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Abstract

A vaccine targeting Plasmodium vivax signifies an additional necessary tool when considering the malaria elimination/
eradication goal. In this study, in vivo immunological evaluation of two novel engineered proteins of P. vivax circumsporo-
zoite (PvCS127 and PvCS712) with two different arrangements of the repeat sequences of VK210 and VK247 was assessed.
The immunological properties of the Escherichia coli-expressed chimeric proteins were evaluated by the immunization of
C57BL/6 mice administered in NLX, CpG-ODNs, and QS21, alone or in combination as adjuvants. A significant increase
in anti-rPvCS127 and -rPvCS712 IgG antibodies was observed in all the vaccine groups after the first boost, and the pre-
dominant isotypes were high-avidity cytophilic antibodies, IgG2b, and IgG2c. The highest ratio of IgG2b/IgG1 (2.74) and
I1gG2c/IgG1 (2.1) levels was detected in mouse groups immunized with rPvCS712 + NLX-CpG-QS21. The lowest level of
IFN-y (mean: 441 and 588 pg/mL, respectively) was produced by the mouse group, which received both antigens without
any adjuvant, while significant levels of IFN-y were detected in the mouse groups immunized with rPvCS127- or rPvCS712-
NLX-CpG-QS21 formulation (mean: 1200 and 3092 pg/mL, respectively). The current results indicated that in C57BL/6
mice, both recombinant antigens were efficient immunogens and could induce humoral and cellular immune responses and
their combination with three Th1 potent adjuvants had an impact on the magnitude and the quality of humoral responses
(specific antibody subclasses, titer, and high avidity). Although the overall response was marginally higher for rPvCS712
than rPvCS127, all immunized mice induced some immune responses against both proteins, and the present findings indicate
that rPvCS127 and rPvCS712 meet the criteria to be potentially useful vaccine candidates against P. vivax malaria.
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Introduction

Malaria still claims over half a million cases annually and
has a significant negative impact on global healthcare as
well as on the economy of malaria-endemic countries [1].
Although Plasmodium falciparum is the most virulent Plas-
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malaria parasite in the human host since it has the potential
to achieve both goals.

At the earliest stage of Plasmodium’s life cycle, the
infected Anopheles mosquito inoculates sporozoites into
the skin during its blood meal, and within an hour, they
reach the liver through the bloodstream where they invade
hepatocyte cells [8]. The sporozoites are accessible to anti-
bodies while they are in the skin and also in the bloodstream.
Therefore, a pre-erythrocytic vaccine would prevent not only
the entry of sporozoites into hepatocytes but also the devel-
opment of hypnozoite form, hence inhibiting the infection
and transmission of the parasite [9]. Recently, much effort
has been focused on one of the sporozoite surface antigens,
namely circumsporozoite protein (CSP). A small panel of
broadly neutralizing antibodies isolated from Plasmodium-
infected individuals has helped identify the regions of CSP
to be targeted by a malaria subunit vaccine. These regions
include highly immunogenic central repetitive domains
containing short blocks of nona tandem amino acid repeats.
These repeat sequences consist of three different variants
(VK210, VK247, and P. vivax-like) of which VK210 and
VK247 have been reported from global vivax-endemic
regions [10—12]. The central domain is flanked by two
non-repetitive N- and C-terminal regions containing small
stretches of highly conserved sequences that are composed
of B- and T cell epitopes [13—15]. Neutralizing antibodies
against repeat regions [16, 17] and non-repeat regions [18]
have been reported in the serum of malaria-exposed individ-
uals. Therefore, it is supposed that a P. vivax CSP (PvCSP)-
specific neutralizing antibody is essential for immunity to
P. vivax liver stages against sporozoite. However, eliciting
broadly neutralizing antibodies is not an easy subject due
to high allelic variations within PvCSP; therefore, using a
single allele of CSP in PvCSP-based vaccine is likely inef-
fective and may induce incomplete and/or strain-specific
immunity.

The development of a whole P. vivax vaccine has been
postulated to be difficult, and one of the main reasons for
the difficulty in its development is the lack of continu-
ous in vitro culture of P. vivax parasite. It seems, at this
time, that the only solution for the development of a vivax
malaria vaccine could be subunit vaccine. In this regard, the
immune responses elicited by recombinant vaccine antigens
are short-lived with a limited capacity; therefore, additional
appropriate immunostimulants, such as an efficient adju-
vant, are highly important to induce a protective and long-
lived immune response [15, 19-22]. Selection of a proper
adjuvant may be based on different parameters, including
potential use in human, nature of the vaccine antigen, and
the type of required immune response. It should be noted
that in malaria, the type of immune response required for
protection against this disease is the Th1l type, which has
been well documented before [23-26]. Also, a study by
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Kester et al. [27] has reported that there is an association
between Th1 cytokine-expressing CD4+ T-cells and protec-
tion against malaria infection in the human challenge model
that reinforces the requirement of Th1 type for the develop-
ment of efficient malaria vaccines. In this concern, there are
numerous experimental adjuvants under development that
aim at inducing strong neutralizing antibodies and T-cell
responses; however, due to the high level of toxicity and
adverse side effects, a vast majority of adjuvants could not
be used in human vaccine trials [22, 28]. Thus, in malaria
subunit vaccine development, the selection of adjuvant is
critical to induce proper and protective immune responses
as well as to increase Th1 type antibodies (IgG1 and IgG3 in
human and IgG2a/c and IgG2b in mice) with greater avidity
and Thl cytokine [interferon gamma (IFN-y)] production
against the malaria parasite [29-31].

One of the adjuvants that could potentially be used in
human and shift the immune response to Thl response
[32-38] is naloxone (NLX), which has been approved by the
FDA as a prescription drug that rapidly and safely reverses
opioid-induced respiratory depression (http://www.acces
sdata.fda.gov/scripts/cder/drug-satfda/index.cfm). It appears
that NLX has substantial immune-modulating effects on the
immune system, which is mediated directly through opioid
receptors on immune cells and/or indirectly through the cen-
tral nervous system and the hypothalamic—pituitary—adrenal
axis [39]. Opioid receptors have been detected on both T and
B lymphocytes, dendritic cells (DCs), and other immune
cell [39]. Another potent Thl type adjuvant is CpG-ODNs
(oligodeoxynucleotides) comprising short synthetic DNA
molecules containing unmethylated CpG motifs and cytosine
phosphoguanosine dinucleotides that are common in bacte-
ria and virus [40]. This adjuvant stimulates innate immune
responses and prompts the production of Thl type cytokines
such as [FN-y via interaction with antigen-presenting cells,
endosomally through TLR9 such as DCs, macrophages, and
B lymphocytes [41-44]. It has a high potential to induce
both innate and specific humoral and Thl cell-mediated
responses [45]. Many studies have also shown that QS21,
a saponin natural product from the Quillaja saponaria tree
[46] with low toxicity, is one of the most promising vaccine
adjuvants that is currently under investigation [46, 47]. This
adjuvant stimulates high antigen-specific antibody responses
and CD8+ T-cell response in mouse [48—54]. Further studies
have demonstrated that QS21 stimulates the trigger of cyto-
toxic T lymphocytes (CTLs), Thl cytokines, and the IgG2a
antibody isotype against protein antigens [50, 52, 55-57]
via interaction with the cell membrane of antigen-presenting
cells [19, 58].

In an attempt to develop an efficient vivax malaria subunit
vaccine based on CSP [59-61], we have previously devel-
oped two recombinant chimeric antigens, on the basis of the
two most widespread variant forms (VK210 and VK247),
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namely after rPvCS127 and rPvCS712 [62]. Both recombi-
nant molecules encode a full-length molecule encompassing
the N- and C-terminal regions flanking a chimeric repeat
region representing VK210 (n=12) and VK247 (n="7). In
the current investigation, in continuation of our previous
work [62] following the expression and purification of the
two chimeric recombinant proteins in Escherichia coli (E.
coli), the potential usefulness of these proteins for the devel-
opment of a protective vivax malaria vaccine was evalu-
ated. The assessment was achieved through the immuniza-
tion of C57BL/6 mice with chimeric antigens rPvCS127
and rPvCS712 delivered in three putative human-use com-
patible adjuvants: NLX, CpG-ODNs, and QS21 alone or
in combination (NLX-CpG-QS21). Also, humoral immune
responses (IgG, IgG1, IgG2b, IgG2c, and IgG3 responses)
and their avidity, as well as the IFN-y, IL-4, and IL-10
cytokines responses were determined in immunized mouse
sera. Moreover, both induced humoral and cellular immu-
nity responses were compared between immunized mouse
groups that received rPvCS127 or rPvCS712 alone (non-
adjuvanted vaccine groups) or with various human-use com-
patible potent adjuvants (adjuvanted vaccine groups), as well
as with complete Freund’s (CFA), as a reference adjuvant.

Materials and methods

Expression, purification, and confirmation
of engineered PvCS127 and PvCS712 in E. coli host

Both rPvCS127 and rPvCS712 (GenBank accession nos.
KY548403 and KY 548404, respectively) were successfully
cloned, expressed and purified as described earlier [62]. In
brief, chimeras were designed, codon optimized and syn-
thesized to express in E. coli expression vectors as a fusion
protein with a C-terminal hexa-His tag. The protein expres-
sion was induced by isopropyl-beta-p-thiogalactopyranoside
(IPTG, Thermo Scientific, Waltham, Massachusetts, USA)
with continuous shaking (180 rpm) at 37 °C for 4 h. The
optimum conditions for rPvCS127 and rPvCS712 expres-
sion were in TB and 2 X LB media, respectively, where 0.5
and 0.2 mM IPTG were added to the culture until ODg,
reached ~ 1. Both rPvCS127 and rPvCS712 were expressed
in E. coli in adequate amounts for immunization (~5 mg),
and after purification, the proteins were analyzed under
reducing [with 1% sodium dodecyl sulfate (SDS) and 2%
B-mercaptoethanol (2ME)] conditions by 12% SDS-poly-
acrylamide gel electrophoresis (SDS-PAGE). The results
showed a single band with a molecular mass of ~50 kDa
[62]. Also, Western blot analysis using anti-His antibody,
peroxidase-linked anti-CSP-specific monoclonal antibod-
ies (anti-Pv-210-CDC, P. vivax allelic form VK210 and
anti-Pv-247-CDC, P. vivax allelic form VK247), and P.

vivax-infected human sera recognized the rPvCS127 and
rPvCS712 [62]. The level of bacterial endotoxin was deter-
mined using the LAL chromogenic kit (Lonza, Walkersville,
MD, USA) in the Quality Control Unit of the Recombinant
Protein Production Complex of Pasteur Institute of Iran
(Karaj, Iran) and the endotoxin concentration of each of
the purified recombinant proteins was less than 0.1 EU/mL.
Therefore, the injection of 200 pL of purified rPvCS127 or
rPvCS712/mouse had an acceptable amount (0.02 EU) of
endotoxin into each mouse.

Mice immunization with rPvCS127and rPvCS712

Six- to eight-week-old inbred female C57BL/6 mice were
obtained from the Laboratory of Animal Science Depart-
ment of the Pasteur Institute of Iran. The mice were housed
under specific pathogen-free conditions in the animal care
facility and allowed to adapt to housing conditions 1 week
prior to the experiment. The experimental protocols were
approved by the Committee of Animal Ethics of the Pasteur
Institute of Iran and performed accordingly. All mice were
randomly divided into 18 groups (n=15/group) and were
immunized by subcutaneous injection of purified rPvCS127
or rPvCS712 (10 pg at prime and 5 pg at boost) alone (non-
adjuvanted vaccine groups) or in combination with NLX,
CpG-ODNs 1826 (TCCATGACGTTCCTGACGTT), and
QS21 as adjuvants (adjuvanted vaccine groups) at the base
of the tail, three times at 14-day intervals (Table 1 and Sup-
plementary Fig. S1). In the negative control groups, the mice
were similarly immunized with sterile PBS (0.5 x PBS, pH
7.4), NLX (5 mg/kg mouse; Sigma-Aldrich Co., St. Louis,
MO, USA), CpG-ODN 1826 (2 mg/mL; InvivoGen, San
Diego, CA, USA), QS21 (1 mg/mL; Alpha Diagnostic Intl.
Inc, San Antonio, Texas, USA) and also with the combi-
nation of NLX (5 mg/kg mouse)-CpG (5 pg/mouse)-QS21
(5 pg/mouse) (NLX-CpG-QS21; Table 1). The mice were
then immunized with rPvCS127 or rPvCS712 emulsified in
CFA as the reference adjuvant (the first dose) or IFA (sub-
sequent doses), both from Sigma-Aldrich Co., with 1:1 vol-
ume/volume prior to the injection. For the evaluation of the
humoral responses to rPvCS127 and rPvCS712, the serum
samples were collected from the tail vein before immuni-
zation (as pre-immune sera) as well as 10 days after each
immunization (day 10, after the first injection; day 24, after
the first boost; day 38, after the second boost; Table 1 and
Supplementary Fig. S1). All the sera were stored at —20 °C
until use.

Measurement of antibody responses to rPvCS127
and rPvCS712

Immunized mouse sera were evaluated for anti-rPvCS127-
or -rPvCS712-specific antibodies by ELISA as described
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Table 1 Mice immunization strategy

Immunized mouse groups Antigen/adjuvant(s)
rPvCS127 or rPvCS712 (ug) CFA/IFA CpGODN  QS21 NLX
IstI* (day 0)  2ndI(dayl4)  3rdI (day 28) (L) (hgfmouse) — (ug/mouse)  (mg/kg mouse)
1 rPvCS127(non-adjuvanted) 10 5 5 - - - -
2 rPvCS127 + CFA/IFA 10 5 5 100 - - -
3 rPvCS127+NLX-CpG-QS21 10 5 5 - 5 5 5
4 rPvCS127+CpG 10 5 5 - 5 - -
5 rPvCS127+QS21 10 5 5 - - 5 -
6 rPvCS127 +NLX 10 5 5 - - - 5
7 rPvCS712 (non-adjuvanted) 10 5 5 - - - -
8 rPvCS712 + CFA/IFA 10 5 5 100 - - -
9 rPvCS712 +NLX-CpG-QS21 10 5 5 - 5 5 5
10  rPvCS712+CpG 10 5 5 - 5 - -
11 rPvCS712+QS21 10 5 5 - - 5 -
12 rPvCS712+NLX 10 5 5 - - - 5
Control groups

13 CpG - - - - 5 - -
14 QS21 - - - - - 5 -
15 NLX - - - - - - 5
1 NLX-CpG-QS216 - - - - 5 5 5
17 CFA/IFA - - - 100 - - -

18 PBS 0.5x - -

Mice received 200 pL rPvCS127 or rPvCS712 (10 pg at prime and 5 pg at boost) alone (non-adjuvanted vaccine groups) and in the presence of
CFA/IFA, CpG, 0S21, and NLX adjuvants (adjuvanted vaccine groups) subcutaneously at the base of tail. Control mice received PBS, CFA/IFA
(as the reference adjuvant), CpG, QS21, NLX, and NLX-CpG-QS21 combination. Serum samples were collected from the tail vein 10 days after

each immunization (days 10, 24, and 38 after the first immunization)

CFA complete Freund’s adjuvant, /FA incomplete Freund’s adjuvant, NLX naloxone, CpG ODN synthetic oligodeoxynucleotides (ODNs) con-
taining unmethylated CpG motifs, OS2/ synthetic variant of the saponin natural product, I* injection

before [62] with some modifications. In brief, rPvCS127
or rPvCS712 protein (50 ng/well) was diluted in a coat-
ing buffer (0.06 M of Na,CO,/NaHCO;, pH 9.6), coated
in MaxiSorp flat-bottom 96-well ELISA plates (Jet Biofil,
Guangzhou, China) and kept at 4 °C overnight. After incu-
bation, the plates were washed three times with PBS-T and
were blocked with 1 X PBS containing 1% BSA (Roche,
Basel, Switzerland) at room temperature (RT) for 1 h. After
washing, the serum samples were incubated in duplicate
wells with 1:200 diluted sera in PBS-T in 0.5% BSA for
90 min. The plates were washed and incubated with 100
pL of 1:25,000 dilutions of goat anti-mouse IgG antibod-
ies conjugated with HRP (Sigma-Aldrich Co.) at RT for
60 min. Bound anti-CSP IgG was visualized after adding
o-phenylenediamine/H,0, (OPD, [Sigma-Aldrich Co.]) as
the substrate. After 10—20 min, the reaction was stopped
with 2 N H,SO,, and ODq,, Was read using an ELISA
microplate reader (BioTek, Winooski, VT, USA). The
ELISA cutoffs were obtained from the average of the pre-
immune mouse sera (n =20, normal mouse sera) plus three
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standard deviations (SD). Moreover, for the measurement
of the specific IgG subclasses response to rPvCSP, the test
was performed as described above, except for the secondary
antibodies that were specific to mouse IgG1, IgG2b, IgG3
(Sigma-Aldrich Co.), and IgG2c (Abcam, Cambridge, U.K.)
antibodies diluted 1:1000 and incubated at RT for 1 h. After
the washing step, the plates were incubated with 1:10,000
dilution of anti-goat IgG HRP (Sigma-Aldrich Co.) for
the detection of IgG subclasses and then developed by the
enzyme-specific substrate, as mentioned above.

Anti-rPvCSP antibody avidity

The avidity of anti-rPvCS127 and -rPvCS712 total IgG
and its subclasses (IgG2b and IgG2c) was estimated using
ELISA, as described by Hedman et al. [63] with minor
modifications. In brief, MaxiSorp plates (Jet Biofil, Guang-
zhou, China) were coated with rPvCS127 or rPvCS712 pro-
tein (two plates for each, 50 ng/well) and then blocked with
1% BSA for 60 min. The plates were washed and incubated
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with mouse sera (1:200) at RT for 90 min. During washing
step, one of the plates was washed three times with PBS-T,
and the other plate was washed three times with dissociation
buffer containing PBS-T-urea (8 M) with vigorous shaking.
Next, both plates were washed once with an additional wash
with PBS-T buffer. Finally, incubation with secondary anti-
body, washing steps, and development of enzyme reaction
were performed as mentioned above for ELISA. The avidity
index (AI) was calculated by the ratio of OD value of urea-
treated samples to that of non-treated samples multiplied
by 100. Al values <30%, between 30% and 50%, and > 50%
were considered as low-, intermediate-, and high-avidity
anti-rPvCSP-specific antibodies, respectively.

Measurement of lymphocyte proliferation
by thiazolyl blue (MTT) assay

The mouse lymphocyte proliferation was performed by
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) dye assay. In detail, three mice from each
vaccine and control groups were scarified by cervical dis-
location under sterile conditions on day 42 after the first
immunization. Then, the spleens were removed, and sin-
gle-cell suspensions were prepared in RPMI 1640 medium
(Gibco, Invitrogen, Scotland, UK). Red blood cells were
osmotically eliminated with the ammonium chloride potas-
sium lysis buffer (pH 7.2), and the cells were then washed
twice and re-suspended in RPMI 1640 medium containing
5% fetal calf serum, 2.3 X 1072 mM of 2-ME, 100 U=100 pg/
mL of penicillin—streptomycin, and 10 mM of HEPES
(Sigma-Aldrich Co.). The cell viability was confirmed by
Trypan blue dye exclusion. In the next step, the splenocytes
(2.5% 10° cell/well) were cultured in a flat-bottom, 96-well
tissue culture plate (Orange Scientific, EU, Belgium) in
triplicates in the presence of rPvCS127 or rPvCS712 (10
pg/mL), concanavalin A (ConA, 5 pg/mL, as the positive
control), and medium alone (as the negative control). Also,
the cultivation of splenocytes from the non-immunized mice
in the presence of rPvCS127 or rPvCS712 (10 pg/mL) was
used as a negative control. All plates were incubated in a
humidified atmosphere in a 5% CO, incubator at 37 °C for
48 h. Subsequently, the supernatants were removed, and cell
proliferation was measured by MTT assay. In this assay, 100
pL of MTT (0.5 mg/mL, Sigma-Aldrich Co.) was added to
each well, and the plates were further incubated at 37 °C for
4 h. The supernatant was removed, and the formazon crys-
tals were dissolved in 0.04 N of HCl in absolute isopropanol,
and the OD was measured at 550 nm.

Cytokine ELISA

Murine cytokine immunoassay kits (R&D system, Minne-
apolis, USA) were used to analyze cytokine release profiles

in the supernatants of stimulated splenocytes of mice immu-
nized with rPvCS127 or rPvCS712 constructs. On day 42
after the first immunization, three mice from each vaccine
and control groups were scarified, and the spleens were iso-
lated. After that, a single-cell suspension of splenocytes was
seeded in a complete RPMI 1640 medium, supplemented
with 5% fetal calf serum, 2 mM of glutamine, 2.3 X 1072
mM of 2-ME, 10 mM of HEPES, and 100 U-100 pg/mL
of penicillin—streptomycin. The cells were incubated in
flat-bottomed, 96-well microtiter plates (Orange Scientific,
EU, Belgium) at a density of 2.5 x 10° cells/well in the pres-
ence of rPvCS127 or rPvCS712 (10 pg/mL for each). The
positive and negative controls were ConA (5 pg/mL) and
medium alone, respectively. All the plates were incubated
in the presence of 5% CO, in a humidified atmosphere at
37 °C. Based on optimization—stimulation, spleen cells with
various antigen concentrations and varying periods of time
(ranging 24-144 h) were stimulated, and culture superna-
tants were collected at optimized time after 24 and 48 h for
IL-4, 72 h for IL-10, and 120 h for IFN-y. The concentration
of cytokines was calculated based on the standard curves
performed in parallel with the known concentrations of
recombinant mouse IL-4, IL-10, and IFN-y cytokines for
each experiment. All tests were performed in duplicate, and
the mean concentration + SD was recorded for each set of
samples.

Statistical analysis

A database was created using IBM SPSS 21.0 for Win-
dows (Armonk, NY: IBM Corp, USA). The differences in
the level of antibody responses in different vaccine mouse
groups were analyzed using one-way ANOVA, followed by
Tukey’s honestly significant difference (HSD) post hoc test.
Differences between time points were tested with paired
sample 7 test. P <0.05 was considered statistically significant
(*P<0.05, **P<0.001, and ***P <0.0001).

Results

Immunological evaluation of rPvCS127
and rPvCS712 antigens

IgG antibody responses

By comparing the antibody responses to rPvCS127 and
rPvCS712 antigens between the prime (day 10) and two
boosts (days 24 and 38) in all vaccine mouse groups
(1-12; Table 1), we found a significant increase in the
anti-rPvCS127 (Fig. 1a) and -rPvCS712 (Fig. 1b) IgG anti-
bodies levels on day 24 relative to day 10 after the first
immunization (P <0.05, paired sample ¢ test). However,
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Fig. 1 Measurement of (A) Anti-rPvCS127 Total IgG Antibody = day 10
total anti-rPvCS127 (a) and
-rPvCS712 (b) IeG antibody 3 W day 24
levels in vaccine mouse sera % fday 38
at different time points after 25 1 = i = %
immunization by ELISA. Anti- % - %
rPvCS127 and -rPvCS712 total = 27, i
IgG antibody levels were com- E =
pared between the sera collected g 157
from immunized mice on days 8
1 e S

10, 24 (10 days after the first
boost), and 38 (10 days after
the second boost) after the first 0.5
immunization. The serum sam-
ples were incubated in duplicate
wells with 1:200 diluted sera
for 90 min. No significant dif-
ference was observed in total
IgG antibody levels between
the first and the second boosts
in adjuvanted vaccine groups
(paired sample #-test, P>0.05).
The highest levels of anti-
rPvCS127 or -tPvCS712 IgG
antibody were identified in the
groups that received rPvCS127
or rPvCS712 with NLX-CpG-
QS21 combination, respectively
(P<0.0001, one-way ANOVA).
The bars and error bars show

the mean ODq,, and standard 3 - ”
deviation (SD) in each mouse % G
group (n=15), respectively. The 25 +7 7 o
ELISA cutoffs were calcu-

lated as the mean OD g, of E 2 «

pre-immune mouse sera (as 2 —

negative controls, n="20) plus 3 5 15 T

SD. The cutoffs for total IgG on c 14

days 10, 24, and 38 were almost
0.162 (rPvCS127) and 0.175 05 +
(rPvCS712). #*P<0.05

(B) Anti-rPvCS712 Total IgG Antibody

mday 10
Hday 24

T - u day 38

comparable anti-rPvCS127 or -rPvCS712 IgG antibod-
ies were observed among the adjuvanted vaccine groups
(rPvCS127:2-6 and rPvCS127:8-12) on days 24 and 38
after the first immunization (P> 0.05, paired sample #-test,
Fig. la, b). Both the vaccine groups receiving antigen
alone (1 and 7) induced anti-rPvCS127 and -rPvCS712
IgG antibodies in the immunized mice with no statisti-
cally significant difference (P> 0.05, Tukey’s HSD post
hoc test, Fig. 2a). However, comparison of the non-
adjuvanted (1 and 7) with the adjuvanted (2-6 and 8-12)
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vaccine groups displayed a statistically significant increase
in specific anti-PvCSP IgG antibodies levels in the adju-
vanted vaccine groups (P <0.0001, one-way ANOVA;
Fig. 2a). When comparing the antibody responses to
rPvCS127 and PvCS712 antigens in the adjuvanted
vaccine groups (rPvCS127: 2—6 and rPvCS712: 8-12,
Table 1), we observed the highest levels of specific anti-
rPvCS127 and -rPvCS712 IgG antibodies in the groups
3 and 9, respectively, which received antigen formulated
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(A) Anti-rPvCS127 and Anti-rPvCS712 Antibodies

sk

wk mrPvCS127
" rPvCS712

OD 490 nm

Fig.2 Evaluation and comparison of the total IgG and
IgG subclass antibodies to rPvCS127 and rPvCS712 (a) in
the sera of vaccinated mice by ELISA and (b) the ratio of
1gG2b/IgGl  and 1gG2c/IgGl anti-rPvCSP  antibodies (Thl/
Th2 responses). Anti-rPvCS127 and -rPvCS712 total IgG
and its subclasses were assessed in immunized mice on day 38 after
the first immunization (10 days after the second boost). IgG2b and
IgG2c were the predominant isotypes in all the vaccine groups (1-12)
and the highest levels of these prevalent subclasses were detected in
the groups that received rPvCS127 or rPvCS712 with NLX-CpG-
QS21 combination (P<0.0001, one-way ANOVA). A significant
difference in total IgG of immunized mouse groups was observed
in the groups that received recombinant antigens (rPvCS127 or
rPvCS712) formulated with CpG (P <0.0001, Tukey’s HSD post
hoc test) and NLX-CpG-QS21 (P<0.05, Tukey’s HSD post hoc

with NLX-CpG-QS21 combination (P <0.0001, one-way
ANOVA; Fig. 2a). In addition, the multiple compari-
sons of serum-specific IgG levels in the vaccine groups
(rPvCS127: 1-6 and rPvCS712: 7-12) showed a statisti-
cally significant increase in the level of anti-rPvCS712
IgG antibodies in the mouse groups receiving rPvCS712
antigen either formulated with NLX-CpG-QS21 com-
bination (group 9) or in the CpG adjuvant alone (group
10) (P <0.0001, Tukey’s HSD post hoc test, Fig. 2a and
Supplementary Table S1). Besides, specific anti-PvCSP
IgG antibodies were observed in the vaccine groups 3
and 9 (receiving rPvCS127 or rPvCS712 formulated with
NLX-CpG-QS21 combination) and vaccine groups 2 and
8 (receiving antigens in CFA/IFA as a reference adjuvant)
(P>0.05, Tukey’s HSD post hoc test, Fig. 2a and Sup-
plementary Table S1). Control mice that were immunized
with only adjuvant(s) did not present the detectable spe-
cific antibodies (Fig. la, b). Furthermore, immunoblot
results, using pooled sera derived from each immunized
mouse group receiving either antigen alone or in combina-
tion with different adjuvants, showed that anti-rPvCS127

(B) Subclass Antibodies’ Ratio

urPvCS127
HrPvCS712

1gG2b/IgG1

1gG2¢1gGl

test). The ELISA cutoffs were calculated as the mean ODq,, . of
pre-immune mouse sera (as negative controls, n=20) plus 3SD. The
cutoffs for anti-rPvCS127 IgGl, IgG2b, IgG2c, and IgG3 on day 38
were OD,g0,,,=0.16, 0.2, 0.183, and 0.184, respectively. The cut-
offs for anti-rPvCS712 IgGl, 1gG2b, 1gG2c, and IgG3 on day 38
were 0D, =0.182, 0.232, 0.2, and 0.222, respectively. Among
adjuvanted vaccine groups, rPvCS712+NLX-CpG-QS21 showed
the highest IgG2b/IgG1 and IgG2c/IgGl ratio; however, the low-
est IgG2b/IgG1 and IgG2c/IgGl ratio was observed in the groups
6 (rPvCS127+NLX) and 12 (rPvCS712+NLX), respectively
(P<0.0001, one-way ANOVA). Data were analyzed using one-
way ANOVA, followed by Tukey’s HSD post hoc test. *P <0.05,
*#*P<0.001, ***P<0.0001. Ag: either rPvCS127 or rPvCS712 anti-
gen

or -rPvCS712 IgG antibodies recognized the purified
rPvCS127 or rPvCS712 antigen (Supplementary Fig. S2).

IgG subclasses

Analysis of distribution frequencies of specific IgG subtypes
(anti-rPvCS127 or -rPvCS712 antibodies) in all the vaccine
groups (1-12) on day 38 after the first immunization showed
a bias toward IgG2b > [gG2c > IgG1 > IgG3 subclasses anti-
bodies (Fig. 2a). Comparison between the non-adjuvanted
(1 and 7) and adjuvanted (2-6 and 8-12) vaccine groups
revealed a significant increase in the level of specific anti-
PvCSP IgG2b and IgG2c antibodies in the adjuvanted vac-
cine groups (P <0.0001, one-way ANOVA; Fig. 2a). In addi-
tion, among the adjuvanted vaccine groups, a statistically
significant difference was observed in the levels of IgG2b
and IgG2c antibodies between the groups that received each
recombinant antigen with NLX-CpG-QS21 combination (3
and 9) and with NLX adjuvant alone (6 and 12) (P<0.05,
Tukey’s HSD post hoc test; Fig. 2a and Supplementary
Table S1). Multiple comparisons of the vaccine groups with
two antigens (rPvCS127: 1-6 and rPvCS712: 8-12) showed
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no significant difference in the levels of anti-rPvCS127 and
-rPvCS712 IgG2b and IgG2c subclass antibodies (P >0.05,
Tukey’s HSD post hoc test; Fig. 2a and Supplementary
Table S1). In addition, comparable specific anti-PvCSP
IgG2b and IgG2c antibodies were observed in the vaccine
groups 3 and 9 that received rPvCS127 or rPvCS712 in three
human-use compatible vaccine adjuvants (NLX-CpG-QS21)
and also the vaccine groups 2 and 8 that received antigens
in CFA/IFA as a reference adjuvant (P> 0.05, Tukey’s HSD
post hoc test, Fig. 2a and Supplementary Table S1).

Comparison of the ratio of Th1/Th2 antibodies among
the non-adjuvanted (1 and 7) and the adjuvanted (2—-6 and
8-12) vaccine groups showed the highest significant IgG2b/
IgG1 (2.74) and IgG2c/IgG1 (2.1) ratios among the mouse
group that received rPvCS712 formulated with NLX-CpG-
QS21 combination (group 9; Fig. 2b). The lowest IgG2b/
IgG1 (1.2 and 1.3) and IgG2c/IgG1 (0.8 and 1.04) ratios
were observed in the non-adjuvanted vaccine groups 1 and
7, which received rPvCS127 or rPvCS712 antigen alone,
respectively (Fig. 2b).

Antibody avidity of anti-rPvCS127 and -rPvCS712
IgG and its subclasses

In this study, high-avidity IgG, IgG2b, and IgG2c antibod-
ies induced in the adjuvanted vaccine groups receiving each
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Fig.3 Evaluation of anti-rPvCS127 and -rPvCS712 antibody avidity
in immunized mice on day 38 after the first immunization by ELISA.
High-avidity IgG, IgG2b, and IgG2c antibodies were induced in vac-
cine groups except for the mouse groups that received rPvCS127 or
rPvCS712 alone or in combination with NLX, as adjuvant. Al val-
ues <30%, between 30 and 50%, and >50% were considered as
low-, intermediate- and high-avidity anti-rPvCSP-specific antibodies,
respectively. Multiple comparisons of the vaccine groups with two
antigens (rPvCS127: 1-6 and rPvCS712: 8-12) showed a statistically
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recombinant antigen formulated with NLX-CpG-QS21 com-
bination (groups 3 and 9),CpG alone (groups 4 and 10), and
QS21 alone (groups 5 and 11) on day 38 after the primary
immunization (Fig. 3). By comparing all the vaccine mouse
groups (rPvCS127: 1-6 and rPvCS712: 7-12), we found a
statistically significant increase in the high-avidity IgG and
IgG2c antibodies in the groups 9 and 10, which received
rPvCS712 formulated with NLX-CpG-QS21 combination
or CpG adjuvant alone, respectively (P <0.05, Tukey’s HSD
post hoc test; Fig. 3 and Supplementary Table S1). However,
for IgG2b avidity, a significant increase in the high-avidity
antibodies was observed in mice from group 10 that received
rPvCS712 formulated with CpG adjuvant alone (P <0.0001,
Tukey’s HSD post hoc test; Fig. 3 and Supplementary
Table S1). Concerning rPvCS127, the group receiving NLX
adjuvant alone (group 6) showed a significant increase in the
IgG and IgG2b avidities (P <0.05, Tukey’s HSD post hoc
test; Fig. 3 and Supplementary Table S1). Intermediate Al
for IgG, IgG2b, and IgG2c was detected in the non-adju-
vanted groups (1 and 7) and the adjuvanted vaccine groups
that formulated with NLX (6 and 12) on day 38 after the
first immunization (Fig. 3). Besides, a statistically significant
increase in the IgG and IgG2c, but not in IgG2b avidity,
was found in vaccine groups 3 and 9 (received rPvCS127
or rPvCS712 in three human-use compatible vaccine adju-
vants, NLX-CpG-QS21) and also vaccine groups 2 and 8

mrPvCS127
rPvCS712
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significant difference in the IgG and IgG2c, but not IgG2b avidity in
the vaccine groups 3 and 9 that received rPvCS712 or rPvCS712 in
three human-use compatible vaccine adjuvants, NLX-CpG-QS21
(P<0.05, Tukey’s HSD post hoc test). However, non-adjuvanted vac-
cine groups (1 and 7) showed no significant difference in the level of
anti-rPvCS127 and -rPvCS712 IgG, IgG2b and IgG2c avidity anti-
bodies (P>0.05, Tukey’s HSD post hoc test). Data were analyzed
using one-way ANOVA followed by Tukey’s HSD post hoc test.
*P<0.05, ¥*P<0.001, ***P <0.0001
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(received antigens in CFA/IFA as a reference adjuvant)
(P<0.05, Tukey’s HSD post hoc test; Fig. 3 and Supplemen-
tary Table S1). However, concerning rPvCS127, a signifi-
cant decrease was observed in IgG2c avidity only in group
3 (rPvCS127 + NLX-CpG-QS21) rather than the reference
adjuvant CFA/IFA vaccine group 2 (P <0.0001, Tukey’s
HSD post hoc test; Fig. 3 and Supplementary Table S1).

Cellular immune response analysis

Both proliferation and cytokine production in the cultured
splenocyte cells of all vaccine groups (1-12, Table 1) were
determined in vitro. On day 42 after the first immunization,
three mice from each group were anesthetized, followed by
cervical dislocation, and the splenocytes were used for fur-
ther analysis. Both recombinant proteins were able to elicit
lymphoproliferation of cultured splenocyte cells of the vac-
cine groups with different levels (Fig. 4).

Supernatants of the cultured spleen cells from the vac-
cine groups were analyzed for the presence of the cytokines
IFN-y (120 h), IL-10 (72 h), and IL-4 (24 and 48 h) using
murine cytokine immunoassay kits (R&D System). The level
of IFN-y in the supernatants of cultured spleen cells from the
mice immunized with rPvCS712 alone was higher than the
mouse group receiving rPvCS127 alone (Fig. 5a). Besides,
comparing the level of IFN-y between the non-adjuvanted
(1 and 7) and the adjuvanted (2—6 and 8—12) vaccine groups

Lymphocyte proliferation

‘ = rPvCS127
rPvCS712

ODs50pm

Fig.4 Lymphocyte proliferation in cultured splenocyte cells of
immunized mice (groups 1-12) in the presence of rPvCS127 and
rPvCS712 in vitro. On day 42 after the first immunization, spleens
from each vaccine (1-12) and control (13-18) groups (three mice per
group) were removed, and lymphocyte proliferation was evaluated
using the MTT assay. The bars show the mean OD values of lympho-
cytes proliferation of immunized mice (n=3) in each group, and error
bars indicate the SD of eight replicates. Lymphocyte proliferation in
mice that received the antigens emulsified with different adjuvant for-
mulas (2-6 and 8-12) was compared and both recombinant proteins
were able to elicit lymphoproliferation of cultured splenocyte cells
of the vaccine groups with different levels. Ag: either rPvCS127 or
rPvCS712 antigen

showed that the lowest level of IFN-y (means: 441 and
588 pg/mL, respectively) was produced by the cultured
spleen cells (at 120 h) from the non-adjuvanted immunized
mice (Fig. 5a). However, in the adjuvanted vaccine groups
(rPvCS127: 2—6 and rPvCS712: 8-12), high levels of [FN-y
were elicited in the groups immunized with rPvCS127 or
rPvCS712 antigen formulated with NLX-CpG-QS21 com-
bination (groups 3 and 9, mean: 1200 and 3092 pg/mL,
respectively; Fig. 5a). Also, higher levels of IFN-y were
observed in the groups that received rPvCS712 (groups
8-12) rather than rPvCS127 (groups 2-6) with different
adjuvants (Fig. 5a). By comparing the adjuvanted vaccine
groups (rPvCS127: 2-6 and rPvCS712: 8-12), we found
that the group 9 (receiving rPvCS712 in three adjuvants,
NLX-CpG-QS21) had the highest level of IFN-y (Fig. 5a).
We also observed an increase in IFN-y production in vac-
cine groups 3 and 9 that received each recombinant antigen
formulated in combination with three human-use compatible
vaccine adjuvants (NLX-CpG-QS21) rather than vaccine
groups 2 and 8 that received the reference adjuvant CFA/IFA
(Fig. 5a). Control mouse groups (13—18) immunized with
only adjuvant(s) did not present substantial IFN-y (Fig. 5a).
Concerning the levels of IL-4 secretion, as the Th2 response
cytokine, we found a lower level of IL-4 production in cul-
tured spleen cells from different immunized mice (1-12)
than the control groups (13-18), which were immunized
with CpG, QS21, NLX, NLX-CpG-QS21, CFA/IFA, or PBS
adjuvants (Supplementary Fig. S3) in the samples collected
either at 24 or 48 h. Regarding IL-10 secretion as T regula-
tory (7, response, the levels of IL-10 were 222 pg/mL and
85 pg/mL, respectively, in the cultured spleen cells (at 72 h)
from immunized mice that received rPvCS127 (group 3) or
rPvCS712 (group 9) in combination with three adjuvants,
NLX-CpG-QS21 (groups 3 and 9; Fig. 5b).

Discussion

Although significant progression has been made in the devel-
opment of vaccines against malaria, an effective malaria vac-
cine is not yet available, and progress in developing such a
vaccine is moving slowly [64]. Unfortunately, to date, in
phase I clinical trials, P. vivax CSP-based vaccines have been
disappointing, especially when using recombinant proteins
expressed in E. coli and Saccharomyces cerevisiae [65, 66]
and using long synthetic peptides representing the immuno-
genic regions present in CSP [67, 68]. This result is due to
the poor immunogenicity of tested antigens that are not able
to elicit inhibitory antibody responses [65—68]. Therefore,
attempts to develop an effective P. vivax vaccine are still
undergoing in different laboratories.

Allelic variation occurs in PvCSP antigen, and there is
a possibility that vaccination based on CSP could select
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Fig.5 Assessment of IFN-y (a)
and IL-10 (b) in vaccine (1-12)
and control (13-18) groups on

day 42 after the first immuniza-

tion. In a, b, the bars show the 4000 —
mean concentration of elicited o)

IFN-y and IL-10 from pooled % 3500
lymphocytes of immunized & 3000 T
mice (n=3) in each group, g 2500 T
and error bars indicate SD of E 2000
eight replicates. For immunized E 1500
mice receiving rPvCS127 with 9

different adjuvants, the mean g 1000

of IFN-y responses of ConA o 300
(as the positive control) and no 0

antigen (as the negative control)
was in the range of 920-3050
and 10-30 pg/mL, respectively,
but for rPvCS712 groups, they
were 2160-3750 and 10-35 pg/
mL, respectively. Different
levels of IFN-y production were
observed in the adjuvanted vac-
cine groups (2—6 and 8-12) on
day 42 after the first immuniza-
tion. The lowest level of IFN-y
was produced by the non-adju-
vanted vaccine groups. Among

different examined groups, 2500 —
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escape mutants. Therefore, a PvCSP-based vaccine should
be able to target all the field isolates; in this regard, a multi-
allelic combination vaccine could address the problems of
antigenic variation and help induce protective immunity
against heterogeneous parasite populations and also handle
the possible immune escape of the parasite. Therefore, in
our previous work [62], we designed and expressed P. vivax
chimeric recombinant proteins (rPvCS127 and rPvCS712)
containing predicted B- and T-cell epitopes derived from
the N- and C-terminal regions of the native CSP protein and
also the amino acid sequences representing the two major
variant repeats of VK210 and VK247 types. Both designed
constructs had a conformational structure that allowed rec-
ognition by two repeat type-specific mAbs and also by sera
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from individuals naturally infected by P. vivax. Moreover,
anti-PvCS127 and -PvCS712 sera of immunized mice rec-
ognized the native form of the PvCSP antigen on sporozoite
surface using IFAT [62]; this finding indicates the similar-
ity of epitopes in recombinant forms to the corresponding
native protein of both sporozoite types. These two chimeric
proteins are bound to both heparin sulfate and HepG?2 cells;
hence, it can be concluded that both have the potential to be
strong candidates for an anti-vivax vaccine [62].

In the continuation of our previous work, in the present
investigation, to determine and compare whether such a chi-
meric protein expressed in E. coli has the ability to induce
high-avidity titers of cytophilic subclass antibodies, we eval-
uated and compared the immunogenicity of both rPvCS127
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and rPvCS712 in a murine model. The present results con-
firmed that both engineered proteins were immunogenic
even though there was only a minor difference in epitope-
specific antibody responses between the two constructs with
modified epitope arrangement. This result also verifies that
the conformation of target epitopes and/or interference with
antigen processing and presentation are preserved in both
engineered PvCS127 and PvCS712. Additionally, these two
different arrangements of the repeat sequences of VK210
and VK247 in both rPvCS127 and rPvCS712 constructs,
which contain B-cell epitopes, are accessible for the induc-
tion of adequate and proper immune responses.

Development of a new generation of potent subunit vac-
cines against intracellular pathogens relies on the choice of
appropriate adjuvants to improve pathogen-specific humoral
and cellular immunity [21]. It has been proven that the
immunogenicity of the purified recombinant protein is low
due to inactivation or loss of pathogens’ essential immu-
nostimulators (as a natural innate immune trigger) during
purification processes as well as due to rapid degradation
in vivo [54]. Therefore, to enhance the immunogenicity of
purified recombinant antigens, there is a strong demand for
the use of adjuvants [69]. In the present work, both can-
didate chimeric antigens (rPvCS127 and rPvCS712) were
immunogenic and elicited antigen-specific humoral and cel-
lular responses in vivo. Immunized mice receiving either
rPvCS127 or rPvCS712 alone (non-adjuvanted) induced
almost an equal level of IgG2c and IgGl1, indicating mixed
Th1/Th2 responses. However, immunization of mice with
rPvCS127 and rPvCS712 formulated with either NLX-CpG-
QS21 combination or each adjuvant individually induced
relatively high levels of IgG2b and IgG2c as well as lower
amounts of IgG1 and IgG3, indicating a Thl-polarized
response. However, this finding was in contrast with previ-
ous reports [70, 71] in which the Pichia pastoris-expressed
chimeric proteins of PvCSP variants containing the three
central repeat regions of different CSP alleles (VK210,
VK247, and P. vivax-like) formulated with either Poly (I:C)
or Montanide ISA720 adjuvant induced high levels of IgG1-
specific antibody (Th2 response) with intermediate avidity
for all three P. vivax CSP variants in C57BL/6 mice. There-
fore, the results of the present investigation indicate that
although chimeric protein alone may reveal some degree
of the immunogenicity, its combination with different Th1
potent adjuvants with distinct mechanisms could improve
their immunogenicity in inducing Thl response, which is
more favorable for the pre-erythrocyte stage of a malaria
vaccine.

The ability of antibodies to neutralize and clear malaria
parasites depends on their specificity and subclass anti-
bodies. Our previous work [62] revealed that in Iranian
malaria-exposed subjects, the cytophilic anti-rPvCS127- and
-rPvCS712-specific IgG1 and IgG3 were the predominant

IgG isotypes. This evidence confirms that modifications
introduced in both chimeric proteins preserve the confor-
mation of B-cell epitopes; therefore, both chimeric proteins
are highly antigenic and can be recognized by sporozoite-
induced antibodies in natural infection. Interestingly, in the
present work, we also found the murine equivalent antibod-
ies (IgG2a/c and IgG2b) to human IgG1 and IgG3 that pos-
sibly might have the ability to fix, complement and bind
protein antigens. These murine results have also been sup-
ported by the high production of IFN-y in immunized mice
that might not only modulate class switch recombination
but also activate macrophages to enhance the phagocytosis
of opsonized sporozoites [72, 73]. Besides, earlier works
have reported that IFN-y produced by CS-specific CD4+
T-cells is a potent inhibitor of intracellular hepatic stages of
Plasmodia [74, 75] and correlates with protection against P.
falciparum sporozoite challenge in vaccinated [27, 76] and
naturally infected individuals [77].

The immune sera from mouse vaccinated with each
chimeric antigen, rPvCS127 or rPvCS712 plus different
adjuvants had similar avidity IgG antibody, which is likely
due to the maturation of the immune response and specific
B-cell clonal selection that results in avidity increase [78].
In the mouse groups receiving both antigens alone (non-
adjuvanted), anti-CSP IgG antibody with an intermediate
avidity was detected; this result suggests that the adjuvants
CpG and QS21 have a key role in the maturation of specific
antibody responses against both chimeric antigens with high
avidity and these features can be considered in the develop-
ment of the rPvCSP-based vaccine. Regarding 1gG2b and
IgG2c (Thl response), adjuvants CpG and QS21 induced
higher avidity of anti-rPvCS127 or -rPvCS712 antibod-
ies than NLX adjuvant in immunized mice. Thus, we can
draw the conclusion that the strength of antibody-eliciting
responses in mice against engineered rPvCSP could increase
the avidity of the anti-rPvCSP antibodies when combined
with either CpG or QS21 as an adjuvant. However, the role
of such antibodies in blocking sporozoite invasion to hepato-
cyte needs further investigation.

The present results are consistent with the previous inves-
tigations suggesting that NLX [33, 34], CpG [79, 80], and
QS21 [50, 52, 81] have the ability to induce Thl immune
response. In fact, CpG induces the expression of IL-12 by
macrophages [82] and also indirectly activates NK cells and
stimulates the IFN-y production [83-85]. The induction of
IFN-y and IL-12 (which promote Thl responses), but not
IL-4 (which promotes Th2 responses) suggests that the
administration of CpG in vivo might produce an environ-
ment favoring a Th1 immune response. Also, QS21 stimu-
lated the induction of Thl cytokines, IL-2, and IFN-y, as
well as the antibodies of the IgG2a isotype to the target pro-
tein antigens [50, 52, 55-57]. Besides, it has been proposed
that IL-10 cytokine, as an immunoregulator of the infections
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caused by Plasmodium, has a significant role in deactivating
the effects of other cytokines produced by Th1 cells [86—88].

Adjuvants can lead to the reduction of dose and/or num-
ber of boost for a given vaccine candidate [89, 90]. In this
regard, we found that after the second and the third immu-
nizations (the first and the second boosts) of mice with both
engineered antigens formulated in Thl potent adjuvants,
the magnitude and the quality of antigen-specific humoral
and cellular responses were enhanced in a similar manner.
These results may indicate the features of dose reduction
in the antigen amount for vaccine formulation that could
have important implications for improving global vaccine
supply with a reasonable price for an estimated 3.3 billion
people whom are at the risk of malaria [91] and need malaria
vaccination.

In a previous work by Shabani et al. [62], it was reported
that both designed constructs have structurally different
characteristics at the molecular level, with a better expres-
sion level and higher recombinant protein yield in the case
of rPvCS712, which suggests that this construct can provide
high flexibility in terms of scaling-up and cost for large-scale
vaccine production. Also, both chimeric proteins recognized
by sera from the individuals naturally infected by P. vivax
and anti-rPvCS127 and -rPvCS712 antibodies were able to
recognize native protein on sporozoite surface, as shown
by IFAT [62]. However, the highest IgG2b/IgG1 (2.74) and
IgG2c/IgG1 (2.1) ratio was detected in the mouse groups
immunized with rPvCS712 4+ NLX-CpG-QS21 rather than
rPvCS127 + NLX-CpG-QS21. In addition, by comparing
the mouse groups immunized with an equal amount of both
chimeric antigens, it was found that the CSP-specific CD4*
T-cells induced by rPvCS712 + NLX-CpG-QS21 (group 9)
promoted the production of a higher level of IFN-y and a
lower level of IL-10 compared to rPvCS127 + NLX-CpG-
QS21 (group 3). While there was an increase in pro-inflam-
matory Thl cytokine (IFN-y) levels in mice immunized
with rPvCS712 + NLX-CpG-QS21, both chimeric antigens
combined with NLX-CpG-QS21 as adjuvants were able
to produce a considerable amount of pro-inflammatory
Th1 cytokine, which may help the elimination of P. vivax.
Although there is no explanation for this discrepancy in
immune responses to these two chimeric proteins at the
time of writing this manuscript, it could be postulated that
such discrepancy is likely associated with differences in anti-
genic characteristics of these two antigens. Since different
arrangements of repeat types of VK210 and VK247 were
used, linear and new discontinuous B-cell epitopes were
predicted for both structures [62]. Therefore, these epitopes
might have different availability to the immune system and/
or the activation of distinct immune responses, resulting in
the stimulation of different immune responses.

In summary, both chimeric proteins in C57BL/6 mice
were efficient immunogens and were capable of inducing
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similar patterns of the potent humoral and cellular immune
responses with different levels. Although Thl potent adju-
vants such as CpG, QS21, and NLX increased the anti-
PvCS127- and -PvCS712-specific cytophilic antibodies
(IgG2b and IgG2c), the combination of these three Thl
potent adjuvants (by means of different mechanisms) with
chimeric proteins (specially with rPvCS712) showed a better
impact on the magnitude and quality of humoral responses
(specific antibody subclasses, titer, and high avidity). Taken
together, the present findings indicate that rPvCS127 and
rPvCS712 meet the criteria to be potentially useful vac-
cine candidates against P. vivax malaria. However, further
investigation is required to find out whether anti-PvCS127
or -PvCS712 antibodies are efficient in blocking P. vivax
sporozoite invasion to hepatocyte.
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