how
many previous episodes, or what species, persons would have been exposed to. This possibility of
previous lifetime exposure provides a reasonable explanation for our finding of 1gGs capable of binding
the MSP1 antigens from the other, non-infecting, Plasmodium species. Beyond known active Plasmodium
infections, future studies will work to assess antibody binding to PvRMC-MSP1 (and other chimeric
antigens) to naturally-exposed human populations in different regions of the world with different

transmission intensities and co-endemic patterns.
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Figure 1. Schematic and alignment of the PvRMC-MSP1 chimeric protein. (A) Entire length of
chimera shown with T cell epitopes represented as blue boxes with the P. vivax T cell epitope designation
(PvT) listed inside each box. (B) Alignment of PvRMC-MSP1 T cell epitopes with orthologous regions
from other human malarias. (C) Alignment of 19KD fragment within PvRMC-MSP1 with MSP119

regions in other human malarias and the partial 33kD segment.
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Figure 2. Capture of rodent derived anti-PvRMC-MSP1 IgG with MSP1 antigens from all four
human malarias. (A) IgG assay signal for purified total 1gG obtained from rabbits following four
immunizations with the PvRMC-MSP1 protein. Median fluorescence intensity minus background (MFI-
bg) assay signal is shown for each of the four human malaria MSP1 proteins in comparison the PvRMC-
MSP1 used for immunization. (B) 1gG assay signal for mouse sera obtained after three immunizations
with PvRMC-MSP1 with MSP1 proteins from the four human malaria species. (C) Plasmodium
falciparum NF54 slides incubated with sera obtained from immunized rabbits (top), and sera from
persons living in Plasmodium endemic regions (bottom). Panels show staining for DNA (DAPI, blue),

IgG (AlexaFluor 488, green), and merge. All images at 100x magnification.
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Figure 3. Comparison of MFI-bg assay sighal for PvRMC-MSP1 and MSP1s from the four human
malarias for persons with active malaria infection. Each point of the scatterplot displays an
individual’s MFI-bg 1gG response against PvRMC-MSP1 (y-axis) and the MFI-bg response from the
same individual against the MSP1 19kD antigens from one of the four human malarias (x-axis). Data was

generated using samples obtained from 236 returning US travelers with active malaria infection.
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Figure 4. Range of MFI-bg assay signal for PvRMC-MSP1, or the MSP1 19kD malaria antigens
when grouped by active infection. Assay signal for IgG binding to particular antigen is shown by each
panel: PvRMC-MSP1 (A), PvMSP1 (B), PfMSP1 (C), PmMSP1 (D), POMSP1 (E). Persons with active
malaria infection categorized by infecting species: P. falciparum (n=181, blue circles), P. malariae (n=4,

red circles), P. ovale (n=13, black circles), P. vivax (n=38, green circles).
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vivax MSP1 antigens tested. Each colored line represents the change in signal between antigens for a

single patient.
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Chapter 6

Discussion and Future Directions
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Summary of Work

The work presented in this dissertation focuses on two major areas. First, the use of a simian
adenovirus vector, SAd36, to improve the immunogenicity of chimeric protein-based malaria vaccines
(250, 304). Secondly, the use of a chimeric P. vivax MSP1 protein to act as a carrier protein for a
transmission-blocking vaccine (351) and as a target for the development of a tool for serological surveys
in endemic areas of malaria. Here we summarize the major findings from the work we presented here, as

well highlight the progress made in these areas since our initial publications.

We conducted dose-escalation experiments in mice using the simian adenovirus 36 (SAd36) vector
which included a transgene for our P. yoelii chimeric modular protein, consisting of a chimeric P. yoelii
circumsporozoite protein linked to a chimeric merozoite surface protein 1 (90). Doses of 10°, 107, and
10 vp of SAd36 were compared to the recombinant human Ad5 encoding the same transgene given at a
pre-standardized dose of 10’. Mice received priming immunizations at day 0 with one dose of either
SAd36-PyCMP or Ad5-PyCMP and two protein boosts with the PyCMP protein at days 30 and 60. A
control group of mice receiving no immunizations was included, as we had previously found no
differences between mice receiving adjuvant or no immunization. We sought to determine if we could
induce similar, or improved, immune response to the PyCMP protein using the simian adenoviral vector
as previous studies have indicated that the adult human population harbor high prevalence of pre-existing

immunity to Ad5 (235), which would limit the utility of this vector in future studies (208).

When we assessed the number of PyCMP-specific T cells obtained after the final immunization, we
found that all immunization regimens induced significantly higher numbers of tetramer specific cells
when compared to naive animals, with the highest number of tetramer specific cells observed in the
SAd36 10% group. We assessed of the ability of T cells to produce cytokines after stimulation with
peptide pools representing the PyCMP protein and found that T cells from mice immunized with the

SAd36 10%° regimen produced significantly higher levels of IFN-y in comparison with the other SAd36
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immunization regimens and the Ad5 107 regimen. When we assessed the shift in the pre-patency period
after experimental challenge, where the parasite has not yet transitioned from the liver to erythrocytic
stage, we found that mice immunized with the SAd36 10° regimen had significantly longer pre-patency
period, suggesting that immunization was able to reduce parasite load and development prior to the
erythrocytic stage. Based on these results, we continued to explore further the potential of using the

SAd36 vector for malaria vaccine development.

To follow up this work, we aimed to determine if we could improve the immunogenicity of the
SAd36 vector through the addition of a signal peptide derived from the murine IgGxk light chain. We
compared the immunogenicity of the SAd36 vector with a Signal Peptide (SP-SAd36) at a dose of 108 vp,
which we selected based on the previous publication to provide the optimal balance of immunogenicity
(250). Both vectors included a transgene encoding a multi-stage chimeric P. vivax protein designated
PvCMP that contains a chimeric P. vivax circumsporozoite protein genetically linked to a chimeric P.
vivax merozoite surface protein 1, which is the P. vivax ortholog of the P. yoelii chimeric modular protein
assessed previously (PyCMP). The signal peptide was included at the 5 end of the PvCMP protein and
inserted into an E1 (replication-deficient) SAd36 genome. Mice were immunized with either the SAd36
or SP-SAd36 vectors intramuscularly at day 0 and boosted twice with the mixture of proteins at days 20

and 40. A group of unimmunized mice was included as a control.

When we compared the avidity of antibodies induced by the two vectors, we found that the SP-SAd36
vectored group induced antibodies of significantly higher avidity indices against both the cPvCSP and
cPVMSP1 components of PvCMP compared to the SAd36 vectored group. Assessment of the ability of T
cells obtained after the final immunization to produce cytokines was done following stimulation with
peptide pools representing either cPvCSP or cPvMSP1. We found that CD4+ and CD8+ T cells obtained
from mice immunized with the SP-SAd36 regimen produced higher levels of IFN-y and IL-2 compared to

the SAd36 regimen. Furthermore, we found that immunization with SP-SAd36 resulted in increased
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frequency and number of germinal center B cells post priming as compared to unvaccinated mice, which
we did not observe for the SAd36 primed mice. Based on this data, we have continued to include the

murine IgGxk light chain signal peptide in the vectors we test for immunization.

Following this work, we tested whether the chimeric P. vivax MSP1 protein (cPvMSP1), which was
part of the combined PvCMP protein that we assessed as part of the SP-SAd36 immunization regimen
(304), could be used as a carrier protein for the transmission-blocking vaccine candidate P. vivax P25
(Pvs25). We compared the immunogenicity of this multi-stage transmission-blocking candidate
cPVMSP1-Pvs25 to that of the recombinant Pvs25 protein alone in both mice and rabbits using the

homologous prime-boost approach at 20-day intervals.

Assessment of the humoral immunogenicity of the two proteins revealed that immunization with
cPVMSP1-Pvs25 resulted in significantly higher anti-cPvMSP1-Pvs25 antibody titers at days 20, 40, and
60, corresponding to twenty days after each immunization. When we assessed the longevity of the
antibody responses induced by vaccination, we found that the cPvMSP1-Pvs25 group maintained
significantly higher antibody titers against the immunogen at two years post-vaccination. Similarly, when
we assessed the difference in the anti-Pvs25 antibody responses, we found that mice immunized with
cPvVMSP1-Pvs25 maintained higher antibody titers at the two-year time point, and had a lower reduction

in the anti-Pvs25 antibody avidity and the ratio of cytophilic antibodies.

We further investigated the longevity of the humoral response induced by cPvMSP1-Pvs25 by
assessing the number of antibody-secreting cells present in the bone marrow and spleens of mice at two
years post-immunization. We observed significantly higher numbers of anti-cPvMSP1, anti-Pvs25, and
anti-cPvMSP1-Pvs25 in the bone marrow of mice immunized with cPvMSP1-Pvs25 when compared to

Pvs25 immunized mice.
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To determine if antibodies induced by immunization with either Pvs25 or cPvMSP1-Pvs25 could
block the transmission of P. vivax in Anopheles mosquitoes, rabbit sera obtained after four immunizations
with either protein at 20-day intervals was used for direct membrane feeding assays. We found that sera
from both Pvs25 and cPvMSP1-Pvs25 immunized rabbits resulted in significantly lower percentages of

infected mosquitoes and lower oocyst numbers when compared to naive rabbit sera.

During the assessment of the cPvMSP1 protein, we observed high levels of cross-reactivity between
antibodies generated against cPvMSP1 and MSP1 proteins derived from other Plasmodium species. We
aimed to use this feature to test the feasibility of developing a broad yet sensitive serological assay that
could be used for determining population-level exposure to Plasmodium, providing a useful tool that may

provide support for malaria elimination campaigns.

There are four main Plasmodium spp. that infect humans, which are P. falciparum, P. vivax, P.
malariae, and P. ovale. P. falciparum causes the most significant number of malaria cases globally and is
the predominant species in sub-Saharan Africa. However, in several African nations, including Ethiopia,
P. falciparum and P. vivax are both endemic. In addition, a limited number of patients are also infected
with P. malariae and P. ovale. Prevalence of exposure to these malaria parasites and parasite transmission
dynamics can be determined from serological data. Together with the Malaria Branch at the CDC, we
tested cPvMSP1 in multiplex assays to test the potential of using it as a biomarker to determine rates of
exposure to Plasmodium infections. We determined that individuals infected with any of these four
human Plasmodium species display high cross-reactivity to cPvMSP1, making it useful for surveillance in

areas where multiple species are endemic.

Our lab has already reported the sequence and schematic of our chimeric P. vivax MSP1 protein
(cPvMSP1). Alignment of the five promiscuous T cell epitopes and the P. vivax MSP119 kD fragment
included in our chimeric protein with the orthologous sequences of the four main Plasmodium species

revealed between 35% and 85% identity between the orthologous sequences. We observed the highest
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conservation of identity between the third cPvMSP1 T cell epitope and orthologous sequences of the
other Plasmodium species with identity values ranging between 75%-85%. Using rabbit and mouse sera
raised against cPvMSP1 protein, we determined the extent of antibody cross-binding to MSP1 derived
from the four Plasmodium spp. via a multiplex bead assay. Additional P. falciparum antigens other than
MSP1 and several non-Plasmodium proteins were included to determine the specificity of the anti-
cPvMSP1 antibodies. All responses were compared with the reactivity to the cPvMSP1 protein. We
observed high levels of cross-reactivity with MSP1 across Plasmodium spp. Relevantly, we also
determined that anti-cPvMSP1 antibodies were able to cross-react with P. falciparum parasites derived

from culture via immunofluorescence assays.

Using blood spots obtained from US travelers with active malaria infection, we compared the
multiplex bead assay signal against the cPvMSP1 protein against the MSP1 derived from the four human
Plasmodium species. We observed high levels of binding to cPvMSP1 protein when compared to
reactivity to all four MSP1 proteins tested. When we grouped the patients based the parasite responsible
for active infection, we observed high reactivity to both the cPvMSP1 protein and the MSP1 derived from

the species responsible for the active infection.

We then used this data to determine the population-level responses to the PvMSP1 protein compared
to P. falciparum MSP1 and P. vivax MSP1 as a way to determine when the patients were likely to have
seroconverted to produce anti-PfMSP1 or anti-PvMSP1 antibodies. Our model suggests that individuals
become positive to cPvMSP1 protein sooner than they do for the native PFIMSP1 and PvMSP1 proteins,
suggesting that this assay may be more sensitive at detecting seroconversion in children. However, if we
look at the proportion of individuals seropositive for PFMSP1, PvMSP1, and the chimeric PvMSP1, we
observed higher signal for PFMSP1, which is expected given that there are higher incidences of P.

falciparum infection in this population.
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We were also able to generate additional cross-binding figures between the PFCSP NANP repeat
region, which is present in cPvMSP1. We observed higher reactivity to the cPvMSP1 than to the repeat
region, suggesting that the cross-reactivity we observed is to the conserved nature of the PvMSP1 T cell

epitopes and not due to the presence of the P. falciparum NANP repeat region.

Overall, these data demonstrate that our cPvMSP1 protein may serve as a valuable tool to conduct
malaria surveillance studies in areas that are endemic for multiple Plasmodium species due to the high
levels of cross-reactivity observed and the ability to detect seroconversion in young patients sooner in

comparison to assessment using the native antigens.

Overall, these results suggest that adenoviral vectors, carrier proteins, transmission-blocking
vaccines, and serological means of measuring malaria transmission warrant further investigation.
Numerous articles have been published in these areas since our studies were conducted. To better
understand the potential of these approaches in vaccinology and malaria control, we have highlighted the

most relevant findings here.

Simian adenoviral vectors, resistant to pre-existing immunity observed for the human adenovirus

serotype 5 vector, elicit robust cellular immunity to malaria vaccine candidates

We have shown that a simian vector, SAd36, can be used to induce comparable or improved CD8+ T
cell responses when compared to the human adenovirus serotype 5 that is often used as a standard for
adenoviral vector studies. Since the publication of our findings, a number of reports have been published
on adenoviral based malaria vaccine candidates have been developed, some of which have progressed to

clinical trials.

The chimpanzee adenovirus serotype 63 (ChAd63) is the most closely related ape adenovirus to

SAd36 (208). This vector has also frequently been used for the delivery of malaria vaccine candidates. In
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a phase | study evaluating the safety and immunogenicity of a ME-TRAP (Multiple epitope
thrombospondin adhesion protein) vaccine candidate delivered via ChAd63 prime and MVA boost,
adjuvanted with Matrix-M (352), the authors aimed to determine if this formulation could be used to elicit
humoral responses as well as T cell responses. The vaccine was reported to be safe and well-tolerated,
while also eliciting high T cell responses that were durable and well maintained at six months post-
immunization. Responses were found to be significantly improved with the addition of Matrix-M,
suggested that an adjuvant will be required to achieve the level of CD8+ T cells producing IFN-y required

for protection from infection (352).

Following these reports, the ChAd63 MVVA ME-TRAP vectored malaria vaccine underwent its first
field assessment in the malaria-endemic nation of Burkina Faso in over 700 infants and children in a
phase 1IB trial (4). Previous Phase Ila trials in the UK were found to induce approximately 35%
protection following sporozoite challenge. As before, a heterologous prime-boost regimen consisting of
ChAd63 and MV A was used to deliver ME-TRAP. These vectors were again found to be safe and
immunogenic but unfortunately were only able to induce moderate T cell responses in the children as
compared to the robust responses previously observed for adults, with no efficacy observed during the
trial period (4). These results highlight both the promise of simian adenoviral vectors for use in clinical
trials and the importance of inducing robust immune responses in children, who account for over 70% of

malaria deaths annually (1).

In addition to the assessment of ChAd63-MVA delivery of ME-TRAP alone, there have also been
attempts to combine this regimen with the most advanced malaria vaccine candidate, RTS,S/AS01B
(353). The ChAd63 and MVA vectors were used to assess a combined multi-stage malaria vaccine based
on ME-TRAP delivered concomitantly with RTS,S/AS01B in malaria naive adults (353). While no safety
concerns arose during the study, vaccine efficacy following controlled human malaria infection (CHMI)

was found to be 60% in individuals receiving three RTS,S/AS01B immunizations concomitantly with the
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SAd63 prime and two MVA boosts, as compared to the 75% efficacy achieved for the standard three-dose
RTS,S/AS01B regimen. The authors concluded that this reduction in immunogenicity and efficacy
indicates that other immunization schedules should be tested. The authors also suggested that the decrease
in efficacy may be the result of antigen interference as individuals in the concomitant vaccination group
received not only the hepatitis B surface antigen and the NANP repeats and T cell epitopes of CSP
included in RTS,S, but also ME-TRAP as well as the surface antigens of the ChAd63 and MV A vectors

(353).

Beyond the use of ChAd63 in heterologous prime-boost regimens with MV A for delivery of ME-
TRAP, ChAd63 has also been used to deliver the P. falciparum vaccine candidate reticulocyte-binding
protein homolog 5 (RH5) in a phase A clinical trial (354). This study found that ChAd63 induced
substantial RH5-specific antibodies in malaria naive adults, which were significantly higher than the
serum antibody responses observed in African adults following years of repeated malaria exposure. These
data further demonstrate the robust immunogenicity of this simian vector. In another recent murine study,
ChAd63 was also recently found to induce Plasmodium-specific tissue-resident memory (Trw) cells in the
liver following intramuscular prime and intravenous boosting in mice, which conferred 100% sterilizing
protection upon assessment with antigen matched transgenic sporozoite challenge (66). These results are
significant as this Trm cells have recently been identified as essential for protection against liver-stage

malaria after vaccination protection from malaria (60, 66).

Simian adenoviruses have also been used for the assessment of immunogenicity of other P. vivax CSP
candidates in mice. Following our report, initial immunogenicity assessment of an adenoviral prime,
protein boost immunization based on P. vivax CSP delivered via the chimpanzee adenovirus serotype 68,
was carried out in mice (355). Unlike P. falciparum CSP, which has one allelic variant in the central
repeat region, there are three allelic variants in the CSP central repeat region of P. vivax. To account for

these allelic differences, we have previously described the inclusion of alleles from the VK247 and
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VK210 type repeat sequences into our chimeric P. vivax CSP construct (86, 304). The CSP candidate
assessed in the AdC68 study also accounted for allelic diversity by including the VK210 and VK247, as
well as the P. vivax-like allele into the recombinant CSP protein. This study found that when administered
with the adjuvant Poly(l:C), priming with AdC68 and boosting with protein generated high titers of CSP
allele-specific 1gG antibodies. Upon infectious challenge with either VK210 or VK247 transgenic P.
berghei parasites, this vaccine formulation was able to delay parasitemia in all mice (355). These results
further support the use of both simian adenoviruses, as well as protein constructs accounting for P. vivax

allelic diversity, for the generation of an efficacious universal P. vivax malaria vaccine.

Overall, these recent clinical trials including ChAd63 and the initial immunogenicity assessment of
the AdCh68 vector to deliver a “universal” P. vivax CSP candidate similar to our cPvCSP protein,
provide further support for the continued assessment of the SAd36 vector and similar simian adenoviral
vectors to induce robust CD8+ T cell responses to malaria antigens. Furthermore, the high level of
similarity between the SAd63 and SAd36 vectors (208), as well as recent reports that ChAd63
immunization can be used to elicit Plasmodium-specific Trm responses in the liver which were found to
provide sterilizing protection in mice (66) supports additional assessment of the SAd36 vector for the

delivery of malaria vaccine candidates.

Adenoviral vector modifications to alter antigen processing or to target specific cells for enhancing

vaccine immunogenicity

In our study on the effect of the incorporation of a murine IgGk signal peptide into the SAd36
adenoviral transgene, we observed significantly improved cytokine production by CD4+ T cells.
Although the use of signal peptides to improve viral vectored vaccines is still relatively new, there have
been recent reports on the use of signal peptides to alter the post-translational processing of recombinant

proteins as well as to incorporate peptides with adjuvant properties directly into the adenoviral transgene
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(356, 357). Together these studies highlight the potential of further studies aimed at tailoring adenoviral

vectors using exogenous peptides to produce more immunogenic and efficacious vaccines.

A recent study by Karyolaimos et al. (356) screened a panel of signal peptides to determine the
optimal conditions for the production of a recombinant protein containing multiple disulfide bonds using
E. coli. Recombinant proteins containing disulfide bonds are often targeted to the periplasm of E. coli for
processing, but the presence of different signal peptides can affect the production rate as well as protein
yields. Incorporation of a single-chain antibody fragment, BL1, or human growth hormone, hGH, were
found to significantly improve yields of correctly folded and active proteins (356). These results are
particularly relevant as improperly folded proteins cannot be used for vaccination studies as the
conformational epitopes present in the native protein will likely be altered or absent. While incorrectly
folded proteins isolated from E. coli can be refolded in vitro, adenoviral transgenes need to be able to
produce high levels of correctly folded proteins. Understanding the effect of signal peptides on protein
production in various systems ranging from E. coli to transfected mammalian cells will allow for the

selection of optimal conditions for the production of recombinant proteins for vaccination.

In addition to the inclusion of signal peptides into the adenoviral transgene, it has recently been
reported that adjuvants can be incorporated into the adenoviral transgenes encoding P. falciparum
antigens (357). Fougeroux et al. (357) used the MHC class Il invariant chain (li), which has been shown
to act as an adjuvant by enhancing the T cell response to tethered antigens, to enhance the immune
responses to two CIDRal.1 domain variants from P. falciparum erythrocyte membrane protein 1
(PFEMP1) encoded within the adenoviral transgene. Inclusion of the li adjuvant was found to improve
antigen secretion in African green monkey cells and acted as an adjuvant for both MHC class I and 11
presentation to T cell hybridomas in vitro. When the li modified vectors were tested in mice, accelerated
and enhanced antibody responses specific for the CIDR antigens was observed. The breadth of the

antibody responses to the encoded antigens was also found to be increased (357). These data suggested
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that selection of the optimal targeting molecule, such as li, can promote the secretion of the protein
encoded by the transgene, improve both the CD4+ and CD8+ T cell response by actingasa T cell
adjuvant, while also inducing robust antigen-specific antibody responses, potentially improving the

protective efficacy of the vaccine.

Based on these findings, incorporation of adjuvants and signal peptides into adenoviral transgenes

may offer a way to produce tailored vectors and therefore warrants further investigation.

Plasmodium chimeric proteins incorporating several promiscuous T helper epitopes can be used as

carrier proteins to improve the immunogenicity against the linked antigen

We have highlighted both the promise of transmission-blocking vaccines and challenges faced in the
development of these vaccines previously. Briefly, transmission-blocking malaria vaccines rely on
generating antibody responses to mosquito stage antigens in order to block the development and
transmission of Plasmodium within the vector upon uptake of antibodies during a blood meal. In order for
transmission-blocking vaccines to be effective, induction of long-lived plasma cells (LLPCs) to maintain
protective antibody responses lasting several transmission seasons will likely be required. Currently,
clinical trials of the Pfs25/Alhydrogel vaccine candidate have not been able to elicit the antibody titers to

provide long-lasting transmission-blocking activity (315).

Initial studies aimed at determining the optimal carrier and adjuvant protein to induce anti-Pfs25
long-lived antibody responses found that both carrier proteins and adjuvants can influence the magnitude
of the anti-Pfs25 antibody response. Using an adjuvant-carrier protein combination with either the
adjuvants QS21, a liposomal adjuvant, or GLA-LSQ, a TLR4 agonist, and the carrier proteins exoprotein
A or tetanus toxoid conjugated to recombinant Pfs25 resulted in the induction of T follicular helper cells

and LLPCs specific for Pfs25 in immunized mice (295). Similarly, a carrier protein based on MSP8 has
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also been used to improve the immune response to the P. falciparum transmission-blocking vaccine
candidate Pfs25 (297). In this study, conjugation of recombinant MSP8 with recombinant Pfs25 induced
high titers anti-Pfs25 specific 1gG antibodies in rabbits. These antibodies were also able to recognize the
native structure of Pfs25 and reduce transmission (297). Both of these studies suggested that the presence
of CD4+ T cell epitopes within the highly immunogenic carrier proteins was responsible for promoting
improved humoral responses through the recruitment of CD4+ T cells. The results of our assessment of
the chimeric P. vivax MSP1 carrier protein linked to Pvs25 provide further support to this claim as

cPvMSPL1 is composed of five promiscuous T cell epitopes and the MSP119 kD fragment (351).

In a more recent report, Scaria et al. demonstrate that the outer membrane complex protein from
Neisseria meningitidis, OMPC, can act as a carrier protein for another P. falciparum transmission-
blocking antigen, Pfs230 (358). This combination was found to be highly immunogenic and was able to
skew the T cell response to a robust Thl phenotype, resulting in the production of high levels of 1gG2
antibodies (358). This is particularly relevant for targeting Pfs230 as these antibodies can induce
complement activation and contribute to the more efficient killing of Plasmodium parasites within the

mosquito midgut.

Overall, the use of various carrier proteins has been found to improve the immune responses induced
in vaccinated animals over recombinant transmission-blocking antigens alone. It is likely that similar
formulations will improve the outcomes of future clinical trials of transmission-blocking vaccine

candidates.
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The feasibility of introducing transmission-blocking vaccines as a tool for malaria control and

potential elimination

Pre-clinical studies on the effects of the use of carrier proteins to elicit improved responses to
transmission-blocking antigens have shown promise. However, the success of transmission-blocking
vaccine candidates depends on their ability to induce robust and durable antibodies responses with a

transmission-blocking activity that reduce the transmission of malaria in the community.

Currently, the most advanced transmission-blocking vaccine candidate, Pfs25-EPA/Alhydrogel, has
been tested in phase I clinical trials in malaria naive adults (315). This vaccine was found to be safe and
well-tolerated at all doses tested while also inducing higher antibody titers of higher avidity upon
boosting immunizations that demonstrated transmission-blocking activity in standard membrane feeding
assays. However, even at the highest dose, the mean antibody levels induced were modest after four
vaccinations, and antibody titers returned to baseline levels by one year. Further improvements to
transmission-blocking vaccine candidates will likely be required to induce durable high antibodies titers,

and assessment of the effect of these antibodies on transmission in endemic areas (315).

Two reviews have recently discussed the feasibility of deploying a transmission-blocking vaccine in
endemic areas. A recent review by Acquah et al. (359), highlights that the inability of first-line
antimalarial drugs to eliminate late-stage gametocytes allows patients receiving treatment to remain
infectious for more than a week post-treatment, contributing to further malaria transmission. To address
this gap in malaria intervention, new tools such as transmission-blocking vaccines may offer a way to
prevent transmission within a vaccinated community. The transmission-blocking antibodies induced by
transmission-blocking vaccines is often measured using standard membrane feeding assays (359).
However, in addition to antibodies, other immune components from the host are also taken up by the
female Anopheles mosquito during a blood meal and remain active for several hours while in the

mosquito midgut, including lymphocytes, cytokines, complement proteins, and reactive oxygen species
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(360). Complement components have been found to be a critical factor of transmission reducing activity,
including for anti-Pfs230 transmission-blocking antibodies (150). As a result, the role of complement
needs to be considered in the search for ideal transmission-blocking antibody and accounted for in vitro

assessments of efficacy such as membrane feeding assays.

Another recent review by Coelho et al. (361) has highlighted some of the logistical, educational, and
ethical concerns that will likely be faced by transmission-blocking vaccines when they are introduced in
large endemic populations. The first consideration is that a vaccine with only transmission-blocking
vaccine component will be an altruistic intervention, providing a reduction in incidence to the community
based on herd immunity. Due to the reliance on herd immunity, high levels of vaccine uptake will be
required (361). A study conducted last year in the Peruvian Amazon in a community where over 90% of
the community has had exposure to Plasmodium, found that 99.3% of mothers expressed willingness to
be vaccinated with at transmission-blocking vaccine and 90% approved of allowing their children to
receive a TBV vaccine (362). However, the authors suggest incorporating a new vaccine into existing
childhood vaccine infrastructure will likely be required to reach vaccination rates high enough to reduce

transmission (361).

Another issue that will hinder transmission-blocking vaccine uptake will be the price paid for
vaccines. In the same study looking at the malaria-endemic region of the Peruvian Amazon, less than two-
thirds of those interviewed would pay for their own vaccine if the price was less than $2. However,
according to the Vaccine Alliance partnership, the average price paid for vaccines per child by the
government was between $3.80 to $5 (362). Based on this information, governments will need to be
willing to assume the cost in order to ensure that there is sufficiently high uptake within the community.
Otherwise, the transmission-blocking vaccine will not be effective. Issues such as political instability,
conflict, and human migration of vulnerable populations will further complicate the task of vaccinating

endemic populations (362).
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While these reviews agree that transmission-blocking vaccines offer a promising strategy to achieve
malaria control through interruption of transmission, their enthusiasm is tempered by the numerous
challenges that face the development and deployment of future transmission-blocking vaccines. These
concerns will need to be addressed by future studies in order to obtain an effective transmission-blocking

vaccine.

Serological surveys to determine malaria exposure can support malaria elimination campaigns and

monitor changes in transmission intensity at the population level

In this past year, there have been numerous studies employing serological assays to aid in malaria
elimination efforts. An assessment of asymptomatic Plasmodium infections using both PCR and
serological assays was recently conducted in the Atlantic Forest region of Brazil, which is considered an
area of interrupted transmission as malaria cases are only occasionally reported among visitors in the area
(363). Of the 324 individuals recruited for this study, only 2.8% of individuals had Plasmodium infections
detectable by PCR. When serological assessments were carried out in 314 of these patients, 11.1% of
individuals were found to be reactive to Plasmodium antigens (363), demonstrating how population-based

studies relying on PCR miss a large number of cases in low endemic regions.

In a similar community-based study in Indonesia, a serological analysis was used to determine the
heterogeneity of malaria transmission (364). Seroconversion rates were estimated for a population of
1624 individuals from 605 households in the Sabang region using filter paper blood spots and
epidemiological data. In this study, the seroprevalence for P. falciparum antigens was determined to be
6.9%, while seroprevalence for P. vivax antigens was determined to be 2.0%. The authors concluded that
this information could aid in malaria monitoring and surveillance in other low transmission areas of

Indonesia (364).
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Within the past decade, Ethiopia has completed a successful malaria control campaign and is now
focusing on elimination efforts in selected low-transmission regions. To aid in these efforts, a cross-
sectional study by Keffale et al. used serological assays to determine the prevalence of antibodies reactive
to P. falciparum and P. vivax antigens in 1135 individuals living in the Babile district of Oromia, Ethiopia
(365). They found that malaria seroconversion curves had declined from records obtained 15 and 11.5
years prior, and that antibody titers were higher in adults than in children for both P. falciparum and P.
vivax. However, 5.1% and 3.6% of individuals were positive for P. falciparum and P. vivax by PCR,

leading the authors to argue for continued and tailored efforts to eliminate malaria in this region (365).

In a protein microarray study by Kobayashi et al. aimed at assessing malaria transmission in low
incidence settings in Zambia and Zimbabwe, it was determined that while antibody signals and
transmission intensity in adults showed little correlation, children less than five years of age showed a
clear correlation between these two measurements (366). The authors concluded that seroprevalence
studies in children could be useful for determining malaria elimination progress as serological studies in
children could provide information on recent levels of transmission activity compared to the durable

antibody responses observed in adults.

In addition to determining previous malaria exposure, serological assays have also been applied to
determine if serological markers are associated with functional antibodies capable of inhibiting parasite
growth (367). In a study by Achan et al., two groups of adults with high or low serological evidence of
exposure volunteered to undergo controlled human malaria infection with P. falciparum sporozoites. All
ten of the volunteers with low serological evidence of exposure, and 7 out of 9 of those with high
serological evidence of exposure became infected as detected by blood smear. However, individuals with
high serological evidence of previous malaria exposure showed significantly higher antibody recognition
of sporozoites, anti-blood stage antibodies, and growth inhibitory activity when compared to individuals

with low serological evidence of exposure. Individuals with high serological evidence of exposure were
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also able to control infection better, showing lower parasite counts, fewer symptoms of malaria infection,
and less severe symptoms overall (367). It is possible that similar studies may be able to determine an
individual’s risk for developing severe disease, providing valuable information regarding correlates of

protection from malaria.

Overall, serological studies have been used in a range of applications. Serological assessments have
continued to be useful in different stages of malaria elimination campaigns, from studies aimed at
determining transmission intensity of multiple Plasmodium spp. in lower endemic countries beginning
elimination campaigns (364) to monitoring low transmission areas in countries that have already
eliminated transmission in large portions of the respective country (365). Newer studies have recently
used serology to stratify responses based on age to better determine the Kinetics of recent transmission in
children (366) and have demonstrated that adults with high levels of serological markers of previous
malaria exposure are better protected from severe disease (367). Based on these reports, it is likely that
improvements in serological studies will provide valuable information that may further aid malaria

elimination campaigns.

Future Directions

In summary, we have demonstrated that the simian adenovirus 36 vector can be used in place of the
human Ad5 vector to which there are high levels of pre-existing immunity without compromising T cell
immunogenicity (250). Furthermore, we established that the addition of a signal peptide sequence within
the adenoviral transgene can improve the CD4+ T cell immune responses and associated cytokine
production induced by vaccination in response to the encoded antigen (304). Simian adenoviral vectors
have continued to show promise for induction of protective T cell responses in preclinical studies and

clinical trials, often as part of heterologous prime-boost immunization regimens consisting of two
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different viral vectors (66, 352, 353, 368). Heterologous prime-boost immunization regimens are seen as
attractive for malaria vaccine candidates as they can be used to improve the breadth of the T cell
responses prior to protein-boosting to elicit high antibody titers that can provide further protection from
malaria (93, 250). However, the use of the adenovirus vectors can lead to the induction of anti-vector

antibodies that could reduce the efficiency of a subsequent boost with the same vector (93).

To further explore the ability of adenoviral vectors to induce robust T cell responses, we have begun
the assessment of heterologous adenoviral immunization regimens in mice incorporating the SAd36
vector and the chimeric recombinant human Ad5/3 vector, which we have previously described (93). We
sought to determine the ability of heterologous adenoviral regimens that include two different
adenoviruses to induce robust T cell responses and provide protection from infectious challenge. Our
initial results suggest that mice immunized with heterologous adenoviral regimens significantly improve
the cytokine production by antigen-specific CD4+ and CD8+ T cells compared to protein immunized and
unvaccinated mice. Relevantly, heterologous adenoviral immunized mice were also able to achieve
sterilizing protection against transgenic P. berghei infectious challenge. Future studies will further define
the effector mechanisms involved in the protection induced by this regimen, as well as the durability of

protection.

In addition to our studies on heterologous prime-boost immunization regimens including SAd36, we
have further explored the properties of the chimeric P. vivax MSP1 protein, cPvMSP1. We have already
demonstrated that cPvMSP1 is able to function as an effective carrier protein for the poorly immunogenic
P. vivax transmission-blocking antigen Pvs25, improving overall antibody responses, durability, and
induction of long-lived plasma cells (351). We have shown that antibodies able to bind cPvMSP1 could
be used as serological biomarkers of exposure to P. vivax using samples from US travelers. Due to these
features, the cPvMSP1 is a potentially sensitive malaria serological tool that could be used to determine

exposure history and population-level seroconversion in endemic areas. To test this hypothesis, we have
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used the large dried blood spot sample bank available at the CDC to determine reactivity to cPvMSP1
using samples from two distinct populations. For these studies, 8,944 samples from Ethiopia, where all
four main Plasmodium species are endemic, and 852 samples from Costa Rica, where P. vivax is
endemic, and P. falciparum has recently been eliminated were used (manuscript in preparation). Among
Ethiopian volunteers, patients below the age of 10 showed higher assay signals to cPvMSP1 than either
the recombinant PFMSP1 or PvMSP1 antigens and demonstrated faster seroconversion. Additionally, the
seroprevalence of antibodies that recognize cPvMSP1 remained high in adult patients, suggesting that
cPvMSP1 may be able to estimate malaria transmission overall in co-endemic areas. In Costa Rica, we
found a higher seroprevalence for antibodies recognizing cPvMSP1 at all age ranges. We also found that
the use of recombinant PFMSP1 showed low recognition in individuals under 20 years of age, but adults
above this age range had varied responses indicating historic P. falciparum transmission in this region.
Based on our current findings, we predict that the use of tailored serological assays that improve the
sensitivity of the current serological surveys could provide more accurate measurements of malaria

transmission in low endemic settings and better inform future elimination campaigns.

In conclusion, the work presented here on the use of simian adenoviral vectors to induce robust
antigen-specific T cell responses and the ability of a chimeric antigen to serve as both a protein carrier
and a sensitive tool for the development of accurate serological marker for community-based
seroepidemiological surveys have contributed to the fields of malaria vaccinology and malaria

epidemiology. We hope that these findings will further support malaria elimination efforts.
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