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ABSTRACT Plasmodium falciparum cell-traversal protein for ookinetes and sporozo-
ites (PfCelTOS) is an advanced vaccine candidate that has a crucial role in the tra-
versal of the malaria parasite in both mosquito and mammalian hosts. As recombi-
nant purified proteins are normally poor immunogens, they require to be admixed
with an adjuvant(s); therefore, the objective of the present study was to evaluate
the capacity of different vaccine adjuvants, monophosphoryl lipid A (MPL), CpG, and
Quillaja saponaria Molina fraction 21 (QS-21), alone or in combination (MCQ [MPL/
CpG/QS-21]), to enhance the immunogenicity of Escherichia coli-expressed PfCelTOS
in BALB/c mice. This goal was achieved by the assessment of anti-PfCelTOS IgG anti-
bodies (level, titer, IgG isotype profile, avidity, and persistence) and extracellular Th1
cytokines using an enzyme-linked immunosorbent assay (ELISA) on postimmunized
BALB/c mouse sera and PfCelTOS-stimulated splenocytes, respectively. Also, an as-
sessment of the transmission-reducing activity (TRA) of anti-PfCelTOS obtained from
different vaccine groups was carried out in female Anopheles stephensi mosquitoes
by using a standard membrane feeding assay (SMFA). In comparison to PfCelTOS
alone, administration of PfCelTOS with three distinct potent Th1 adjuvants in vaccine
mouse groups showed enhancement and improvement of PfCelTOS immunogenicity
that generated more bias toward a Th1 response with significantly enhanced titers
and avidity of the anti-PfCelTOS responses that could impair ookinete development
in A. stephensi. However, immunization of mice with PfCelTOS with MCQ mixture ad-
juvants resulted in the highest levels of induction of antibody titers, avidity, and in-
hibitory antibodies in oocyst development (88%/26.7% reductions in intensity/preva-
lence) in A. stephensi. It could be suggested that adjuvant combinations with
different mechanisms stimulate better functional antibody responses than adjuvants
individually against challenging diseases such as malaria.
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Malaria remains a significant disease in most tropical countries, and despite the
application of different key interventions to control malaria, such as prompt

diagnosis, effective treatment with artemisinin-based combination therapies, and the
use of insecticidal bed nets, the disease is still a major threat to global health. Most
deaths, particularly in sub-Saharan Africa, are caused by Plasmodium falciparum, a
dangerous species of Plasmodia infecting humans (1). Malaria control and elimination
programs, however, are being hampered by the resistance of parasites and mosquito
vectors to drugs and insecticides, respectively (2, 3). Therefore, novel strategies are
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urgently needed to permanently interrupt malaria transmission, which causes hundreds
of millions of clinical cases each year. In this regard, from past malaria eradication
attempts, it is obvious that there is a critical need for effective malaria vaccines to
achieve malaria elimination and eradication success (4). Such a vaccine should involve
not only a classical transmission-blocking vaccine (TBV) (which targets antigens from
gametes, zygotes, or ookinetes) but also preerythrocytic and asexual blood-stage
vaccines that are capable of reducing sexual stages. With the renewed emphasis on
malaria elimination and eradication, the primary focus of malaria vaccine development
is now vaccines that interrupt malaria transmission (VIMT) (5).

The malaria parasite has a complex life cycle in both human and mosquito hosts,
and once the parasite changes hosts, it develops motile stages that can invade human
host or vector cells to complete the essential segments of a complicated life cycle. The
P. falciparum cell-traversal protein of ookinetes and sporozoites (PfCelTOS) gene, as an
interesting preerythrocytic target vaccine antigen, was first identified from P. falciparum
genomic sequence and proteome databases, and it was recognized by volunteers
immunized with radiation-attenuated P. falciparum sporozoites (6). Later on, its crucial
role in the traversal of the malaria parasite in both mosquito and mammalian hosts,
which is required for successful malaria infections, was reported by Kariu and coworkers
(7), and its potential as a vaccine candidate antigen was then shown in a murine animal
model (8). Thus, this 25-kDa microneme-secreted protein with its biological function
may be an attractive target for both classical TBV and preerythrocytic (7) vaccines
(VIMT). In general, targeting antigens expressed in different stages is more effective
from a vaccine point of view because broad immune coverage inhibits immune escape
of parasites at different stages. As the CelTOS protein is highly conserved (7), it could
induce broadly protective immunity against multiple Plasmodium species in a single-
subunit vaccine.

CelTOS-based vaccines have been revealed to induce potent antibody and T cell
responses in experimental animal models (8–11) and could prevent the establishment
of blood-stage infection in mice (7–9) and oocyst development in mosquito hosts (11).
In spite of a previous report of cross-species protection in a murine animal model (8),
by using transgenic Plasmodium berghei parasites expressing the Pfceltos gene, no
sterile protection or delay in the time to parasitemia was observed in BALB/c mice (12,
13). Moreover, cellular interferon gamma (IFN-�) responses against CelTOS have been
detected in adults from Ghana who were naturally infected with P. falciparum, which
emphasizes the potential immunological impact of this antigen (14). It has also been
reported that all human volunteers who were immunized with radiation-attenuated
sporozoites induced strong immune responses to CelTOS, which was correlated with
protection against disease (6, 15). Although early evidence in preclinical animal studies
is encouraging, the potential for efficacy induced by a PfCelTOS-based vaccine in
humans remains to be realized (16). This antigen was tested in a first-in-human clinical
trial; while safe and immunogenic, no protective efficacy was observed in controlled
human malaria infection (CHMI) (16). Moreover, a phase Ia trial with PfCelTOS in GSK’s
AS01B adjuvant (Clinicaltrials.gov identifier NCT02174978) (16) is currently ongoing, for
which results are being awaited. Therefore, it seems that the PfCelTOS subunit vaccine
is not able to provide absolute protection, and improvements in the immunogenicity
and productivity of this antigen possibly need the potent formulation of CelTOS-based
vaccines.

Adjuvants are becoming increasingly more important for the development of a new
generation of malaria subunit vaccines and are capable of enhancing the immunoge-
nicity of subunit proteins by different mechanisms (17). One of these vaccine adjuvants
is CpG, a synthetic oligodeoxynucleotide (ODN) composed of unmethylated CG motifs
(cytosine phosphoguanosine dinucleotides common in bacteria and viruses) that is
recognized by endosomal Toll-like receptor 9 (TLR9) (18, 19). CpG motifs mediate their
immunostimulatory capacity through TLR9 expressed on dendritic cells (DCs) to secrete
proinflammatory (interleukin-6 [IL-6], IL-12, IL-18, and tumor necrosis factor alpha
[TNF-�]) and Th1-type cytokines (20, 21). Moreover, they indirectly support the matu-
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ration and proliferation of natural killer cells, T cells, and monocytes/macrophages;
hence, they have a high potential for inducing innate immunity as well as specific
humoral, Th1-biased CD4� T cell, and cytotoxic T lymphocyte (CTL) responses (22).
Clinical trials have indicated that CpG ODNs are reasonably safe when administered as
vaccine adjuvants (23) and could enhance the immunogenicity of subunit protein
antigens and peptide-based vaccines. Moreover, in a clinical trial of the commercial
hepatitis B vaccine combined with CpG, higher protective antibody titers were ob-
served after the administration of fewer doses in both healthy and hyporesponsive
individuals (24, 25). This vaccine adjuvant has also been used in combination with
conventional treatments for cancer (26–28) as well as against infection (28) and allergy
(29).

An additional vaccine adjuvant is monophosphoryl lipid A (MPL), which is the
detoxified derivative of lipopolysaccharide (LPS) from the Gram-negative bacterium
Salmonella enterica serovar Minnesota R595 and mediates immune activation by inter-
acting with TLR4, similar to LPS (30), which triggers the production of different
cytokines, such as TNF-�, IL-12, and IFN-�, that promote Th1 responses. MPL has been
approved for use as a part of vaccines against allergy (31) and stage IV melanoma (32).
In malaria clinical trials, strategies of combining MPL with other adjuvants, like alum
(33) and Quillaja saponaria Molina fraction 21 (QS-21), have been explored and resulted
in producing adjuvant systems (ASs), such as AS04, AS02, AS01, AS01B, and AS02A (34),
which are safe and well tolerated (35).

QS-21 is the most widely used adjuvant in vaccine formulations (36); it is a purified
fraction of Quillaja saponaria saponin with low toxicity in animal models (37). It has the
ability to stimulate both antigen-specific humoral (more specifically, IgG2a isotype) and
CTL immune responses and also to promote Th1 cytokine responses (IL-2 and IFN-�)
(38) to subunit antigens (39, 40) by altering the integrity of the target immune cell
membrane and inducing danger signals that augment immune responses (41). Clinical
trials for the evaluation of QS-21, as an adjuvant alone or in combination with other
immunostimulants (e.g., AS01 and AS02) for a vaccine against malaria, are ongoing (42,
43). Clinical trials involving breast cancer or prostate cancer patients have shown that
QS-21 is a well-tolerated and immunogenic adjuvant capable of inducing antigen-
specific antibody responses (40, 44, 45). Meanwhile, current efforts are being made to
develop optimal combinations of QS-21 with different adjuvants (such as MPL and CpG
ODN) in cancer vaccines (40, 44).

Purified recombinant subunit proteins are normally poor immunogens, thus requir-
ing to be admixed with an adjuvant(s) to enhance their immunogenicity (46, 47). In
addition, effective protection against different stages of human Plasmodium infection
requires distinct types of immune responses; therefore, the role of adjuvants is of great
importance. Adjuvants are critical components of many subunit malaria vaccines, and
it seems that no single adjuvant is capable of inducing all the protective immune
responses required in many malarial subunit vaccines. In the light of this fact, the
combination adjuvant approach was considered an avenue toward designing effective
vaccines against difficult pathogens such as malaria. On this basis, GlaxoSmithKline
Biologicals (GSK Bio) developed a series of ASs to induce quicker and stronger, as well
as prolonged and protected, immune responses to a subunit vaccine (48). Such
formulations could also trigger multiple signaling pathways (36, 49) to elevate the
potency, longevity, and quality of specific immune responses to target antigens.
Therefore, the objective of the present study was to evaluate the capacity of three
different human-use-compatible vaccine adjuvants, MPL, CpG, and QS-21, alone or in
combination (MCQ [MPL/CpG/QS-21]), to improve and enhance the immunogenicity of
Escherichia coli-expressed PfCelTOS in BALB/c mice. This goal was achieved by the
assessment of the anti-PfCelTOS IgG antibody titer, its isotype profile, its avidity, and its
persistence, as well as the production of the cytokines IFN-�, TNF-�, IL-4, and IL-10, in
the postimmunized BALB/c mouse. Finally, the induction of high levels of functional
anti-PfCelTOS IgG, which were able to effectively inhibit the parasite transmission cycle
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in the female Anopheles stephensi mosquito vector, was assessed using a standard
membrane feeding assay (SMFA).

RESULTS
Anti-PfCelTOS IgG antibody responses and persistence of IgG responses. The

PfCelTOS protein as an antigen was successfully expressed in the E. coli BL21/
pET23a expression system after 16 h of induction using 0.5 mM isopropyl-�-D-
thiogalactopyranoside (IPTG) at an optical density at 600 nm (OD600) of 0.6 to 0.8. The
lysate of recombinant bacteria on SDS-PAGE gels indicated an �20-kDa protein.
Furthermore, the purity of PfCelTOS was confirmed by SDS-PAGE, as it moved as a
single band (50), and Western blot analysis using anti-His antibody and sera from P.
falciparum-infected patients (as the positive control) affirmed the purified PfCelTOS
antigen (50). This recombinant protein was purified and desalted on a large scale for
mouse immunization, and the endotoxin concentration of this purified PfCelTOS was
less than 0.1 endotoxin units (EU)/ml. Thus, the injection of 200 �l of PfCelTOS/mouse
indicated an acceptable amount (0.02 EU) of endotoxin in each mouse. Also, the
concentration of the triple-adjuvant combination (MCQ) (5 �g/mouse of each adjuvant)
was effective in enhancing antibody responses, which stimulated strong cytokine
secretion and was well tolerated in mice, with a satisfactory safety profile and with no
observed morbidity compared to the control mice. Female BALB/c mice (n � 160) were
randomly distributed into 10 groups and immunized subcutaneously on days 0, 14, and
28 at the base of the tail with PfCelTOS (10 �g at prime and 5 �g at boost) alone, as a
nonadjuvanted vaccine group (group 1), or in combination with distinct adjuvants, MPL
(group 2), CpG ODN (group 3), and QS-21 (group 4) alone and as a mixture (MCQ)
(group 5), as adjuvanted vaccine groups. Each control mouse received MPL (group 6),
CpG ODN (group 7), or QS-21 (group 8) alone or as a mixture (MCQ) (group 9) or 1�

phosphate-buffered saline (PBS) alone (group 10), as negative controls (Table 1). Serum
samples were collected from the tail vein on days 10, 24, 38, and 180 after the first
immunization, and by using an enzyme-linked immunosorbent assay (ELISA), specific
anti-PfCelTOS IgG was detected in different immunized mouse groups (Fig. 1). A
significant increase in the level of anti-PfCelTOS IgG antibodies was detected on days
24 and 38 (boost) compared to day 10 (postprime) after immunization in all mouse
vaccine groups (groups 1 to 5) (P � 0.0001 by a paired-sample t test) (Fig. 1). After the
second boost (on day 38 after the first immunization), the highest and lowest signifi-
cant levels of anti-PfCelTOS IgG antibody were observed in mouse group 5 receiving
PfCelTOS in combination with MCQ (mean OD490, 3.54 � 0.127) (Fig. 1) and group 1
receiving PfCelTOS antigen alone (mean OD490, 1 � 0.179), respectively (P � 0.0001 by
one-way analysis of variance [ANOVA]) (Fig. 1). Furthermore, multiple comparisons
among vaccine groups 2 to 4, which received the antigen with a single adjuvant
(PfCelTOS/MPL, PfCelTOS/CpG, and PfCelTOS/QS-21, respectively), showed a significant
difference in the levels of anti-PfCelTOS IgG in vaccine group 4 compared with those in
immunized mouse groups 2 and 3 on day 38 after the first immunization (P � 0.0001
by Tukey’s honestly significant difference [HSD] post hoc test) (Fig. 1 and 2). No
detectable anti-PfCelTOS IgG antibodies were found in the control groups that were
immunized with only the adjuvant(s) and 1� PBS.

For determination of the longevity of anti-PfCelTOS IgG in immunized mice, sera
were collected from each group on day 180 after the first immunization, and the level
of IgG antibody against PfCelTOS significantly decreased relative to the responses on
day 38 after the first immunization in all the vaccine groups (groups 1 to 5) (P � 0.05
by a paired-sample t test) (Fig. 1 and 2). The highest and lowest reductions of
anti-PfCelTOS IgG were observed in vaccine group 1 (PfCelTOS, 59%) (Fig. 2) and group
5 (PfCelTOS/MCQ, 20%), respectively (P � 0.0001 by one-way ANOVA) (Fig. 2). Addi-
tionally, among adjuvanted vaccine groups 2 to 5, the highest decline in IgG antibody
levels was observed in group 3 (PfCelTOS/CpG, 52%), and multiple comparisons among
the above-mentioned groups showed a significant difference in the level of anti-
PfCelTOS IgG in vaccine group 5 (P � 0.0001 by Tukey’s HSD post hoc test) (Fig. 2).
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Anti-PfCelTOS IgG isotype profile and persistence. Analysis of the anti-PfCelTOS
IgG subclasses was performed using immunized mouse sera collected from mouse
groups 1 to 10 on days 38 and 180 following the first immunization. As shown in Fig.
2, on days 38 and 180 following the first immunization, the predominant subclass
against PfCelTOS in all vaccinated mouse groups (groups 1 to 5) was IgG2a antibody.
On day 38 after the first immunization, the highest and lowest levels of the IgG2a and
IgG2b isotypes were observed in mouse group 5, which received the antigen with MCQ
mixture adjuvants (mean OD490, 2.21 [IgG2a] and 0.93 [IgG2b]), and group 1, which
received the antigen without any adjuvant (mean OD490, 0.701 [IgG2a] and 0.548
[IgG2b]), respectively (P � 0.05 by one-way ANOVA) (Fig. 2). Comparison of the levels of
specific anti-PfCelTOS IgG2a in all the vaccine groups on day 38 following the first
immunization unveiled a bias, group 5 (PfCelTOS/MCQ, mean OD490 of 2.21) � group
3 (PfCelTOS/CpG, mean OD490 of 1.3) � group 2 (PfCelTOS/MPL, mean OD490 of 1.06) �

group 4 (PfCelTOS/QS-21, mean OD490 of 0.974) � group 1 (PfCelTOS, mean OD490 of
0.701). However, the levels of IgG2b in different vaccine groups were as follows: group
5 (mean OD490 of 0.93) � group 2 (mean OD490 of 0.8) � group 4 (mean OD490 of
0.724) � group 3 (mean OD490 of 0.68) � group 1 (mean OD490 of 0.548). Furthermore,
multiple comparisons of the adjuvanted vaccine groups (groups 2 to 4) revealed that
there was a significant difference in the levels of IgG2a antibody between vaccine
group 2 (PfCelTOS/MPL) and group 3 (PfCelTOS/CpG) and also between vaccine group
3 (PfCelTOS/CpG) and group 4 (PfCelTOS/QS-21) on day 38 following the first immu-

TABLE 1 Mouse immunization and bleeding strategiesa

Mouse group (n � 16/group)

Strategy

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

Vaccine groups
1 Ag (10 �g) Ag (5 �g) Ag (5 �g)
2 Ag/MPL Ag/MPL Ag/MPL
3 Ag/CpG Ag/CpG Ag/CpG
4 Ag/QS-21 Ag/QS-21 Ag/QS-21
5 Ag/MCQ Ag/MCQ Ag/MCQ

Control groups
6 MPL MPL MPL
7 CpG CpG CpG
8 QS-21 QS-21 QS-21
9 MCQ MCQ MCQ
10 1� PBS 1� PBS 1� PBS

aFemale BALB/c mice (n � 160) were randomly distributed into 10 groups (each group containing 16 mice)
and immunized subcutaneously at the base of the tail with 200 �l PfCelTOS (10 �g at prime and 5 �g at
boost, based on the optimization approach) alone, as a nonadjuvanted vaccine group, or in combination
with distinct adjuvants (based on the optimization approach), MPL (monophosphoryl lipid A)
(10 �g/mouse), CpG ODN (synthetic oligodeoxynucleotides containing unmethylated CpG motifs) (10 �g/
mouse), and QS-21 (Quillaja saponaria Molina fraction 21) (10 �g/mouse), alone and as a mixture (MCQ
[MPL/CpG/QS-21]) (5 �g/mouse of each), as adjuvanted vaccine groups. Each control mouse received 1�
PBS alone and MPL (10 �g/mouse), CpG ODN (10 �g/mouse), and QS-21 (10 �g/mouse) alone and as a
mixture (MCQ) (5 �g/mouse of each) as negative controls. Serum samples were collected from the tail vein
on days 10, 24, 38, and 180 after the first immunization. Ag, PfCelTOS antigen.
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nization (P � 0.05 by Tukey’s HSD post hoc test) (Fig. 2). Regarding IgG2b, there was no
significant difference in the levels of the IgG2b subclass among vaccine groups 2, 3, and
4 on day 38 (P � 0.05 by one-way ANOVA) (Fig. 2). For IgG1 and IgG3, the highest and
lowest levels of these subclasses were found in mouse group 5 (PfCelTOS/MCQ; mean
OD490, 0.8 [IgG1] and 0.311 [IgG3]) and group 1 (PfCelTOS; mean OD490, 0.589 [IgG1]
and 0.18 [IgG3]) on day 38 after the first immunization (Fig. 2). Multiple comparisons of
the adjuvanted vaccine groups (groups 2 to 5) showed a significant difference in the
levels of IgG3 antibody between vaccine group 5 and vaccine groups 2 and 4
(P � 0.0001 by Tukey’s HSD post hoc test) (Fig. 2). However, no significant difference
was found in the levels of anti-PfCelTOS IgG1 among vaccine groups 2 to 5 on day 38
following the first immunization (P � 0.05 by one-way ANOVA) (Fig. 2).

Evaluation of the persistence of elicited anti-PfCelTOS IgG isotypes in the immunized
mice on day 180 after the primary immunization showed that the levels of anti-
PfCelTOS IgG1, IgG2a, IgG2b, and IgG3 antibodies significantly decreased in compari-
son to those on day 38 after the first immunization in mouse vaccine groups 2 to 4
(P � 0.05 by a paired-sample t test) (Fig. 2). However, in vaccine group 5 (PfCelTOS/
MCQ), no significant difference was observed in the levels of IgG2a and IgG2b anti-
bodies (P � 0.05 by a paired-sample t test) (Fig. 2). On day 180 following the primary
immunization, the highest and lowest reductions in the IgG2a and IgG2b subclass
responses to PfCelTOS were observed in vaccine group 1 (PfCelTOS alone; IgG2a � 63%
and IgG2b � 65%) and group 5 (PfCelTOS/MCQ; IgG2a � 16% and IgG2b � 10%),
respectively (P � 0.05 by one-way ANOVA) (Fig. 2). Additionally, among adjuvanted
vaccine groups 2 to 5, the highest reductions of IgG2a and IgG2b subclass responses
were observed in group 3 (PfCelTOS/CpG; 50% and 56% for IgG2a and IgG2b, respec-
tively) (Fig. 2). The levels of the IgG2a and IgG2b subclasses in vaccine group 5

FIG 1 Anti-PfCelTOS IgG antibody levels in vaccine mouse sera at different time points by an ELISA.
Groups of 6- to 8-week-old female BALB/c mice were immunized subcutaneously with recombinant
PfCelTOS alone or formulated with different adjuvants (MPL, CpG, QS-21, and MCQ [MPL/CpG/QS-21]).
Anti-PfCelTOS IgG antibody levels were compared between the sera collected from different immunized
mouse groups on day 10, day 24 (10 days after the first boost), and day 38 (10 days after the second
boost) after the first immunization. The individual mouse serum samples were incubated in duplicate
wells with 1:200-diluted sera for 90 min. There was a significant difference in total IgG antibody levels
between different immunization time points in vaccine groups (P � 0.05 by a paired-sample t test). The
bars and error bars show the mean OD490 values and standard deviations (SD) for 16 individual mice in
each group, respectively. The ELISA cutoffs were calculated as the mean OD490 of preimmune mouse sera
(as the negative controls; n � 30) plus 3 SD. The cutoffs for IgG on days 10, 24, 38, and 180 after the first
immunization were an OD490 of 0.1 each. Ag, PfCelTOS antigen.

Pirahmadi et al. Infection and Immunity

June 2019 Volume 87 Issue 6 e00911-18 iai.asm.org 6

https://iai.asm.org


(PfCelTOS/MCQ) were significantly higher than those in adjuvanted vaccine groups 2 to
4 (P � 0.0001 by one-way ANOVA) (Fig. 2). Multiple comparisons of the adjuvanted
vaccine groups (groups 2 to 4) showed a significant difference in the levels of IgG2a
antibody between vaccine group 2 (PfCelTOS/MPL) and immunized mouse group 3
(PfCelTOS/CpG) and group 4 (PfCelTOS/QS-21) (P � 0.05 by Tukey’s HSD post hoc test,)
(Fig. 2). Regarding IgG1 and IgG3, on day 180 after the primary immunization, the
highest and lowest reductions were observed in mouse group 3 receiving PfCelTOS/
CpG (IgG1 � 85% and IgG3 � 70%) and group 1 receiving PfCelTOS alone (IgG1 � 73%
and IgG3 � 50%), respectively (Fig. 2). Moreover, the level of the anti-PfCelTOS IgG1
subclass response in mouse group 3 was significantly lower than those in vaccine
groups 1, 2, 4, and 5 (P � 0.0001 by one-way ANOVA) (Fig. 2) on day 180 after the
primary immunization.

Antibody titer and avidity of anti-PfCelTOS IgG and its subclasses. The endpoint
titers of anti-PfCelTOS total IgG, IgG2a, and IgG2b antibodies were evaluated on days

FIG 2 Assessment of anti-PfCelTOS IgG subclass profiles and longevity. Preimmune sera (n � 30) were
used as negative controls to determine the ELISA cutoffs, which were calculated as the mean OD490 plus
3 SD. The cutoffs for total IgG (TIgG), IgG1, IgG2a, IgG2b, and IgG3 were OD490 values of 0.101, 0.064,
0.072, 0.093, and 0.091, respectively, on day 38 and 0.1, 0.083, 0.089, 0.108, and 0.068, respectively, on
day 180 after the first immunization. The bars and error bars show the mean OD490 values and standard
deviations (SD) for 16 individual mice (day 38) and 10 individual mice (day 180) in each group,
respectively. The highest levels of total IgG, IgG2a, and IgG2b were detected in group 5, which received
PfCelTOS in combination with MCQ (MPL/CpG/QS-21) adjuvants on days 38 and 180 after the first
immunization (P � 0.05 by one-way ANOVA). The table shows multiple comparisons of means for
anti-PfCelTOS IgG and its subclasses among the nonadjuvanted (group 1) and adjuvanted (groups 2 to
5) vaccine groups on days 38 and 180 after the first immunization, which were performed by using
Tukey’s HSD post hoc test.
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38 and 180 after the first immunization by an ELISA. Among all the vaccine groups
(groups 1 to 5), the highest endpoint titers of anti-PfCelTOS total IgG, IgG2a, and IgG2b
were detected in mouse group 5 receiving PfCelTOS/MCQ on days 38 and 180 following
the first immunization (Fig. 3). Regarding IgG, the lowest endpoint titer, 12,800, was
detected in mouse vaccine group 1 (PfCelTOS alone) on day 38, which was reduced to
6,400 on day 180 after the first immunization. However, the endpoint titer of IgG in
mouse group 5 was 204,800 on day 38, which declined to 102,400 on day 180 after the
first immunization. In the case of IgG2a, the mouse group that received PfCelTOS
(group 1) had the lowest endpoint titer (12,800) on day 38, which was reduced to 6,400
on day 180 after the first immunization (Fig. 3). In addition, immunization with
PfCelTOS/MCQ induced an endpoint titer of 204,800 for IgG2a on day 38, which was
reduced to 102,400 on day 180 following the first immunization. Regarding IgG2b,
immunization of mice with PfCelTOS alone (group 1) and PfCelTOS/CpG (group 3)
induced the lowest endpoint titers (12,800) on day 38, which were reduced to 3,200 for
vaccine group 1 and 6,400 for vaccine group 3 on day 180 after the first immunization
(Fig. 3). However, mouse group 5 (PfCelTOS/MCQ) had an endpoint titer of 102,400 for
IgG2b on day 38, which was reduced to 51,200 on day 180 after the first immunization
(Fig. 3).

In this study, high-avidity IgG and IgG2a antibodies were induced in the adjuvanted
vaccine groups (groups 2 to 5) receiving PfCelTOS antigen formulated with different
adjuvants on days 38 and 180 following the primary immunization (Fig. 4). However,
immunization of mice with PfCelTOS antigen without any adjuvant resulted in inter-
mediate avidity for IgG, IgG2a, and IgG2b antibodies on days 38 and 180 after the first
immunization (Fig. 4). Also, among the adjuvanted vaccine groups (groups 2 to 5),
intermediate-avidity IgG2b antibodies were found only in group 3, which received
PfCelTOS formulated with CpG adjuvant (Fig. 4), on days 38 and 180 after the first
immunization. The highest avidity index (AI) for IgG, IgG2a, and IgG2b subclass anti-
bodies was observed in mouse group 5 receiving PfCelTOS in MCQ mixture adjuvants

FIG 3 Evaluation of endpoint titers of anti-PfCelTOS total IgG, IgG2a, and IgG2b antibodies. For titration,
1:200 to 1:409,600 dilutions of mouse sera from different vaccine groups (groups 1 to 5) were analyzed
using an ELISA. The bars show the last dilution of test sera in which OD490 values were above that of
cutoff. Among all the vaccine groups (groups 1 to 5), the highest endpoint titers of anti-PfCelTOS total
IgG, IgG2a, and IgG2b were detected in mouse group 5 receiving PfCelTOS/MCQ (MPL/CpG/QS-21) on
days 38 and 180 after the first immunization. The cutoffs for total IgG, IgG2a, and IgG2b were OD490

values of 0.1, 0.072, and 0.093, respectively, on day 38 and 0.1, 0.089, and 0.108, respectively, on day 180.
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on days 38 and 180 following the first immunization (Fig. 4). Multiple comparisons of
AIs for IgG among adjuvanted vaccine groups 2 to 5 revealed that high-avidity IgG
antibody in mouse group 5 (PfCelTOS/MCQ) was significantly different from those in
mouse groups 2 to 4 (PfCelTOS/MPL, PfCelTOS/CpG, and PfCelTOS/QS-21) on days 38
and 180 following the first immunization (P � 0.0001 by Tukey’s HSD post hoc test) (Fig.
4). Multiple comparisons among adjuvanted vaccine groups 2 to 5 indicated a signif-
icant difference in the AIs of IgG2a and IgG2b in vaccine group 5 (PfCelTOS/MCQ)
compared with vaccine groups 2 to 4 on day 38 and also groups 2 and 3 on day 180
following the first immunization (P � 0.05 by Tukey’s HSD post hoc test) (Fig. 4).

Cellular immune responses. Both proliferation and cytokine production were
measured in PfCelTOS-stimulated splenocytes in the mouse groups immunized with
different formulations of adjuvants on days 38 and 180 following the primary immu-
nization. Multiple comparisons of the proliferation levels among vaccine groups 1 to 5
showed a significant increase in proliferation in mouse group 5 (PfCelTOS/MCQ)
compared with mouse groups 1 to 4 (PfCelTOS alone, PfCelTOS/MPL, PfCelTOS/CpG,
and PfCelTOS/QS-21, respectively) (P � 0.0001 by Tukey’s HSD post hoc test) (Fig. 5). The
analysis of cytokine profiles revealed that significant levels of IFN-� were elicited in all
the vaccine groups (groups 1 to 5) compared to the mouse control groups (groups 6
to 10) on days 38 and 180 following the primary immunization (P � 0.0001 by one-way

FIG 4 Avidity analyses of anti-PfCelTOS IgG, IgG2a, and IgG2b antibodies by an ELISA. The avidity index
(AI) was calculated as the portion of the OD value of urea-treated serum samples compared to that of
untreated samples multiplied by 100. AI values of �30%, 30 to 50%, and �50% correspond to low,
intermediate, and high avidity, respectively. The bars and error bars show the mean AIs and SD for 16
individual mice (day 38) and 10 individual mice (day 180) in each group, respectively. The comparisons
between the groups for AIs were analyzed by one-way ANOVA, followed by Tukey’s HSD post hoc test,
and a P value of �0.05 was considered statistically significant, as shown in the table. The highest AI of
anti-PfCelTOS total IgG, IgG2a, and IgG2b antibodies was observed in vaccine group 5 (PfCelTOS/MCQ
[MPL/CpG/QS-21]) on days 38 and 180 after the first immunization.
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ANOVA) (Fig. 6A). Among vaccine groups 1 to 5, the highest and lowest levels of IFN-�
production were detected in immunized mouse group 5 (PfCelTOS/MCQ; 2,028.2 and
1,642.8 pg/ml) and nonadjuvanted vaccine group 1 (PfCelTOS; 943.4 and 471.3 pg/ml)
on days 38 and 180 following the first immunization, respectively (P � 0.0001 by
one-way ANOVA) (Fig. 6A). Additionally, multiple comparisons among adjuvanted
vaccine groups 2 to 5 showed that the level of IFN-� in vaccine group 5 was signifi-
cantly higher than those in vaccine groups 2 to 4 on days 38 and 180 following the first
immunization (P � 0.0001 by Tukey’s HSD post hoc test) (Fig. 6A). On day 180 after
the primary immunization, the level of IFN-� significantly decreased in all the vaccine
groups (groups 1 to 5) (P � 0.05 by a paired-sample t test) (Fig. 6A). A significant decline
in the level of IFN-� was observed on day 180 after the first immunization in mice
immunized with PfCelTOS alone (50%). However, the lowest reduction in the level of
IFN-� was observed in mouse group 5 receiving PfCelTOS formulated with the MCQ
mixture adjuvants (19%).

A significant difference was found in the levels of TNF-� between vaccine groups 1
to 5 and control groups 6 to 10 (P � 0.0001 by one-way ANOVA) (Fig. 6B). The highest
and lowest levels of TNF-� were produced by vaccine group 5 (752.8 and 572.1 pg/ml)
and group 1 (400.6 and 220.4 pg/ml) on days 38 and 180 after the first immunization,
respectively (P � 0.05 by one-way ANOVA) (Fig. 6B). The level of TNF-� in mouse group
5 (PfCelTOS/MCQ) was significantly different from those in mouse groups 2 to 4
(PfCelTOS/MPL, PfCelTOS/CpG, and PfCelTOS/QS-21, respectively) on days 38 and 180
following the primary immunization (P � 0.05 by one-way ANOVA) (Fig. 6B). Compar-
ison of the reductions of TNF-� production on day 180 in all mouse vaccine groups
(groups 1 to 5) revealed the highest and lowest declines in mouse group 1 (45%) and
group 5 (24%), respectively. Analysis of IL-10 (as a regulatory and Th2 cytokine) showed

FIG 5 Proliferation of lymphocytes in cultured splenocyte cells of immunized mice (groups 1 to 10) in the
presence of PfCelTOS antigen in vitro. On days 38 and 180 after the first immunization, spleens from each
mouse group (4 mice from each vaccine and control group) were removed, and lymphocyte proliferation
was evaluated using the MTT assay. On day 180 after the primary immunization, lymphocyte proliferation
was significantly reduced in all the mouse vaccine groups (P � 0.05 by a paired-sample t test). Data were
analyzed using one-way ANOVA, followed by Tukey’s HSD post hoc test. MCQ, MPL/CpG/QS-21.
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FIG 6 Assessment of IFN-�, TNF-�, and IL-10 production in vaccine groups (groups 1 to 5) and control groups (groups 6 to 10) on days
38 and 180 after the first immunization by an ELISA. (A) For immunized mice receiving PfCelTOS with different adjuvants alone or in
combination, the mean IFN-� responses in the presence of ConA (as the positive control) and no antigen (as the negative control) were
in the range of 1,821 to 2,101 and 21 to 35 pg/ml, respectively. (B) Among different vaccine groups, the mean TNF-� responses in the
presence of ConA (as the positive control) and no antigen (as the negative control) were in the range of 964 to 1,150 and 20 to
38 pg/ml, respectively. (C) IL-10 responses in the presence of ConA (as the positive control) and no antigen (as the negative control)
were in the range of 152 to 459 and 19 to 35 pg/ml, respectively. On day 180 after primary immunization, the levels of all cytokines
were significantly reduced in all the vaccine mouse groups (P � 0.05 by a paired-sample t test). The table shows multiple comparisons
of IFN-�, TNF-�, and IL-10 among the nonadjuvanted (group 1) and adjuvanted (groups 2 to 5) vaccine groups on days 38 and 180
after the first immunization, which was performed by using Tukey’s HSD post hoc test. MCQ, MPL/CpG/QS-21.
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a low level of IL-10 production (�100 pg/ml) in all the mouse vaccine groups (groups
1 to 5) and control groups (groups 6 to 10) on days 38 and 180 following the first
immunization (�100 pg/ml). There was no significant difference in the levels of IL-10
between vaccine groups 1 to 5 (mean IL-10 concentration, 40.4 to 96.1 pg/ml) and
control groups 6 to 10 (mean concentration, 19.3 to 34.3 pg/ml) on days 38 and 180
following the primary immunization (P � 0.05 by one-way ANOVA) (Fig. 6C). Regarding
the levels of IL-4 secretion as Th2-type responses, low levels of IL-4, with no significant
differences, were detected in different immunized (groups 1 to 5) and control (groups
6 to 10) mouse groups (P � 0.05 by one-way ANOVA) (data not shown).

Induction of Th1-type immune responses by immunization of mice with
PfCelTOS in different adjuvant formulations. Immunization with PfCelTOS formu-
lated with the MCQ mixture adjuvants (group 5) induced the highest IgG2a/IgG1 ratio
on day 38 (2.76; P � 0.05 by one-way ANOVA) and day 180 (8.9) following the first
immunization (Fig. 7A). However, the lowest IgG2a/IgG1 ratios on day 38 (1.19) and day
180 (1.62) following the first immunization were detected in vaccine group 1, which
received the antigen without any adjuvant. The highest and lowest IgG2b/IgG1 ratios
on day 38 (1.16 and 0.92) and day 180 (4 and 1.2) following the first immunization were
detected in vaccine groups 5 and 1, respectively (Fig. 7A). Also, multiple comparisons
of the IgG2b/IgG1 ratios among vaccine groups 1 and 3 to 5 showed no significant
difference on days 38 and 180 following the first immunization (P � 0.05 by Tukey’s
HSD post hoc test) (Fig. 7A). The mouse group immunized with PfCelTOS/MCQ (group
5) induced higher IFN-�/IL-10 ratios (day 38, 21.1; day 180, 24.12) and TNF-�/IL-10 ratios
(day 38, 7.83; day 180, 8.4) ratios than in vaccine groups 2 to 4. The IFN-�/IL-10 ratio in
vaccine group 5 was significantly higher than those in vaccine group 1 (day 38, 13.43;
day 180, 11.66) and group 4 (day 180, 17.12) (P � 0.05 by Tukey’s HSD post hoc test)
(Fig. 7B). Additionally, the TNF-�/IL-10 ratios were not significantly different among all
the vaccine groups (groups 1 to 5) on days 38 and 180 following the first immunization
(P � 0.05 by one-way ANOVA) (Fig. 7B).

Transmission-reducing activity (TRA) of anti-PfCelTOS in different vaccine
groups. The effect of anti-PfCelTOS mouse polyclonal antibodies (groups 1 to 5) on the
inhibition of P. falciparum NF54 infection in A. stephensi mosquitoes was evaluated by
an SMFA. Pooled sera of vaccine groups 1 to 5 (PfCelTOS, PfCelTOS/MPL, PfCelTOS/CpG,
PfCelTOS/QS21, and PfCelTOS/MCQ, respectively) and pooled sera of the nonadjuvant
control group (normal mouse serum [NMS]) and adjuvanted control groups (MPL, CPG,
or QS-21 alone or MCQ combination adjuvants) were used in the SMFA, and antibodies
against PfCelTOS showed different levels of reduction of oocyst intensity of P. falci-
parum infection in A. stephensi (Fig. 8). Mean oocyst numbers per midgut in all the
control groups ranged between 9.4 and 10, with no significant difference (P � 0.05 by
a Mann-Whitney U test) (Table 2). The highest and lowest infection prevalences were
observed in mouse group 2 receiving PfCelTOS/MPL (40 positive out of 45 mosquitoes
examined; 88.9%) and group 5 that received the antigen with the MCQ mixture
adjuvant (33 positive out of 45 mosquitoes examined; 73.3%), respectively (Fig. 8).
There was a significant difference in the prevalences of infection of A. stephensi among
adjuvanted vaccine groups 3 to 5 (ranging from 73.3 to 83.3%) in comparison with that
of the NMS control group (95.3%) (P � 0.05 by Fisher’s exact test) (Fig. 8). Additionally,
the anti-PfCelTOS antibodies from vaccine groups 1 to 5 significantly inhibited oocyst
formation in A. stephensi relative to the NMS control group (P � 0.0001 by a Mann-
Whitney U test) (Fig. 8). Anti-PfCelTOS antibodies from nonadjuvanted vaccine group 1
(PfCelTOS alone) and adjuvanted vaccine groups 2 to 5 showed different levels of
inhibition of oocyst intensity (ranging from 50 to 88%) in A. stephensi. The mean oocyst
intensity was significantly reduced from 10 oocysts in the NMS control group to 1.2 in
vaccine group 5 (P � 0.0001 by a Mann-Whitney U test) (Fig. 8). Multiple comparisons
between nonadjuvanted vaccine group 1 and adjuvanted vaccine groups 2 to 5
indicated a significant difference in oocyst inhibition (P � 0.0001 by a Mann-Whitney
U test) (Fig. 8). In addition, the polyclonal anti-PfCelTOS antibodies from mouse
group 5 (PfCelTOS/MCQ) showed the lowest mean number of oocysts (1.2) and the
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highest level of oocyst inhibition (88%) and were significantly different in compar-
ison to those of vaccine groups 1 to 3 (P � 0.05 by a Mann-Whitney U test) but not
those of group 4 (Fig. 8).

DISCUSSION

One of the promising approaches to achieving malaria elimination and eradication
would be subunit-based VIMT. However, a recombinant purified protein in a subunit
vaccine might typically induce low or modest immune responses. This low responsive-

FIG 7 Evaluation of Th1/Th2 ratios. Th1 (anti-PfCelTOS IgG2a and IgG2b antibodies and cytokines IFN-�
and TNF-�) and Th2 (anti-PfCelTOS IgG1 and the cytokine IL-10) responses were analyzed in different
vaccine groups on days 38 and 180 after the first immunization. (A) For immunized mice receiving
PfCelTOS alone or with different adjuvants (groups 1 to 5), an increase in the IgG2a/IgG1 ratio was
observed in mouse group 5, which received PfCelTOS in combination with MCQ (MPL/CpG/QS-21), on
day 38 (ratio, 2.76; P � 0.05 by one-way ANOVA) and day 180 (8.9). (B) In mouse group 5, which received
the antigen with MCQ adjuvants, the IFN-�/IL-10 ratios (day 38 ratio, 21.1; day 180 ratio, 24.12) were
significantly higher than those in mouse group 1, which received the antigen alone (P � 0.05 by one-way
ANOVA). The table shows multiple comparisons of IgG2a/IgG1, IgG2b/IgG1, IFN-�/IL-10, and TNF-�/IL-10
(Th1/Th2) ratios among the nonadjuvanted (group 1) and adjuvanted (groups 2 to 5) vaccine groups on
days 38 and 180 after the first immunization using Tukey’s HSD post hoc test.
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FIG 8 Inhibition of P. falciparum NF54 parasite development by anti-PfCelTOS polyclonal antibodies in A. stephensi mosquitoes.
Pooled mouse sera (n � 16) from different vaccine groups (groups 1 to 5) collected on day 38 after the first immunization were
admixed with mature P. falciparum NF54 cultured gametocytes and fed to A. stephensi mosquitoes (n � 50/cup) in standard
membrane feeding assays (SMFAs). Pooled normal mouse serum (NMS) (n � 30 randomly selected from 160 female BALB/c mice
before immunization) was used as the negative control. On days 9 to 10 after feeding, the mosquitoes’ midguts were dissected, and
oocyst counts, which revealed the successful development of P. falciparum in A. stephensi mosquitoes, were recorded. Two separate
membrane feeds were done using serum from each vaccine group (groups 1 to 5), and oocyst counts were pooled for statistical
analysis. The dots represent the numbers of oocysts in individual mosquitoes, and the horizontal and vertical lines indicate the
arithmetic means and standard deviations (SD) of oocyst counts, respectively. The prevalence of infected mosquitoes in the vaccine
groups (groups 1 to 5) and the control group (NMS), range of oocyst numbers, mean number of oocysts, percent inhibition relative
to the NMS control group, and multiple comparisons of different vaccine groups and the NMS control group are indicated in the
table. A two-tailed Mann-Whitney U test and Fisher’s exact test were used to estimate the differences in infection intensity and
prevalence, respectively, using IBM SPSS 20.0 for Windows. MCQ, MPL/CpG/QS-21.
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ness may be a result of purification processes (51) and/or fast degradation of the
recombinant antigen in vivo. However, subunit vaccines may also preserve some of
the characteristics that induce the innate immune system, but this stimulation may be
insufficient to induce long-lasting immunity. Therefore, to improve subunit vaccine
immunogenicity, the use of a potent and proper adjuvant(s) might be a promising
strategy to improve pathogen-specific humoral, cellular, and functional responses
(36). In this regard, in the present investigation, different adjuvants, including MPL,
CpG ODN, and QS-21, were used alone or in combination to evaluate their ability to
enhance and stimulate desired multiple immune responses to recombinant PfCelTOS
(rPfCelTOS), as one of the promising multistage VIMT targets (8, 9, 11, 52, 53) that,
hopefully, is capable of preventing hepatocyte invasion and impairing the develop-
ment of parasites in mosquito vectors.

In this work, comparison of immune responses in all the mouse vaccine groups
showed that in vaccine group 1 receiving the antigen without any adjuvant,
comparable levels of both specific anti-PfCelTOS IgG1 (as an indicator of Th2 and
humoral responses) and IgG2a (as an indicator of Th1 and cellular responses) were
detected. This result signifies that the PfCelTOS formulation without any adjuvant
skews the response toward mixed Th1/Th2 responses. However, in the immunized
mouse groups that received PfCelTOS formulated with different adjuvants, predom-
inantly IgG2a and IgG2b antibodies (Th1 response) and a smaller amount of IgG1
and IgG3 were induced. These results showed that the combination of the recom-
binant PfCelTOS antigen with the selected adjuvants improved its immunogenicity
in the generation of a high-titer and persistent Th1 response, which is needed for
the VIMT. This observation was in accordance with previous work indicating that
PfCelTOS emulsified in glucopyranosyl lipid adjuvant-stable emulsion (GLA-SE)
adjuvant (a stable oil-in-water emulsion combined with a TLR4 agonist) induced a
Th1-biased immune response in BALB/c mice (10). Moreover, this finding is consis-
tent with previous works suggesting that MPL (54, 55), CpG (56, 57), and QS-21
(58–60) are capable of eliciting a Th1 immune response. Note that this murine result
also paralleled our previous work (50), in which Iranian malaria-exposed subjects
had cytophilic anti-PfCelTOS-specific IgG1 and IgG3 (equivalent to murine antibod-
ies IgG2a and IgG2b) as the predominant IgG isotypes. This evidence confirmed that
the recombinant protein preserved the conformation of B cell epitopes; therefore,
E. coli-expressed PfCelTOS is a good antigen and can be recognized by sporozoite-
induced antibodies in natural infection (50). Furthermore, the comparability of
IgG2a and IgG2b antibodies to human IgG1 and IgG3 (61) suggested that these
isotypes are cytophilic and highly effective in mediating antibody-dependent cel-

TABLE 2 Effect of mouse anti-rPfCelTOS IgG antibodies on P. falciparum infectivity in A. stephensi mosquitoes determined using an
SMFAa

Group
Antibody from mouse
immunization group

Arithmetic mean no. of
oocysts in midgut (range)

No. of infected/no. of
dissected mosquitoes (%)

Vaccine Ag 5 (0–9) 46/53 (86.8)
Ag/MPL 2.2 (0–6) 40/45 (88.9)
Ag/CpG 2.7 (0–6) 36/44 (81.8)
Ag/QS-21 1.8 (0–6) 35/42 (83.3)
Ag/MCQ 1.2 (0–3) 33/45 (73.3)

Control
Adjuvanted MPL 9.5 (0–38) 57/61 (93.4)

CpG 9.4 (0–38) 56/60 (93.3)
QS-21 9.4 (0–37) 58/61 (95.1)
MCQ 9.5 (0–37) 59/63 (94)

Nonadjuvanted NMS 10 (0–40) 61/64 (95.3)
aStatistical analysis of mean oocyst numbers per midgut in all different control groups (preimmune/normal mouse serum [NMS] [nonadjuvanted control group] and
MPL, CpG, QS21, and MCQ [MPL/CpG/QS-21] [adjuvanted control groups]) showed no significant difference (P � 0.05 by a Mann-Whitney U test). The pooled anti-
PfCelTOS antibodies from all the vaccine groups significantly inhibited oocyst formation in A. stephensi relative to the NMS control group (P � 0.0001 by a Mann-
Whitney U test). Ag, PfCelTOS antigen.
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lular mechanisms, such as phagocyte activation and complement fixation, and have
the ability to bind to protein antigens.

In subunit vaccine development, the quality of antibodies that may possibly deter-
mine protection against a certain pathogen must be considered (62). In this work,
adjuvanted vaccine group 5 that received the subunit antigen with a combination of
three distinct adjuvants (MCQ) reflected high-avidity specific anti-PfCelTOS IgG anti-
bodies, indicating that the maturation of the immune response resulted in an enhanced
avidity of antibodies to recombinant PfCelTOS. Moreover, a sustained and high level of
antibody response to PfCelTOS antigen was detected, with a gradual decline at day 180
following the first immunization, in adjuvanted vaccine group 5, which suggests long
persistence and high stability of immune responses in this vaccine group. However, in
the nonadjuvanted vaccine group (group 1), a specific anti-PfCelTOS IgG antibody
with intermediate avidity was detected, indicating that the adjuvants MPL, CpG, and
QS-21, and in particular their combination, have a key role in the maturation and
persistence of anti-PfCelTOS antibody responses with high titers and avidity, and these
points can be considered in the development of subunit PfCelTOS-based vaccine.

Complex pathogens such as P. falciparum require both antibodies and cell-mediated
responses, which result in the activation of effector CD4� and/or CD8� T cells. CD4� T
cells not only secrete cytokines that activate macrophages to destroy phagocytosed
pathogens but also provide help to antibody-producing B cells to facilitate the devel-
opment of high-affinity antibodies and memory B cells. In this work, an admixture of
the MPL, CpG, and QS-21 adjuvants with the PfCelTOS antigen induced a significantly
higher level of IFN-� production than in the group receiving the antigen without any
adjuvant as well as in the control groups. However, it should be noted that the
coadministration of MCQ with PfCelTOS in the immunized mice induced significantly
higher levels of IFN-� than in those that received MPL, CpG, or QS-21 alone.

In this regard, it has been reported that MPL induces antigen-specific T cells
producing IFN-� and antibody isotype switching toward IgG2a antibodies in mice (63).
Therefore, activation of TLR4 by MPL might stimulate the maturation of antigen-
presenting cells and secretion of cytokines, such as IL-6, TNF-�, IL-1, IFN-�, and IL-12,
which are crucial for the activation and differentiation of B and T cells (64–66) that lead
to enhanced humoral and cellular immune responses. CpG ODN stimulates IFN-�
production by the expression of IL-12 through macrophages (67) and/or indirectly
activates NK cells (68, 69). QS-21 also shifts the response to a more Th1-biased response;
stimulates the induction of Th1 cytokines, such as IL-2 and IFN-�; as well as shifts
specific antibodies to the IgG2a isotype to the target protein antigens (38, 59, 60). The
role of the IFN-� and TNF-� cytokines in Plasmodium infection is resistance against
infection, as a previous work reported that treatment with anti-TNF-� monoclonal
antibody results in a reduced level of IFN-� and, thus, longer times for parasite
clearance (70).

It has been suggested that Plasmodium infections may possibly promote the
induction of the cytokine IL-10 (as an immunoregulator), which has a crucial role in
inhibiting the effects of cytokines released by Th1 cells (71). Therefore, the low level of
production of IL-10 (�100 pg/ml) in vaccine groups confirms and supports the notion
that the MPL, CpG, and QS-21 adjuvants increase the level, avidity, and persistence of
anti-PfCelTOS antibodies as a result of the enhancement and stimulation of the Th1
cytokines. Moreover, it has been shown that exogenous IL-12 (72) and IL-4 (73) promote
Th1 and Th2 differentiation of Th effector cells, respectively. In this work, the induction
of IFN-� and TNF-� (which promote Th1 responses), but not IL-10 and IL-4 (which
promote Th2 responses), suggests that the administration of these three adjuvants in
vivo may generate a Th1 immune response by the induction of CelTOS-specific CD4�

T cells that promote the production of higher levels of proinflammatory Th1 cytokines
and lower levels of T-regulatory IL-10 and IL-4 cytokines. On this basis, as the Th1
cytokines are necessary for the induction of mature and high-avidity antibodies to
specific antigens, the switching of the anti-PfCelTOS IgG antibodies to IgG2a and IgG2b
isotypes and the ratios of IgG2a/IgG1 (1.24 to 2.76 in groups 2 to 5) and of IgG2b/IgG1
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(0.93 to 1.16 in groups 2 to 5), which were higher in the adjuvanted vaccine groups
than in nonadjuvanted vaccine group 1 (IgG2a/IgG1 ratio, 1.19; IgG2b/IgG1 ratio,
0.92), provide more evidence for the ability of MPL, CpG, or QS-21 alone or, in
particular, their combination to shift the immune response to Th1, which might
help eliminate infection.

In general, based on previous reports (36, 74) and the support of the present results,
combining different types of adjuvants with distinct mechanisms into antigen-specific
formulations could induce appropriate, broadly immune responses and durable efficacy
to improve vaccine formulations that will ultimately lead to protection against disease.
Such an observation was comparable to those of studies that used a live-attenuated
yellow fever vaccine that activates multiple DC subsets through TLR2, TLR7/8, and TLR9,
which trigger the activation of different signaling pathways (e.g., MyD88 and TRIF), thus
leading to a robust, balanced immune response (75). Moreover, lessons from the RTS,S
(P. falciparum circumsporozoite protein) vaccine in different clinical trials suggested
that AS01 (a liposomal suspension of MPL/QS-21), AS02 (oil-in-water emulsion of
MPL/QS-21), and AS04 (alum/MPL) show higher efficacy than formulations containing
either an antigen alone or an antigen with only one adjuvant (76, 77).

One of the most crucial bottlenecks for the development of malaria parasites in the
female Anopheles host is ookinete-to-oocyst transformation in the mosquito midgut
basal lamina (8). In this work, the TRAs (functional activities) of anti-PfCelTOS from the
immunized mouse groups that received the antigen formulated with MPL, CpG, and
QS-21 alone were comparable; however, the coadministration of the subunit antigen
with these three adjuvants significantly enhanced PfCelTOS-specific antibody avidity
and inhibition. In fact, the presence of such responses (anti-PfCelTOS antibodies and
CelTOS-specific CD4� T cells) in the blood meal could prevent ookinete development
in the mosquito host through binding to the ookinetes and blocking their traversal,
thus preventing further development into oocysts in the midgut basal lamina. More-
over, since PfCelTOS is an important protein for the traversal of the parasite in both
hosts (human and mosquito), such a high-avidity anti-PfCelTOS antibody might also
impair sporozoite motility and hepatocyte infectivity in the human host, as previously
shown in the murine model (7–9). Thus, a PfCelTOS-based vaccine could be more
effective in inhibiting immune escape of parasites at different stages.

Also, the use of different adjuvants with multiple signaling pathways may reason-
ably increase the quantity, quality, longevity, and functional activities of specific
anti-PfCelTOS antibodies. Actually, such a formulation that combines a recombinant
antigen with different adjuvants could have a larger impact on population transmission
than a single-antigen-adjuvanted vaccine by increasing efficacy at lower antibody titers.
This result again confirms that triggering multiple TLRs could be essential for functional
antibody responses, as shown previously (78). In the present work, although the
high-avidity anti-CelTOS antibodies did not absolutely block parasite development in
mosquitoes, this finding could encourage further research aimed at using different
potent vaccine adjuvant formulations and/or combining PfCelTOS with other potent
blocking antigens (multiantigenic) to improve PfCelTOS-based vaccines. Thus, the
present data confirm and provide further proof for using this protein as a multiple-
stage vaccine candidate in VIMT development (8, 9, 11, 52).

In conclusion, the present work provides new approaches to the development of a
PfCelTOS-based vaccine by screening adjuvants that have the ability to enhance
subunit vaccine immunogenicity and to induce high-quality as well as persistent
humoral and cellular immune responses with functional activity. Since PfCelTOS has a
short time of exposure to the immune system with low natural boosting, an adjuvant(s)
could help maintain robust memory immune responses. Thus, in the present work, it
was noticeable that coadministration of MCQ adjuvants (with distinct mechanisms)
with the E. coli-expressed PfCelTOS antigen enhanced and improved the immunoge-
nicity of the recombinant antigen, which generated more bias toward a Th1 response,
with significantly enhanced anti-PfCelTOS avidity and titers. Such functional responses
could impair ookinete development in A. stephensi. Therefore, based on the present
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findings, it could be suggested that adjuvant combinations with different mechanisms
stimulate better functional antibody responses than adjuvants individually against
challenging diseases such as malaria.

MATERIALS AND METHODS
PfCelTOS antigen preparation for immunological study. The sequence of the Pfceltos gene

representing amino acids 25 to 182 (GenBank accession no. MF371005.1) was cloned, expressed, and
purified as described previously (50). Briefly, the recombinant plasmid pET23a-PfCelTOS was transformed
into E. coli BL21(DE3), and transformants were used for the expression of PfCelTOS in Terrific broth (TB)
in the presence of 0.5 mM isopropyl-�-D-thiogalactopyranoside (IPTG; Thermo Scientific, Waltham, MA,
USA). The pellet of recombinant clones was collected 16 h after induction and kept at 	80°C until use.
The C-terminal His tag fusion protein was then purified with Ni-nitrilotriacetic acid (NTA) agarose (Qiagen,
Hilden, Germany) under denaturing conditions. Subsequently, the eluates containing PfCelTOS were
desalted with Econo-Pac 10 DG columns (Bio-Rad, Hercules, CA, USA) according to the manufacturer’s
protocol and concentrated with a concentrator (Eppendorf, Hamburg, Germany). The concentration of
the purified recombinant protein was determined by a Bradford assay (79), with a spectrophotometer
(DeNovix, Wilmington, DE, USA) at 595 nm. The obtained protein was analyzed by 15% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then confirmed by Western blot analysis
using both monoclonal penta-His antibody (Qiagen) and pooled P. falciparum-infected patient sera (50).
By using a Limulus amoebocyte lysate (LAL) chromogenic kit (Lonza, Walkersville, MD, USA), the level of
bacterial endotoxin was measured in the Quality Control Unit of the Recombinant Protein Production
Complex of the Pasteur Institute of Iran, Karaj.

Mouse immunization strategy with different vaccine formulations. Inbred female BALB/c mice (6
to 8 weeks old) were obtained from the Department of Laboratory Animal Science at the Pasteur Institute
of Iran (Karaj) and immunized with the purified recombinant protein. All the animal procedures were
done according to protocols approved by the Committee of Animal Ethics of the Pasteur Institute of Iran
(IR.PII.REC.1395.4). For immunization, female BALB/c mice (n � 160) were randomly distributed into 10
groups (with each group containing 16 mice) (Table 1). The mice were immunized subcutaneously on
days 0, 14, and 28 at the base of the tail with a volume of 200 �l containing purified PfCelTOS
(10 �g/mouse at prime and 5 �g/mouse at boost based on the optimization approach) alone (as the
nonadjuvanted vaccine group) or in combination with an equal volume (10 �g/mouse based on the
optimization approach) of adjuvants MPL, CpG, and QS-21 alone (all from InvivoGen, San Diego, CA, USA)
and as a mixture (MCQ) (5 �g/mouse of each adjuvant based on the optimization approach) as the
adjuvanted vaccine groups (Table 1). As negative controls, mice were immunized with sterile 1� PBS (pH
7.4), MPL (10 �g/mouse), CpG ODN (10 �g/mouse), and QS-21 (10 �g/mouse) alone and as a mixture
(MCQ) (5 �g/mouse of each) (Table 1).

ELISA. Mouse serum samples were collected from the tail vein before the first immunization (as
preimmune serum or NMS) and on days 10, 24, 38, and 180 after the primary immunization and
evaluated for anti-PfCelTOS antibody responses and their persistence using an ELISA. The optimal
antigen concentrations and the dilutions of the primary and secondary antibodies were determined by
a checkerboard cross-titration assay. In brief, purified PfCelTOS (20 ng/well) in 0.06 M carbonate-
bicarbonate buffer (pH 9.6) was used as an antigen, and MaxiSorp flat-bottom 96-well microplates (Jet
Bio-fil Co., Ltd., China) were coated with the antigen and kept at 4°C overnight. The plates were then
washed three times with PBS-T buffer (1� PBS containing 0.05% Tween 20) and blocked with 1� PBS
containing 2% bovine serum albumin (BSA; Roche, Switzerland) at room temperature (RT) for 2 h. After
washing, duplicate wells were incubated with a 1:200 dilution of individual mouse serum samples (in
PBS-T containing 0.5% BSA) at RT for 90 min. The plates were washed and incubated with 100 �l of a
1:25,000 dilution of goat anti-mouse IgG antibody conjugated with horseradish peroxidase (HRP;
Sigma-Aldrich Co., St. Louis, MO, USA) at RT for 60 min. Bound IgG antibodies were visualized after adding
o-phenylenediamine (OPD)–H2O2 (Sigma-Aldrich) as a substrate, the reaction was then stopped with 2 N
H2SO4, and finally, the absorbance (OD490) was measured using an ELISA microplate reader (BioTek,
Winooski, VT, USA). The ELISA cutoffs were measured from the average of the NMS (n � 30) plus 3
standard deviations (SD). In order to evaluate the IgG subclass responses to PfCelTOS, the test was
performed as described above, and instead of goat anti-mouse IgG-HRP, 100 �l of either goat anti-mouse
IgG1, IgG2a, IgG2b, or IgG3 (diluted 1:1,000 in PBS-T buffer) (Sigma-Aldrich) as a secondary antibody was
added to each well and incubated at RT for 1 h. After washing, the plates were incubated with a 1:10,000
dilution of anti-goat IgG-HRP (Sigma-Aldrich) at RT for 1 h, and the reaction was then developed by using
an enzyme-specific substrate, as mentioned above.

Anti-PfCelTOS antibody titration and avidity. Antibody titration was done to assess the endpoint
titers of anti-PfCelTOS raised in mice on days 38 and 180 after the first immunization by an ELISA. To this
end, the ELISA was performed as mentioned above, but after antigen coating and blocking, pooled sera
from each mouse group were used in serial dilutions (1:200 to 1:409,600), and the titration endpoints of
anti-PfCelTOS total IgG, IgG2a, and IgG2b antibodies were obtained as the last dilution of serum with an
OD490 value above the cutoff. For avidity antibodies (IgG, IgG2a, and IgG2b), individual mouse serum
samples obtained on day 38 (n � 16) and day 180 (n � 10) after the first immunization were used. To do
the avidity ELISA, two MaxiSorp plates (Jet Bio-fil, China) were coated with the PfCelTOS antigen
(20 ng/well) and blocked with 2% BSA for 1 h. After a washing step, the individual mouse serum samples
(1:200) were incubated at RT for 90 min. In the next washing step, one of the plates was washed three
times with PBS-T, and the other plate was washed with dissociation buffer containing PBS-T-urea (8 M),
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with vigorous shaking. Incubation with secondary antibody, washing steps, and development of the
enzyme reaction were performed as described above for the ELISA. The AI was estimated as the ratio
between the OD value of urea-treated samples and that of the nontreated samples multiplied by 100.
Low-, intermediate-, and high-avidity anti-PfCelTOS-specific antibodies were determined as AI values of
�30%, 30% to 50%, and �50%, respectively.

Lymphocyte proliferation assay. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
thiazolyl blue (MTT) dye was used for the proliferation assay of mouse lymphocytes on days 38 and
180 after the first immunization. Mice from each group (n � 4) and at each time point were
euthanized under sterile conditions. The spleens were removed, and a single-cell suspension of the
spleens was prepared in RPMI 1640 medium (Gibco, Invitrogen, Scotland, UK). Next, by using
ammonium chloride-potassium lysis buffer (pH 7.2), the red blood cells were lysed, and the cells
were washed. The cells were then resuspended in complete culture medium containing RPMI 1640
medium (Gibco), 5% fetal calf serum (FCS; Sigma-Aldrich), 2.3 � 10	2 mM 2-mercaptoethanol,
penicillin-streptomycin (100 U–100 �g/ml), and 10 mM HEPES (Sigma-Aldrich), and their viability was
assessed by trypan blue dye exclusion. Next, 100 �l of the cell suspension (2 � 106 cells/ml) was
cultured in a flat-bottom 96-well tissue culture plate (Orange Scientific, EU, Belgium) in triplicates in
the presence of concanavalin A (ConA) (5 �g/ml) (as the positive control), PfCelTOS (10 �g/ml), and
medium alone (as the negative control). All the cells were incubated in a 5% CO2 incubator in a
humidified atmosphere at 37°C for 48 h. Subsequently, the supernatants were removed, the
formazan crystals were dissolved in 0.04 N HCl in absolute isopropanol, and the OD was measured
at 550 nm. The stimulation index (SI) was calculated by dividing the mean absorbance of the cells
with the antigen by the mean absorbance of the cells without the antigen.

Cytokine assays. Extracellular cytokine profiles of stimulated splenocytes of mice immunized with
PfCelTOS were assessed using murine cytokine immunoassay kits (R&D Systems, Minneapolis, MN, USA).
To perform this test, the splenocytes of each mouse group (n � 4) on days 38 and 180 after the primary
immunization were cultured as described above. After optimization, the supernatants of splenocyte
cultures, which were stimulated with the target antigen (10 �g/ml), were collected at 24 and 48 h (for
IL-4) and at 72 h (for IL-10, TNF-�, and IFN-�). For the quantitative estimation of cytokine levels, standard
curves were created with known concentrations of recombinant mouse IL-4, IL-10, TNF-�, and IFN-� for
each experiment. All the tests were performed in duplicate, and the mean concentration (�SD) was
recorded for each set of samples.

Assessment of functional transmission-reducing activity of anti-PfCelTOS antibodies. The
ability of anti-PfCelTOS IgG antibodies to inhibit the development of P. falciparum strain NF54 (a kind gift
from the Pasteur Institute of Paris) in female A. stephensi mosquitoes (mysorensis; maintained at the
National Insectarium of the Pasteur Institute of Iran, Karaj) was assessed by an SMFA. In brief, P.
falciparum NF54 parasites were cultured continuously on human erythrocytes (RBCs) (O� blood group;
Blood Transfusion Organization, Tehran, Iran) in RPMI 1640 medium (Gibco) supplemented with 5%
pooled human AB� serum, 0.2% (wt/vol) AlbuMAX II (Gibco), 25 mM HEPES, 50 mg/liter of hypoxanthine,
1.96 g/liter of glucose, and 25 mM NaHCO3 (pH 7.2). The production of mature stage V gametocyte for
mosquito feeding was performed based on a previously reported method (80), and the culture was
monitored microscopically daily. Different stages of gametocytes were distinguished according to the
guidelines of Carter and Miller (81). Under these conditions, a high level of mature gametocytes (stage
V) with exflagellation ability will be visible on day 12. For the SMFA, female mosquitoes (4 to 5 days old;
n � 50 per cup) were placed into pint-size ice cream cups 1 day before infectious blood feeding and
starved overnight. For feeding female A. stephensi mosquitoes via a parafilm membrane, mature stage V
P. falciparum NF54 gametocytes (with 1 to 3 exflagellating centers per �40 field) were mixed with
washed human O� blood at 50% hematocrit in prewarmed human AB� serum. An equal amount of
human sera of either pooled sera from the negative-control groups (nonadjuvanted, NMS; adjuvanted,
MPL, CpG, and QS-21 alone and the MCQ combination) or neat sera from different vaccinated groups
(groups 1 to 5) was then added to the mixture, and the mixtures were placed into each membrane
feeder. The mosquitoes were allowed to feed for 20 min, and all fully engorged mosquitoes were then
maintained at 80% relative humidity at 26°C and provided with fresh damp cotton soaked in 10% sugar.
Nine to 10 days after feeding, midguts from surviving mosquitoes were dissected and stained with 0.2%
mercurochrome in 1� PBS for 10 min, the oocysts were counted under a light microscope, and the
number of infected mosquitoes and the percent reduction in infection intensity were recorded relative
to the control group. Two independent replicate experiments were performed, oocyst counts were
determined, and finally, the data were pooled for statistical analysis. For the SMFA, the percent inhibition
of mean oocyst intensity was estimated as 100 � [1 	 (mean number of oocysts in the test group/mean
number of oocysts in the control group)]. Also, the percent inhibition of oocyst prevalence was calculated
based on the following formula: 100 � [1 	 (proportion of mosquitoes with any oocysts in the test
group/proportion of mosquitoes with any oocysts in the control group)].

Statistical analyses. A database was created with IBM SPSS Statistics for Windows, version 20.0. (IBM
Corp., Armonk, NY, USA). Comparisons between the mouse groups for antibody levels and cellular
immune responses were assessed by one-way ANOVA, followed by Tukey’s HSD post hoc test. In addition,
the paired-sample t test was used to evaluate the persistence of humoral and cellular immune responses
in each group on days 38 and 180 after the primary immunization. Significant differences in the rates and
intensities of infection were determined by Fisher’s exact test and a Mann-Whitney U test, respectively.
For all tests, P values of �0.05 were considered statistically significant.
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