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In areas where Plasmodium falciparum transmission is endemic, clinical immunity against
malaria is progressively acquired during childhood and adults are usually protected
against the severe clinical consequences of the disease. Nevertheless, pregnant
women, notably during their first pregnancies, are susceptible to placental malaria and
the associated serious clinical outcomes. Placental malaria is characterized by the
massive accumulation of P. falciparum infected erythrocytes and monocytes in the
placental intervillous spaces leading to maternal anaemia, hypertension, stillbirth and
low birth weight due to premature delivery, and foetal growth retardation. Remarkably, the
prevalence of placental malaria sharply decreases with successive pregnancies. This
protection is associated with the development of antibodies directed towards the surface
of P. falciparum-infected erythrocytes from placental origin. Placental sequestration is
mediated by the interaction between VAR2CSA, a member of the P. falciparum
erythrocyte membrane protein 1 family expressed on the infected erythrocytes surface,
and the placental receptor chondroitin sulfate A. VAR2CSA stands today as the leading
candidate for a placental malaria vaccine. We recently reported the safety and
immunogenicity of two VAR2CSA-derived placental malaria vaccines (PRIMVAC and
PAMVAC), spanning the chondroitin sulfate A-binding region of VAR2CSA, in both
malaria-naive and P. falciparum-exposed non-pregnant women in two distinct Phase |
clinical trials (ClinicalTrials.gov, NCT02658253 and NCT02647489). This review discusses
recent advances in placental malaria vaccine development, with a focus on the recent
clinical data, and discusses the next clinical steps to undertake in order to better
comprehend vaccine-induced immunity and accelerate vaccine development.
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INTRODUCTION

In 2019, approximately 11 million pregnant women were exposed
to the risk of P. falciparum infection (1). Malaria contracted during
pregnancy can lead to significant clinical complications for the
mother, including anaemia (2, 3) and hypertension (4, 5), but also
for the child. Indeed, malaria in pregnancy may account for over
200,000 stillbirths each year (6) and for the delivery of over
800,000 low birth weight babies (1). This clinical picture varies
depending on the parity status and intensity of P. falciparum
transmission in a given geographical area (7). Primigravid women
are highly susceptible to develop severe clinical outcomes
following P. falciparum infection. However, in high endemicity
area, the incidence of illness sharply drops after successive
pregnancies (7), demonstrating that protective immunity can be
naturally acquired. These observations raised the hope of
developing a vaccine that could protect pregnant women against
the serious clinical manifestations of malaria in pregnancy.

P. falciparum infection in pregnancy can cause substantial
morphological and immunological changes in the placenta,
where a massive accumulation of infected erythrocytes (IEs)
takes place (8-10), reshaping the cytokine profile of the local
environment (11-13) and altering the maternofoetal exchanges
(14). IEs from placental origin present a unique adhesive
phenotype and do not bind to the host receptors (CD36,
CD31, EPCR) commonly used by the parasite to cytoadhere to
the microvasculature lining (15-17). Instead, placental IEs
interact with a low-sulphated sugar only present at the surface
of syncytiotrophoblasts, the chondroitin sulphate A (CSA) (18-
21). This low-sulphated placental CSA is structurally distinct
from CSA present in other organs or secreted into the
extracellular matrix and body fluids (21). A single member of
the P. falciparum Erythrocyte Membrane Protein 1 (PfEMP1)
family, named VAR2CSA, has been identified as the main
parasite-derived ligand mediating the interaction of IEs with
placental CSA (22-27). Numerous studies have correlated the
presence of antibodies reacting to VAR2CSA with protection
against placental malaria (PM) (28-30). In a recent systematic
review and meta-analysis, Cutts et al. showed that VAR2CSA
derived antigens were positively associated with the presence of
placental infections. However, they could not identify evidence
that antibody response towards a specific VAR2CSA antigen is
associated with protection from PM (31). The capacity of anti-
VAR2CSA antibodies to block the adhesion of IEs to CSA is
thought to play a major role in protection (32) but accumulating
evidence suggests that other antibody-dependent effector
mechanisms, such as opsonic phagocytosis (33-35), could also
actively participate in parasite clearance.

Current malaria control strategies during pregnancy mainly
consist in the use of long-lasting insecticidal bed nets and the
administration of intermittent preventive treatments based on
sulphadoxine-pyrimethamine (IPT-SP) as well as iron and folic
acid supplementation [reviewed in (36, 37)]. Even if effective in
reducing the malaria burden in pregnant women living in endemic
areas (1), the global implementation of such approaches is
threatened by the emergence of widespread resistance of both
anopheles mosquitoes to insecticides (38) and of parasites to anti-

malarial drugs (39). Furthermore, since IPT-SP is only initiated at
the first antenatal care visit, usually in the second trimester, and
that increasing evidence suggests that P. falciparum infection is
particularly frequent and detrimental in the first trimester of
pregnancy (40-43), complementary intervention regimens such
as vaccines would therefore be extremely valuable. In the current
global malaria vaccine landscape, predominated by anti-infection/
transmission approaches, VAR2CSA-based PM vaccines stand as
the main anti-disease strategy to reduce placental malaria
morbidity and mortality.

IDENTIFYING THE BEST VAR2CSA-
DERIVED VACCINE CANDIDATE

Prevention of placental infection in first pregnancies is not
bestowed by the naturally acquired immune responses from
previous P. falciparum infections, i.e., prior to pregnancy.
Nevertheless, natural and protective immunity develops after
one or two pregnancies (7, 44, 45). Vaccine candidates aiming to
protect against PM should mimic, at least in part, the naturally
acquired antibody response associated with protection (32).
Ideally, the vaccine-induced immune responses should be
boosted and even substantiated by natural infections.

Following the identification of VAR2CSA and the determination
of its role in PM pathogenesis and immunity, researchers have been
trying to identify the best VAR2CSA-derived antigen to include in a
PM vaccine (27). Indeed, VAR2CSA is a complex cysteine-rich 350
kDa protein composed of an N-terminal segment (NTS) followed
by six Duffy-binding like (DBL) domains interspaced by four inter-
domains (ID) with less defined structures, a transmembrane region
and a cytoplasmic ATS region (Figure 1). This complexity,
associated to the difficulty in expressing sufficient material of the
full-length VAR2CSA extracellular region to proceed to clinical trial,
have spurred researchers to characterize and identify a subunit
VAR2CSA vaccine. All P. falciparum genomes carry one or several
var2csa genes (46, 47). Var2csa has also been identified in the
genomes of P. reichenowi, which infects the chimpanzee, indicating
that the CSA-binding phenotype has an ancient origin and that
protein functionality might exert some degree of constraint on
sequence variation (48). Among the various VAR2CSA variants,
most of the functional studies have been performed on VAR2CSA
derived from 3D7 and FCR3 laboratory strains. The secondary
structure of the DBL fold is conserved, and variable regions are
scattered in the primary sequence as mosaic blocks, which are
generally the prime target of anti-VAR2CSA antibodies (49-51).
The assumption that a structurally constrained adhesion-mediating
region within VAR2CSA could be more conserved than others, led
early research to focus on the determination of the single DBL
domain(s) involved in CSA-binding (25, 51-57). The finding that
single DBL domains, which appeared not to bind CSA, could induce
inhibitory antibodies was a primary indication that the tertiary
structure of the protein was not like DBL-pearls on a string (58, 59).
When full-length recombinant VAR2CSA proteins became
available, low-resolution structures obtained by small-angle X-ray
scattering (SAXS) and CSA-binding kinetics of the full-length
recombinant proteins indicated that VAR2CSA harboured a
globular conformation rather than a linear-shaped structure
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Vaccines Mw

DBL1X _ID1_DBL2X
PRIMVAC (3D7) 105 kDa

49 962

ID1_DBL2X __ID2a

PAMVAC (FCR3) 72 kDa

386 1025

Expression system

E. Coli Shuffle

Drosophila Schneider 2

Adjuvants ClinicalTrials.gov Identifier

Alhydrogel, GLA-SE NCT02658253

Alhydrogel, GLA-SE, GLA-LSQ NCT02647489

FIGURE 1 | Schematic representation of VAR2CSA and vaccines tested in clinical trials. VAR2CSA is a 350-kDa transmembrane protein composed of an N-terminal
segment (NTS) followed by six Duffy-binding like (DBL) domains interspaced by 4 inter-domains (ID), a transmembrane region and a cytoplasmic Acidic C terminus
sequence (ATS). PRIMVAC and PAMVAC schematic representation with sequences boundaries, predicted molecular weight, expression systems, and adjuvants
used for the Phase | clinical trials. ClinicalTrials identifier for both Phase | are indicated.

(60, 61). The determination of the CSA-binding kinetics of the full-
length recombinant VAR2CSA also revealed that the full-length
protein was able to interact with CSA with high specificity and high
affinity, yielding nano-molar affinity constants. This was markedly
different to those obtained for single-domain constructs in the
micromolar range (60, 61). Using SAXS and single particle
reconstruction from negative stained electron micrographs, a
recent study confirmed the globular conformation of VAR2CSA
and suggested a model for CSA-binding (62). Dissection of the
CSA-binding affinities of recombinant truncations of full-length
VAR2CSA, as opposed to single DBL domains, identified the N-
terminal part of VAR2CSA as the CSA-binding region (63-65).
While for the 3D7 variant, a more specific binding to CSA was
observed using the DBL1x-DBL3x multidomain protein (64), the
DBLI1x and DBL3x domains did not appear as essential for high
affinity CSA binding for the FCR3 variant (65). The binding affinity
of FCR3 DBL2x including small N and C terminal flanking ID1 and
ID2 inter-domains was similar to the autologous full-length
VAR2CSA. Thus, the minimal binding region of FCR3-
VAR2CSA was designated as ID1-DBL2x-ID2a (65).

Although the identification of the high affinity CSA-binding site
has orientated researchers to target this region to induce inhibitory
antibodies, many studies have looked at the quality of the immune
response generated by the different single DBL domains and
multiple domains, including the full-length extracellular region of
VAR2CSA. Indeed, due to the globular fold of the full-length
molecule it appears possible that antibodies directed towards
residues not directly involved in CSA-binding could i) be cross-
reactive against different variants and/or ii) affect the molecular
interaction of VAR2CSA with CSA by steric hindrance.

Interestingly, the generation of single domain nanobodies
following immunization of camelids with the full-length
VAR2CSA recombinant protein revealed a preferential targeting
of the DBLIx domain and, to a lower extent, of DBL4e, DBL5¢, and
DBL6e (66) suggesting the existence of immunodominant epitopes
outside the CSA-binding region of the protein. This assumption is
also strengthened by another study showing that monoclonal
antibodies generated from naturally infected women are

predominantly directed against DBL3x and DBL5x (67).
Remarkably, none of these nanobodies and monoclonal
antibodies presented CSA-binding inhibitory capability, which
indicates that a single molecule targeting an epitope outside the
binding region is unlikely to inhibit the adhesion of IEs to CSA.

Several small animal immunization studies, many of which
have been carried out in collaboration between different
laboratories, have established that the generation of antibodies
targeting epitopes shared between different parasite lines could
be achieved using various VAR2CSA domains (68-75).
Although antibodies raised against the full-length VAR2CSA
may not be cross-inhibitory (76), several studies performed in
rodents have shown that shorter constructs including the N-
terminal region of VAR2CSA are able to induce cross-inhibitory
antibodies preventing IEs from binding to CSA (77-81).

Taken together, these data have evolved the rationale for
developing a vaccine against PM based on the CSA binding N-
terminal region, in the hope that it will prime the immune
response towards semi-conserved antigenic determinants and
then mimic the antibody repertoire acquired through natural
exposure in first pregnancy (32).

PRIMVAC AND PAMVAC PHASE |
CLINICAL TRIALS

VAR2CSA-based vaccines spanning the CSA-binding region
(PRIMVAC and PAMVAC), designed to generate antibodies
capable of inhibiting IEs adhesion to placental cells, have recently
been assessed in two separate phase I clinical trials (Clinical Trials.gov
identifiers NCT02658253 and NCT02647489, respectively) (Figure
1). Together they represent an attractive intervention strategy to
protect primigravid women from the serious clinical outcomes of
PM. PAMVAC expressed in a Drosophila Schneider 2-derived cell
line spans the interdomain region 1 through Duffy binding-like
domain 2 to inter-domains 2 (ID1-DBL2x-ID2a) of the FCR3
variant of VAR2CSA (82), while PRIMVAC expressed in
E. coli SHuffle® is based on the DBLIx-2x multidomain of
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VAR2CSA from the P. falciparum 3D7 strain (Figure 1) (79, 80,
83). In order to allow comparative assessment of different
placental malaria vaccine candidates, especially PRIMVAC and
PAMVAC, two workshops hosted by the European Vaccine
Initiative allowed the harmonization of clinical development
plans and of assays for immunological assessment (84).

Based on these recommendations, both clinical trials were
designed as randomized, double-blind, placebo-controlled, dose
escalation trials and were meant to evaluate the safety and
immunogenicity of three intramuscular vaccinations with
progressively higher doses. PRIMVAC was adjuvanted with
Alhydrogel or glucopyranosyl lipid A adjuvant in stable emulsion
(GLA-SE) whereas PAMVAC was adjuvanted with Alhydrogel or
GLA-SE or injected as a liposomal formulation in combination with
QS21 (GLA-LSQ) (Figure 1). Volunteers were recruited into
sequential cohorts receiving 20 g, 50 pg, or 100 pg of vaccines at
day 0, 28, and 56. PAMVAC volunteers were observed for 6 months
following last immunization, while PRIMVAC volunteers were
followed for one year after the last vaccination. While the safety
and immunogenicity of PRIMVAC has been recently published in
both malaria naive (French volunteers) and P. falciparum-exposed
non-pregnant women (Burkinabe women) (83), only the clinical
evaluation of PAMVAC in malaria naive volunteers (German
volunteers) has been so far reported (82). Al PAMVAC and
PRIMVAC formulations were safe and well tolerated and none of
the vaccines induced serious adverse events (82, 83).

PAMVAC and PRIMVAC were immunogenic in all participants
and antibody levels were usually higher for both vaccines when
adjuvanted with GLA-SE as compared to Alhydrogel and GLA-LSQ,
at all dosages. In the case of PRIMVAC, all the volunteers
seroconverted after two vaccine doses and a high proportion of
them were still seroconverted one year after the third vaccination,
which is indicative of a long-lasting immunity. Interestingly, IgG
subclass analysis revealed that the induced antibodies were mostly
IgG1 and IgG3 for PRIMVAC vaccinated volunteers. Therefore, the
PRIMVAC-induced antibody response seems to mimic the naturally
acquired immune response observed in multigravid women (85, 86).

Both vaccines generated antibodies reacting with the homologous
VAR2CSA expressing parasites (NF54 for PRIMVAC and FCR3 for
PAMVAC), however limited cross-reactivity was observed against
heterologous VAR2CSA variants either recombinantly expressed
(PAMVAC trial) or expressed on the surface of FCR3-CSA and
7G8-CSA IEs (PRIMVAC trial). The highest cross-reactivity was
observed in sera collected from women that received the 100 pg
PRIMVAC dose. Both vaccines induced functionally active
antibodies inhibiting the interaction of their corresponding
homologous VAR2CSA expressing IEs to CSA but low or no
CSA-binding inhibition was observed for IEs expressing
heterologous VAR2CSA variants (82, 83).

DISCREPANCIES BETWEEN
PRECLINICAL AND CLINICAL STUDIES

Interestingly, the PAMVAC and PRIMVAC vaccines were able to
induce antibodies in humans at significantly high titers after three
doses received by the study participants. These antibodies were

mainly vaccine-specific and mainly possessed functional activity
against the homologous strains. Although these antibodies made it
possible to describe a cross-reactivity with the constructs
originating from other parasite variants, in particular those
induced by vaccines adjuvanted with GLA-SE (82, 83), the lower
cross-reactivity and the lack of cross-inhibition contrasts with the
data generated in small animal models that guided the selection of
these vaccine candidates (63, 77, 79, 80).

The observation that the responses in humans appear less
cross-reactive than in rodents clearly raises the question of the
transferability of the data generated in small animal models to
humans. One confounding effect could be that the rodents
received a higher dose per bodyweight than humans, so that
the induced antibody titers are overall lower in humans
compared to small animal models. A lower antibody titer
would then possess less cross-reactive antibodies and then
explain the lowest observed cross-reactivity. It is also possible
that there is species-specific selection for cross-reactive epitopes
in rodents versus humans. This would be a major obstacle in the
placental malaria vaccine development process where the lack of
an appropriate animal model remains. An animal model that
would be as close as possible to humans, like non-human
primates could be an asset in the preclinical validation phases.
Efforts to develop such a model in the Aotus monkey is currently
underway and could offer an interesting track in this perspective.

Interestingly, it was noted that some nulligravid women
participating in the study in Burkina Faso to receive the
PRIMVAC vaccine, possessed VAR2CSA antibodies before the
administration of the vaccine doses (83). While these observations
corroborate those of a few studies which have shown the presence
of antibodies reacting with certain VAR2CSA antigens in some
non-pregnant or male subjects living in endemic regions (87-89),
their potential interference or benefit with vaccination deserves to
be considered.

CURRENT VACCINE DEVELOPMENT GAPS
AND POTENTIAL FUTURE DEVELOPMENTS

The preclinical and phase I clinical trial results for PAMVAC
and PRIMVAC are highly encouraging and confirm the
feasibility of developing a PM vaccine through further clinical
testing. However, prior to embarking on costly, large-scale phase
II clinical trials, it is essential to further evaluate the longevity of
the immune response in vaccinated women and meanwhile
assess its development upon natural infections. Novel strategies
to enhance the immunogenicity of the PM vaccine candidates
and to maximize the antibody cross-reactivity against different
VAR2CSA variants could also be envisaged.

Longevity

Longevity of the vaccine-induced immune response is an essential
element in placental malaria vaccine development, since nulligravid
women will be vaccinated many months or years prior to their first
pregnancy. In 2012, Fowkes et al. suggested that half-lives of
antibody responses in pregnant women induced by natural
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P. falciparum infection were in general relatively short for merozoite
antigens (0.8-7.6 years) (90). However, half-lives of antibodies to
VAR2CSA were significantly longer (36-157 years), suggesting that
antibodies acquired in one pregnancy may be maintained to protect
subsequent pregnancies (90). This raises hope for PM vaccine
development, a hope that is further bolstered by the results
obtained in the pre-clinical and clinical PM vaccination studies.
The PM vaccine candidates, especially PRIMVAC, produced a long-
lasting immune response in PRIMVAC vaccinated women who
developed an immune response that lasted for more than a year (83).
To further characterize the longevity of the PRIMVAC-induced
immune response in women in malaria-endemic areas and to define
vaccination age and frequency of booster vaccinations, follow-up of
the vaccinated women for several years will be crucial. Additionally,
the capacity of the vaccine candidates to boost and broaden a
naturally acquired immune response would provide valuable insight.

Immunogenicity

Recombinant soluble proteins are often thought to induce an
immune response of insufficient strength and breadth to confer full
protection. Therefore, alternative approaches for the presentation of
the VAR2CSA antigens are considered. The most advanced approach
is using a capsid-like particle (CLP) that has been added as a
backbone to the PM antigen, thereby possibly inducing a stronger
immune response than a vaccine based on soluble recombinant
protein and thus potentially improving immunogenicity, cross-
reactivity and longevity of the induced immune response (91, 92).

Cross-Reactivity
Each vaccine candidate, PAMVAC and PRIMVAC, consists of a
single recombinant protein. However, VAR2CSA is a diverse
antigen and in Benin alone, 57 haplotypes of the vaccine target
were identified which phylogenetically cluster into five clades
(93). The PM vaccine candidates PRIMVAC and PAMVAC are
from two distinct clades; 3D7 (clade 1) and FCR3 (clade 2)
respectively. Interestingly, the authors found an association
between the 3D7-like clade and low birthweight (93). Because
of the extensive VAR2CSA polymorphism, the development of a
PM vaccine is challenging. While the correct part of VAR2CSA
to target appears established, it may be needed to generate
second-generation vaccines, which expands the possibility of
immunizing against several variants to improve cross-reactivity.
Different approaches may be evaluated: 1) prime - boost
vaccination using VAR2CSA variants from different clades,
2) combination vaccination approaches either using, e.g., soluble
recombinant proteins or multi-VAR2CSA-CLPs, 3) chimeric
VAR2CSA variants, either based on the PAMVAC or PRIMVAC
protein boundaries or rational structure-based designs. Finally, the
recently hyped mRNA vaccine technology deployed against Covid-
19 may be a way to incorporate several variants due to the ease and
low cost of manufacture (94).

CONCLUSION

Over the past years, a promising portfolio of PM vaccine
candidates was developed and two VAR2CSA-derived vaccines

were brought to clinical evaluation, confirming the feasibility of
developing a PM vaccine. However, to evaluate and compare the
results of the various PM vaccine approaches, the harmonization
of clinical trial procedures and the standardization of
immunoassays that was initiated before the start of the phase I
clinical trials (84) has to be further strengthened. Stringent go/no-
go criteria will be required to decide to enter in the next
development stages based on production feasibility, safety, and
induction of cross-reactive and functional immune responses. A
major obstacle to transitioning a PM vaccine from preclinic to
clinic is the lack of a suitable animal model (95). Evaluation of
PM vaccine efficacy is particularly complex. Indeed, the lack of
surrogates to predict PM vaccine-induced protection limits the
potential of early clinical trials to provide indications on vaccine
efficacy. The amplitude of the antibody response resulting from
vaccination appears today as an indicator of putative efficacy,
although the threshold levels of antibodies required for protection
are undetermined. The lowest cross-reactivity observed during
the clinical trials in comparison to the preclinical evaluation could
be the consequence of a lower amplitude of the immune response
upon antigen exposure in humans compared to rodents. Since
sterile immunity is not required for a PM vaccine, the hope is that
the vaccine-induced response will be boosted and even broadened
by natural infection. Alternate schedules of immunization,
antigen dosage, and combinations with other VAR2CSA-based
vaccines are under development and will be assessed in future
studies for their capacities to broaden the cross-reactivity
of the induced immunity against heterologous VAR2CSA
variants and then fully protect women from the negative
outcomes of PM.

AUTHOR CONTRIBUTIONS

BG, AC, NV, NTN, and MN wrote the manuscript. All authors
contributed to the article and approved the submitted version.

FUNDING

This work is supported by the French National Research Agency
(ANR-16-CE11-0014-01), grants from Laboratory of Excellence
GR-Ex, reference ANR-11-LABX-0051 and the French
Parasitology consortium ParaFrap (ANR-11-LABX0024). The
labex GR-Ex is funded by the program “Investissements d’avenir”
of the French National Research Agency, reference ANR-11-IDEX-
0005-02. Funding for PRIMVAC and PAMVAC activities were
provided by the Bundesministerium fiir Bildung und Forschung,
through Kreditanstalt fiir Wiederaufbau (ref: 202060457),
Germany; Inserm and Institut National de Transfusion Sanguine,
France; Irish Aid, Department of Foreign Affairs and Trade,
Ireland. European Union in the Seventh Framework Programme
(FP7-HEALTH-2012-INNOVATION; under grant agreement
304815), the Danish Advanced Technology Foundation (under
grant number 005-2011-1).

Frontiers in Immunology | www.frontiersin.org

February 2021 | Volume 12 | Article 634508


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Gamain et al.

Status of Placental Malaria Vaccine Development

REFERENCES

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

World Health Organization, Geneva. World Malaria Report 2019. (2019)
(World malaria report 2019 (who.int)).

Verhoeff FH, Brabin BJ, Chimsuku L, Kazembe P, Broadhead RL. An analysis
of the determinants of anaemia in pregnant women in rural Malawi-a basis
for action. Ann Trop Med Parasitol (1999) 93(2):119-33. doi: 10.1080/
00034989958609

. Shulman CE, Graham W7, Jilo H, Lowe BS, New L, Obiero J, et al. Malaria is

an important cause of anaemia in primigravidae: evidence from a district
hospital in coastal Kenya. Trans R Soc Trop Med Hyg (1996) 90(5):535-9.
doi: 10.1016/s0035-9203(96)90312-0

. Ndao CT, Dumont A, Fievet N, Doucoure S, Gaye A, Lehesran JY. Placental

malarial infection as a risk factor for hypertensive disorders during pregnancy
in Africa: a case-control study in an urban area of Senegal, West Africa. Am ]
Epidemiol (2009) 170(7):847-53. doi: 10.1093/aje/kwp207

. Muehlenbachs A, Mutabingwa TK, Edmonds S, Fried M, Duffy PE.

Hypertension and maternal-fetal conflict during placental malaria. PLoS
Med (2006) 3(11):e446. doi: 10.1371/journal.pmed.0030446

. Moore KA, Simpson JA, Scoullar MJL, McGready R, Fowkes FJI.

Quantification of the association between malaria in pregnancy and
stillbirth: a systematic review and meta-analysis. Lancet Glob Health (2017)
5(11):e1101-e12. doi: 10.1016/52214-109X(17)30340-6

. Desai M, ter Kuile FO, Nosten F, McGready R, Asamoa K, Brabin B, et al.

Epidemiology and burden of malaria in pregnancy. Lancet Infect Dis (2007) 7
(2):93-104. doi: 10.1016/S1473-3099(07)70021-X

. Galbraith RM, Fox H, Hsi B, Galbraith GM, Bray RS, Faulk WP. The human

materno-foetal relationship in malaria. II. Histological, ultrastructural and
immunopathological studies of the placenta. Trans R Soc Trop Med Hyg
(1980) 74(1):61-72. doi: 10.1016/0035-9203(80)90012-7

. Walter PR, Garin Y, Blot P. Placental pathologic changes in malaria. A

histologic and ultrastructural study. Am J Pathol (1982) 109(3):330-42.
Ismail MR, Ordi J, Menendez C, Ventura PJ, Aponte JJ, Kahigwa E, et al.
Placental pathology in malaria: a histological, immunohistochemical, and
quantitative study. Hum Pathol (2000) 31(1):85-93. doi: 10.1016/s0046-8177
(00)80203-8

Fried M, Muga RO, Misore AO, Duffy PE. Malaria elicits type 1 cytokines in
the human placenta: IFN-gamma and TNF-alpha associated with pregnancy
outcomes. J Immunol (1998) 160(5):2523-30.

Moormann AM, Sullivan AD, Rochford RA, Chensue SW, Bock PJ, Nyirenda T,
et al. Malaria and pregnancy: placental cytokine expression and its relationship
to intrauterine growth retardation. J Infect Dis (1999) 180(6):1987-93.
doi: 10.1086/315135

Fievet N, Moussa M, Tami G, Maubert B, Cot M, Deloron P, et al.
Plasmodium falciparum induces a Th1/Th2 disequilibrium, favoring the
Thl-type pathway, in the human placenta. J Infect Dis (2001) 183
(10):1530-4. doi: 10.1086/320201

Umbers AJ, Boeuf P, Clapham C, Stanisic DI, Baiwog F, Mueller I, et al.
Placental malaria-associated inflammation disturbs the insulin-like growth
factor axis of fetal growth regulation. J Infect Dis (2011) 203(4):561-9.
doi: 10.1093/infdis/jiq080

Smith JD, Chitnis CE, Craig AG, Roberts D], Hudson-Taylor DE, Peterson
DS, et al. Switches in expression of Plasmodium falciparum var genes correlate
with changes in antigenic and cytoadherent phenotypes of infected
erythrocytes. Cell (1995) 82(1):101-10. doi: 10.1016/0092-8674(95)90056-x
Baruch DI, Pasloske BL, Singh HB, Bi X, Ma XC, Feldman M, et al. Cloning
the P. falciparum gene encoding PfEMP1, a malarial variant antigen and
adherence receptor on the surface of parasitized human erythrocytes. Cell
(1995) 82(1):77-87. doi: 10.1016/0092-8674(95)90054-3

Turner L, Lavstsen T, Berger SS, Wang CW, Petersen JE, Avril M, et al. Severe
malaria is associated with parasite binding to endothelial protein C receptor.
Nature (2013) 498(7455):502-5. doi: 10.1038/nature12216

Fried M, Duffy PE. Adherence of Plasmodium falciparum to chondroitin
sulfate A in the human placenta. Science (1996) 272(5267):1502-4.
doi: 10.1126/science.272.5267.1502

Gysin ], Pouvelle B, Fievet N, Scherf A, Lepolard C. Ex vivo desequestration of
Plasmodium falciparum-infected erythrocytes from human placenta by
chondroitin sulfate A. Infect Immun (1999) 67(12):6596-602.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Maubert B, Guilbert L], Deloron P. Cytoadherence of Plasmodium falciparum
to intercellular adhesion molecule 1 and chondroitin-4-sulfate expressed by
the syncytiotrophoblast in the human placenta. Infect Immun (1997) 65
(4):1251-7. doi: 10.1128/1AL.65.4.1251-1257.1997

Achur RN, Valiyaveettil M, Alkhalil A, Ockenhouse CF, Gowda DC.
Characterization of proteoglycans of human placenta and identification of
unique chondroitin sulfate proteoglycans of the intervillous spaces that mediate
the adherence of Plasmodium falciparum-infected erythrocytes to the placenta.
] Biol Chem (2000) 275(51):40344-56. doi: 10.1074/jbc.M006398200

Viebig NK, Gamain B, Scheidig C, Lepolard C, Przyborski J, Lanzer M, et al. A
single member of the Plasmodium falciparum var multigene family
determines cytoadhesion to the placental receptor chondroitin sulphate A.
EMBO Rep (2005) 6(8):775-81. doi: 10.1038/sj.embor.7400466

Elliott SR, Duffy MF, Byrne TJ, Beeson JG, Mann EJ, Wilson DW, et al. Cross-
reactive surface epitopes on chondroitin sulfate A-adherent Plasmodium
falciparum-infected erythrocytes are associated with transcription of
var2csa. Infect Immun (2005) 73(5):2848-56. doi: 10.1128/IAL.73.5.2848-
2856.2005

Duffy MF, Byrne TJ, Elliott SR, Wilson DW, Rogerson SJ, Beeson JG, et al.
Broad analysis reveals a consistent pattern of var gene transcription in
Plasmodium falciparum repeatedly selected for a defined adhesion
phenotype. Mol Microbiol (2005) 56(3):774-88. doi: 10.1111/j.1365-
2958.2005.04577.x

Gamain B, Trimnell AR, Scheidig C, Scherf A, Miller LH, Smith JD.
Identification of multiple chondroitin sulfate A (CSA)-binding domains in
the var2CSA gene transcribed in CSA-binding parasites. J Infect Dis (2005)
191(6):1010-3. doi: 10.1086/428137

Salanti A, Dahlback M, Turner L, Nielsen MA, Barfod L, Magistrado P, et al.
Evidence for the involvement of VAR2CSA in pregnancy-associated malaria.
J Exp Med (2004) 200(9):1197-203. doi: 10.1084/jem.20041579

Salanti A, Staalsoe T, Lavstsen T, Jensen AT, Sowa MP, Arnot DE, et al.
Selective upregulation of a single distinctly structured var gene in chondroitin
sulphate A-adhering Plasmodium falciparum involved in pregnancy-
associated malaria. Mol Microbiol (2003) 49(1):179-91. doi: 10.1046/j.1365-
2958.2003.03570.x

Babakhanyan A, Leke RG, Salanti A, Bobbili N, Gwanmesia P, Leke R], et al.
The antibody response of pregnant Cameroonian women to VAR2CSA ID1-
ID2a, a small recombinant protein containing the CSA-binding site. PLoS One
(2014) 9(2):¢88173. doi: 10.1371/journal.pone.0088173

Dechavanne S, Srivastava A, Gangnard S, Nunes-Silva S, Dechavanne C,
Fievet N, et al. Parity-dependent recognition of DBL1X-3X suggests an
important role of the VAR2CSA high-affinity CSA-binding region in the
development of the humoral response against placental malaria. Infect Immun
(2015) 83(6):2466-74. doi: 10.1128/IAL1.03116-14

Tutterrow YL, Salanti A, Avril M, Smith JD, Pagano IS, Ako S, et al. High
avidity antibodies to full-length VAR2CSA correlate with absence of placental
malaria. PLoS One (2012) 7(6):40049. doi: 10.1371/journal.pone.0040049
Cutts JC, Agius PA, Zaw L, Powell R, Moore K, Draper B, et al. Pregnancy-specific
malarial immunity and risk of malaria in pregnancy and adverse birth outcomes: a
systematic review. BMC Med (2020) 18(1):14. doi: 10.1186/s12916-019-1467-6
Fried M, Nosten F, Brockman A, Brabin BJ, Dufty PE. Maternal antibodies
block malaria. Nature (1998) 395(6705):851-2. doi: 10.1038/27570

Keen J, Serghides L, Ayi K, Patel SN, Ayisi J, van Eijk A, et al. HIV impairs
opsonic phagocytic clearance of pregnancy-associated malaria parasites. PLoS
Med (2007) 4(5):e181. doi: 10.1371/journal.pmed.0040181

Ataide R, Mwapasa V, Molyneux ME, Meshnick SR, Rogerson S]. Antibodies
that induce phagocytosis of malaria infected erythrocytes: effect of HIV
infection and correlation with clinical outcomes. PLoS One (2011) 6(7):
€22491. doi: 10.1371/journal.pone.0022491

Jaworowski A, Fernandes LA, Yosaatmadja F, Feng G, Mwapasa V, Molyneux
ME, et al. Relationship between human immunodeficiency virus type 1
coinfection, anemia, and levels and function of antibodies to variant surface
antigens in pregnancy-associated malaria. Clin Vaccine Immunol (2009) 16
(3):312-9. doi: 10.1128/CVI1.00356-08

Saito M, Briand V, Min AM, McGready R. Deleterious effects of malaria in
pregnancy on the developing fetus: a review on prevention and treatment with
antimalarial drugs. Lancet Child Adolesc Health (2020) 4(10):761-74.
doi: 10.1016/52352-4642(20)30099-7

Frontiers in Immunology | www.frontiersin.org

February 2021 | Volume 12 | Article 634508


https://doi.org/10.1080/00034989958609
https://doi.org/10.1080/00034989958609
https://doi.org/10.1016/s0035-9203(96)90312-0
https://doi.org/10.1093/aje/kwp207
https://doi.org/10.1371/journal.pmed.0030446
https://doi.org/10.1016/S2214-109X(17)30340-6
https://doi.org/10.1016/S1473-3099(07)70021-X
https://doi.org/10.1016/0035-9203(80)90012-7
https://doi.org/10.1016/s0046-8177(00)80203-8
https://doi.org/10.1016/s0046-8177(00)80203-8
https://doi.org/10.1086/315135
https://doi.org/10.1086/320201
https://doi.org/10.1093/infdis/jiq080
https://doi.org/10.1016/0092-8674(95)90056-x
https://doi.org/10.1016/0092-8674(95)90054-3
https://doi.org/10.1038/nature12216
https://doi.org/10.1126/science.272.5267.1502
https://doi.org/10.1128/IAI.65.4.1251-1257.1997
https://doi.org/10.1074/jbc.M006398200
https://doi.org/10.1038/sj.embor.7400466
https://doi.org/10.1128/IAI.73.5.2848-2856.2005
https://doi.org/10.1128/IAI.73.5.2848-2856.2005
https://doi.org/10.1111/j.1365-2958.2005.04577.x
https://doi.org/10.1111/j.1365-2958.2005.04577.x
https://doi.org/10.1086/428137
https://doi.org/10.1084/jem.20041579
https://doi.org/10.1046/j.1365-2958.2003.03570.x
https://doi.org/10.1046/j.1365-2958.2003.03570.x
https://doi.org/10.1371/journal.pone.0088173
https://doi.org/10.1128/IAI.03116-14
https://doi.org/10.1371/journal.pone.0040049
https://doi.org/10.1186/s12916-019-1467-6
https://doi.org/10.1038/27570
https://doi.org/10.1371/journal.pmed.0040181
https://doi.org/10.1371/journal.pone.0022491
https://doi.org/10.1128/CVI.00356-08
https://doi.org/10.1016/S2352-4642(20)30099-7
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Gamain et al.

Status of Placental Malaria Vaccine Development

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Desai M, Hill J, Fernandes S, Walker P, Pell C, Gutman ], et al. Prevention of
malaria in pregnancy. Lancet Infect Dis (2018) 18(4):e119-e32. doi: 10.1016/
$1473-3099(18)30064-1

World Health Organization, Geneva. Global report on insecticide resistance in
malaria vectors: 2010-2016. (2018).

van Eijk AM, Larsen DA, Kayentao K, Koshy G, Slaughter DEC, Roper C, et al.
Effect of Plasmodium falciparum sulfadoxine-pyrimethamine resistance on
the effectiveness of intermittent preventive therapy for malaria in pregnancy
in Africa: a systematic review and meta-analysis. Lancet Infect Dis (2019) 19
(5):546-56. doi: 10.1016/S1473-3099(18)30732-1

Accrombessi M, Fievet N, Yovo E, Cottrell G, Agbota G, Massougbodji A,
et al. Prevalence and Associated Risk Factors of Malaria in the First Trimester
of Pregnancy: A Preconceptional Cohort Study in Benin. ] Infect Dis (2018)
217(8):1309-17. doi: 10.1093/infdis/jiy009

Accrombessi M, Yovo E, Fievet N, Cottrell G, Agbota G, Gartner A, et al. Effects of
Malaria in the First Trimester of Pregnancy on Poor Maternal and Birth Outcomes
in Benin. Clin Infect Dis (2019) 69(8):1385-93. doi: 10.1093/cid/ciy1073
Hounkonnou CPA, Briand V, Fievet N, Accrombessi M, Yovo E, Mama A,
et al. Dynamics of Submicroscopic Plasmodium falciparum Infections
Throughout Pregnancy: A Preconception Cohort Study in Benin. Clin Infect
Dis (2020) 71(1):166-74. doi: 10.1093/cid/ciz748

Jafari-Guemouri S, Courtois L, Mama A, Rouas B, Neto Braga G, Accrombessi
M, et al. Genotyping Study in Benin Comparing the Carriage of Plasmodium
falciparum Infections Before Pregnancy and in Early Pregnancy: Story of a
Persistent Infection. Clin Infect Dis (2020). doi: 10.1093/cid/ciaa841

Fried M, Duffy PE. Maternal malaria and parasite adhesion. ] Mol Med (Berl)
(1998) 76(3-4):162-71. doi: 10.1007/5001090050205

Walker PG, ter Kuile FO, Garske T, Menendez C, Ghani AC. Estimated risk of
placental infection and low birthweight attributable to Plasmodium
falciparum malaria in Africa in 2010: a modelling study. Lancet Glob Health
(2014) 2(8):e460-7. doi: 10.1016/S2214-109X(14)70256-6

Tuikue Ndam NG, Salanti A, Bertin G, Dahlback M, Fievet N, Turner L, et al.
High level of var2csa transcription by Plasmodium falciparum isolated from
the placenta. J Infect Dis (2005) 192(2):331-5. doi: 10.1086/430933

Sander AF, Salanti A, Lavstsen T, Nielsen MA, Theander TG, Leke RG, et al.
Positive selection of Plasmodium falciparum parasites with multiple var2csa-
type PEEMP1 genes during the course of infection in pregnant women. J Infect
Dis (2011) 203(11):1679-85. doi: 10.1093/infdis/jir168

Gangnard S, Chene A, Dechavanne S, Srivastava A, Avril M, Smith JD, et al.
VAR2CSA binding phenotype has ancient origin and arose before
Plasmodium falciparum crossed to humans: implications in placental
malaria vaccine design. Sci Rep (2019) 9(1):16978. doi: 10.1038/s41598-019-
53334-8

Gangnard S, Lewit-Bentley A, Dechavanne S, Srivastava A, Amirat F, Bentley
GA, et al. Structure of the DBL3X-DBL4epsilon region of the VAR2CSA
placental malaria vaccine candidate: insight into DBL domain interactions. Sci
Rep (2015) 5:14868. doi: 10.1038/srep14868

Khunrae P, Philip JM, Bull DR, Higgins MK. Structural comparison of two
CSPG-binding DBL domains from the VAR2CSA protein important in
malaria during pregnancy. J Mol Biol (2009) 393(1):202-13. doi: 10.1016/
j,jmb.2009.08.027

Dahlback M, Rask TS, Andersen PH, Nielsen MA, Ndam NT, Resende M,
et al. Epitope mapping and topographic analysis of VAR2CSA DBL3X
involved in P. falciparum placental sequestration. PLoS Pathog (2006) 2(11):
el24. doi: 10.1371/journal.ppat.0020124

Avril M, Gamain B, Lepolard C, Viaud N, Scherf A, Gysin J. Characterization
of anti-var2CSA-PfEMP1 cytoadhesion inhibitory mouse monoclonal
antibodies. Microbes Infect (2006) 8(14-15):2863-71. doi: 10.1016/
j.micinf.2006.09.005

Bir N, Yazdani SS, Avril M, Layez C, Gysin J, Chitnis CE. Immunogenicity of
Dufty binding-like domains that bind chondroitin sulfate A and protection
against pregnancy-associated malaria. Infect Immun (2006) 74(10):5955-63.
doi: 10.1128/IA1.00481-06

Higgins MK. The structure of a chondroitin sulfate-binding domain
important in placental malaria. J Biol Chem (2008) 283(32):21842-6.
doi: 10.1074/jbc.C800086200

Resende M, Ditlev SB, Nielsen MA, Bodevin S, Bruun S, Pinto VV, et al.
Chondroitin sulphate A (CSA)-binding of single recombinant Duffy-binding-

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

like domains is not restricted to Plasmodium falciparum Erythrocyte
Membrane Protein 1 expressed by CSA-binding parasites. Int ] Parasitol
(2009) 39(11):1195-204. doi: 10.1016/j.ijpara.2009.02.022

Singh K, Gittis AG, Nguyen P, Gowda DC, Miller LH, Garboczi DN. Structure
of the DBL3x domain of pregnancy-associated malaria protein VAR2CSA
complexed with chondroitin sulfate A. Nat Struct Mol Biol (2008) 15(9):932—
8. doi: 10.1038/nsmb.1479

Singh K, Gitti RK, Diouf A, Zhou H, Gowda DC, Miura K, et al. Subdomain 3
of Plasmodium falciparum VAR2CSA DBL3x is identified as a minimal
chondroitin sulfate A-binding region. J Biol Chem (2010) 285(32):24855-62.
doi: 10.1074/jbc.M110.118612

Salanti A, Resende M, Ditlev SB, Pinto VV, Dahlback M, Andersen G, et al. Several
domains from VAR2CSA can induce Plasmodium falciparum adhesion-blocking
antibodies. Malar ] (2010) 9:11. doi: 10.1186/1475-2875-9-11

Pinto VV, Ditlev SB, Jensen KE, Resende M, Dahlback M, Andersen G, et al.
Differential induction of functional IgG using the Plasmodium falciparum
placental malaria vaccine candidate VAR2CSA. PLoS One (2011) 6(3):e17942.
doi: 10.1371/journal.pone.0017942

Khunrae P, Dahlback M, Nielsen MA, Andersen G, Ditlev SB, Resende M,
et al. Full-length recombinant Plasmodium falciparum VAR2CSA binds
specifically to CSPG and induces potent parasite adhesion-blocking
antibodies. ] Mol Biol (2010) 397(3):826-34. doi: 10.1016/j.jmb.2010.01.040
Srivastava A, Gangnard S, Round A, Dechavanne S, Juillerat A, Raynal B, et al.
Full-length extracellular region of the var2CSA variant of PEEMP1 is required
for specific, high-affinity binding to CSA. Proc Natl Acad Sci U S A (2010) 107
(11):4884-9. doi: 10.1073/pnas.1000951107

Bewley MC, Gautam L, Jagadeeshaprasad MG, Gowda DC, Flanagan JM.
Molecular architecture and domain arrangement of the placental malaria
protein VAR2CSA suggests a model for carbohydrate binding. J Biol Chem
(2020) 295(52):18589-603. doi: 10.1074/jbc.RA120.014676

Dahlback M, Jorgensen LM, Nielsen MA, Clausen TM, Ditlev SB, Resende M,
et al. The chondroitin sulfate A-binding site of the VAR2CSA protein involves
multiple N-terminal domains. J Biol Chem (2011) 286(18):15908-17.
doi: 10.1074/jbc.M110.191510

Srivastava A, Gangnard S, Dechavanne S, Amirat F, Lewit Bentley A, Bentley
GA, et al. Var2CSA minimal CSA binding region is located within the N-
terminal region. PLoS One (2011) 6(5):€20270. doi: 10.1371/journal.pone.
0020270

Clausen TM, Christoffersen S, Dahlback M, Langkilde AE, Jensen KE, Resende
M, et al. Structural and functional insight into how the Plasmodium
falciparum VAR2CSA protein mediates binding to chondroitin sulfate A in
placental malaria. J Biol Chem (2012) 287(28):23332-45. doi: 10.1074/
jbc.M112.348839

Nunes-Silva S, Gangnard S, Vidal M, Vuchelen A, Dechavanne S, Chan S,
et al. Llama immunization with full-length VAR2CSA generates cross-reactive
and inhibitory single-domain antibodies against the DBL1X domain. Sci Rep
(2014) 4:7373. doi: 10.1038/srep07373

Barfod L, Bernasconi NL, Dahlback M, Jarrossay D, Andersen PH, Salanti A,
et al. Human pregnancy-associated malaria-specific B cells target
polymorphic, conformational epitopes in VAR2CSA. Mol Microbiol (2007)
63(2):335-47. doi: 10.1111/j.1365-2958.2006.05503.x

Avril M, Kulasekara BR, Gose SO, Rowe C, Dahlback M, Duffy PE, et al.
Evidence for globally shared, cross-reacting polymorphic epitopes in the
pregnancy-associated malaria vaccine candidate VAR2CSA. Infect Immun
(2008) 76(4):1791-800. doi: 10.1128/IA1.01470-07

Barfod L, Dobrilovic T, Magistrado P, Khunrae P, Viwami F, Bruun J, et al.
Chondroitin sulfate A-adhering Plasmodium falciparum-infected erythrocytes
express functionally important antibody epitopes shared by multiple variants.
J Immunol (2010) 185(12):7553-61. doi: 10.4049/jimmunol.1002390
Doritchamou JY, Herrera R, Aebig JA, Morrison R, Nguyen V, Reiter K, et al.
VAR2CSA Domain-Specific Analysis of Naturally Acquired Functional
Antibodies to Plasmodium falciparum Placental Malaria. ] Infect Dis (2016)
214(4):577-86. doi: 10.1093/infdis/jiw197

Fried M, Avril M, Chaturvedi R, Fernandez P, Lograsso J, Narum D, et al.
Multilaboratory approach to preclinical evaluation of vaccine immunogens for
placental malaria. Infect Immun (2013) 81(2):487-95. doi: 10.1128/IA1.01106-12
Magistrado PA, Minja D, Doritchamou J, Ndam NT, John D, Schmiegelow C,
et al. High efficacy of anti DBL4varepsilon-VAR2CSA antibodies in inhibition

Frontiers in Immunology | www.frontiersin.org

February 2021 | Volume 12 | Article 634508


https://doi.org/10.1016/S1473-3099(18)30064-1
https://doi.org/10.1016/S1473-3099(18)30064-1
https://doi.org/10.1016/S1473-3099(18)30732-1
https://doi.org/10.1093/infdis/jiy009
https://doi.org/10.1093/cid/ciy1073
https://doi.org/10.1093/cid/ciz748
https://doi.org/10.1093/cid/ciaa841
https://doi.org/10.1007/s001090050205
https://doi.org/10.1016/S2214-109X(14)70256-6
https://doi.org/10.1086/430933
https://doi.org/10.1093/infdis/jir168
https://doi.org/10.1038/s41598-019-53334-8
https://doi.org/10.1038/s41598-019-53334-8
https://doi.org/10.1038/srep14868
https://doi.org/10.1016/j.jmb.2009.08.027
https://doi.org/10.1016/j.jmb.2009.08.027
https://doi.org/10.1371/journal.ppat.0020124
https://doi.org/10.1016/j.micinf.2006.09.005
https://doi.org/10.1016/j.micinf.2006.09.005
https://doi.org/10.1128/IAI.00481-06
https://doi.org/10.1074/jbc.C800086200
https://doi.org/10.1016/j.ijpara.2009.02.022
https://doi.org/10.1038/nsmb.1479
https://doi.org/10.1074/jbc.M110.118612
https://doi.org/10.1186/1475-2875-9-11
https://doi.org/10.1371/journal.pone.0017942
https://doi.org/10.1016/j.jmb.2010.01.040
https://doi.org/10.1073/pnas.1000951107
https://doi.org/10.1074/jbc.RA120.014676
https://doi.org/10.1074/jbc.M110.191510
https://doi.org/10.1371/journal.pone.0020270
https://doi.org/10.1371/journal.pone.0020270
https://doi.org/10.1074/jbc.M112.348839
https://doi.org/10.1074/jbc.M112.348839
https://doi.org/10.1038/srep07373
https://doi.org/10.1111/j.1365-2958.2006.05503.x
https://doi.org/10.1128/IAI.01470-07
https://doi.org/10.4049/jimmunol.1002390
https://doi.org/10.1093/infdis/jiw197
https://doi.org/10.1128/IAI.01106-12
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Gamain et al.

Status of Placental Malaria Vaccine Development

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

of CSA-binding Plasmodium falciparum-infected erythrocytes from pregnant
women. Vaccine (2011) 29(3):437-43. doi: 10.1016/j.vaccine.2010.10.080
Nielsen MA, Pinto VV, Resende M, Dahlback M, Ditlev SB, Theander TG,
et al. Induction of adhesion-inhibitory antibodies against placental
Plasmodium falciparum parasites by using single domains of VAR2CSA.
Infect Immun (2009) 77(6):2482-7. doi: 10.1128/IAL.00159-09

Nielsen MA, Resende M, de Jongh WA, Ditlev SB, Mordmuller B, Houard S,
et al. The Influence of Sub-Unit Composition and Expression System on the
Functional Antibody Response in the Development of a VAR2CSA Based
Plasmodium falciparum Placental Malaria Vaccine. PLoS One (2015) 10(9):
€0135406. doi: 10.1371/journal.pone.0135406

Obiakor H, Avril M, Macdonald NJ, Srinivasan P, Reiter K, Anderson C, et al.
Identification of VAR2CSA domain-specific inhibitory antibodies of the
Plasmodium falciparum erythrocyte membrane protein 1 using a novel flow
cytometry assay. Clin Vaccine Immunol (2013) 20(3):433-42. doi: 10.1128/
CVI.00638-12

Avril M, Hathaway M]J, Srivastava A, Dechavanne S, Hommel M, Beeson ]G,
et al. Antibodies to a full-length VAR2CSA immunogen are broadly strain-
transcendent but do not cross-inhibit different placental-type parasite isolates.
PLoS One (2011) 6(2):e16622. doi: 10.1371/journal.pone.0016622

Bigey P, Gnidehou S, Doritchamou J, Quiviger M, Viwami F, Couturier A,
et al. The NTS-DBL2X region of VAR2CSA induces cross-reactive antibodies
that inhibit adhesion of several Plasmodium falciparum isolates to chondroitin
sulfate A. J Infect Dis (2011) 204(7):1125-33. doi: 10.1093/infdis/jir499
Bordbar B, Tuikue-Ndam N, Bigey P, Doritchamou J, Scherman D, Deloron P.
Identification of Id1-DBL2X of VAR2CSA as a key domain inducing highly
inhibitory and cross-reactive antibodies. Vaccine (2012) 30(7):1343-8.
doi: 10.1016/j.vaccine.2011.12.065

Chene A, Gangnard S, Dechavanne C, Dechavanne S, Srivastava A, Tetard M,
et al. Down-selection of the VAR2CSA DBLI1-2 expressed in E. coli as a lead
antigen for placental malaria vaccine development. NPJ Vaccines (2018) 3:28.
doi: 10.1038/s41541-018-0064-6

Chene A, Gangnard S, Guadall A, Ginisty H, Leroy O, Havelange N, et al.
Preclinical immunogenicity and safety of the cGMP-grade placental malaria
vaccine PRIMVAC. EBioMedicine (2019) 42:145-56. doi: 10.1016/j.ebiom.
2019.03.010

Doritchamou J, Bigey P, Nielsen MA, Gnidehou S, Ezinmegnon S, Burgain A,
et al. Differential adhesion-inhibitory patterns of antibodies raised against two
major variants of the NTS-DBL2X region of VAR2CSA. Vaccine (2013) 31
(41):4516-22. doi: 10.1016/j.vaccine.2013.07.072

Mordmuller B, Sulyok M, Egger-Adam D, Resende M, de Jongh WA, Jensen
MH, et al. First-in-human, Randomized, Double-blind Clinical Trial of
Differentially Adjuvanted PAMVAC, A Vaccine Candidate to Prevent
Pregnancy-associated Malaria. Clin Infect Dis (2019) 69(9):1509-16.
doi: 10.1093/cid/ciy1140

Sirima SB, Richert L, Chene A, Konate AT, Campion C, Dechavanne S, et al.
PRIMVAC vaccine adjuvanted with Alhydrogel or GLA-SE to prevent
placental malaria: a first-in-human, randomised, double-blind, placebo-
controlled study. Lancet Infect Dis (2020) 20(5):585-97. doi: 10.1016/S1473-
3099(19)30739-X

Chene A, Houard S, Nielsen MA, Hundt S, D’Alessio F, Sirima SB, et al.
Clinical development of placental malaria vaccines and immunoassays
harmonization: a workshop report. Malar ] (2016) 15:476. doi: 10.1186/
$12936-016-1527-8

Elliott SR, Brennan AK, Beeson JG, Tadesse E, Molyneux ME, Brown GV,
et al. Placental malaria induces variant-specific antibodies of the cytophilic
subtypes immunoglobulin G1 (IgG1) and IgG3 that correlate with adhesion

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

inhibitory activity. Infect Immun (2005) 73(9):5903-7. doi: 10.1128/TAL73.9.
5903-5907.2005

Megnekou R, Staalsoe T, Taylor DW, Leke R, Hviid L. Effects of pregnancy
and intensity of Plasmodium falciparum transmission on immunoglobulin G
subclass responses to variant surface antigens. Infect Immun (2005) 73
(7):4112-8. doi: 10.1128/IA1.73.7.4112-4118.2005

Beeson JG, Ndungu F, Persson KE, Chesson JM, Kelly GL, Uyoga S, et al.
Antibodies among men and children to placental-binding Plasmodium
falciparum-infected erythrocytes that express var2csa. Am J Trop Med Hyg
(2007) 77(1):22-8.

Fodjo BA, Atemnkeng N, Esemu L, Yuosembom EK, Quakyi IA, Tchinda VH,
et al. Antibody responses to the full-length VAR2CSA and its DBL domains in
Cameroonian children and teenagers. Malar ] (2016) 15(1):532. doi: 10.1186/
$12936-016-1585-y

Gnidehou S, Doritchamou J, Arango EM, Cabrera A, Arroyo MI, Kain KC,
et al. Functional antibodies against VAR2CSA in nonpregnant populations
from colombia exposed to Plasmodium falciparum and Plasmodium vivax.
Infect Immun (2014) 82(6):2565-73. doi: 10.1128/IAL.01594-14

Fowkes FJ, McGready R, Cross NJ, Hommel M, Simpson JA, Elliott SR,
et al. New insights into acquisition, boosting, and longevity of immunity to
malaria in pregnant women. J Infect Dis (2012) 206(10):1612-21. doi: 10.1093/
infdis/jis566

Thrane S, Janitzek CM, Matondo S, Resende M, Gustavsson T, de Jongh WA,
et al. Bacterial superglue enables easy development of efficient virus-like
particle based vaccines. ] Nanobiotechnology (2016) 14:30. doi: 10.1186/
512951-016-0181-1

Janitzek CM, Peabody J, Thrane S, P HRC, T GT, Salanti A, et al. A proof-of-
concept study for the design of a VLP-based combinatorial HPV and placental
malaria vaccine. Sci Rep (2019) 9(1):5260. doi: 10.1038/s41598-019-41522-5
Patel JC, Hathaway NJ, Parobek CM, Thwai KL, Madanitsa M, Khairallah C,
et al. Increased risk of low birth weight in women with placental malaria
associated with P. falciparum VAR2CSA clade. Sci Rep (2017) 7(1):7768.
doi: 10.1038/s41598-017-04737-y

Rele S. COVID-19 vaccine development during pandemic: gap analysis,
opportunities, and impact on future emerging infectious disease
development strategies. Hum Vaccin Immunother (2020), 1-6. doi: 10.1080/
21645515.2020.1822136

Doritchamou J, Teo A, Fried M, Dufty PE. Malaria in pregnancy: the relevance
of animal models for vaccine development. Lab Anim (NY) (2017) 46
(10):388-98. doi: 10.1038/laban.1349

Conflict of Interest: MN appears on a patent issued on virus like particle vaccines
(US10086056B2).

The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential
conflict of interest.

The handling editor declared a past collaboration with the author NTN.

Copyright © 2021 Gamain, Chéne, Viebig, Tuikue Ndam and Nielsen. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Immunology | www.frontiersin.org

February 2021 | Volume 12 | Article 634508


https://doi.org/10.1016/j.vaccine.2010.10.080
https://doi.org/10.1128/IAI.00159-09
https://doi.org/10.1371/journal.pone.0135406
https://doi.org/10.1128/CVI.00638-12
https://doi.org/10.1128/CVI.00638-12
https://doi.org/10.1371/journal.pone.0016622
https://doi.org/10.1093/infdis/jir499
https://doi.org/10.1016/j.vaccine.2011.12.065
https://doi.org/10.1038/s41541-018-0064-6
https://doi.org/10.1016/j.ebiom.2019.03.010
https://doi.org/10.1016/j.ebiom.2019.03.010
https://doi.org/10.1016/j.vaccine.2013.07.072
https://doi.org/10.1093/cid/ciy1140
https://doi.org/10.1016/S1473-3099(19)30739-X
https://doi.org/10.1016/S1473-3099(19)30739-X
https://doi.org/10.1186/s12936-016-1527-8
https://doi.org/10.1186/s12936-016-1527-8
https://doi.org/10.1128/IAI.73.9.5903-5907.2005
https://doi.org/10.1128/IAI.73.9.5903-5907.2005
https://doi.org/10.1128/IAI.73.7.4112-4118.2005
https://doi.org/10.1186/s12936-016-1585-y
https://doi.org/10.1186/s12936-016-1585-y
https://doi.org/10.1128/IAI.01594-14
https://doi.org/10.1093/infdis/jis566
https://doi.org/10.1093/infdis/jis566
https://doi.org/10.1186/s12951-016-0181-1
https://doi.org/10.1186/s12951-016-0181-1
https://doi.org/10.1038/s41598-019-41522-5
https://doi.org/10.1038/s41598-017-04737-y
https://doi.org/10.1080/21645515.2020.1822136
https://doi.org/10.1080/21645515.2020.1822136
https://doi.org/10.1038/laban.1349
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Progress and Insights Toward an Effective Placental Malaria Vaccine
	Introduction
	Identifying the Best VAR2CSA-Derived Vaccine Candidate
	PRIMVAC and PAMVAC Phase I Clinical Trials
	Discrepancies Between Preclinical and Clinical Studies
	Current Vaccine Development Gaps and Potential Future Developments
	Longevity
	Immunogenicity
	Cross-Reactivity

	Conclusion
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


