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Aotus nancymaae model predicts human immune
response to the placental malaria vaccine

candidate VAR2CSA

Justin Doritchamou

1, Morten A. Nielsen?3, Arnaud Chéne?, Nicola K. Viebig®,

Lynn E. Lambert', Adam F. Sander?3, Jean-Philippe Semblat?, Sophia Hundt®, Sachy Orr-Gonzalez',
Christoph Mikkel Janitzek?3, Alicia J. Spiegel’, Stine B. Clemmensen®, Marvin L. Thomas lIl?,
Martha C. Nason®, Maryonne Snow-Smith', Emma K. Barnafo', Joseph Shiloach®, Beth B. Chen’,
Steven Nadakal', Kendrick Highsmith', Tarik Ouahes’, Solomon Conteh’, Ankur Sharma’,

Holly Torano', Brandi Butler ®', Karine Reiter', Kelly M. Rausch’, Puthupparampil V. Scaria’,
Charles Anderson’, David L. Narum’, Ali Salanti?3, Michal Fried', Thor G. Theander?3, Benoit Gamain*
and Patrick E. Duffy ®12<

Placental malaria vaccines (PMVs) are being developed to prevent severe sequelae of placental malaria (PM) in pregnant
women and their offspring. The leading candidate vaccine antigen VAR2CSA mediates parasite binding to placental receptor
chondroitin sulfate A (CSA). Despite promising results in small animal studies, recent human trials of the first two PMV candi-
dates (PAMVAC and PRIMVAC) generated limited cross-reactivity and cross-inhibitory activity to heterologous parasites. Here
we immunized Aotus nancymaae monkeys with three PMV candidates (PAMVAC, PRIMVAC and ID1-ID2a_M1010) adjuvanted
with Alhydrogel, and exploited the model to investigate boosting of functional vaccine responses during PM episodes as well
as with nanoparticle antigens. PMV candidates induced high levels of antigen-specific 1gG with significant cross-reactivity
across PMV antigens by enzyme-linked immunosorbent assay. Conversely, PMV antibodies recognized native VAR2CSA and
blocked CSA adhesion of only homologous parasites and not of heterologous parasites. PM episodes did not significantly boost
VAR2CSA antibody levels or serum functional activity; nanoparticle and monomer antigens alike boosted serum reactivity but
not functional activities. Overall, PMV candidates induced functional antibodies with limited heterologous activity in Aotus
monkeys, similar to responses reported in humans. The Aotus model appears suitable for preclinical downselection of PMV

candidates and assessment of antibody boosting by PM episodes.

more susceptible to Plasmodium infection despite pre-existing

immunity to malaria acquired during childhood'. Plasmodium
falciparum malaria during pregnancy leads to placental malaria
(PM), which is characterized by the sequestration of chondroitin
sulfate A (CSA)-binding P. falciparum-infected erythrocytes (IE) in
the placenta and is associated with adverse pregnancy outcomes®*.
Susceptibility to PM is more pronounced in first-time mothers and
decreases over successive pregnancies, as women acquire functional
anti-adhesion antibodies against CSA-binding IE*‘. Indeed, multi-
gravid women who are less susceptible to PM acquire antibodies
with broadly neutralizing activity against placenta-binding IE**. The
anti-adhesion activity of antibodies in pregnant women has been
associated with improved pregnancy outcomes”'’. These observa-
tions suggest that resistance to PM can be conferred to pregnant

Pregnant women living in malaria-endemic areas become

women through vaccination by inducing protective antibodies tar-
geting the surface of placental IE°.

The placenta-sequestering P. falciparum-1E surface displays
VAR2CSA, a member of the P. falciparum erythrocyte membrane
protein 1 (PfEMP1) family and the main parasite ligand mediat-
ing IE adhesion to the key placental receptor CSA'"-"". The large
size of VAR2CSA stymies efforts to manufacture full-length
recombinant protein, and studies of VAR2CSA domains or frag-
ments that bind CSA have informed the design of constructs that
induce anti-adhesion antibodies in small animals (mouse, rat
and rabbit)*. Among these VAR2CSA constructs, PAMVAC
and PRIMVAC, based on partially overlapping N-terminal frag-
ments of VAR2CSA, have recently been tested in phase I clinical
trials in Europe and Africa (ClinicalTrials.gov, NCT02647489 and
NCT02658253). In rodents, PAMVAC and PRIMVAC induced

Laboratory of Malaria Immunology and Vaccinology, National Institute of Allergy and Infectious Diseases, National Institutes of Health, Bethesda,

MD, USA. 2Centre for Medical Parasitology at the Department of Immunology and Microbiology, University of Copenhagen, Copenhagen, Denmark.
3Department of Infectious Diseases, Copenhagen University Hospital, Copenhagen, Denmark. “Université Paris Cité and Université des Antilles, INSERM,
BIGR, Paris, France. European Vaccine Initiative, UniversitatsKlinikum Heidelberg, Heidelberg, Germany. ®ExpreS2ion Biotechnologies, Harsholm,
Denmark. "Division of Veterinary Resources, Office of Research Services, National Institutes of Health, Bethesda, MD, USA. Biostatistics Research Branch,
Division of Clinical Research, National Institute of Allergy and Infectious Diseases, National Institutes of Health, Bethesda, MD, USA. °Biotechnology Unit,
National Institute of Diabetes and Digestive and Kidney Diseases, Bethesda, MD, USA. ®e-mail: patrick.duffy@nih.gov

LAB ANIMAL | VOL 52 | DECEMBER 2023 | 315-323 | www.nature.com/laban

315


mailto:patrick.duffy@nih.gov
https://clinicaltrials.gov/ct2/show/NCT02647489
https://clinicaltrials.gov/ct2/show/NCT02658253
http://orcid.org/0000-0002-4589-7216
http://orcid.org/0000-0003-2606-4064
http://orcid.org/0000-0002-4483-5005
http://crossmark.crossref.org/dialog/?doi=10.1038/s41684-023-01274-2&domain=pdf
http://www.nature.com/laban

ARTICLES LAB ANIMAL

a &3
PFLO0O30c : VAR2CSA <3
[NTS[ pBLix  [&] pBL2x [ip2a] 1p2b | DBL3X | DBL4ae | [ pBLSe | | DBL6E
1 €€ =8 3,056 amino acids
PRIMVAC (Pf-3D7) €32
49 PAMVAC (Pf-FCR3) 262
386 p1.1p2a (PF-M1010) O
428 1,024
b Immunization (n = 40) Pregnancy infection (n = 23) Booster dose (n =18)
Vac3 cVLP, EPA and monomer
Vacl C-section
;C D28 o—//—m " V I D+56 R
DO D56 D70 /4 Pregnancy 4 weeks 7 Pre-boost
postpartum
Vac2 CS2 inoculation

Fig. 1| PMV constructs and study design. a, Illustration of the three PMV constructs of VAR2CSA used in this study. Boundaries of each construct are
shown as amino acid residues from the corresponding VAR2CSA allele (FCR3 and 3D7) and M1010 composite sequence. b, Flow chart of the study,
highlighting the different stages of the study and the number of animals involved in each stage. Timeline indicates three vaccinations (Vac1, Vac2 and
Vac3) with PMV and Pfs25 antigens. ATS, acid terminal sequence; cVLP, capsid-based virus like particle; EPA, mutagenized Pseudomonas aeruginosa

exoprotein A; TM, transmembrane.

cross-reactive binding-inhibitory antisera with activity similar to
that detected in PM-resistant multigravid women'®*"*.,

First-in-human reports from clinical trials demonstrated that
both PAMVAC and PRIMVAC vaccines were safe, well tolerated and
immunogenic and induced functional antibodies in malaria-naive
and malaria-exposed women**°. However, the level of anti-adhesion
activity of antibodies induced in volunteers appeared lower com-
pared to that found when PAMVAC and PRIMVAC were tested in
rodents with the same adjuvants'®***-°, with limited cross-strain
activity, suggesting that these VAR2CSA-based vaccines could be
improved or combined to generate broader protection against PM.
These observations also highlight the importance of relevant ani-
mal models that could better predict human immune responses to
VAR2CSA antigens.

In PM-resistant multigravid women, other measures of antibody
activity (including opsonizing and phagocytosis activity) have been
linked to protection®”**. A recent study by Aitken et al. used a mul-
tivariate prediction model to identify antibody features associated
with protection against PM in pregnant women®, highlighting IgG3
binding to IE that may inhibit placental sequestration and promote
parasite clearance by antibody-dependent phagocytosis, while neu-
trophil and monocyte phagocytosis of IE were linked to parasite
clearance. Antibody avidity to VAR2CSA has also been reported
as another feature associated with reduced risk of placenta malaria
infection” and increased birthweight’’. However, the antibody
effector mechanism that primarily confers protection against PM
remains unclear.

In this Article, we evaluate a nonhuman primate (NHP) model
for assessing VAR2CSA-based placental malaria vaccines (PMVs).
Many studies have indicated the Aotus nancymaae monkey model
to be useful for supporting malaria vaccine development, since it is
susceptible to P. falciparum infection, and shows antibody profiles
similar to humans following a malaria infection®>~**. Furthermore,
we have recently established an Aotus model for PM that recapitu-
lates key features of malaria infection and immunity in pregnant
women, including placental sequestration, selective binding to
CSA by placental parasites, and the acquisition of heterologous
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functional antibodies over successive pregnancies®. In the current
work, we used the immunogenicity assays described in the human
trial reports®?* as a rationale for initial testing of PMV-induced
antibodies in Aotus. Overall, this study provides evidence that
PMV immunogenicity in the new Aotus model is similar to that of
human responses.

Results

Local and systemic reactogenicity. Overall, vaccines were well tol-
erated by the Aotus monkeys. No death occurred during the vac-
cination period. Fifteen out of 40 monkeys showed some muscle
firmness at the injection site after vaccination with no edema, red-
ness or warmth. Hardened areas of the muscle were measured using
a caliper to determine the time at which the reaction dissipated
from the animals. This muscle induration was observed across all
vaccination groups, including the Pfs25 control group, and resolved
within 7days post-vaccination. No sign of systemic reaction or
change in behavior was observed. Detailed description of clinical
observations post-immunization is presented as Supplementary
Data File 1.

PMV-induced antibodies in Aotus exhibit strong homologous
activity. Forty naive female Aotus monkeys received three immu-
nizations of PAMVAC (n=9), PRIMVAC (n=9), ID1-ID2a_
M1010 (n=9) and Pfs25 (n=13) at 4-week intervals (Fig. 1 and
Supplementary Fig. 1). Sera were collected 2weeks after the last
vaccination (D70) from all immunized monkeys to study the
immunogenicity of PMV candidates. The samples were tested by
enzyme-linked immunosorbent assay (ELISA) for vaccine-specific
antibody reactivity and all antisera showed IgG titers against their
corresponding antigen (Fig. 2a). Antibodies from Pfs25-immunized
monkeys showed no cross-reactivity to the VAR2CSA-based anti-
gens. Similarly, none of the PMV-induced antibodies reacted to
Pfs25 antigen (Fig. 2a). Al PMV antisera showed significantly higher
cross-reactivity to PMV antigens compared to Pfs25 antisera (Mann-
Whitney test, P<0.001 for all comparisons). Overall, PMV candi-
dates induced a high level of vaccine-specific IgG to homologous
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Fig. 2 | Activities of vaccine-induced antibodies from Aotus following immunization. a, The reactivity of vaccine-induced 1gG 2 weeks after the last
vaccination dose was assessed against PMV candidates PAMVAC (Pf-FCR3) (n=9) and PRIMVAC (Pf-3D7) (n=9) as well as recombinant antigens
rID1-1D2a-M1010 (produced from the ID1-ID2a construct of VAR2CSA 00 Sequence) (n=9) and rPfs25 (n=13). b,¢, Functional characterization of
antibodies was evaluated for the ability of IgG to bind antigens expressed on the surface of the IEs by flow cytometry analysis (b), and for CSA-binding
inhibition activity against different P. falciparum isolates (). For each group of vaccinated monkeys, the geometric mean and 95% confidence interval of
the antibody activity measured by ELISA and flow cytometry are shown (a and b). For BIA, the mean and s.e.m. are shown (¢). Mann-Whitney test was
used to compare activity of PMV-induced antibody to that of Pfs25 with P values indicated as *P<0.05, **P<0.01, ***P<0.005 and ****P<0.001.

antigen with some level of cross-reactivity to heterologous PMV
antigens (Fig. 2a and Supplementary Fig. 2). PAMVAC-induced anti-
bodies showed a similar level of heterologous reactivity to PRIMVAC
and ID1-ID2a_M1010 antigens (Supplementary Fig. 2), whereas
antibodies from PRIMVAC and ID1-ID2a_M1010 immunizations
respectively had higher heterologous reactivity to ID1-ID2a_M1010
and PRIMVAC antigens than to PAMVAC (Wilcoxon matched-pairs
signed-rank test, P=0.02 for PRIMVAC-IgG and P=0.004 for
ID1-ID2a_M1010-1gG).

CS2 (which carries the same VAR2CSA sequence as FCR3
variant used in PAMVAC) and NF54 (which displays the same
VAR2CSA sequence as 3D7 variant used in PRIMVAC) isolates
were used to assess the reactivity of these antibodies in plasma to
native VAR2CSA expressed on the surface of the IE. For each test
sample, the ratio median fluorescence intensity (rMFI) was obtained
by normalizing the MFI value of the samples at D70 with the MFI
of the pool of pre-bleed (D0) plasma samples. Functional charac-
terization of PMV-induced IgG demonstrated strong ability to rec-
ognize the native VAR2CSA expressed by the homologous parasite
strain (mean rMFI 2.4 for PAMVAC group against CS2 and mean
rMFI 3.4 for PRIMVAC group against NF54) (Fig. 2b). Unlike the
cross-reactivity of PMV-induced IgG to different VAR2CSA-based
antigens measured by ELISA, no heterologous reactivity of anti-
bodies binding to VAR2CSA-expressing CS2- and NF54-1E was
observed in flow cytometry analysis. These findings revealed a weak
or absent capacity of PMV-induced antibodies from Aotus to recog-
nize epitopes shared by different variants of native VAR2CSA. No IE
surface labeling of the child isolate (C216851) with binding capacity
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to CD36 (an endothelial receptor linked with cytoadherence of Pf-IE
in non-pregnant individuals, reviewed in ref. ') was observed in
plasma from immunized monkeys, and IgG from Pfs25-immunized
monkeys showed no reactivity to all three isolates.

This pattern of plasma reactivity to native surface antigen cor-
responded to no heterologous binding inhibition activity against
CS2 and NF54 isolates (Fig. 2¢). Plasma from PAMVAC-vaccinated
monkeys at 1:5 dilution significantly inhibited CS2 binding to
CSA (mean inhibition 21.9%) compared to Pfs25 (mean inhibition
1.2%; Mann-Whitney test, P=0.0005), PRIMVAC (mean inhibi-
tion 1.6 %; Mann-Whitney test, P=0.003) and ID1-ID2a_M1010
(mean inhibition 2.2%; Mann-Whitney test, P=0.002) vaccine
groups. Conversely, PRIMVAC-induced antibodies significantly
blocked NF54 binding to CSA (mean inhibition 42.6%) compared
to Pfs25 (mean inhibition 7.8%; Mann-Whitney test, P=0.007)-,
PAMVAC (mean inhibition 4.9%; Mann-Whitney test, P=0.01)-
and ID1-ID2a_M1010 (mean inhibition 10.4%; Mann-Whitney
test, P=0.02)-induced antibodies.

The relationship between PAMVAC- and PRIMVAC-induced
antibody levels and functional activity against CS2 and NF54
isolates was analyzed. Overall, in the PAMVAC vaccine group,
the level of antibodies binding to PAMVAC antigens measured
by ELISA did not correlate with the level of IE-surface recogni-
tion and binding inhibition activity against the homologous para-
site (CS2) (Fig. 3). In the PRIMVAC group, the level of antibody
binding to PRIMVAC antigen strongly correlated with that of
IE-surface recognition of NF54 (p=0.92, P=0.001), but not with
the binding inhibition activity (Fig. 3). In addition, the levels of
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Fig. 3 | Correlations between ELISA titers of PMV-induced antibodies and functional activity at D70 post-vaccination. a-c, Spearman (p) coefficients
and P values are reported to describe the relationship between ELISA titers of PAMVAC antibodies in Aotus (n=9) and surface reactivity (a) or binding
inhibition activity (b) against CS2 parasite. The correlation between surface reactivity and BIA of PAMVAC antibodies is also shown (¢). d-f, The same
analyses were performed for PRIMVAC-induced antibodies in Aotus (n=9). Data for animals immunized with PAMVAC (blue circle) and PRIMVAC (open

red square) are shown.

surface reactivity and binding inhibition activity to NF54 were sig-
nificantly correlated for PRIMVAC-induced antibodies (p =0.74,
P=0.03, Fig. 3). No significant correlation was found when heter-
ologous IE-surface recognition and binding inhibition activities of
the vaccine-induced antibodies against both isolates was analyzed
(Supplementary Fig. 3).

A single acute malaria infection during pregnancy does not boost
the activity of PMV-induced antibodies in Aotus. The Aotus PM
model offers a unique opportunity to investigate the impact of P
falciparum infection during pregnancy on PMV-specific antibod-
ies. Twenty-three immunized animals became pregnant and were
infected with CS2 parasite. For this acute infection, a week-long
infection was allowed before cesarean section (C-section) was per-
formed (Fig. 1b).

Antibody reactivity and function were assessed before infec-
tion and 4weeks post-delivery. Because pregnancy occurs spo-
radically in primates, the timing between the D70 post-vaccination
serum sample and the day of CS2 inoculation during pregnancy
varied by monkey and ranged from 6 to 584 days; however, there
was no statistically significant difference between the groups in
the median time to CS2 inoculation (Supplementary Fig. 4). The
time interval between the day of CS2 inoculation and 4 weeks post-
partum was 35days for all animals. No response was observed in
Pfs25-vaccinated animals (measured by ELISA on PMV antigens,
flow cytometry and binding-inhibition assays (BIAs) on CS2 and
NF54) when comparing D70 post-vaccination to 4 weeks postpar-
tum measurements (Fig. 4), as might be expected because Pfs25 is
not expressed by blood-stage parasites.

Overall, no significant decline was observed in the levels
of vaccine-induced antibody for each PMV-immunized group
between D70 post-vaccination to 4weeks postpartum (Fig. 4 and
Supplementary Figs. 5 and 6) However, a decrease in the lev-
els of vaccine-induced antibody can be seen in most PAMVAC
and ID1-ID2a-M1010 immunized monkeys between D70 post-
vaccination and the time of CS2 inoculation, although not statisti-
cally significant (Supplementary Fig. 5). Following infection during
pregnancy, no significant increase above the pre-infection level was
observed by IgG ELISA for any PMV group to its corresponding
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PMYV antigen (Fig. 4a—c); a slight nonsignificant increase in ELISA
IgG reactivity of PAMVAC antisera to PAMVAC antigen was
measured (Wilcoxon matched-pairs signed-rank test, P>0.99).
Similarly, the level of reactivity to NF54 and CS2 IE surface in sera
from PRIMVAC- and PAMVAC-immunized monkeys, respec-
tively, did not increase following CS2 infection during pregnancy
(Wilcoxon matched-pairs signed-rank test, P=0.06 for PRIMVAC
group against NF54 and P=0.3 for PAMVAC group against CS2)
(Fig. 4d.e).

CSA-binding inhibition activity of antibodies from PMYV-
vaccinated groups against both homologous and heterologous
parasites showed a different trend versus other assays: the level of
inhibition from D70 post-vaccination to the day of CS2 inoculation
increased (Wilcoxon matched-pairs signed-rank test, P=0.03 and
P=0.12 for PAMVAC group against CS2 and NF54, respectively;
P=0.25 and P>0.99 for ID1-ID2a_M1010 group against CS2 and
NF54, respectively) or was unchanged (for PRIMVAC and Pfs25
groups) (Fig. 4f,g) Unexpectedly, a non-statistically significant
decline of this activity in PAMVAC group against CS2 (Wilcoxon
matched-pairs signed-rank test, P=0.12) was observed at 4 weeks
postpartum following CS2 inoculation during pregnancy. Overall,
there was no significant change in the activity of PMV-induced anti-
bodies between the D70 post-vaccination and 4 weeks postpartum, a
time window ranging from 41 to 1,003 days. Remarkably, all homol-
ogous responses (measured by ELISA, flow cytometry and BIA)
of PRIMVAC-induced antibodies against PRIMVAC antigen and
NF54 parasite appeared stable over time from D70 post-vaccination
through 4 weeks postpartum (Fig. 4).

The levels of PAMVAC- and PRIMVAC-induced antibodies
binding to the homologous PMV antigen did not significantly cor-
relate with the level of IE-surface recognition and binding inhibition
activities against homologous parasites at the day of CS2 inoculation
(Supplementary Fig. 7) and 4weeks postpartum (Supplementary
Fig. 8). Similarly, no significant relationship was observed between
ELISA cross-reactivity and the heterologous functional activities
induced by PAMVAC, PRIMVAC and ID1-ID2a_M1010 against
CS2 and NF54 on the day of CS2 inoculation, nor with the back-
ground activity induced by Pfs25 control (Supplementary Fig. 9).
At 4weeks postpartum, the level of cross-reactive antibodies
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http://www.nature.com/laban

LAB ANIMAL

ARTICLES

a PRIMVAC b

OD units
N w
| |

OD units
N w

NS

PAMVAC c rID1-ID2a_M1010

OD units
N

d NF54 isolate e 3 CS2 isolate
129 %\H —@— PAMVAC monkeys, n =6
2 T —B& PRIMVAC monkeys, n =5
[
= - —A— ID1-ID2a_M monkeys, n = 4
14 —
—&— Pfs25 monkeys, n=7
0o 0]
f NF54 isolate 9 CS2 isolate
c ~ 80 c ~ 80
L0 jeje]
=20 =20
23 60 =3 60|
== £ s
« 5 =5
© 6 40 © 6 40 A
52 5o
So S
2 52207
o8 s5<
[} o0
a o) a (o] T T T
Q N &
4 Y
Q N %{@
o Q
o 2
S o
X D‘Q
Q N
9 ()
& N

Fig. 4 | Dynamics of VAR2CSA antibodies following a CS2 inoculation during pregnancy. a-c, ELISA titers 2 weeks after the last dose in the primary
vaccine series (D70) compared to those measured at the time of CS2 parasite inoculation and 4 weeks postpartum, for each of the vaccine groups

(n=6 for PAMVAC-immunized monkeys, n=>5 for PRIMVAC-immunized monkeys, n=4 for ID1-ID2a_M1010-immunized monkeys and n=7 for
Pfs25-immunized monkeys). d,e, Flow cytometry for IE surface reactivity. f,g, BIA for parasite blocking activity. For each group of vaccinated monkeys,
the geometric mean and 95% confidence interval of the antibody activity measured by ELISA and flow cytometry are shown (a-e). For BIA, the mean and
s.e.m. are shown (f and g). Wilcoxon matched-pairs signed-rank test was used to evaluate antibody-boosting activity at 4 weeks postpartum following

CS2 inoculation during pregnancy.

binding to PAMVAC and PRIMVAC antigens (generally, opti-
cal density (OD) <0.8) respectively correlated to IE-surface reac-
tivity to CS2 (p=0.59, P=0.03) and NF54 (p=0.64, P=0.03)
(Supplementary Fig. 10), probably because of pregnancy exposure
to CS2 infection. However, no relationship was found between the
binding inhibition activity and the ELISA cross-reactivity of the anti-
bodies against heterologous antigens and parasites (Supplementary
Fig. 10).

PMYV can induce a delayed acquisition of cross-inhibitory activity
against CS2 and NF54 parasites. To explore strain-transcending
activity of PMV-induced antibodies in Aotus, we analyzed the
cross-inhibitory and cross-recognition activities of the antibod-
ies against both CS2 and NF54 parasites. These activities were
assessed on samples collected at D70 post-vaccination, on the
day of CS2 inoculation, and 4weeks postpartum. When defining
cross-inhibitory activity as >50% inhibition of both CS2 and NF54
binding to CSA, no serum samples showed such activity at D70
post-vaccination and 4 weeks postpartum (Fig. 5a,c). Three mon-
keys (Aotus AO12 and AO10 that received PAMVAC and AO13 that
received ID1-ID2a_M1010 vaccine, and were respectively inocu-
lated with CS2 8, 346 and 381 days after D70 post-vaccination sam-
ples were collected) had developed cross-inhibitory activity against
CS2 and NF54 measured just before CS2 inoculation (Fig. 5b).
Curiously, this cross-inhibitoryactivity waned by 4 weeks postpartum
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despite exposure to CS2 inoculation (Fig. 5¢). Of note, some other
monkeys maintained their homologous inhibitory activity from
D70 post-vaccination through 4weeks postpartum (Aotus AOL
from PAMVAC group; AO4 and AO5 from PRIMVAC group),
while others showed newly acquired homologous activity at the
time of CS2 inoculation that persisted at 4 weeks postpartum (Aotus
AO11 and AO8 from PRIMVAC group).

Surface recognition of native VAR2CSA expressed on CS2
and NF54 IE followed a pattern different than that observed for
the inhibitory activity profile. Limited cross-recognition activ-
ity of the PMV-induced antibodies in Aotus was detected at D70
post-vaccination, with only one monkey (AO14 from PAMVAC
group) exhibiting such activity (Fig. 5d). By the time of CS2
inoculation, two additional monkeys (AO11 from PRIMVAC
group and AO15 from ID1-ID2a_M1010 group) had acquired the
cross-recognition activity (Fig. 5¢). Following CS2 inoculation, four
additional monkeys (AO9 and AO1 from PAMVAC group, AO11 and
AO8 from PRIMVAC group, AO17 from Pfs25 group), developed IE
surface cross-recognition activity (Fig. 5f). Cross-recognition activ-
ity detected on CS2 and NF54 parasites 5weeks after exposure to
CS2 was significantly correlated (p=0.54, P=0.014, Fig. 5f).

Nanoparticle or monomer PMV similarly boost ELISA reactiv-
ity but not function. On study day 999 (cohort 1) and day 853
(cohort2) (943 and 797 days after completing the primaryvaccination
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Fig. 5 | Dynamics of cross-inhibitory and cross-recognition activity of PMV-induced antibodies in Aotus monkeys in response to pregnancy malaria.
a-c, The levels of binding inhibition activity of the PMV-induced antibodies against CS2 and NF54 parasites in samples collected at D70 post-vaccination
(), pre-CS2 inoculation (b) and 4 weeks postpartum (c) are shown. The dashed lines represent 50% inhibition, and the gray-colored area in each graph
defines labeled samples with inhibitory activity. d-f, The recognition levels of surface-expressed VAR2CSA on CS2 and NF54 |E by the PMV-induced
antibodies was also analyzed at D70 post-vaccination (d), pre-CS2 inoculation (e) and 4 weeks postpartum (f), with dashed lines representing rMFI 1.2
and the gray-colored area highlighting flow-positive samples. In a and d, n=9 for PAMVAC-immunized monkeys, n=9 for PRIMVAC-immunized monkeys,
n=9 for ID1-ID2a_M1010-immunized monkeys and n=13 for Pfs25-immunized monkeys. In b, ¢, e and f, n=6 for PAMVAC-immunized monkeys, n=5
for PRIMVAC-immunized monkeys, n=4 for ID1-ID2a_M1010-immunized monkeys and n=7 for Pfs25-immunized monkeys. Data for animals immunized
with PAMVAC (Pf-FCR3) (blue circle), PRIMVAC (Pf-3D7) (open red square), rID1-ID2a-M1010 (green triangle) and rPfs25 (black diamond) are shown
and samples with cross-recognition activity are labeled. Spearman (p) coefficients and P values are reported for each graph.

series for cohort 1 and 2, respectively), 18 monkeys were immu-
nized with either nanoparticle (PAMVAC.,;, or IDI-ID2a_
M1010g,) or monomer forms of PAMVAC or ID1-ID2a_M1010.
Before re-immunization (pre-boost), PAMVAC monkeys displayed
minimal or modest antibody responses to homologous antigen
(Fig. 6a), while PRIMVAC monkeys maintained substantial levels
of antibody to homologous antigen (Fig. 6b). Fourteen days after
administration, serum IgG binding to PMV antigens by ELISA sub-
stantially increased in all groups, with highest reactivity to the anti-
gen used for the primary vaccine series and high cross-reactivity to
other antigens (Fig. 6a—c). PMV-induced antibody levels following
the primary immunization series (day 70) had waned over time,
but the late booster dose increased levels beyond those achieved
by primary series (Supplementary Fig. 11). Homologous vaccine
boosted reactivity for PAMVAC- and ID1-ID2a_M1010-induced
antibodies, and the heterologous vaccine boosted reactivity of
PRIMVAC-induced antibodies as well. Indeed, the PAMVAC boost
of the PRIMVAC-vaccinated group substantially increased the lev-
els of antibodies against all three PMVs. Of note, the monomer
and the conjugated vaccines similarly increased ELISA reactivity at
D+ 14 and D + 56 post-booster dose (Mann-Whitney test, P> 0.05
for all comparisons).

Antibody reactivity to native VAR2CSA expressed by CS2
and NF54 isolates showed no change between pre-bleed and
D+ 56 time points in groups of monkeys initially vaccinated with
PRIMVAC and ID1-ID2a_M1010 for both isolates (Fig. 6d.e),
while PAMVAC-vaccinated monkeys showed an increase in reac-
tivity to homologous CS2-IE (Mann-Whitney test, P=0.05 for
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PAMVAC,, boost group and P> 0.05 for PAMVAC boost group,
both at D+ 14 and D+56 post-booster dose). The nanoparticles
did not significantly increase the plasma binding inhibition activity
against CS2 and NF54 at D+ 14 for any group (Fig. 6f,g) (Mann-
Whitney test, P>0.05 for PAMVAC, PRIMVAC and ID1-ID2a_
M1010 groups against CS2 and NF54), albeit serum activity of
PRIMVAC-immunized animals was higher against both parasites
after the booster dose, but still modest (less than 40%).

Discussion
Ideally, PMV will be administered to women before their first preg-
nancy to induce protective antibodies similar to those observed in
PM-resistant multigravid women and will be boosted on exposure
to infection during pregnancy®'®*. Several lines of evidence sup-
port VAR2CSA as the leading PMV candidate to protect pregnant
women from PM-related adverse pregnancy outcomes'®'*!>!71%7=41,
Recently published first-in-human trials of VAR2CSA-based vac-
cines established that adjuvanted PAMVAC and PRIMVAC are
safe and immunogenic in malaria-naive and malaria-exposed
women”>*. Although both PAMVAC and PRIMVAC vaccines
adjuvanted with Alhydrogel induced high human antibody titers,
functional activity was generally modest and limited to homologous
variants of the vaccines***’. The present study demonstrates the
ability of the A. nancymaae model to predict the human immune
response to VAR2CSA-based vaccination.

An NHP model susceptible to P. falciparum placental infection
will be useful to study PM pathogenesis and evaluate vaccine activ-
ity (reviewed in ref. ©*). The establishment of an Aotus model that
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Fig. 6 | Activities of PMV-induced antibodies in Aotus monkeys following re-vaccination with monomer or nanoparticle immunogens. a-c, ELISA titer

of IgG against PAMVAC (Pf-FCR3) (a), PRIMVAC (Pf-3D7) (b) and ID1-ID2a-M1010 (c) antigens were assessed in monkeys that received the conjugated
antigens (solid-line, PAMVAC,,,, or ID1-1D2a-M1010-EPA) and those who received the monomer antigens (dashed line). Samples collected before
vaccination (pre-bleed) and those collected at D14 and D56 post-vaccination were analyzed. d-g, Plasma samples collected at the same time points were
also analyzed for their surface reactivity to CS2 (d) and NF54 (e) IEs, as well as their ability to block those parasites binding to CSA (f and g). In a-g,
PAMVAC-immunized (n=4) and PRIMVAC-immunized (n=3) monkeys received PAMVAC,,,,; PAMVAC-immunized (n=3) and PRIMVAC-immunized
(n=3) monkeys received the PAMVAC, while ID1-ID2a_M1010-immunized received the nanoparticle ID1-ID2a-M1010-EPA (n=2) or monomer ID1-ID2a_
M1010 (n=3). For each group of vaccinated monkeys, the geometric mean and 95% confidence interval of the antibody activity measured by flow
cytometry are shown (d and e). For ELISA and BIA, the mean and s.e.m. are shown (a-c, fand g).

displays key features of PM pathogenesis, such as placental seques-
tration and the acquisition of functional antibodies following expo-
sure to placenta-binding parasites™, represents a major advance
to support PMV development. The current data demonstrate that
Alhydrogel-formulated PAMVAC, PRIMVAC and the ID1-ID2a
construct of isolate M1010 were safe in Aotus monkeys and induced
high levels of anti-VAR2CSA antibodies against the corresponding
vaccine antigen, with some cross-reactivity against heterologous
PMYV antigens by ELISA. These findings are consistent with previous
reports from PAMVAC and PRIMVAC preclinical studies in small
animals'®*"** and human clinical trials*>*, highlighting the safety
and immunogenicity of VAR2CSA-based subunit vaccines in both
soluble and particle-based forms. Cross-reactivity of PMV-induced
antibodies against the vaccine antigens indicates that the induction
of antibodies targeting epitopes shared between different recombi-
nant PMV variants is not dependent on the host species.

However, cross-reactivity by ELISA did not correspond to
broadly functional antibodies. Contrary to rodent studies of many
VAR2CSA candidates including PRIMVAC and PAMVAC"#,
VAR2CSA antisera from Aotus poorly reacted to native VAR2CSA
expressed on the surface of heterologous parasite strains while
reacting strongly to homologous parasites. Similarly, Aotus antisera

LAB ANIMAL | VOL 52 | DECEMBER 2023 | 315-323 | www.nature.com/laban

blocked CSA binding of homologous parasite strains, with up to
66.7% homologous inhibition activity in the PAMVAC group and
75.0% in the PRIMVAC group, but not heterologous parasites. This
lack of cross-recognition and cross-inhibition activity substantiates
the functional pattern of antibodies induced by both vaccines using
the same dosage and adjuvant in women®*. Although a higher
vaccine dose and a more potent adjuvant might yield higher activ-
ity, in humans 100 ug of PRIMVAC adjuvanted with Alhydrogel or
GLA-SE vyielded limited cross-recognition against the FCR3-CSA
and 7G8-CSA VAR2CSA-expressing parasites®. Overall, these
observations clearly demonstrate that antibody activity induced by
PMYV antigens in humans aligns better to that induced in Aotus than
in small animal models. The overlapping profile of antigens recog-
nized by antibodies from human and Aotus after malaria infection*
could explain the high similarity in VAR2CSA-specific antibody
response between these two hosts.

Antibodies to VAR2CSA are thought to be boosted through
repeated exposure to placenta-binding parasites over successive
pregnancies'®****. By exploring whether a malaria infection in preg-
nant Aotus monkeys immunized with PMV antigens will enhance
the functional properties of the induced VAR2CSA-specific anti-
bodies, we showed that a single week-long infection with CS2
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did not boost antibody function at 4 weeks postpartum. Similarly,
CS2 infection in pregnant monkeys vaccinated with Pfs25 did
not induce antibodies to recombinant VAR2CSA or CSA-binding
parasites. Since the PfCS2 inocula used for infection were predomi-
nantly binding to CD36 receptor, these observations suggest that
few IEs had CSA-binding phenotype, and therefore animals might
have experienced an infection too short to mount a significant anti-
body response to VAR2CSA. As most malaria infections in preg-
nant women are subpatent and asymptomatic®, it is possible that
a longer duration of malaria infection may be needed to induce/
enhance functional properties of VAR2CSA antibodies. To that end,
a chronic model of PM in Aotus is currently under development
and will be used to investigate whether chronic malaria infection
in pregnant monkeys can induce/enhance functional activity of
VAR2CSA antibodies.

Although no significant boost of PMV-induced antibodies
occurred after CS2 inoculation during pregnancy, the high level
of PRIMVAC-induced homologous functional antibodies per-
sisted from D70 to 4 weeks postpartum in Aotus (up to 619 days),
reproducing the observed long-term seroconversion in women
after the last PRIMVAC immunization®. This finding indicates that
VAR2CSA-specific antibodies induced by vaccination may be dura-
ble, and their functional activity could be expected to be sustained
across pregnancies. This result is particularly important since the
targeted population will be nulligravid women, and first pregnancy
could occur long after the vaccination. Naturally acquired human
VAR2CSA antibody responses are similarly durable, with antibody
half-life estimated to be years in duration**’.

The antibodies naturally acquired by multigravidae have strain-
transcending functional activity against placenta-binding IES, and
VAR2CSA is thought to be the target of these antibodies (reviewed
in ref. *). Overall, in Aotus, the pattern of cross-inhibitory activ-
ity (measured by BIA) differed from cross-recognition of native
VAR2CSA expressed by CS2 and NF54 (measured by flow cytom-
etry), as many monkeys with IE surface cross-recognition had no
cross-inhibitory activity. Transient cross-inhibition activity (for two
monkeys in PAMVAC and one monkey in ID1-ID2a_M1010 groups)
was detected at the time of CS2 infection, while a number of mon-
keys acquired cross-recognition activity of antibodies between their
post-primary vaccination time point (D70) and 4 weeks postpartum.
A shift in the antibody repertoire following CS2 infection might pos-
sibly explain the loss of cross-inhibition activity in these monkeys
at 4weeks postpartum. Since the durability of VAR2CSA-specific
inhibitory antibodies are unclear, future investigations of the dynam-
ics of inhibitory antibody generation in this Aotus model will be of
interest. Because immunological memory specific for VAR2CSA can
be maintained for many years without antigen re-exposure®, it is
conceivable that affinity maturation yielding antibody with higher
avidity may play a key role in the inhibitory and strain-transcending
functional activities of VAR2CSA-induced antibodies™**'. Future
studies might examine the levels of VAR2CSA-specific memory
B cells before and after a P. falciparum infection in pregnancy to
explore the dynamic of these cells in relation to PM.

Efforts to optimize malaria vaccines (including PMV) include
use of cVLP and EPA nanoparticle platforms to enhance immu-
nogenicity*>*>*. Here, PAMVAC and ID1-ID2a_M1010 nanopar-
ticles generated in cVLP and EPA platforms, respectively, boosted
antibody levels measured by ELISA above those seen after the pri-
mary vaccine series. However, it appeared that monomeric antigens
boosted antibody responses equally well, suggesting this boosted
response is not improved by nanoparticle presentation. Notably,
heterologous PAMVAC boost of PRIMVAC-vaccinated Aotus mon-
keys substantially enhanced levels of antibodies against all three
PMV antigens. However, the increase in ELISA titers induced by
PMYV (whether nanoparticle or monomer) did not correspond to an
increase in functional activity assessed by flow cytometry and BIA,
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suggesting qualitative differences in VAR2CSA antibody responses.
A head-to-head comparison of the cVLP-based and monomer vac-
cines for priming versus boosting in future Aotus studies will pro-
vide a useful indication for how a nanoparticle-based vaccine might
behave in humans.

This study had limitations. One practical limitation of the Aotus
model is the variable and sometimes long time window between
vaccination and onset of pregnancy, unlike rodent models that
more reliably reproduce. However, the Aotus is similar to what can
be expected in humans, in whom timing of pregnancy is also vari-
able. Therefore, this Aotus model may require extended time peri-
ods to assess vaccine boosting and efficacy to pregnancy infection.
However, this may also be a model to understand immunological
memory, as is also important in humans. As another limitation, the
current study had limited power to assess placental parasite bur-
den: because the Aotus practices placentophagy, a C-section must
be performed to secure the placental sample. In this study, only few
paired peripheral and placental parasitemia were obtained, and this
weakened statistical power to determine any significant patterns,
although general trend suggests a higher parasite burden in the pla-
centa compared to peripheral blood irrespective of the immuniza-
tion groups (Supplementary Fig. 12). The Aotus model has now been
improved to define optimal timing for C-section (18 weeks of gesta-
tion), which will allow systematic collection of placental samples in
future studies. In addition to the model of chronic PM in develop-
ment, these improvements should strengthen the use of the Aotus
model as a predictive model for vaccine-induced PM protection in
pregnant women. Finally, due to logistical and regulatory require-
ments for the use of NHP models, accessibility of this Aotus model
of PM may be limited to centers with the necessary infrastructure.

In conclusion, we demonstrated that the Aotus model is a suit-
able model to assess immunogenicity of VAR2CSA-derived vac-
cines, in contrast to small animal models. Current PMV candidates
induce mainly homologous and little heterologous functional activ-
ity in humans and Aotus, suggesting that improvements to the
immunogens and/or the adjuvants are needed to enhance protec-
tive antibody responses, as are studies that evaluate the potential for
natural infection to boost vaccine antibody in women. The Aotus
model further suggests that a brief PM episode is not sufficient to
boost PMV functional activity, and models of chronic or recrudes-
cent PM episodes in monkeys should be explored for this outcome.
PMV nanoparticles are not superior to monomers as immunogens
for boosting VAR2CSA-induced antibody in this model. Further
work with the Aotus model should assess placental parasite burden
as an endpoint for interventional studies, as well as the ability of
chronic PM episodes to boost VAR2CSA functional antibodies. The
Aotus PM model may be useful to assess second-generation PMV's
seeking to increase strain-transcending activity and prioritize these
for further clinical development.
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Methods

Study design. A blinded, multi-phase study was designed to test three PMV
candidates (Fig. 1a) using a newly established Aotus monkey model for PM*. In
the first phase of this study, 40 naive female A. nancymaae were randomized to
receive the VAR2CSA-based vaccine candidates PAMVAC (n=9), PRIMVAC
(n=9) and ID1-ID2a_M1010 (n=9) as well as a transmission-blocking vaccine
candidate Pfs25 (n=13) to serve as a control. Animals were immunized in 2
cohorts of 20 monkeys per cohort with ~5-month interval between both cohorts.
Animals were randomized in permuted blocks of size 4 or 5 to reach a final
randomization ratio of 1:1:1:1.4, yielding a power of approximately 90% to find a
difference between any experimental group and control of at least 1.5X standard
deviation. While the total sample size was dictated by logistical constraints, this
randomization ratio was chosen to balance the increased size of the common
control group with the information it would provide on each experimental vaccine
and optimized statistical power. Vaccines were formulated on Alhydrogel, and
each monkey received three immunizations at 4-week intervals (day (D) 0, D28
and D56), composed of 50 ug of vaccine by intramuscular injection in the thigh,
alternating legs. Blood samples were collected at DO and D70 to assess induction of
functional antibodies following vaccination.

In the second phase of the study, 23 immunized monkeys (6 with PAMVAC, 5
with PRIMVAGC, 4 with ID1-ID2a_M1010 and 8 with Pfs25) that became pregnant
were infected with P. falciparum CS2 clone (number of IEs ranging from ~1.2 X 107
to 2.5 107). For this infection in pregnant monkeys, stocks of CS2 inoculum for
this study were obtained after subpassing CS2 parasite (in human blood) into a
male monkey to collect infected blood for CS2 culture in Aotus blood. Parasites
were then maintained in culture over 4-6 weeks, and stocks of CS2 inoculum were
made at 1% parasite in Aotus blood and frozen. Two lots of CS2 inoculums with
similar parasite binding phenotype (predominantly binding to CD36 receptor)
were used in this work (Supplementary Table 1). CS2 infections in pregnant
monkeys were performed with thawed parasites inoculated in the saphenous vein.
Infected animals were observed twice a day and monitored daily with parasitemia
data collected from day 3 until animals were cured. P. falciparum infection was
confirmed by PCR detection on peripheral blood 3 days after CS2 inoculation
(for detailed parasitological data and other clinically relevant information, see
Supplementary Data File 2). The infected pregnant monkeys were asymptomatic
during this brief CS2 infection, and all animals were cured with mefloquine after
end of pregnancy. As full normal gestation is ~19 weeks™, infection was initiated
at ~17 weeks to allow for 7 days infection, and C-section performed at ~18 weeks
to ensure placental sample collection. Samples were collected on the day of CS2
inoculation and 4 weeks postpartum to investigate whether vaccine-induced
antibodies can be boosted or enhanced by a malaria episode during pregnancy.
Although the study was not designed to compare parasite densities between
groups, thin blood smear was prepared from peripheral and placental blood
at delivery where available. Of note, 14 monkeys completed pregnancy with
scheduled C-section whereas 9 animals delivered naturally and 2 had stillbirth
before C-section, precluding collection of placenta samples.

The third phase of the study assessed PRIMVAC and PAMVAC
vaccine-induced antibodies following a booster dose of cVLP modified to
present the PAMVAC antigen or monomer PAMVAC. The vaccine antigen was
coupled to preformed cVLP through a split protein covalent interaction to form
PAMVAC,,,, nanoparticle as previously described™*. Similar assessment was
conducted in monkeys immunized with the ID1-ID2a_M1010 candidate using
the ExoProtein A (EPA) chemically conjugated with ID1-ID2a_M1010 to generate
ID1-ID2a_M1010y;, nanoparticle as previously described”’. Both PAMVAC,,,, and
ID1-ID2a_M1010y,, form nanoparticles. For this phase, 13 monkeys immunized
with either PAMVAC (n=7) or PRIMVAC (n=6) received either the nanoparticle
or monomer forms of PAMVAC, while 5 monkeys immunized with ID1-ID2a_
M1010 (n=>5) received either the nanoparticle or monomer forms of ID1-ID2a_
M1010. Thus, only PRIMVAC-immunized monkeys received a heterologous
vaccine (PAMVAC). Pre-bleed blood samples as well as those collected 14 and
56 days post-booster dose injection were used to investigate whether a boost with
PMYV nanoparticles can enhance functional activity of PMV vaccine-induced
antibodies.

The collected monkey sera from the different study time points were assayed
for antibody reactivity to PMV and Pfs25 antigens by ELISA. Plasma antibodies
were tested for IEs surface reactivity by flow cytometry and CSA-binding inhibition
activity using CS2 and NF54 isolates. A clonal M1010 isolate to approximate the
composite VAR2CSA sequence of ID1-ID2a_M1010 was not available.

Monkeys. Female A. nancymaae monkeys aged 2-13 years old were obtained

from Keeling center (University of Texas MD Anderson Cancer Center, Michale

E. Keeling Center for Comparative Medicine and Research). Average age of the
monkeys was 6years 7 months, 5years 5months, 4 years 10 months and 5years

6 months, for PAMVAC, PRIMVAC. ID1-1G2a_M1010 and Pfs25 vaccine groups,
respectively. No significant difference in the animal age (Supplementary Fig. 13,
Mann-Whitney test, P> 0.05 for all comparisons) was detected across the different
vaccination groups. All animals were of breeding age, and we have no evidence
suggesting age might have affected the likelihood of pregnancy or subsequent
outcomes based on the data reported in Supplementary Data File 2. Animals were

housed in stainless steel 6.0 square-foot cages with PVC nesting boxes and wood
perches, with a 12h/12h dark/light photoperiod cycle and room temperature (RT)
at 24°C. Animals were pair-housed male/female. Standard husbandry procedures
included feeding Teklad New World Primate Diet, Zupreem Primate Diet Canned,
diet supplements, and water ad libitum. The monkeys were housed and cared for
according to the ‘Guide for the Care and Use of Laboratory Animals’ (ILAR, 2011),
Animal Welfare Act and Animal Welfare Regulations (AWA, 2013; AWR, 2013)
under approved protocol Laboratory of Malaria Inmunology and Vaccinology
(LMIV) 8E. Clinical assessments of the monkeys were performed by a staff of
veterinary technicians and veterinarians. All animals that are suitable are recycled
to other studies after completion of the trial. All animals were enrolled under

the Institutional Animal Care and Use Committee-approved malaria candidate
vaccine study. The LMIV, as part of the Public Health Service, Department of
Health and Human Services, NIH Intramural Research Program, is accredited by
the Association for the Assessment and Accreditation of Laboratory Animal Care,
and holds a PHS Assurance on file with the National Institute of Health, Office of
Laboratory Animal Welfare as required by the US Public Health Service Policy on
Human Care and Use of Laboratory Animals.

Vaccines and formulations. Vaccines were based on the N-terminal constructs
of VAR2CSA from three variants of P. falciparum (Fig. 1a). The PAMVAC vaccine
candidate was generated from the ID1-DBL2-ID2a subunits of the FCR3 allele of
VAR2CSA”'. The PRIMVAC vaccine was designed to encompass the DBL1-DBL2
fragment of the 3D7 allele of VAR2CSA'‘. A composite VAR2CSA sequence
derived from Illumina sequence pileups from the polyclonal maternal isolate
PfM1010 was used to generate a vaccine protein from the ID1-ID2a fragment.
Briefly, baculovirus expression clone and high-titer virus stock was produced by
Protein Expression Laboratory (NCI-Leidos) using a synthetic codon optimized
gene encoding ID1-ID2a_M1010 (GenBank Accession number KU665625).
Recombinant ID1-ID2a_M1010 has a non-native amino-terminal alanine. All
five putative N-linked glycosylation sites were mutated from NxT/S to NxA at
positions T440, S507, S518, T694 and T732 relative to VAR2CSA ;. An in-frame
His-tag was included on the carboxyl terminal end to facilitate purification.
Bench-scale production was done in 10liters bioreactor glass connected to Biostat
BDCU controlling system (Sartorius-Stedim). The cells grew in SFX-insect
medium (Hyclone) to a concentration of 2 X 10¢ per milliliter and were infected
with 3 multiplicities of infection of the recombinant virus. The process was
conducted at 27 °C, and the dissolved oxygen level was kept at 30%. After 48h, the
culture was collected, and the supernatants were concentrated and dialyzed into
phosphate-buffered saline (PBS) pH 7.4 before purification on a Nickel-Sepharose
FF column followed by size exclusion chromatography on a Superdex 200 column.
The purity and integrity of ID1-ID2a_M1010 was evaluated by SDS-PAGE as well
as by reversed-phase HPLC, and their identity confirmed by N-terminal sequence
analysis using Edman degradation. Additionally, the theoretical masses were
verified by electrospray ionization-mass spectrometry (Research Technologies
Branch, NIH). Solution mass and aggregation profile was assessed by analytical
size exclusion chromatography with in-line multiangle light scattering as shown in
Supplementary Fig. 14.

In addition to these three VAR2CSA-based vaccine candidates, the Pichia
pastoris-expressed recombinant Pfs25 (a transmission blocking vaccine
candidate)’®*’ was used as a non-VAR2CSA-based control vaccine. Further details
of vaccine design are included in Supplementary Information.

Vaccines used in the primary series of vaccination and the booster dose
were formulated on Alhydrogel platform. Details of the different formulations
are presented in Supplementary Table 2. Primary vaccine formulations contain
the stated doses (antigen content in a volume of 0.5ml) (Supplementary Table
2a). Nanoparticles PAMVAC,y,; at 12.5ug/0.5 ml (amount of target antigen)
and ID1-ID2a_M1010g,, at 50 ug/0.5ml as well as the corresponding monomer
antigens (PAMVAC and ID1-ID2a_M1010) at 50 ug/0.5 ml doses on Alhydrogel
were injected to the PMV-immunized monkeys (Supplementary Table 2b).
Vaccines for groups 1A and 2A as well as groups 1B and 2B were formulated
by mixing 2X stocks of antigen in their appropriate buffers with 2X stocks of
Alhydrogel in water for injection on the days of immunization. Vaccines for groups
3A and 3B were adsorbed on aluminum at least 24 h before immunization in a final
aluminum concentration of 0.404 mg/0.5 ml (=0.808 mg/ml).

ELISA titers of PMV-induced antibody in Aotus monkeys. Antibody titers
induced by PMV candidates as well as the control antigen (Pfs25) were measured
by ELISA as previously described®'. Briefly, flat-bottom 96-well ELISA plates
(Immunolon 4; Dynex Technology Inc.) were coated with 100 ng per well

with PAMVAC, PRIMVAC, ID1-ID2a_M1010 and Pfs25 antigens diluted in a
carbonate buffer (15 mM sodium carbonate and 35 mM sodium bicarbonate).
Plates were incubated at 4 °C overnight and blocked with 200 ul per well of the
blocking buffer (5% skim milk powder in 1x Tris-buffered saline) for 2h at RT.
Aotus serum samples were diluted at 1:500 in blocking buffer, added to duplicated
antigen-coated wells (100 liters per well) and incubated for 2h at RT. Plates were
washed and incubated with 1:3,000 dilution of the alkaline phosphatase conjugated
anti-Human IgG (H + L) secondary antibody (#0751-1006, KPL Inc.) for 2h at RT.
After washing the plates, the substrate (0.1 mg per well of p-nitrophenyl phosphate,
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Sigma 104 substrate; Sigma) was added to the wells for 20 min incubation in
dark at RT, and the absorbance was read at 405 nm using a Spectramax 340PC
microplate reader (Molecular Devices Co.) and reported as OD.

Flow cytometry measurement of antiserum reactivity to IE surface. The ability of
sera from vaccinated Aotus to bind the native antigen expressed on the surface of IE
was assessed by flow cytometry. Enriched, mature trophozoite/schizont stages of IE
were resuspended in the running buffer (2% of fetal bovine serum in 1x PBS) and
100 pl of the cell suspension was dispensed in each well (4 X 10° cells per well). Cells
were incubated with 1:20 dilution of the Aotus plasma samples for 30 min at 4°C.
After unbound antibodies were washed, IE were labeled with 0.1% Sybr Green (Life
Technologies) and IgG-bound IE were stained with phycoerythrine-conjugated
goat (Fc y-specific) anti-human IgG (#12-4998-82, eBioscience) for 30 min at

4°C, then washed. Data were acquired by LSRII (BD Bioscience) and analyzed

in Flow]Jo 10 software (Tree Star Inc.). For each test sample, the rMFI was

obtained by normalizing the MFI value of the samples with the MFI of the pool

of pre-bleed (D0) plasma samples. For qualitative analysis, a ratio greater than

1.2 was considered positive for parasite surface staining”. Pooled plasma from
multigravidae and a VAR2CSA-specific human monoclonal antibody were included
in each assay to confirm surface expression of VAR2CSA by the isolates.

Binding inhibition activity. The CSA binding inhibition capacity of sera

from vaccinated Aotus was assessed by a static BIA on immobilized CSA

receptor. Briefly, spots of Decorin (Sigma) at 2 ug/ml in 1x PBS were coated in

a 100X 15mm Petri dish (Falcon 351029) and incubated overnight at 4°C in a
humid chamber. Spots were then blocked with 3% bovine serum albumin-1x

PBS at 37°C for 30 min. Enriched, mature trophozoite/schizont stages of CS2 and
NF54 IE were adjusted to 20% parasite density at 0.5% hematocrit. IE were blocked
in 3% bovine serum albumin-RPMI for 30 min at RT and incubated with Aotus
plasma at 1:5 dilution for 30 min at 37 °C. IE cells were then added to duplicated
spots and allowed to settle for 30 min at RT. Unbound IE were washed and
adherent IE were immediately fixed with 1.5% glutaraldehyde for 10 min, stained
with 5% Giemsa for 5 min and quantified by microscopy. A multigravid plasma
pool and a DO pre-bleed plasma pool from the Aotus monkeys were included

in each plate as positive and negative controls, respectively. The percentage

of inhibition was determined relative to the well with the DO pre-bleed pool.

For a given test sample, the percentage of inhibition was calculated as follows:
%inhibition =100 — (Bound-IE,.mp/Bound-IEp ,,) X 100.

Statistical analysis. A computer-generated allocation table was used to randomize
Aotus monkeys into each vaccination group by an independent party. Analysis

of the immunological data was executed using GraphPad Prism 8. The activity

of antibodies raised against each antigen measured by ELISA, flow and BIA was
compared using the Mann-Whitney test. Wilcoxon matched-pairs signed-rank test
was used to evaluate cross-reactivity of PMV-induced antibodies to heterologous
antigens and isolates, as well as antibody-boosting activity by CS2 inoculation
during pregnancy and PMV-conjugated antigens. Spearman’s correlation
coefficient (p) was used to analyze the relationship between ELISA antibody titers
and their ability to recognize the native VAR2CSA and the blockade of the parasite
binding to CSA. P values <0.05 were considered significant.

Reporting summary. Further information on research design is available in the
Nature Portfolio Reporting Summary linked to this article.

Data availability

The data that support the findings of this study are present in the paper or
Supplementary Information and are available from the corresponding author upon
reasonable request. Source data are provided with this paper.
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