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Abstract
Despite considerable efforts toward vaccine development over decades, there is no available effective vaccine against Plas-
modium vivax. Thrombospondin-related adhesive protein of P. vivax (PvTRAP) is essential for sporozoite motility and 
invasions into mosquito’s salivary gland and vertebrate’s hepatocyte; hence, it is a promising target for pre-erythrocytic 
vaccine. In the current investigation, the role of antibodies and cellular immune responses induced by purified recombinant 
PvTRAP (rPvTRAP) delivered in three adjuvants, naloxone (NLX), CpG oligodeoxynucleotides ODN1826 (CpG-ODN), 
and 3-O-deacylated monophosphoryl lipid A (MPL), alone and in combination was evaluated in immunized C57BL/6 mice. 
The highest level and the avidity of anti-PvTRAP IgG (mean OD490nm 2.55), IgG2b (mean OD490nm 1.68), and IgG2c (mean 
OD490nm 1.466) were identified in the group received rPvTRA/NLX–MPL–CpG. This group also presented the highest IgG2c/
IgG1 (2.58) and IgG2b/IgG1 (2.95) ratio when compared to all other groups, and among the adjuvant groups, the lowest 
IgG2c/IgG1 (1.86) and IgG2b/IgG1 (2.25) ratio was observed in mice receiving rPvTRAP/NLX. Mice receiving rPvTRAP/
adjuvants induced significantly the higher levels of interferon gamma (IFN-γ), low level of detectable IL-10, and no detectable 
IL-4 production. The present result revealed that PvTRAP is immunogenic and its administration with CPG, MPL, and NLX 
in C57BL/6 mice induced Th1 immune response. Besides, the rPvTRAP delivery in the mixed formulation of those adju-
vants had more potential to increase the level, avidity, and persistence of anti-TRAP antibodies. However, it warrants further 
assessment to test the blocking activity of the produced antibodies in immunized mice with different adjuvant formulations.
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Introduction

Plasmodium vivax is the major cause of malaria outside 
Sub-Saharan Africa and produces significantly less mortal-
ity than P. falciparum [1, 2], though increasing number of 
publications have reported severe diseases as a result of P. Electronic supplementary material  The online version of this 

article (https​://doi.org/10.1007/s0043​0-018-0545-2) contains 
supplementary material, which is available to authorized users.
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vivax infection [3–5]. Moreover, it has been indicated that 
the elimination of P. vivax rather than P. falciparum is often 
technically more challenging [6], due to the formation of 
dormant liver stages (hypnozoites) that reactivate several 
weeks to months after primary infection to cause sympto-
matic disease. Hence, there is no doubt that a vaccine is the 
most effective option for the control of vivax malaria not 
only to prevent the morbidity associated with the disease 
but also to prevent the potential spread of vivax malaria due 
to the reactivation of hypnozoites in currently non-endemic 
areas. However, the global efforts toward development of a 
vaccine against P. vivax are limited due to the absence of a 
continuous in vitro culture for P. vivax, which has a nega-
tive effect on obtaining the large amounts of parasites target 
antigens for whole vaccine development.

Experience has shown that developing vaccines against 
intracellular pathogens (such as Plasmodium), which require 
protective Th1 and cell mediate immunity, is more difficult 
than extracellular pathogens. In addition, in some cases, 
such as malaria vaccine development, due to the lack of con-
tinuous culture for most species of Plasmodium, the only 
solution could be subunit vaccines; therefore, additional 
immunostimulants, such as an efficient adjuvant [7–10], 
is highly important to induce a protective and long-lived 
immune response [11]. Adjuvant selection may be based on 
several parameters, including potential use in human, the 
physical and chemical natures of the vaccine antigen, type 
of desirable immune response, age of the target population, 
and the route of vaccine administration. In fact, the selec-
tion of an incorrect adjuvant may exhibit a specific vaccine 
antigen insufficient [12]. Thus, the selection of adjuvant sys-
tem (AS) is critical to induce proper and protective immune 
responses, and to increase antibodies with greater avidity, 
with the potential for neutralization, and with the ability to 
modulate Th1 cell predominance [13, 14].

It is known that Th1-type antibodies (IgG1 and IgG3 in 
human and IgG2a/c, and IgG2b in mice), cytokines [inter-
feron gamma (IFN-γ)], and CD8+ T cells are important for 
the immune response against the malaria parasite [15]. One 
of the most significant issues that need to be considered 
in producing effective malaria subunit vaccines is having 
strong and effective adjuvants that help to elicit a proper and 
long-lasting immune response to maximize protection from 
disease. In this regard, the history of development of the 
RTS,S vaccine confirms the critical importance of appropri-
ate adjuvants for the efficacy of vaccines based on purified 
recombinant antigens [16–21]. When the same malaria anti-
gen that was used in RTS,S is formulated with a single adju-
vant such as alum, 3-O-deacylated monophosphoryl lipid A 
(MPL) alone, and/or oil-in-water emulsion, the protective 
immune response failed [16], suggesting the importance of 
mixture of the adjuvants or ASs in the development of effec-
tive subunit malaria vaccine [16, 17, 19–21]. Therefore, AS 

series such as AS01 (liposomes containing MPL and QS21) 
[22], AS02 (an oil-in-water emulsion containing MPL and 
QS21) [23], AS04 (the combination of MPL and Alum) 
[24], and AS05 (liposomes containing aluminum hydrox-
ide, MPL, and QS21) [17] seems to be more efficient than 
single-used adjuvants [25, 26]. AS has also shown to have a 
critical role in the induction of potent, long-lasting antibody, 
and T-cell responses in diseases such as HPV [27], influenza 
[28], and meningococcus [29].

In the present study, three adjuvants, synthetic CpG oli-
godeoxynucleotides ODN1826 (CpG-ODNs), MPL, and 
naloxone (NLX), which are already in use or have the poten-
tial to be used in humans, are combined with the recom-
binant antigen as immunostimulants to induce potent Th1 
response. The previous works have suggested that NLX, 
an opioid antagonist, has the ability to shift the immune 
response to a Th1 profile [30–36] via increasing the IFN-γ 
level [35, 36]. Thus, it appears that NLX has fundamental 
immune-modulating effects on the immune system, which is 
mediated directly through opioid receptors on immune cells 
and/or indirectly through the central nervous system [37]. 
Toll-like receptors (TLRs) are predominantly expressed by 
the first- line professional phagocytes such as neutrophils, 
macrophages, and DCs. Ten TLRs have been identified in 
humans for recognizing extracellular microbial structures 
as well as viral and bacterial nucleic acids [38]. MPL, as an 
immunomodulator, a TLR4 agonist, is a non-toxic deriva-
tive of the lipopolysaccharide (LPS) endotoxin expressed in 
the outer membrane of Salmonella minnesota. It induces a 
potent stimulation of the Th1 responses and is characterized 
by the secretion of pro-inflammatory cytokines and cyto-
toxic antibodies and also the activation of CTLs [39]. MPL, 
including adjuvant formulations (mainly AS04, AS02, and 
AS01), has been approved for human use and has currently 
been under clinical evaluation for several vaccines against 
cancer and other infectious diseases [40–43]. In addition, 
CpG-ODN is a potent Th1-polarizing adjuvant that activates 
antigen-presenting cells endosomally through TLR9. CpG-
ODNs comprise short synthetic DNA molecules contain-
ing unmethylated CpG motifs (cytosine phosphoguanosine 
dinucleotides common in bacteria and virus) [44]. It pos-
sesses a high potential to induce innate immunity as well as 
specific humoral and Th1-cell-mediated responses [45]. For 
this reason, CpG-ODNs have also been postulated as adju-
vants for cancer [46] and allergy [47] vaccines. Regarding 
malaria, CPG7909 has clinically been tested in combination 
with carrier adjuvants to increase and modulate the immune 
response.

Pre-erythrocytic vaccine strategies aim to generate an 
antibody response that is able to block sporozoite invasion 
of liver cells [48] and to induce opsonisation [49], as well as 
to elicit a cell-mediated immune response to interfere with 
the intra-hepatic multiplication cycle of the parasites, e.g., 
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by killing the parasite-infected hepatocytes. Thrombospon-
din-related adhesive protein (TRAP) is a promising malaria 
vaccine candidate and is an antigen from the pre-erythrocyte 
stage of the malaria parasite Plasmodium. The protein has 
been found to be present in the sporozoite micronemes that 
appears to be released to the parasite surface, immediately 
before the invasion process, and its ectodomain region con-
sists of an A domain, a TSR, and a repeat region. It is a 
transmembrane protein that is required for sporozoite gliding 
motility, and it has been found that this protein with cir-
cumsporozoite protein is essential for the process of malaria 
sporozoite infection of the hepatocyte [50, 51]. These find-
ings have important implications for the potential use of this 
antigen in a subunit vaccine against P. vivax parasite.

Therefore, in an attempt to improve the immunogenic-
ity of a malaria subunit vaccine, the purified recombinant 
PvTRAP (rPvTRAP) delivered in three putative adjuvants, 
NLX, CpG-ODN, and MPL, alone and in combination that 
interact with different TLRs was evaluated in immunized 
C57BL/6 mice. This study was performed due to the require-
ment for protective immunity (particularly Th1 response) 
against the pre-erythrocyte stage of P. vivax parasite and 
also because of a need for an adjuvant or AS that induces 
strong and long-lasting Th1 response in vivax vaccine devel-
opment. In this light, antibody-dependent immune mecha-
nism (IgG, IgG1, IgG2b, IgG2c, and IgG3 responses) as well 
as the IFN-γ, IL-4, and IL-10 cytokines were determined 
in post-immunized mouse sera. Moreover, both induced 
humoral and cellular immunity responses were compared 
with complete Freund’s adjuvant (CFA) as a well-known 
but not a human-compatible adjuvant.

Materials and methods

Expression, purification, and confirmation 
of expressed rPvTRAP protein in E. coli host

The ectodomain of PvTRAP representing amino acids 
25-488 (GenBank Accession No. KT207838) [52] was 
cloned, expressed, and purified as described previously [53]. 
In brief, this part of PvTRAP was cloned into pET23a vector 
and expressed in Escherichia coli Rosetta (DE3), as a fusion 
protein with C-terminal hexa-His tag. The protein expres-
sion was induced by isopropyl-beta-d-thiogalactopyranoside 
(IPTG, Thermo Scientific, Waltham, Massachusetts, USA) 
with continuous shaking (180 rpm) at 37 °C for 4 h. The 
fusion protein was purified with the Ni–NTA agarose (Qia-
gen, Hilden, Germany) and eluted with an elution buffer 
containing 200 mM imidazole (pH 7.9). In the next step, it 
was desalted against 0.5 × phosphate-buffered saline (PBS) 
using a Econo-Pac 10 DG columns (Bio-Rad, Hercules, CA, 
USA) according to the manual described by manufacturer 

and concentrated with a concentrator (Eppendorf, Ham-
burg, Germany). The concentration of proteins was meas-
ured by Bradford assay with a spectrophotometer (DeNovix, 
Wilmington, DE, USA) at 595 nm. The desalted proteins 
were analyzed under reducing [with 1% sodium dodecyl 
sulfate (SDS) and 2% 2ME] and non-reducing (with SDS 
and without 2ME) conditions by 10% SDS-polyacrylamide 
gel electrophoresis (SDS-PAGE). To confirm the purified 
recombinant proteins, Western blot assay was carried out 
by the standard protocols using anti-His antibody (Penta-His 
Antibody; Qiagen) and with P. vivax-infected human sera 
[53]. Finally, the level of bacterial endotoxin was determined 
using the LAL chromogenic kit (Lonza, Walkersville, MD, 
USA), in the Quality Control Unit of the Recombinant Pro-
tein Production Complex of Pasteur Institute of Iran (Karaj, 
Iran).

Mice immunization with rPvTRAP

Inbred female C57BL/6 mice were obtained from the Labo-
ratory Animal Science Department, Pasteur Institute of Iran, 
(Karaj, Iran). The mice were housed under specific patho-
gen-free conditions in the animal care facility and allowed 
to adapt to housing conditions for 1 week prior to the experi-
ment. All the experimental protocols were approved by the 
Committee of Animal Ethics of Pasteur Institute of Iran (IR.
PII.REC.1395.36) and performed accordingly. 6–8-week-old 
female C57BL/6 mice were randomly divided into 12 groups 
(n = 15 in each group) and were immunized by subcutane-
ous injection with purified rPvTRAP (5 µg at prime and 
2.5 µg at boost) alone or in combination with NLX, MPL, 
and CpG adjuvants at the base of tail, three times at 14-day 
intervals (Table 1). In negative controls, the mice were simi-
larly immunized with sterile PBS (0.5 × PBS, pH 7.4), NLX 
(5 mg/kg body weight; Sigma-Aldrich Co., St. Louis, MO, 
USA), MPL (1 mg/ml; InvivoGen, San Diego, CA, USA), 
CpG (2 mg/ml, InvivoGen, San Diego, CA, USA), and also 
with the combination of NLX (0.1 mg/kg)-MPL (10 µg/
mouse)-CpG (5 µg/ mouse) (Table 1). In the adjuvant con-
trol groups, mice were immunized with rPvTRAP emulsified 
in CFA (for the first dose) or IFA (subsequent doses) (both 
form Sigma-Aldrich Co.,) with 1:1, volume/volume prior 
to the injection. For evaluation of the humoral responses to 
rPvTRAP and their persistence, sera samples were collected 
from the tail vein before immunization (as pre-immune sera) 
as well as 10, 24, 38, and 180 days after the first immuniza-
tion (Table 1). All sera were stored at − 20 °C until use.

Heparan sulfate‑binding assay

Heparan sulfate-binding assay was performed as described 
before [54] with some modifications. Briefly, Maxisorp flat-
bottom 96-well microplates (Jet Biofil, Guangzhou, China) 
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were coated with 100 µl/well of 10 µg/ml (diluted in water) 
of heparan sulfate from bovine kidney (Sigma-Aldrich Co.), 
and the control wells were incubated with 100 µl of 10 µg 
BSA/ml, and all plates were incubated at 37 °C overnight. 
Next, the plates were washed with 0.05% Tween-20 (Sigma-
Aldrich Co.) in PBS (PBS-T) and then were blocked with a 
1% bovine serum albumin (BSA) in PBS at room tempera-
ture (RT) for an hour. After washing steps, the plates were 
incubated with the different concentrations of rPvTRAP 
antigen (starting at 60–0.625 µg/ml) in PBS at RT for 2 h. 
After washing with PBS-T, the binding of rPvTRAP to hep-
aran sulfate was detected by the addition of 100 µl mouse 
polyclonal antibodies against rPvTRAP (obtained 38 days 
after the first immunization) for 2  h, followed by goat 
anti-mouse IgG-horseradish peroxidase (HRP) conjugate 
(1:25,000; Sigma-Aldrich Co.) at RT for an hour. The reac-
tion was developed using o-phenylenediamine/H2O2 (OPD, 
Sigma-Aldrich Co.), as a substrate, and stopped with 2N 
H2SO4. The optical density (OD) at 490 nm was read using 
a microplate reader (BioTek, Winooski, VT, USA).

HepG2 liver cell‑binding assay

A hepatoma cell line, HepG2 (IBRC C10096; Iranian Bio-
logical Resource Center, Tehran, Iran), was maintained in 
Dulbecco Minimum Essential Medium (DMEM) Ham’s 
F12 (Biowest, Nuaille, France) supplemented with 10% fetal 
calf serum (FCS, Sigma-Aldrich, Co.), 2 mM L-glutamine 
(Biowest), and 1% penicillin–streptomycin (Sigma-Aldrich 

Co.). The cells were removed from culture flasks with 
Trypsin–EDTA (0.25% Trypsin, 1 mM EDTA, Gibco BRL, 
Life Technologies, Rockville, MS, USA) and pelleted at 
3000×g for 15 min. The cell pellet was resuspended in 
complete DMEM medium to a concentration of 106 cells/
ml. Subsequently, 105 cells/well were plated in 96-well cell 
culture plates (Orange Scientific, Braine-I’Alleud, Belgium) 
and allowed to grow in 5% CO2 at 37 °C overnight. The 
cells were washed twice with the medium and fixed with 
4% formaldehyde (Sigma-Aldrich Co.) at RT for 10 min. 
Following washings with Tris-buffered saline (TBS; 50 mM 
Tris, 130 mM NaCl, pH 7.4), the wells were blocked with 
2% BSA in TBS at RT for 2 h. Then, the cells were incu-
bated with different concentrations of rPvTRAP antigen 
(starting at 60–0.1 µg/ml) in TBS at 37 °C for an hour. 
Wells with only BSA and HepG2 cells served as controls. 
Control wells of unrelated recombinant protein were also 
incubated with similar dilutions of a recombinant P. vivax 
Duffy-binding protein (rPvDBP). Unbound proteins were 
removed by washing with TBS three times for 10 min, and 
incubated with polyclonal antibodies raised in mice against 
purified rPvTRAP or PvDBP (1:200) at RT for 90 min. The 
bound antibodies to rPvTRAP and PvDBP were detected 
by goat anti-mouse IgG-HRP conjugate (1:25,000; Sigma-
Aldrich Co.) at RT for 60 min. The binding of rPvTRAP 
and rPvDBP (an unrelated recombinant protein as control) 
to HepG2 cells was measured at 490 nm using a microplate 
reader (BioTek). Absorbance at 490 nm was plotted against 
different concentrations of the examined antigens.

Table 1   Mice immunization approach and bleeding

Mice received 200 µl rPvTRAP (5 µg at prime and 2.5 µg at boost) alone and in the presence of CFA, NLX (0.1 mg/mouse), MPL (10 µg/
mouse), CpG (5 µg/mouse), and NLX–MPL–CpG (0.1 mg/mouse, 10 µg/mouse, and 5 µg/mouse, respectively) adjuvants subcutaneously at the 
base of tail. Control mice received PBS, CFA/IFA (as the reference adjuvant), NLX, CPG, MPL, and NLX–MPL–CpG
CFA complete Freund’s adjuvant, IFA incomplete Freund’s adjuvant, NLX naloxone, MPL monophosphoryl lipid A, NMC NLX–MPL–CpG, NC 
negative control

Immunization and bleeding

Groups Prime (day 0) Boost 1 (day 14) Boost 2 (day 28)

Antigen Adjuvant Antigen Adjuvant Antigen Adjuvant

1 rPvTRAP – Bleeding 1 
(day 10)

rPvTRAP – Bleeding 2 
(day 24)

rPvTRAP – Bleeding 3 
(day 38)

Bleeding 4  
(day 180)2 rPvTRAP CFA rPvTRAP IFA rPvTRAP IFA

3 rPvTRAP NMC rPvTRAP NMC rPvTRAP NMC
4 rPvTRAP NLX rPvTRAP NLX rPvTRAP NLX
5 rPvTRAP MPL rPvTRAP MPL rPvTRAP MPL
6 rPvTRAP CpG rPvTRAP CpG rPvTRAP CpG
7 (NC) – PBS – PBS – PBS
8 (NC) – CFA – IFA – IFA
9 (NC) – NMC – NMC – NMC
10 (NC) – NLX – NLX – NLX
11 (NC) – MPL – MPL – MPL
12 (NC) – CpG – CpG – CpG
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Indirect immunofluorescence antibody test (IFAT)

IFAT was performed to test the ability of the anti-rPvTRAP 
sera of the immunized mice to recognize the native form of 
the rPvTRAP antigen on the sporozoite surface as well as to 
determine the similarity of epitopes in recombinant forms to 
corresponding native proteins. In this study, P. vivax sporo-
zoites were obtained from Anopheles cracens that had fed 
on blood collected from P. vivax-infected patients attending 
malaria clinics at the Shoklo Malaria Research Unit (Mae 
Sot, Thailand), following a standardized procedure [55]. 
Multi-spot slides were coated with 20 µl/well sporozoites 
(around 500–1000) and allowed to dry, and then fixed in a 
cold acetone for 10 min. The slides were blocked with 20 µl 
PBS containing 2.5% BSA (Roche, Basel, Switzerland) in a 
dark-humidified chamber at RT for 30 min. After the slides 
were washed three times with PBS (pH 7.4), the serial dilu-
tion of anti-rPvTRAP polyclonal mice sera (1:50–1:25,600) 
in PBS were added to the duplicated wells and incubated in 
a wet chamber for 60 min. After washing three times with 
PBS (pH 7.4), each well was covered with 20 µl fluorescein 
isothiocyanate (FITC)-labelled rabbit anti-mouse IgG (1:40) 
and Evans blue (1:100) and then left in a wet chamber for 
45 min. Again, after washing three times with PBS, cover-
slips were placed on each slide and examined under a fluo-
rescence microscope (Nikon E200, Tokyo, Japan) with an oil 
immersion objective (100×). The serum samples obtained 
from the normal mice and control groups were used as nega-
tive controls.

Enzyme‑linked immunosorbent assay (ELISA)

Immunized mouse sera were evaluated for anti-rPvTRAP-
specific antibodies by ELISA as described previously [56] 
with some modifications. Briefly, rPvTRAP protein (50 ng/
well) was diluted in a coating buffer (0.06 M Na2CO3/
NaHCO3, pH 9.6), coated in Maxisorp flat-bottom 96-well 
ELISA plates (Jet Biofil) and kept at 4 °C overnight. After 
incubation, the plates were washed three times with PBS-T 
and then were blocked with 1 × PBS-1% BSA at RT for 2 h. 
After washing, the sera samples were incubated in dupli-
cate wells with 1:200 diluted sera in PBS-T in 0.5% BSA 
for 90 min. Then, the plates were incubated with 1:25,000 
dilutions of goat anti-mouse IgG antibodies conjugated with 
HRP (Sigma-Aldrich Co.) at RT for 60 min. Bound antibod-
ies were visualized after adding the OPD (Sigma-Aldrich 
Co.) as the substrate. After 10–20 min, the reaction was 
stopped with 2N H2SO4, and OD490nm was read using an 
ELISA microplate reader (Biotek). The ELISA cutoffs were 
obtained from the average of the pre-immune mouse sera 
(n = 20, normal mouse sera) plus three standard deviation 
(SD). Moreover, for the measurement of the specific IgG 
subclasses response to rPvTRAP, the test was performed as 

described above, except for the secondary antibodies that 
were specific to mouse IgG1, IgG2b, IgG2c, and IgG3 anti-
bodies (Sigma-Aldrich Co.) diluted 1:1000 and incubated 
at RT for 1 h. After washing, for the detection of IgG sub-
classes, the plates were incubated with 1:10,000 dilution of 
anti-goat IgG-HRP (Sigma-Aldrich Co.) and then developed 
by enzyme-specific substrate, as mentioned above.

Anti‑rPvTRAP antibody titration and avidity

In this study, antibody titration was performed to evalu-
ate the end-point titers of anti-rPvTRAP raised in mice in 
ELISA. Sera from individual immunized mice in each group 
were pooled and used in serial dilutions (1:200–1:409,600), 
and the titration end-point of specific anti-rPvTRAP anti-
bodies for IgG, IgG2b, and IgG2c was determined as the 
last dilution of serum that had an OD490nm above the cutoff.

In addition, the avidity of anti-rPvTRAP IgG and its sub-
classes (IgG2b and IgG2c) were estimated using ELISA, as 
described by Hedman et al. [57] with minor modifications. 
Briefly, two Maxisorb plates (Jet Biofil) were coated with 
rPvTRAP protein (50 ng/well), and after washing step, the 
sera (1:200) were incubated at RT for 1 h. In 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 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 by that of non-treated samples multiplied 
by 100. AI values ≤ 30%, between 30 and 50%, and > 50% 
were considered as low-, intermediate-, and high-avidity 
anti-rPvTRAP-specific antibodies, respectively.

Lymphocyte proliferation assay

3 (4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide; thiazolyl-blue (MTT) dye assay was used for 
the mice lymphocyte proliferation. In brief, on days 42 
and 180 of the first immunization, three mice from each 
group were sacrificed by cervical dislocation under sterile 
conditions. Then, the spleens were removed, and single-
cell suspensions were prepared in RPMI 1640 medium 
(Gibco, Invitrogen, Scotland, UK). Red blood cells were 
eliminated with ammonium chloride-potassium lysis 
buffer (pH 7.2), and the cells were then washed twice and 
resuspended in RPMI 1640 medium, containing 5% fetal 
bovine serum, 2.3 × 10−2 mM 2-mercaptoethanol (2-ME), 
penicillin–streptomycin (100 U-100 µg/ml), and 10 mM 
HEPES (Sigma-Aldrich Co.). The cell viability was per-
formed by Trypan blue dye exclusion. In the next step, the 
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splenocytes (2.5 × 105 cell/well) were cultured in a flat-
bottom 96-well tissue culture plate (Orange Scientific, 
EU, Belgium) in triplicates in the presence of rPvTRAP 
(5 µg/ml), concanavalin A (ConA, 5 µg/ml, as the positive 
control), and medium alone (as the negative control). In 
addition, the cultivation of splenocytes from non-immu-
nized mice in the presence of rPvTRAP (5 µg/ml) was 
used as a negative control. All plates were incubated in 
a humidified atmosphere in a 5% CO2 incubator at 37 °C 
for 2 days. Subsequently, the supernatants were removed, 
and cell proliferation was measured by the MTT assay. 
In this assay, 100 µl 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. Afterwards, the supernatant 
was removed, and the formazan crystals were dissolved 
in 0.04 N HCl in absolute isopropanol, and the OD was 
measured at 550 nm.

Extracellular cytokine assays

In supernatants of stimulated splenocytes of immunized 
mice with rPvTRAP, released cytokines were analyzed using 
murine cytokine immunoassay kits (R&D system, Minne-
apolis, USA). After optimization at 24, 48, and 120 h, the 
supernatants of splenocyte cultures, stimulated with target 
antigen, were collected to measure IL-4, IL-10, and IFN-γ 
productions by ELISA, respectively. For the quantitative 
estimation of IL-4, IL-10, and IFN-γ, the frozen samples 
were taken out and analyzed using the standard curve, 
which was obtained with known concentrations of recom-
binant cytokines. Cytokine release profiles in immunized 
mice with rPvTRAP were analyzed using murine cytokine 
immunoassay kits (R&D system). At days 38 and 180, three 
mice from the treated and control groups were sacrificed, 
and the spleens were isolated. After that, a single-cell sus-
pension of splenocytes was seeded in complete RPMI 1640 
medium, supplemented with 5% FCS, 2 mM glutamine, 
2.3 × 10−2 mM 2-ME, 10 mM HEPES, and 100 U-100 µg/ml 
of penicillin–streptomycin. The cells were incubated in flat-
bottomed, 96-well microtitre plates (Jet Biofil) at a density 
of 2.5 × 105 cells/well in the presence of rPvTRAP (5 µg/ml). 
The positive and negative controls were Con A (5 µg/ml) 
and medium alone, respectively. All plates were incubated 
in the presence of 5% CO2 in a humidified atmosphere at 
37 °C, and culture supernatants were collected after 24 h 
for IL-4, 48 h for IL-10, and 120 h for IFN-γ. The concen-
tration of cytokines was calculated based on the standard 
curves performed in parallel with known concentrations of 
recombinant mouse IL-4, IL-10, and IFN-γ cytokines for 
each experiment. All tests were performed in duplicate, and 
the mean of concentration ± SD was recorded for each set 
of samples.

Statistical analysis

A database was created with IBM SPSS 21.0 for Windows 
(Armonk, NY: IBM Corp, USA). Comparisons between the 
groups for antibody levels and cellular responses were ana-
lyzed by one-way ANOVA. Independent sample t test was 
used for comparison between two groups. Paired sample 
t test was used to analyze the persistence of humoral and cel-
lular immune responses in each group on days 38 and 180. 
For all tests, P < 0.05 was considered statistically significant.

Results

Expression of rPvTRAP in E. coli

The optimum condition for rPvTRAP expression was 
obtained in Terrific Broth (TB) medium where 0.2 mM 
IPTG was added to the culture (OD600nm 0.6–0.8) after 4 h. 
rPvTRAP was expressed in E. coli in large amounts for 
immunization, and after purification, the purity of rPvTRAP 
was confirmed by SDS-PAGE. The results showed a single 
band with a molecular mass of ~ 70 kDa [53], and Western 
blot analysis using anti-His antibody and P. vivax-infected 
human sera showed recognition of the rPvTRAP under both 
reducing and non-reducing conditions [53]. Protein migra-
tion at different sizes on SDS–PAGE, in the presence and 
absence of 2ME, indicated disulfide bound formation in this 
recombinant protein [53]. The endotoxin concentration of 
the purified rPvTRAP was less than 0.1 EU/ml, and hence, 
the injection of 200 µl containing rPvTRAP/mouse demon-
strated an acceptable amount (0.02 EU) of endotoxin into 
each mouse.

Recognition of native TRAP on P. vivax parasites 
by mouse polyclonal antibodies to rPvTRAP

Anti-PvTRAP antibody produced in immunized mice groups 
1–6 recognized the native protein expressed on the surface 
of P. vivax sporozoite with high intensity, as indicated by 
the worm-like fluorescence pattern (Fig. 1a, b). This result 
shows the presence of common epitopes in recombinant 
and native forms of rPvTRAP antigen. None of the control 
mouse sera (groups 7–12) recognized the expressed native 
protein on parasite (Fig. 1c), confirming that responses were 
specific to rPvTRAP.

Functional characterization of rPvTRAP

To characterize the rPvTRAP, binding assay to heparan sul-
fate was performed. The result demonstrated that the puri-
fied rPvTRAP has a binding capacity to immobilized hep-
aran sulfate in a concentration-dependent manner and was 
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saturable at 40 µg/ml concentration of the protein (Fig. 2a). 
Further functional characterization of rPvTRAP was per-
formed with binding to hepatoma cell line HepG2 (IBRC 
C10096), and the result showed binding capacity to HepG2 
liver cells in the same concentration-dependent manner 

and was saturable at 40 µg/ml concentration of the protein 
(Fig. 2b). The lack of PvDBP (an unrelated recombinant 
protein, as the negative control) binding to HepG2 liver cells 
shows specific binding of rPvTRAP–HepG2 cells.

Immunization with rPvTRAP in different adjuvant 
formulations and persistence of the IgG level

To test whether different adjuvant formulations could mod-
ulate specific immune responses to PvTRAP, C57BL/6 was 
immunized three times with the purified rPvTRAP antigen 
in combination with CFA/IFA (as the reference adjuvant), 
as well as with NLX, MPL, and CpG individually, and 
with the mixture of NLX–MPL–CpG (as the adjuvant). 
As shown in Fig. 3a, a significant increase was detected in 
anti-PvTRAP IgG antibodies in all mouse groups received 
rPvTRAP in combination with different adjuvant formula-
tions, on days 24 and 38 of the first immunization when 
compared to the first dose (P < 0.05, paired sample t test). 
The groups 2–6 induced higher and statistically signifi-
cant specific IgG antibody in comparison the immunized 
mice group received rPvTRAP alone on day 38 of the first 
immunization (P < 0.05, one-way ANOVA, Fig. 3a). How-
ever, the highest level of anti-PvTRAP IgG was identified 
in the group 3, which received rPvTRA/NLX–MPL–CpG 
(mean OD490nm 2.55, Table  S1 in Online Resource 1; 
Fig. 3a). Furthermore, the levels of anti-PvTRAP IgG 
antibody among the mice immunized with rPvTRAP/
NLX–MPL–CpG were significantly different from the 
mouse groups that received rPvTRAP alone or in com-
bination with NLX (P < 0.05, one-way ANOVA, Fig. 3a), 
but were not significantly different from the groups 
that received rPvTRAP/CFA/IFA, PvTRAP/MPL, and 
PvTRAP/CpG alone (P > 0.05, one-way ANOVA, Fig. 3a). 
Control mice that were immunized with only adjuvant(s) 
did not present the detectable levels of specific antibodies 

Fig. 1   Representative photographs of indirect immunofluorescence 
antibody test (IFAT). The pictures show the recognition of native 
form of PvTRAP in the surface of P. vivax sporozoite using poly-
clonal antibodies (1:100) produced in mice against rPvTRAP/NLX–

MPL–CpG (a) and rPvTRAP/CFA (b). None of the control mice sera 
(c), recognized the native protein on P. vivax parasite, ensuring that 
the obtained responses are specific to rPvTRAP
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assay, respectively
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(Fig. 3a). Furthermore, immunoblot results using pooled 
sera derived from immunized mice (groups 1–6) showed 
that anti-PvTRAP IgG antibodies recognized the purified 
rPvTARP antigen (data not shown).

For determination of the longevity of the anti-PvTRAP 
IgG in immunized mice, sera were collected from each group 
on day 180 after the first immunization. The results showed 
no significant difference in the levels of anti-PvTRAP IgG 
in the mice groups receiving rPvTRAP/NLX–MPL–CpG, /
NLX, /MPL, /CpG, and /CFA/IFA on day 180 in comparison 
with the collected sera on day 38 (P > 0.05, paired sample 
t test, Fig. 3a). In the adjuvant groups, the highest and lowest 
reductions in IgG antibody level were observed in the group 

4 [rPvTRAP/NLX (8.95%)] and the group 3 [rPvTRAP/
NLX–MPL–CpG (4.31%)], respectively (Fig. 3a).

IgG subclasses

Analysis of specific IgG subtypes distribution frequencies 
of anti-PvTRAP antibodies in all immunized mouse groups 
(1–6) on day 38 of the first immunization showed that 
IgG2b and IgG2c were the predominant isotypes (Fig. 3b). 
The highest level of anti-PvTRAP IgG2b and IgG2c 
was identified in the group 3, which received rPvTRAP/
NLX–MPL–CpG (mean OD490nm 1.68 and 1.466, respec-
tively; Table S2 in Online Resource 2) and were significantly 
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Fig. 3   Antibody responses of immunized mice to rPvTRAP with 
CFA, NLX, MPL, CpG alone and NLX–MPL–CpG in combina-
tion.  a Comparison of anti-rPvTRAP IgG antibodies in immunized 
mice on days 10, 24 (first boost), 38 (second boost), and 180 of the 
first immunization. b Assessment of the IgG subclass antibodies 
to rPvTRAP in the sera of immunized mice on day 38 of the first 
immunization (after the second boost). c Evaluation of the longev-
ity of anti-PvTRAPIgG1, IgG2b, IgG2c, and IgG3 antibodies on 
days 38 and 180 of the first immunization. The bars and error bars 
show the mean OD490nm and standard deviation (SD) in each mouse 
group (n = 15), respectively. The ELISA cutoffs were calculated 

as the mean OD490nm of pre-immune mice sera (as the negative 
controls, n = 20) plus 3SD. The cutoffs for IgG on days 10, 24, 38, 
and 180 were 0.147, 0.149, 0.152, and 0.1, respectively. In addi-
tion, the cutoffs for IgG1, IgG2b, IgG2c and IgG3 on day 38 were 
OD490nm = 0.076, 0.098, 0.1, and 0.043, respectively, and were 0.068, 
0.09, 0.076, and 0.040 on day 180. NMC: NLX–MPL–CpG, Group 1: 
rPvTRAP, Group 2: rPvTRAP/CFA, Group 3: rPvTRAP/NLX–MPL–
CpG, Group 4: rPvTRAP/NLX, Group 5: rPvTRAP/MPL, Group 6: 
rPvTRAP/CpG, Group 7: PBS, Group 8: CFA, Group 9: NLX–MPL–
CpG, Group 10: NLX, Group 11: MPL, and Group 12: CpG
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different from the mouse groups that received rPvTRAP 
alone (mean OD490nm 0.828 and 0.758, respectively) or in 
combination with NLX (mean OD490nm 1.40 and 1.158, 
respectively, P < 0.05, independent sample t test). However, 
this was not significantly different from the groups that 
received antigen with CFA/IFA, MPL, and CpG alone as 
the adjuvant (P > 0.05, independent sample t test). Moreo-
ver, there were significant differences in the mean level of 
anti-PvTRAP IgG1 antibody among groups 1–6 (P < 0.05, 
one-way ANOVA, Fig. 3b). In addition, the lowest level 
of anti-PvTRAP IgG1 was identified in the group 3 (mean 
OD490nm 0.568; Table S2 in Online Resource 2; Fig. 3c) and 
was significantly different from the mouse group receiving 
rPvTRAP/CFA/IFA adjuvant (P < 0.05, independent sam-
ple t test Fig. 3c). Regarding IgG3, the groups 2–6 induced 
higher and statistically significant IgG3 antibody compared 
to the immunized mice group received rPvTRAP alone 
(P < 0.05, one-way ANOVA, Fig. 3b). Furthermore, in the 
group 3 (rPvTRAP/NLX–MPL–CpG), the lower level of 
IgG3 than the group 2 (rPVTRP/CFA/IFA) was detected 
(Table S2 in Online Resource 2). Besides, more analysis 
of specific IgG subtypes showed that the group 3, which 
received rPvTRAP/NLX–MPL–CpG, presented the highest 
IgG2c/IgG1 (2.58) and IgG2b/IgG1 (2.95) ratio when com-
pared to all other groups, and the lowest IgG2c/IgG1 (1.86) 
and IgG2b/IgG1 (2.25) ratio was observed in the group 4 
(rPvTRAP/NLX), when compared to other adjuvant groups.

For determination of the longevity of the anti-PvTRAP 
IgG subclasses in immunized mice, sera were collected 
from each group on day 180 after the first immunization. 
No significant difference was observed in the levels of anti-
PvTRAP IgG2b and IgG2c in all adjuvant groups in com-
parison to the collected sera on day 38 (P > 0.05, paired 
sample t test, Fig. 3c). In addition, a significant difference 
was observed in the levels of anti-PvTRAP IgG1 and IgG3 
(except rPvTRAP/CFA/IFA) in all groups in comparison 
with the collected sera on day 38 (P < 0.05, paired sam-
ple t test, Fig. 3c). The highest and lowest reductions of 
IgG2b and IgG2c antibodies level were found in the mouse 
group 4 receiving rPvTRAP/NLX (12.14 and 15.54%) and 
rPvTRAP/NLX–MPL–CpG (7.73 and 13.02%), respectively 
(Fig. 3c). The sera samples from pre-immune mice at day 0 
(negative controls) showed no detectable immune responses 
to rPvTRAP, ensuring that those obtained responses are spe-
cific to rPvTRAP.

Antibody titer and avidity of anti‑PvTRAP IgG 
and its subclasses in mouse groups

The mean of serum antibody titers was evaluated on days 38 
and 180 of the first immunization by ELISA. In the groups 
that received rPvTRAP/NLX–MPL–CpG and rPvTRAP/
CFA/IFA, the IgG end-point titer was 102,400 at both days 

38 and 180 of the first immunization (Fig. 4a). However, at 
day 38, in the mouse groups that received rPvTRAP/NLX, 
IgG end-point titer was 51,200, which reduced to 12,800 
at day 180 after the first immunization. Among different 
vaccine formulations, NLX induced the lowest IgG2b end-
point titer at day 38 (25,600) and 180 (6400) of the first 
immunization; however, rPvTRAP/NLX–MPL–CpG as well 
as rPvTRAP/CFA adjuvants induced the highest end-point 
titer of 102,400 (at day 38) and 12,800 (at day 180) (Fig. 4b). 
In case of IgG2c, the mouse group that received rPvTRAP/
NLX–MPL–CpG had end-point titer of 1:102,400 at day 
38, which was higher than the mouse group immunized 
with antigen alone (25,600) or in combination with NLX 
(51,200, Fig. 4c). At day 180, the end-point titer (12,800) 
was detected for the groups that received antigen with 
NLX–MPL–CpG, CFA/IFA, MPL, and CpG (Fig. 4c).

In this study, high-avidity IgG antibodies were induced 
in the mouse groups immunized with different adjuvant for-
mulations on days 38 and 180 after the primary immuniza-
tion (Table 2). Regarding AI IgG2b antibody on day 38, all 
mouse groups had high-avidity antibodies, and on day 180, 
only in the mouse group immunized with rPvTRAP/NLX, 
adjuvant AI was decreased to intermediate-avidity anti-
bodies (Table 2). Moreover, high-avidity IgG2c antibodies 
were induced in all the mouse groups immunized with dif-
ferent adjuvant formulations on days 38 and 180 (Table 2). 
It is notable that the avidity of the mouse group receiving 
rPvTRAP alone was intermediate for IgG, IgG2b, and IgG2c 
on days 38 and 180.

Cellular immune response analysis in mice 
immunized with the different formulations 
of PvTRAP adjuvants

In this investigation, both proliferation and cytokine pro-
duction in the mice immunized with rPvTRAP antigen 
were determined in vitro. On days 38 and 180 after the 
first immunization, three mice from each group were anes-
thetized, and splenocytes were used for the analysis. The 
significant proliferation of splenocytes was observed in 
the mouse groups 1–6 (stimulated with rPvTRAP, mean 
OD550nm 0.65–0.809, P < 0.05, one-way ANOVA), but not 
in the control mouse groups 7–12 (mean OD550nm 0.09–0.14, 
P > 0.05, one-way ANOVA). Furthermore, the proliferation 
of splenocytes among the immunized mice with rPvTRAP/
NLX–MPL–CpG (mean OD550nm 0.775) was not sig-
nificantly different from the mouse groups that received 
rPvTRAP with the reference adjuvant CFA (mean OD550nm 
0.809, P > 0.05, independent sample t test) but was signifi-
cantly different from the mice immunized with rPvTRAP 
alone (mean OD550nm 0.659), NLX (mean OD550nm 0.677), 
MPL (mean OD550nm 0.597), and CpG (mean OD550nm 
0.683) adjuvants (P < 0.05, independent sample t test). In 
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Fig. 4   Titration evaluation of anti-PvTRAP IgG, IgG2b, and IgG2c 
antibodies on days 38 and 180 of the first immunization. No differ-
ence was observed in the end-point titres of IgG, IgG2b, and IgG2c 
antibodies among mouse groups immunized with either rPvTRAP/
CFA or rPvTRAP/NLX–MPL–CpG on days 38 and 180 after the first 
immunization. The cutoffs for IgG, IgG2b, and IgG2c on day 38 were 

0.152, 0.098, and 0.1, respectively. In addition, the cutoffs for IgG, 
IgG2b and IgG2c on day 180 were 0.1, 0.090, and 0.076, respectively. 
Group 1: rPvTRAP; Group 2: rPvTRAP/CFA; Group 3: rPvTRAP/
NLX–MPL–CpG; Group 4: rPvTRAP/NLX; Group 5: rPvTRAP/
MPL; Group 6: rPvTRAP/CpG
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addition, the stimulated splenocytes with ConA had high 
proliferation (mean OD550nm 0.823–1.084).

The cytokine profiles of the immunized mice with 
rPvTRAP antigen using different adjuvants (CFA/IFA, NLX, 
MPL, CpG, and NLX–MPL–CpG) were determined using 
murine cytokine immunoassay kits (R&D system). The 
results revealed the eliciting significant levels of IFN-γ in the 
mouse groups received rPvTRAP antigen/adjuvants as com-
pared to the mouse control groups (7–12) on day 38 after 
primary immunization (P < 0.05, one-way ANOVA, Fig. 5a). 
On day 38, the lowest level of IFN-γ (mean 1390 pg/ml) 
was produced by the mouse group that received rPvTRAP 
antigen without any adjuvant, while significant levels of 
IFN-γ were elicited in the mouse groups immunized with 
rPvTRAP/NLX–MPL–CpG (mean 2492 pg/ml) (P < 0.05, 
independent sample t test). Besides, the level of IFN-γ in 
mice receiving the antigen together with NLX–MPL–CpG 
was not significantly different from the mouse groups that 
received rPvTRAP with the reference adjuvant CFA (mean 
2288 pg/ml); however, it was significantly different from 
the mice immunized with NLX (mean 1615 pg/ml), MPL 
(mean 2164 pg/ml), and CpG adjuvants (mean 2029 pg/ml) 
(P < 0.05, independent sample t test, Fig. 5a).

On day 180 after primary immunization, the level 
of IFN-γ was significantly decreased in response to 
rPvTRAP in all the mouse groups (P < 0.05, paired sample 
t test, Fig. 5a). The most reduction in the level of IFN-γ 
was observed in mice immunized with rPvTRAP alone 
(49.64%), followed by NLX adjuvant (27.80%). Despite the 
significant reduction of IFN-γ in different test groups, the 
mouse group that received the antigen in combination with 
NLX–MPL–CpG adjuvant still produced the significant lev-
els of IFN-γ (2100 pg/ml) in comparison to the other mouse 
groups, including antigen alone as well as antigen together 

with CFA/IFA (mean 1681 pg/ml), NLX (mean 1166 pg/
ml), MPL (mean 1597 pg/ml), and CpG adjuvants (mean 
1673 pg/ml) (P < 0.05, independent sample t test, Fig. 5a).

Concerning the levels of IL-4 secretions as Th2 response, 
there was no significant difference in IL-4 production in dif-
ferent groups (1–6) as compared with that in the control 
groups immunized with PBS, CFA/IFA, NLX–MPL–CpG, 
NLX, MPL, or CpG, adjuvants (P > 0.05, one-way ANOVA, 
data not shown).

Regarding IL-10 secretion as T regulatory (Treg) 
response, there was no significant difference in the mouse 
groups received rPvTRAP antigen/adjuvants as compared 
to mouse control groups (immunized with PBS, CFA/IFA, 
NLX–MPL–CpG, NLX, MPL, or CpG adjuvants) on days 
38 (33.3–73.2) and 180 (25.2–61.1) after the primary immu-
nization (P > 0.05, one-way ANOVA, Fig. 5b).

Discussion

Up to now, several strategies, including subunit vaccine, 
have been employed to develop a novel pre-erythrocyte 
stage malaria vaccine, with insufficient success [58]. 
Vaccination with the recombinant purified protein, as an 
antigen, typically results in the induction of a low or the 
modest antibody with little or no T-cell responses, due 
to purification processes that impairs pathogens’ essen-
tial immune stimulators (as a natural innate immune trig-
ger) [59] as well as rapid degradation in vivo. Therefore, 
there is a strong demand for the use of synthetic immune 
enhancers capable of elevating the immunogenicity or 
complementing the activity of subunit vaccines in vivo. On 
the other hand, the selected adjuvant must be human com-
patible with less reactogenic profile than original Freund’s 

Table 2   Avidity analysis of IgG, IgG2b, and IgG2c antibodies to rPvTRAP

An avidity index (AI) less than 30% corresponds to low-avidity antibodies, AI between 30 and 50% to an intermediate avidity, and AI greater 
than 50% to high avidity. Comparisons between the groups for avidity index were analyzed by one-way ANOVA. P < 0.05 was considered statis-
tically significant
SD standard deviation, NMC NLX–MPL–CpG, CFA complete Freund’s adjuvant, IFA incomplete Freund’s adjuvant, NLX naloxone, MPL 
monophosphoryl lipid A

Avidity index% (AI) ± SD

IgG IgG2b IgG2c

Group Day 38 Day 180 Day 38 Day 180 Day 38 Day 180

1-rPvTRAP 38.32 ± 0.33 31.51 ± 0.21 38.66 ± 0.28 34.49 ± 0.20 34.07 ± 0.18 33.82 ± 0.18
2-rPvTRAP + CFA/IFA 81.54 ± 0.22 75.41 ± 0.25 90.46 ± 0.24 80.79 ± 0.22 93.72 ± 0.25 76 ± 0.19
3-rPvTRAP + NMC 85.66 ± 0.23 77.79 ± 0.22 93.9 ± 0.17 82.15 ± 0.16 95.43 ± 0.27 90.47 ± 0.16
4-rPvTRAP+ NLX 60.56 ± 0.30 51.38 ± 0.21 63.01 ± 0.24 45.74 ± 0.16 63.52 ± 0.23 50.48 ± 0.16
5-rPvTRAP + MPL 80.29 ± 0.21 62.52 ± 0.17 84.65 ± 0.20 76.8 ± 0.20 91.78 ± 0.22 75.09 ± 0.18
6-rPvTRAP + CpG 79.29 ± 0.31 54.03 ± 0.21 80.27 ± 0.19 55.04 ± 0.20 92.72 ± 0.20 62.99 ± 0.23
P value 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
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adjuvant to improve the immunogenicity of target antigen 
for enhancing antigen-specific adaptive immune responses 
[59]. In this regard, immunomodulatory molecules such 
as TLR4 ligand (MPL), which includes a part of the AS 
in the HPV vaccine, the TLR9 ligand (CpG-ODN), which 
is the adjuvant in the vaccine candidate for hepatitis B 
that has completed a phase 3 clinical trial [60], and NLX, 
as an opioid antagonist that has the ability to shift the 
immune response to a Th1 profile [35, 36] were consid-
ered. To our knowledge, so far, there is no published result 
regarding the evaluation of the efficacy of NLX, CPG, and 
MPL (as human-compatible adjuvants and potent-induc-
ing Th1 response) as well as NLX–MPL–CpG (a novel 

adjuvant combination) for improving the immunogenicity 
of rPvTRAP in a mouse model.

It is evident that in any subunit vaccine development, 
the correct folding of the recombinant protein is highly 
important, since antibody recognition could rely on confor-
mational epitopes; thus, in the current work, the expressed 
PvTRAP was evaluated for the correct folding. In our previ-
ous [53] and the current works, the results of reduced and 
non-reduced SDS-PAGE, Western blot analysis, IFAT, and 
binding assay confirmed that the bacterial rPvTRAP has 
been correctly folded in a native-like form. rPvTRAP has 
the ability to bind to heparan sulfate as well as to HepG2 
cells. IFAT results also revealed that anti-rPvTRAP antibod-
ies produced in mice recognized the native protein expressed 
on the surface of P. vivax sporozoite with high intensity 
that confirmed the correct structural, biological, and func-
tional activities of rPvTRAP. However, in immunized mice, 
the level of IgG antibodies to rPvTRAP was significantly 
increased in rPvTRAP/adjuvant groups, signifying the need 
for an adjuvant in such vaccine formulation to augment and 
modulate Th1/cellular response. These results might be 
related to the low immunogenicity of the expressed antigen, 
thereby leading to the requirement for potent adjuvants.

In the present study, immunization of mice with 
rPvTRAP formulated with NLX, MPL, CpG, and their 
combination (NLX–MPL–CpG) as well as CFA/IFA (the 
reference adjuvant) induced a relatively high level of IgG2b 
and IgG2c and a lower amount of IgG1 and IgG3, as com-
pared to the mice immunized with rPvTRAP alone. This 
result indicates that although the rPvTRAP alone showed 
some degrees of the immunogenicity, its combination with 
the selected adjuvants could improve its immunogenicity in 
inducing long-lasting Th1 response, which is more favora-
ble for the pre-erythrocyte stage of malaria vaccine. This 
finding is in consistent with the previous works, suggesting 
that NLX [31–33], MPL [61, 62], and CpG [63, 64] are able 
to induce Th1 immune response. Furthermore, IgG2b/IgG1 
and IgG2c/IgG1 ratios were higher in the mice group receiv-
ing rPvTRAP/NLX–MPL–CpG, as an adjuvant, in compari-
son to the group that received antigen without any adjuvant. 
This observation provides more evidence for the ability of 
these adjuvants in shifting the immune response to Th1.

On day 180 of the first immunization, the percentage of 
reduction in IgG2b and IgG2c antibodies level in mouse 
group receiving rPvTRAP/NLX–MPL–CpG as well as 
NLX, MPL, and CpG alone was relatively similar, indicat-
ing the induction of long-lasting immune responses due to 
the production of an antigen-specific memory B cells that 
persisted up to 180 days after the initial injection. This event 
could be also due to the presence of long-lived plasma cells 
that are able to produce antibodies in mice. Therefore, it can 
generally be concluded that for shifting immune responses 
to strong and specific Th1 response to PvTRAP, adjuvants 
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Fig. 5   Assessment of the IFN-γ (a) and IL-10 (b) production in mice 
immunized with rPvTRAP alone or emulsified in different adju-
vant formulations (rPvTRAP/CFA, rPvTRAP/NLX, PvTRAP/MPL, 
PvTRAP/CpG, and rPvTRAP/NLX–MPL–CpG) on days 38 and 
180 of the first immunization. The bars show the mean concentra-
tion of elicited IFN-γ and IL-10 from pooled lymphocytes of immu-
nized mice (n = 3) in each group, and error bars indicate SD. IFN-γ 
responses of ConA (as the positive control) and no antigen (as the 
negative control) were in the range of 1891–2097 and 12–46 pg/ml, 
respectively, among different examined groups. IL-10 responses of 
ConA (as the positive control) and no antigens (as the negative con-
trol) were in the range of 1120–1530 and 14–18 pg/ml, respectively, 
among different examined groups. NMC: NLX–MPL–CpG, Group 1: 
rPvTRAP, Group 2: rPvTRAP/CFA, Group 3: rPvTRAP/NLX–MPL–
CpG, Group 4: rPvTRAP/NLX, Group 5: rPvTRAP/MPL, Group 6: 
rPvTRAP/CpG, Group 7: PBS, Group 8: CFA, Group 9: NLX–MPL–
CpG, Group 10: NLX, Group 11: MPL, and Group 12: CpG
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MPL, CpG, and to a lesser extent, to NLX are suitable. Inter-
estingly, this finding is in contrast to a previous work [56] in 
which NLX together with rPvAMA-1 could induce mixed 
Th1/Th2 responses; however, this adjuvant with rPvTRAP 
produced more Th1 than Th2 responses, suggesting a role 
for the nature of antigen in the immune responses.

The immune sera from mice vaccinated with the 
rPvTRAP/adjuvants groups exhibited IgG antibody with 
the high avidity on days 38 and 180 of first immunization, 
which is likely due to the maturation of immune response 
and the selection of clonal B-cells that result in IgG avidity 
increases [65]. However, comparing the groups receiving 
antigen alone with those that received antigen together with 
adjuvants showed anti-TRAP IgG antibody with the inter-
mediate avidity on days 38 and 180 after the first immuniza-
tion. This result suggests that the adjuvants NLX, MPL, and 
CpG have a key role in maturation and persisting antibody 
responses with the high avidity over time, and these features 
can be considered in the rPvTRAP-based vaccine. Regarding 
IgG2b and IgG2c, the immune sera from mice vaccinated 
with the rPvTRAP/CpG or MPL exhibited antibodies with 
a higher avidity than NLX on days 38 and 180 of the first 
immunization. Thus, our results indicated that the strength of 
antibody-eliciting responses in mice against rPvTRAP could 
increase the avidity and its persistence when recombinant 
antigen is combined with either MPL or CpG as an adjuvant. 
However, the role of such antibody in blocking sporozoite 
invasion of hepatocyte needs further investigation.

The previous studies have reported that increasing the 
production of IFN-γ is one of the important mechanisms 
by which NLX [31, 32], MPL [66], and CpG [67] shift the 
immune response to Th1. In fact, CpG-ODN induces the 
expression of IL-12 by macrophages [68] and also indi-
rectly activates NK cells and stimulates the IFN-γ produc-
tion [69–71]. The induction of IFN-γ and IL-12 (which 
promote Th1 responses), but not IL-4 (which promotes 
Th2 responses), suggests that the administration of CpG-
ODN in vivo might produce an environment favoring a 
Th1 immune response. Regarding MPL, two pathways 
(MyD88-dependent and MyD88-independent) are initi-
ated [72]. The downstream signaling of the first pathway is 
inducing the expression of inflammatory mediators includ-
ing IL-12, and the second one induces the expression of 
genes including IFN-γ [73, 74]. These results are in paral-
lel with those of the present work that indicated the admin-
istration of CPG, MPL, and NLX alone or in combination 
(NLX–MPL–CpG) with rPvTRAP induces significantly 
the higher levels of IFN-γ production than in the control 
groups. However, it should be noted that the administra-
tion of NLX–MPL–CpG mixture with rPvTRAP in the 
immunized mice induced significantly the higher levels of 
IFN-γ than those received NLX, MPL, or CpG alone. In 
addition, the percentage of reduction in IFN-γ production 

in the mouse group receiving rPvTRAP/NLX–MPL–CpG 
on day 180 was lower than in other immunized mouse 
groups, which indicates that the activation of several 
mechanisms in the production of IFN-γ might generate an 
environment favoring a long-lasting Th1 immune response 
to rPvTRAP.

As there is a link between IL-4 and IgG1 antibody pro-
duction, consistent with the previous works [31, 32, 66, 
67], our observation showed no detectable IL-4 produc-
tion after 24 and 48 h in different mouse groups that had 
a low level of detected IgG1 than IgG2c and IgG2b anti-
bodies. Besides, it is proposed that IL-10 could promote 
the formation of Treg cells, leading to the inhibition of Th1 
responses [75]. In this investigation, the results showed a 
low level of detectable IL-10 production (< 100 pg/ml) in 
different immunized mouse groups. These results revealed 
that although the single-used adjuvant increased the level, 
avidity, and persistence of anti-TRAP antibodies, the com-
bination of NLX–MPL–CpG could strongly stimulates Th1 
cytokine than the use of the adjuvant individually. The rea-
son behind this result could be that the differentiation of Th1 
effector cells through specific cytokines as it has previously 
been shown that the addition of exogenous IL-12 [76] and 
IL-4 [77] in vitro promotes Th1 and Th2 differentiation, 
respectively.

In summary, this study provides new perspectives on the 
rational development of pre-erythrocyte malaria vaccine by 
screening the adjuvants that have ability to enhance subunit 
vaccine immunogenicity. The present result indicated that 
PvTRAP, as a pre-erythrocyte vaccine candidate, is immu-
nogenic and its administration with CPG, MPL, and NLX 
in C57BL/6 mice induced Th1 immune responses. Further-
more, the present investigation, for the first time, revealed 
that the rPvTRAP delivery in the mixed formulation of those 
adjuvants (NLX–MPL–CpG) had more potential to increase 
the level, avidity, and persistence of anti-TRAP antibodies as 
they stimulate immune responses via different mechanisms. 
However, it warrants further assessment to test the blocking 
activity of the produced antibodies in immunized mice with 
different adjuvant formulations for their implication in the 
PvTRAP-based vaccination.
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