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ABSTRACT Plasmodium falciparum cysteine-rich protective antigen (CyRPA) is a con-
served component of an essential erythrocyte invasion complex (RH5/Ripr/CyRPA) and a
target of potent cross-strain parasite-neutralizing antibodies. While naturally acquired
human RH5 antibodies have been functionally characterized, there are no similar reports
on CyRPA. Thus, we analyzed the parasite-neutralizing activity of naturally acquired
human CyRPA antibodies. In this regard, CyRPA human antibodies were measured and
purified from malaria-infected plasma obtained from patients in central India and ana-
lyzed for their parasite neutralizing activity via in vitro growth inhibition assays (GIA). We
report that, despite being susceptible to antibodies, CyRPA is a highly conserved antigen
that does not appear to be under substantial immune selection pressure, as a very low
acquisition rate for anti-CyRPA antibodies was reported in malaria-exposed Indians. We
demonstrate for the first time that the small amounts of natural CyRPA antibodies
exhibited functional parasite-neutralizing activity and that a CyRPA-based vaccine formu-
lation induces highly potent antibodies in rabbits. Importantly, the vaccine-induced
CyRPA antibodies exhibited a robust 50% inhibitory concentration (ICs,) of 21.96 pg/ml,
which is comparable to the ICy, of antibodies against the leading blood-stage vaccine
candidate, reticulocyte-binding-like homologous protein 5 (RH5). Our data support CyRPA
as a unique vaccine target that is highly susceptible to immune attack but is highly
conserved compared to other leading candidates such as MSP-1 and AMA-1, further sub-
stantiating its promise as a leading blood-stage vaccine candidate.

KEYWORDS Plasmodium falciparum, malaria vaccine, RH5, CyRPA, naturally acquired
immunity, growth inhibition assay

alaria remains a major global health challenge, accounting for 200 million cases
and around 0.4 million deaths each year, primarily in children under 5 years of age (1).
The disease severity and clinical manifestations are a result of the parasite’s blood-stage life
cycle (2, 3). Several merozoite antigens have been identified to play a critical role during
erythrocyte invasion, of which Plasmodium falciparum reticulocyte-binding-like homologous
protein 5 (RH5) has emerged as a key invasion determinant that plays an essential role dur-
ing P. falciparum erythrocyte invasion (4, 5). Antibodies targeting RH5 or its erythrocyte re-
ceptor, basigin, exhibit potent parasite neutralization in vitro and in vivo (6-10). RH5-based
vaccines were found to be safe and immunogenic in a phase 1a controlled human malaria
infection-based clinical trial (10-12).
The molecular redundancy associated with the highly rapid P. falciparum erythrocyte
invasion process presents a major hurdle to achieving high antibody titers for efficacious
neutralization that is unlikely to be overcome by a vaccine based on a single antigen like
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RH5 (13, 14). Thus, a promising approach to circumvent the problem is to develop a multi-
component malaria vaccine that targets multiple parasite antigens and generate a highly
robust, synergistic, strain-transcending antibody response that is effective at low concen-
trations and is able to abrogate the highly rapid process of erythrocyte invasion.

In this regard, P. falciparum cysteine-rich protective antigen (CyRPA), an essential
parasite antigen, has shown promise as a potential blood-stage malaria vaccine candi-
date (15, 16). The antigen forms an essential multiprotein complex with RH5 and RH5-
interacting protein (Ripr), thereby facilitating binding of RH5 to basigin (16-18). CyRPA
lacks erythrocyte binding activity, but antibodies targeting CyRPA mediated highly
potent in vitro parasite neutralization across worldwide parasite strains and exhibited a
synergistic growth-inhibitory effect with RH5 antibodies (16, 19, 20). The inhibitory
potential of these antibodies is attributed to their ability to prevent CyRPA interaction
with Ripr and RH5, leading to the abrogation of the complex and downstream signal-
ing events (17, 18, 21, 22). Importantly, passively transferred CyRPA monoclonal anti-
bodies significantly reduced the parasite load in an immunocompromised P. falciparum
mouse model, demonstrating the in vivo efficacy of CyRPA antibodies (15, 20). The
exact functional role of CyRPA is unknown, but the antigen is suggested to mediate
Ca?*-mediated signaling events required for the downstream invasion steps. Super-re-
solution microscopy combined with conditional knockouts of CyRPA and Ripr showed
that the binding of the trimeric complex, RH5/Ripr/CyRPA to basigin is necessary for
triggering Ca?* release and subsequent formation of the tight junction complex (17).

Additionally, in a recent immune-epidemiological study, a positive correlation was
observed between naturally acquired human CyRPA antibodies and protection from
subsequent malaria infection (23). We recently demonstrated that antibody combina-
tions based on CyRPA (RH5 and MSP-1,,) exhibit highly potent neutralization of P. fal-
ciparum clinical isolates (24). Furthermore, CyRPA exhibited complete sequence con-
servation in >200 worldwide P. falciparum clinical isolates (24). Together, these studies
strongly support CyRPA as a highly promising blood-stage vaccine target.

Growth inhibition assay (GIA) is a well-established in vitro assay that is widely used
to assess the vaccine potential of merozoite antigens by analyzing the efficacy of mero-
zoite-specific antibodies in inhibiting erythrocyte invasion by P. falciparum (9, 13, 25,
26). Importantly, GIA activity has been used as a mechanistic correlate of protection
against malaria. In this regard, vaccine induced RH5 antibodies were demonstrated to
exhibit GIA activity, which correlated with its ability to impart in vivo protection against
malaria in a nonhuman primate model and in controlled human malaria infection
(CHMI) trials (12, 27). Additionally, naturally acquired antibodies against RH5 and MSP-
1,0 have been demonstrated to neutralize the parasite in GIA, thus substantiating to
their ability to provide in vivo protection from malaria (28-30).

CyRPA has been shown to elicit cross-strain-neutralizing antibodies in small animals
against diverse P. falciparum strains (15, 16). However, there is no previous study that
has characterized the functional growth inhibitory activity of naturally acquired CyRPA-
specific human antibodies, which would help understand whether functional antibody
responses are induced by natural P. falciparum infections that could potentially be aug-
mented by a vaccine or vice versa. To address this important question, we carried out
the present study, in which we showed that CyRPA-specific human antibodies, purified
from plasma of malaria-infected individuals, were functionally active and exhibited par-
asite neutralization in GIA. We further demonstrated that the functional parasite-neu-
tralizing activity of CyRPA antibodies can be boosted upon CyRPA vaccination. Our
study, for the first time, provides experimental evidence of a protective role of CyRPA-
specific human antibodies and lends support for the inclusion of CyRPA as a compo-
nent of a next-generation combination blood-stage malaria vaccine.

(This work was previously presented at the World Malaria Day Symposium 2021
[Virtual Scientific Symposium] held by the Johns Hopkins Malaria Research Institute, Baltimore,
Maryland, USA)
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FIG 1 Production of recombinant full-length CyRPA in Escherichia coli. (A) Purified CyRPA was analyzed on an
12% SDS-PAGE gel with Coomassie brilliant blue under reducing and nonreducing conditions. The resulting
shift between the nonreduced and reduced CyRPA was due to faster migration of the former because of its
folded, globular structure, which confirmed the successful refolding of CyRPA. (B) The monomeric state of the
purified CyRPA was confirmed by its analysis through size exclusion chromatography (SEC) on a Superdex 75
(16/600) instrument. The size exclusion chromatography (SEC) elution profile showed that CyRPA was eluted at
a volume corresponding to its monomeric state (M), as evident by the overlap of its elution profile with the
protein standards, in which the CyRPA peak lies close to the peak corresponding to 29-kDa carbonic
anhydrase. (C) Purified CyRPA was detected in immunoblots with anti-6 xHis monoclonal antibody to confirm
its identity. (D) The conformation of purified CyRPA was confirmed in enzyme-linked immunosorbent assay
(ELISA) by the ability of a conformation-specific anti-CyRPA monoclonal antibody (c10) (15, 43) to recognize
CyRPA only in the nonreduced state and not in the reduced form. R, reduced; NR, nonreduced; AU, arbitrary
unit(s); Abs,g,m absorbance at 490 nm.

RESULTS

Production and characterization of full-length CyRPA. The full-length CyRPA (R
to E3¢2; 3D7) gene was codon optimized and expressed with a C-terminal 6 xHis tag as
inclusion bodies in Escherichia coli. CyRPA inclusion bodies were solubilized and
enriched by immobilized metal affinity chromatography (IMAC) under denaturing con-
ditions, followed by refolding. The refolded protein was finally purified to homogeneity
by ion exchange chromatography (Fig. 1A). Size exclusion chromatography (SEC) con-
firmed the monomeric state of the purified protein (Fig. 1B). The identity and confor-
mation of the purified protein were confirmed by immunoblotting and enzyme-linked
immunosorbent assay (ELISA) using anti-6 xHis monoclonal antibody (MAb) (Fig. 1C)
and a conformation-specific CyRPA MAb (c10), respectively (Fig. 1D).

CyRPA reactivity in malaria-infected human plasma. We measured antibody titers
against CyRPA in the plasma of 54 malaria-infected individuals from a region in central
India where malaria is endemic (Balaghat, Madhya Pradesh) by ELISA at a plasma dilution
of 1:200. Samples from five malaria-naive individuals were used as negative controls and
to calculate the cutoff optical density (OD) for defining the positively and negatively
responding plasma samples. A plasma sample with an OD above the cutoff was described
as a positive responder and those with ODs below the cutoff were described as negative
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FIG 2 Detection of naturally acquired antibody response against CyRPA. (A) Antibody response
against CyRPA and other key merozoite antigens, namely RH5, MSP-Fu, and EBA-175, were analyzed
in plasma from 54 malaria-infected individuals obtained from a region in central India where malaria
is endemic, Balaghat (Madhya Pradesh), by enzyme-linked immunosorbent assay (ELISA). CyRPA
exhibited detectable levels of antibodies, with absolute ELISA values ranging from ~0.1 to 0.48
optical density (OD) units. However, MSP-Fu and EBA-175 exhibited high immunogenicity, with values
ranging from 0.29 to 3.8 and 0.17 to 3.9 ELISA OD units, respectively. Similarly, RH5 had higher ELISA
OD unit values (0.5 to 3.0) than CyRPA. Note that the recombinantly produced F2 domain region of
EBA-175 was used in ELISA to analyze the immunogenicity against EBA-175. (B) Among 54 plasma
samples, only ~28% showed a positive response against CyRPA. Similarly, RH5 was positively
detected in only ~30% samples. On the other hand, EBA-175 and MSP-Fu showed high seropositivity,
with ~94% and ~87% samples, respectively, exhibiting a positive response. (C) The immunogenicity
of individual components of MSP-Fu, MSP-1,,, and MSP-3,, was also analyzed in the malaria-infected
plasma samples. MSP-3,, exhibited a high antibody response, with ELISA OD values ranging from 0.4
to 3.8 units. MSP-1,, antibody response was low compared to that of MSP-3,, antibody, ranging
between 0.01 and 0.9 ELISA OD units. (D) Percent seropositivity of MSP-1,, and MSP-3,, shows that
around 43% of individuals were positive for MSP-1,g-specific antibodies, while ~88% of plasma
samples exhibited a positive response for MSP-3,,. The mean OD of control malaria-naive samples, 5,
plus 3x the standard deviation was taken as a cutoff and was used to calculate the percentages of
positive and negative responders. An ELISA OD value above the cutoff was described as a positive
response, and a value below the cutoff was considered a negative response. (A and C) Graph
showing median values and ranges; a horizontal dashed line indicates the cutoff.

responders. The total number of positive responders was used to calculate their percent-
age (the positivity rate).

The immune reactivity of CyRPA was low, which is consistent with previous reports (15, 19,
23). Around 30% of plasma samples reacted positively to CyRPA, with the response in range of
~0.37 to 047 ELISA OD units (Fig. 2A and B). For comparison, immunogenicity of other major
merozoite antigens, namely, EBA-175, RH5, and MSP-Fu (chimera of MSP-1,4 plus MSP-3) (31,
32), was also analyzed in these plasma samples. Consistent with earlier reports, EBA-175 and
MSP-Fu (MSP-1,, and MSP-3 were both immunogenic [Fig. 2C and D]) reacted strongly with
the human plasma, exhibiting high positivity rates of 94% and 87%, respectively, whereas only
30% of samples were positive for RH5, similar to the positivity rate for CyRPA (Fig. 2A and B).

The fact that the malaria-infected plasma samples had detectable levels of CyRPA
antibody only suggests that the antigen could be under low immune selection pressure.
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FIG 3 Comparative analysis of sequence polymorphism in CyRPA and RH5. Based on a recent study
by our group (24), we generated a map to show a head-to-head comparison of sequence
polymorphism in CyRPA (A) and RH5 (B) in P. falciparum clinical isolates (201 isolates for CyRPA and
206 isolates for RH5) from 6 countries where malaria is endemic, including India. The Indian samples
were from the same batch of individuals whose plasma were analyzed in the present study. Overall,
CyRPA (A) was observed to have 10 polymorphic amino acid positions. However, only one single-
nucleotide polymorphism (SNP) at position 118 (L118F) in two Indian clinical isolates was found to be
significant (frequency = 10%); it is shown in a black square in the map. All other SNPs were present
at much lower frequencies, below 10%, and hence do not seem to be the target of balancing
selection. On the other hand, RH5 (B) was observed to have 17 polymorphic sites. A total of 5 SNPs
(Y147H, H148D, C203Y, 1407V, and K429N) at 5 amino acid positions with >10% frequency across the
six countries were observed in RH5. Out of the 5 SNPs, 4 were present in the clinical isolates of
Indian origin. These data strongly suggest that CyRPA is highly conserved and is under lower
immune selection pressure than RH5. Black and gray color coding are used to show the frequency
distribution of SNPs in each country. Different shades of gray represent different frequencies of
<10%. A frequency of =10% is depicted in a black square. The left x axis in the maps shows the
country name, and the number in brackets represents the number of P. falciparum clinical isolates
analyzed. The top y axis in the maps shows the amino acid position and the type of amino acid
change arising due to the presence of an SNP. The 3D7 gene sequence was used as a reference for
identifying SNPs.

Furthermore, in our recently published study, analyses of CyRPA sequences in P. falciparum
clinical isolates obtained from the same group of malaria-infected individuals whose
plasma were used in this study identified only one single-nucleotide polymorphism (SNP)
(L118F) in two clinical isolates (RM09 and DP11) (24). Besides, CyRPA was completely con-
served in >200 clinical isolates from other regions worldwide. In contrast, despite RH5
exhibiting a similar immunogenicity profile to that of CyRPA, with ~30% positivity, the
antigen exhibited a higher level of sequence variation, with 5 SNPs observed in the same
set of clinical isolates used for CyRPA sequence analysis. Global analysis of SNPs in RH5 in
>200 field isolates also revealed that the antigen is relatively less conserved than CyRPA
(24). A comparison of the SNPs and their frequencies for CyRPA and RH5 is shown in Fig. 3.
While further investigations are needed to correctly understand the effect of CyRPA and
RH5 sequence polymorphism on their immunogenicity, the present data, along with previ-
ous reports (15, 24, 33, 34), indicate a stronger balancing selection pressure on RH5 than
that on CyRPA, suggesting that the latter is less prone to acquire sequence polymorphism.

Naturally acquired human CyRPA-specific antibodies inhibit erythrocyte invasion
by P. falciparum merozoites. We and others have previously reported highly potent
cross-strain parasite neutralization activity of CyRPA antibodies, raised in small animals,
in in vitro GIA (16, 19, 35). In a separate study from our laboratory, we found that CyRPA
elicits highly potent parasite-neutralizing antibodies that, in combination with other
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FIG 4 Specificity of purified naturally acquired human antibodies against CyRPA. (A) Plasma samples
from the malaria-infected individuals were pooled, and antibody response against CyRPA and MSP-Fu
(chimera of MSP-1,, plus MSP-3) was assessed by ELISA before affinity purification of CyRPA-specific
human antibodies. CyRPA and MSP-Fu both showed an immunogenic response in the pooled plasma
before enrichment. In comparison, MSP-Fu exhibited a much stronger response than CyRPA, as shown in
Fig. 2. (B) Affinity-purified CyRPA-specific naturally acquired human antibodies were assessed through
ELISA by their ability to recognize CyRPA and MSP-Fu. In the affinity-purified antibody sample, the
antibodies detected only CyRPA and failed to cross-react with MSP-Fu, thus confirming the specificity of
the affinity-purified naturally acquired CyRPA human antibodies.

antibodies (MSP-1,, and RH5), strongly inhibited erythrocyte invasion by P. falciparum
clinical isolates (24). However, there is no report on the parasite neutralizing activity of
CyRPA human antibodies induced during natural malaria infections. To this end, we puri-
fied CyRPA-specific human antibodies from the pooled human plasma and tested them
for their functional activity in GIA. Due to low immunogenicity in the plasma samples,
the final yield of CyRPA antibodies was not high, only achieving a final concentration of
0.5 mg/mL. The final purified antibodies were specific for CyRPA and did not cross-react
with other antigens (MSP-Fu), as confirmed through ELISA (Fig. 4).

We next performed GIA with the affinity-purified CyRPA human antibodies. Due to
the limited yield of purified I1gG, the GIA was performed only to a maximum IgG con-
centration of 250 wg/mL in a one-cycle assay against a single P. falciparum laboratory
clone, 3D7. It is noteworthy that at the relatively low concentration of 250 wg/ml, the
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FIG 5 Invasion inhibitory potential of affinity purified CyRPA specific naturally acquired human antibodies.
The purified CyRPA specific human antibodies were tested in the standard in vitro growth inhibition assay
(GIA) in a one-cycle assay against 3D7. The graph shows GIA with CyRPA-specific human antibody (black
line) and naive human antibody (dashed line), calculated against a nonantibody control. A dose-dependent
inhibitory response was observed, and a maximum inhibition of ~44% was achieved at 250 wg/mL IgG
concentration. Data represent the average of two independent experiments conducted in duplicate. Error
bars represent the standard error between the two independent GIA experiments.

human CyRPA-specific antibodies exhibited significant parasite-neutralizing activity,
achieving a maximum inhibition of ~44% (Fig. 5). The GIA activity of naturally acquired
CyRPA antibodies not only provides evidence about their functionality but also gives
support to the idea that these antibodies can give protection from malaria reinfection
during natural exposure, since GIA has been suggested by many studies to be a surro-
gate marker of in vivo protection (12, 27).

Vaccine induced CyRPA antibodies mediate highly potent parasite neutralization.
We next studied whether the efficacy of CyRPA antibodies can be further augmented
through CyRPA vaccination. We therefore immunized rabbits with CyRPA-CFA/IFA for-
mulation, which induced high antibody titer on day 70 postpriming (Fig. 6A). The day
70 serum was used to affinity purify CyRPA-specific IgG using CyRPA-coupled CNBr-
Sepharose beads. The affinity purification resulted in an 11-fold enrichment of affinity
purified CyRPA-specific antibodies compared to the unenriched serum (Fig. 6A).

The vaccine-induced CyRPA antibodies were tested in GIA at various concentrations
in a one cycle assay against 3D7. The antibodies exhibited highly potent dose-depend-
ent parasite invasion inhibition, with a >90% inhibition observed at the highest tested
IgG concentration, 500 wg/ml. (Fig. 6B). The most advanced and potent blood-stage vac-
cine candidate, RH5, has been reported to induce parasite-neutralizing antibodies that
exhibit an 1C;, of ~10 to 15 wg/ml (13). We calculated the 1C, of the affinity-purified
anti-CyRPA vaccine-induced rabbit antibodies to be 21.96 ng/ml, which is comparable
to that for RH5 antibodies (Fig. 6B). Thus, these results suggest that the immunogenicity
and potency of CyRPA antibodies may be boosted by immunizing against the antigen in
a vaccine formulation.

DISCUSSION

Erythrocyte invasion is responsible for malaria pathogenesis and disease severity (2, 3).
Importantly, repeated exposure to blood-stage parasites over a time period leads to the de-
velopment of clinical immunity, known as naturally acquired immunity (36), that is primarily
directed against the antigens on infected red blood cells (RBCs) and merozoite surface anti-
gens like EMP-1, AMA-1, MSP-1, erythrocyte-binding antigens (EBAs), and reticulocyte-bind-
ing-like homologous (RH) proteins, thus making them promising vaccine targets (28, 37-39).
We have recently identified a novel antigen combination (RH5 plus CyRPA plus MSP-1,,)
that elicits potent parasite-neutralizing antibodies against P. falciparum laboratory clones
and clinical isolates exhibiting diverse invasion phenotypes. While RH5 and MSP-1,, have also
been demonstrated to elicit invasion-inhibitory antibodies during natural malaria exposure, no
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FIG 6 Parasite neutralization activity of vaccine-induced anti-CyRPA antibodies. (A) Serum from
CyRPA-immunized rabbit was used to affinity purify CyRPA-specific antibodies. The affinity-purified
antibodies were enriched 11-fold, confirmed by comparison of OD values between enriched and
unenriched anti-CyRPA rabbit IgG though ELISA. The fold enrichment was determined by identifying
the antibody dilution of the unenriched and enriched sera that gives the same OD value for both, as
shown by dashed lines. (B) Enriched, affinity-purified anti-CyRPA IgG from rabbit was tested for
parasite neutralizing activity using the in vitro GIA against 3D7 in a one-cycle assay. A highly potent
dose-dependent inhibition was observed that reached >90% at 500 wg/mL IgG concentration. The
50% inhibitory concentration (IC,; the IgG concentration required to induce 50% growth inhibition),
calculated using nonlinear least-squares regression (described in Materials and Methods) (44), was
observed to be 21.96 ng/mL and is indicated by dashed lines. Data represent the average of two
independent experiments conducted in duplicate. Error bars represent the standard error between
the two independent GIA experiments.

such report exists for CyRPA. Here, we show that naturally acquired CyRPA human antibodies
exhibit parasite-neutralizing activity that can be further augmented by a CyRPA-based vaccine.

We found that CyRPA induced humoral response in regions where malaria is
endemic, but, as reported earlier (15, 19, 23), the immunogenicity of CyRPA was low in
these plasma samples compared to that of other key merozoite antigens like MSP-1,
MSP-3, EBA-175, etc., which exhibited high antibody titers. Several possible reasons
might explain the low natural immunogenicity of CyRPA, ranging from its intracellular
localization to its specific spatial positioning in the multiprotein complex RH5/Ripr/
CyRPA during erythrocyte invasion. (15, 19, 23). CyRPA is localized inside micronemes
and is expressed on the merozoite surface only prior to erythrocyte invasion (15-17),
which is an extremely rapid process lasting for only <1 min (14). Thus, a short duration
and a time-specific surface expression may restrict the generation of a strong immune
response against the antigen. Second, CyRPA does not bind directly to erythrocyte surface but
functions as a part of a ternary complex involving RH5 and Ripr on the merozoite surface,
such that CyRPA is positioned in between the two proteins (18). Therefore, the formation of
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this complex may also sterically hinder and limit the exposure of CyRPA to the immune sys-
tem, thus contributing to its low immunogenicity. A possible implication of a low immuno-
genic response against CyRPA could be that the antigen would remain silent to immune
selection pressure and therefore less likely to accumulate polymorphisms as a strategy to
evade host immunity. It was interesting to observe that, despite being part of the same mul-
tiprotein complex and eliciting a similar immunogenic response, RH5 exhibited a greater
level of polymorphism than CyRPA. We believe that a high level of antigenic polymorphism
in RH5 might be a key adaptation required by the parasite to respond to various basigin
polymorphisms or to its varied expression levels observed on RBCs in different malaria popu-
lations where malaria is endemic or to avoid immune detection during erythrocyte invasion
(6, 8, 40). However, further investigations will be needed to ascertain these hypotheses.

We demonstrated that naturally acquired CyRPA antibodies exhibited substantial in
vitro parasite erythrocyte invasion inhibition, up to 44% at 250 wg/ml. However, com-
pared to the invasion-inhibitory activity of naturally acquired antibodies against other
essential (RH5 and AMA-1) or nonessential (RH2) merozoite antigens, which has been
reported to be ~60% (RH5/RH2) and ~80% (AMA-1) at 100 wg/mL concentration (29,
41), naturally acquired CyRPA human antibodies exhibited moderate inhibition. We rea-
soned, as explained earlier, that the specific positioning of CyRPA between RH5 and Ripr
in the multiprotein complex (RH5/Ripr/CyRPA) may not only affect its immunogenicity
but also restrict exposure of functionally relevant epitopes required for eliciting a potent
neutralizing antibody response. In support of this hypothesis, it was observed that im-
munization of the entire RH5/Ripr/CyRPA complex resulted in an ~7.5-fold decrease in
antibody titer against CyRPA compared to titers elicited against individually immunized
CyRPA. Further, the antibodies raised against the ternary complex were less efficacious
at inhibiting parasite erythrocyte invasion than antibodies raised against CyRPA alone
(35). These findings clearly indicate a negative effect of the RH5/Ripr/CyRPA complex on
CyRPA immunogenicity, which consequently could have resulted in lower efficacy of
CyRPA-specific antibodies. In addition, analysis of the mechanism of invasion inhibition
by a monoclonal CyRPA antibody identified that it acted by abrogating CyRPA/RH5 inter-
action (21, 35). The binding site of the monoclonal antibody did not exactly overlap the
RH5 binding region of CyRPA but was located nearby. There is a high possibility that the
RH5-CyRPA interaction not only masks the CyRPA interface region from the human
immune response but mediates a similar effect on nearby regions through steric hin-
derance. A recent cryo-electron microscopy (cryo-EM) structure of RH5/Ripr/CyRPA com-
plex mapped the binding regions of RH5 and Ripr on CyRPA, and it is now crucial to
study and compare the efficacy of antibodies targeting these binding regions against
that of those targeting the nonbinding regions to get a better understanding of the
effect of the RH5/Ripr/CyRPA complex in modulating the host immune response against
CyRPA.

Earlier studies have shown that antibodies induced by RH5 vaccination exhibited a
highly potent invasion inhibition (ICs,, ~10 to 15 wg/m:) (13) compared to that exhib-
ited by the naturally acquired RH5 human antibodies (ICso, ~55 wg/mL and ~110 ng/
mL) (29, 30). Our study also shows a highly robust efficacy of CyRPA antibodies induced
through vaccination compared to that of those acquired during natural malaria expo-
sure. The vaccine-induced CyRPA antibodies (rabbit) exhibited highly potent parasite
neutralization activity, with >90% inhibition at 500 wxg/ml. More importantly, we
observed a very robust 1C,, value of 21.96 ng/mL, which was comparable to the IC;,
reported for RH5 antibodies. Besides, the strong efficacy of vaccine-induced CyRPA
antibodies also supports our hypothesis that the potency of CyRPA antibodies may be
highly compromised when raised through RH5/Ripr/CyRPA coimmunization rather
than individual CyRPA immunization; however, a head-to-head comparison to demon-
strate this effect is yet to done. On the other hand, in a recent study, an Oxford group
reported a moderate efficacy of CyRPA antibodies (IC,,, 330 to 470 ng/mL) (33), which
is lower than our observation reported here. However, this discrepancy may be attrib-
utable to differences in the design of the recombinant antigen and the expression
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systems used in both studies. We produced full-length CyRPA with a C-terminal 6 xHis
tag in E. coli, while the Oxford group used a mammalian expression system to produce
CyRPA antigen with a C-terminal rat CD4, d3+4 domain.

The vaccine-induced CyRPA antibodies exhibited greater potency than that observed
with antibodies targeting the other important parasite antigens and the major vaccine
targets AMA-1 and MSP-1,,, which were shown to be around 70 ng/mL and 210 pg/mL,
respectively. In the multistep erythrocyte invasion process, MSP-1 participates in the ini-
tial attachment, while AMA-1T mediates the tight junction formation. Considering the ki-
netic constraints associated with highly rapid erythrocyte invasion process, a promising
strategy to develop an effective blood-stage vaccine would be to target the key antigens
involved at different steps of invasion. In a recently published study, our group identified
a triple antigen combination based on RH5, CyRPA, and MSP-1 (MSP-1,,) that elicits
potent cross-strain parasite-neutralizing antibodies against P. falciparum lab clones and
clinical isolates (24). Our findings here provide further support for the clinical develop-
ment of an RH5-, CyRPA-, and MSP-1,,-based combination. Furthermore, it would be
interesting to check combination of these blood-stage antigens with those of other
stages (such as CSP and Pfs230) in an approach to generate a multistage-targeting
malaria vaccine. Advancements in the development of novel adjuvant platforms such as
glucopyranosyl lipid adjuvant (GLA), Adjuvant Systems (AS), liposomes, etc., would fur-
ther aid in the identification of the ideal vaccine/adjuvant combination that could gener-
ate a potent and durable humoral and cell-mediated immune response.

In summary, we demonstrate here for the first time that naturally acquired CyRPA-specific
human antibodies are functionally active, exhibiting parasite neutralization activity in the in
vitro GIA. We demonstrated that, due to low immunogenicity coupled with a low level of
sequence polymorphism, CyRPA is under much lesser balancing selection relative to that on
RH5. Moreover, we showed that vaccine-induced CyRPA-specific IgG exhibited highly robust
parasite neutralization activity, comparable to the ICs, of the leading blood-stage vaccine
candidate, RH5. Our study provides strong evidence for the inclusion of CyRPA in a potent,
broadly neutralizing multicomponent blood-stage malaria vaccine.

MATERIALS AND METHODS

Sample collection and ethics approval. P. falciparum-infected blood samples were collected from
patients residing in the regions of Balaghat district (Madhya Pradesh) where malaria is endemic by the
National Institute of Research in Tribal Health (NIRTH) (42). Door-to-door fever surveys were carried out
in the villages of Balaghat, and blood samples were collected from patients with fever or history of fever
within the last 2 weeks, after due consent of the patient or guardian. P. falciparum infection was confirmed by
detection of P. falciparum-specific HRP-2 antigen (SD Bioline Malaria Antigen Pf/Pv; Bio Standard Diagnostics,
India) and by microscopic examination of Giemsa-stained blood smears. Patients were treated for P. falciparum
per the drug policy of the National Vector Borne Disease Control Programme. All ethical approvals were
obtained from the institutional ethical review committees of the concerned institutes per guidelines laid out
by the Indian Council of Medical Research (ICMR), Government of India.

Blood samples were transported to the laboratory within a few hours, and plasma samples were
obtained after centrifugation of the blood samples. The plasma samples obtained from the regions of
Balaghat where malaria is endemic were pooled for affinity-based antibody purification.

For a negative control, blood samples were collected from consenting healthy volunteers from regions
where malaria is not endemic who had no history of travelling to regions where malaria is endemic in the last
few years. Plasma was obtained after centrifugation at 2,200 to 2,500 rpm for 15 min at 4°C.

Production of recombinant full-length P. falciparum cysteine-rich protective antigen. A gene
sequence corresponding to full-length CyRPA (R®' to E*%?) sequence of the parasite clone 3D7 was codon opti-
mized (Gene Art; Life Technologies) and subcloned into pET-24b upstream to a 6x His tag-encoding sequence
(Novagen). CyRPA-pET24b plasmid construct was transformed into E. coli BL21(DE3) cells for recombinant pro-
tein expression, which was observed in inclusion bodies. These inclusion bodies were washed and solubilized
in 6 M guanidine hydrochloride, followed by enrichment of the protein by immobilized metal affinity chroma-
tography (IMAC) (Ni-nitrilotriacetic acid [NTA]) under denaturing conditions. The IMAC-purified protein eluates
were concentrated and refolded in a Tris-based buffer (pH 8.0) supplemented with sucrose and arginine under
redox conditions (glutathione reduced and glutathione oxidized) by a rapid dilution method at 4°C overnight.
In the last step of purification, the refolded protein was dialyzed and subjected to ion exchange chromatogra-
phy to obtain homogenous monomeric fraction. The monomeric state of the protein was confirmed by run-
ning reduced and nonreduced SDS-PAGE, as well as by size exclusion chromatography (Superdex 75 [16/600];
Cytiva Life Sciences). MSP-Fu, RH5, and EBA-175 F2 were produced as described previously (9, 26, 31, 32).

Western blotting and enzyme-linked immunosorbent assay. Western blotting was done as described
previously (9). Briefly, purified protein was transferred onto the nitrocellulose membrane for 2 h in Tris-glycine
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buffer. The membrane was blocked with 5% skim milk in 1x phosphate-buffered saline (PBS) for 2 h, followed
by incubation either with anti-6xHis monoclonal antibody (MAb) (1:1,000; G-Biosciences) or anti-CyRPA MAb
c10 (15, 43) (15 wg/mL), both raised in mice, for 1 h. The membrane was then incubated with horseradish per-
oxidase (HRP)-conjugated anti-mouse secondary IgG (1:3,000; Sigma) for 1 h. The Western blot was developed
using the substrate 3,3'-diaminobenzidine (DAB) (1 mg/mL; Sigma) in the presence of hydrogen peroxide.
After each step, the membrane was washed 3 times with 1x PBST (1x PBS plus 0.05% Tween 20) (and also fol-
lowed by 1x PBS after a secondary antibody incubation step). All steps were performed at room temperature.
For Western blotting in the nonreduced state, the antigen was not treated with B-mercaptoethanol and was
not heated.

The method used for performing ELISA was same as that previously reported (26). Briefly, 200 ng of
antigen was coated in a 96-well microtiter plate (Nunc Maxisorp) in carbonate-bicarbonate buffer (pH 8.3) at 4°C
overnight. The next day, plates were blocked with 2% skim milk prepared in 1x PBS at 37°C for 2 h. Plates were
washed three times with 1x PBST, and individual human serum samples (1:200) or CyRPA MAb c10 (15 wg/mL)
were added and incubation done at 37°C for 1 h. Plates were washed three times with 1xPBST and incubated
with HRP-conjugated anti-human (1:10,000; Sigma) or anti-mouse (1:3,000; Sigma) secondary antibody for 1 h at
37°C. Plates were washed three times with 1x PBST and twice with 1x PBS, followed by development of the
reaction using the substrate O-phenylenediamine dihydrochloride (OPD; Sigma) prepared in phosphate-citrate
buffer (1 mg/mL; Sigma), in the presence of hydrogen peroxide. After 20 min of incubation with the substrate,
the reaction was stopped by adding 1 M sulfuric acid, followed by measurement of optical density (OD) at
490 nm in a microplate reader (Molecular Devices). In ELISA with human plasma samples, a sample was said to
be a positive responder if its OD value was greater than the mean of the ODs of malaria-naive plasma samples
plus three times the standard deviation of their mean. Any sample with a value below this was described as a
negative responder For ELISA in the reduced state, the antigen was pretreated with 5% [B-mercaptoethanol and
heated before coating, as reported previously (32). All subsequent steps were as described above.

Affinity purification of antigen-specific antibodies. To purify CyRPA-specific human antibodies,
recombinant CyRPA protein was first coupled to activated cyanogen bromide (CNBr)-Sepharose beads (Sigma)
in carbonate-bicarbonate buffer at pH 8.3 at 4°C for an overnight period. The CyRPA-coupled CNBr beads were
incubated with pooled human sera at 4°C for an overnight period. The next day, beads were washed exten-
sively with 1x PBS, and CyRPA-specific antibodies were eluted using 0.1 M glycine (pH 2.7) and the pH
adjusted with 1 M Tris-HCl (pH 9.0). The purified antibodies were concentrated, buffer exchanged against RPMI
1640, and their integrity was confirmed by running reducing and nonreducing SDS-PAGE. The same protocol
was used to purify CyRPA-specific antibodies from rabbit sera. Normal human IgG from malaria-naive plasma
samples were purified in the same manner as that described above, except that instead of CNBr-Sepharose
beads, protein G-Sepharose beads (Cytiva Life Sciences) were used for capturing the IgG.

In vitro parasite growth inhibition assay. The growth inhibition assay (GIA) was performed per a
protocol described previously (26). Briefly, P. falciparum 3D7 clone was synchronized using Percoll and
sorbitol treatments. Synchronized late-stage schizont parasites maintained at 2% hematocrit were incu-
bated with control and purified antigen-specific antibodies (human or rabbit) at an initial parasitemia of
0.3%. Parasites were stained with ethidium bromide after a single cycle of invasion (after 40 to 44 h),
and parasitemia was measured by flow cytometry. GIA activity was calculated with respect to erythro-
cyte invasion of parasite in the presence of control human IgG (from malaria naive individuals) or rabbit
preimmune IgG. GraphPad Prism software version 8.0 was used to calculate the IC;, using the nonlinear
least-squares regression method (44). A four-parameter sigmoidal dose-response curve was fitted to the
relationship between log,,[CyRPA-specific IgG] and GIA (%), constraining the top of the curve to 100%
GIA and the bottom of the curve to 0% GIA.

Statistical analysis. GraphPad Prism software version 8.0 was used to perform statistical analysis
wherever needed. The Mann-Whitney U test was used to calculate statistical significance in human im-
munogenicity analysis. A P value of <0.05 was considered statistically significant.
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