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Circumsporozoite protein (CSP) is a sporozoite major surface protein of Plasmodium species. The protein
showed promising protection level as a vaccine candidate against Plasmodium falciparum infection.
There is a lack of studies on P. knowlesi CSP (PkCSP) as a vaccine candidate due to the high polymorphic
characteristic of central repeat region. Recent studies showed the protein has a relatively conserved
region at the C-terminal, which consists of T- and B-cell epitopes. This could be the target region for
vaccine development against the pre-erythrocytic stage of the parasite. In this study, recombinant
PkCSP was expressed using Escherichia coli system. Recombinant PkCSP was immunized in animal
models and the antiserum was evaluated using immunoblot analysis. Results showed that PkCSP can
be successfully expressed using the bacterial system. Endpoint titre of the antiserum were ranged up
t0 1:819200. Immunoblot analysis showed the antiserum recognized recombinant PkCSP but not total
protein extract from P. knowlesi erythrocytic stage. In conclusion, PkCSP could elicit strong immune
response in animal models. However, serum antibodies could not recognize protein from the parasite’s
erythrocytic stage extract indicating it is not expressed at the erythrocytic stage. Therefore, PkCSP
remains as a potential pre-erythrocytic vaccine candidate against P. knowlesi infection.
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INTRODUCTION

Plasmodium knowlesi has been the predominant species causing
malaria in Malaysia for the past few years. Knowlesi malaria has
been reported in several Southeast Asia countries such as Cambodia,
Indonesia, Myanmar, the Philippine, Thailand, and Singapore
(Luchavez et al., 2008; Ng et al., 2008; Figtree et al., 2010; Jiang et
al., 2010; Jongwutiwes et al., 2011; Khim et al., 2011). In addition,
the animal hosts, Macaca fascicularis, Macaca nemestrina, and
Macaca leonina as well as the mosquito vector, female Anopheles
mosquitoes are found in forested and agricultural areas of these
regions, thereby increasing the chance of the parasite transmission
to human (Moyes et al., 2016; Zhang et al., 2016; Zaw & Lin, 2019).
Knowlesi malaria can develop into potentially fatal complications if
not treated immediately (Daneshvar et al., 2009).
Circumsporozoite protein (CSP) is a major surface protein of
Plasmodium sporozoites. The amino acid sequences of CSP across
Plasmodium species have a well-conserved overall domain structure,
with two non-repeat end regions, N- and C-terminal, which flank a
central repeat region, which is highly polymorphic among species
(Aldrich et al., 2012). There are two highly conserved motifs located
at the end of each terminal, Region | and Il. Region | is a short motif
containing 5 amino acids (KLKQP) and it is found in all malaria
parasites except for the avian Plasmodium species. The motif was
suggested to have a role in sporozoite recognition and entry into

hepatocytes. At the C-terminal, region Il shares similar sequence
to type 1 repeat of thrombospondin. Disruption of this region has
shown to impair sporozoite motility and affects sporozoite infectivity
to the host (Tewari et al., 2002).

CSP plays crucial roles in Plasmodium pre-erythrocytic life
cycle. It involves in development and motility of the sporozoites
in mosquito host, attachment of sporozoites to hepatocytes, and
invasion of the hepatocytes (Zhao et al., 2016). The protein is one
of the main vaccine candidates for P. falciparum infection as it
is present in large amount on the surface of the sporozoites and
has high immunogenicity in human hosts. RTS’S/ ASO1 vaccine,
commercially known as Mosquirix™ (GlaxoSmithKline Biologicals,
United Kingdom) is developed based on P. falciparum CSP to prevent
invasion of sporozoites into the hepatocytes. The vaccine is currently
undergoing phase 4 clinical trial with a few adverse effects being
reported (Almeida et al., 2021). This vaccine antigen composed of
the highly conserved tandem repeat NANP amino acid sequence
and the C-terminal region which consists of T- and B-cell epitopes,
with hepatitis B surface antigen as the carrier matrix (Almeida et
al., 2021). Previous clinical trials have proven that this vaccine is
effective in reducing severe malaria rates (Laurens, 2020).

Unlike P. falciparum CSP, there is no vaccine for P. knowlesi
infection. Recent studies have identified a few P. knowlesi vaccine
candidates such as merozoite surface protein 1 (MSP-1), apical
membrane antigen 1 (AMA-1), and merozoite surface protein 7D
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(MSP7D) (Mahdi Abdel Hamid et al., 2011; Cheong et al., 2013;
Ahmed & Quan, 2019). P. knowlesi CSP however, was left out of the
picture due to its highly polymorphic characteristic at the central
repeat region (Lee et al., 2011). Nonetheless, genetic diversity study
on PkCSP revealed that the C-terminal non-repeat region of the
protein is relatively conserved and hence, it could be beneficial for
the development of P. knowlesi vaccine (Chong et al., 2020). Studies
by Gordon et al. (1995) and Young et al. (1985) showed that the
P. falciparum CSP expression in heterologous expression systems
could be difficult therefore, it is necessary to know whether PkCSP
can be expressed using the common bacterial expression system. In
this study, recombinant PkCSP was expressed, and its immunogenic
property was confirmed with immunoblot analysis.

MATERIALS AND METHODS

Construction of recombinant PkCSP plasmid

P. knowlesi genomic DNA was extracted from P. knowlesi strain
A1H1 culture using blood extraction kit (QIAGEN, Hilden,
Germany). Primers for PkCSP were designed based on the PkCSP
gene sequence from P. knowlesi strain H genome assembly,
chromosome 8 (NCBI reference sequence: NC_011909, Location:
1757461-1758552). DNA encoding for the signal peptide of PkCSP
(Amino acid position: 1-19) was excluded during the design of
primers. BamH| restriction sites were introduced to the primer
pair design to facilitate cloning. The CSP gene was amplified using
single-step polymerase chain reaction (PCR) with the primer pair
PKCSP FP: 5'-GGATCCACACACTTCGAACATAATG-3’ and PkCSP RP:
5’-GGATCCTTAATTGAATAATGCTAGGAC-3'". The PCR conditions were
as follows: initial denaturing step at 95°C for 4 minutes; 35 cycles at
95°C for 30 seconds, 51°C for 45 seconds, and 72°C for 80 seconds;
final elongation step at 72°C for 10 minutes. The PCR product was
cloned into pGEM®-T plasmid vector (Promega Corporation, USA).
Then, the recombinant plasmid was digested using BamHI restriction
enzyme (New England Biolabs, Inc., USA) and subsequently cloned
into Novagen® pET-30a(+) (Merck KGaA, Germany, USA) which allows
the expression of polyhistidine (His)-tagged recombinant proteins
in E. coli. Subsequently, the recombinant plasmid was transformed
into Escherichia coli expression host T7 Express lysY/I9 (New England
Biolabs, Inc., USA). All the recombinant plasmids constructed were
sent for sequencing to verify the gene identity as well as confirming
the integrity and orientation of the PkCSP gene before expression.

Expression of PkCSP

Single colony T7 host cell containing recombinant PkCSP plasmid
was inoculated and propagated overnight in Luria-Bertani (LB) broth
containing kanamycin (30 pg/ml) and chloramphenicol (35 pg/ml)
at 37°C with constant shaking at 250 rpm. Next day, the overnight
culture was sub-cultured in LB broth until the optical density at 600
nm (ODgqp) reached 0.4-0.6. The culture was induced with 1 mM
isopropyl B-D-1-thiogalactopyanoside (IPTG). One millilitre of cell
fraction was obtained at 2-, 4- and 6-hour post IPTG induction. Cell
pellets were harvested by centrifugation at 6500 rpm for 10 minutes
and stored at -20°C for SDS-PAGE analysis. After determining the
optimal expression time for PkCSP post-IPTG induction, large scale
protein expression was carried out and the cell pellets were stored
at -80°C for purification purpose.

Purification of recombinant PkCSP

Recombinant PkCSP (rPkCSP) was affinity purified under hybrid
condition of the ProBond™ purification system (Invitrogen,
USA). Fifty millilitre of cell pellet was resuspended in 8 mL of 6 M
guanidinium lysis buffer (pH 7.8) and incubated on ice for 10 min to
lyse the cell pellet. Then, the pellet was further lysed by sonication
to break the cells until clear lysate was obtained. Purification column
containing nickel-NTA (Ni-NTA) agarose resin was prepared under
denaturing condition. The His-tagged protein was then allowed to
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bind to the Ni-NTA resin on ice for 2 hours. The column was moved
onto a stand and the resin was allowed to settle to the bottom of
the column. The remaining lysate supernatant was removed, and
the resin was washed with denaturing binding buffer (pH 7.8),
denaturing wash buffer (pH 6.0) and native wash buffer (pH 8.0)
according to the manufacturer’s instruction to obtain refolded
rPkCSP protein. The purified recombinant PkCSP was eluted with
native elution buffer (pH 8.0) which consists of 250 mM imidazole.
The purity of recombinant PkCSP was determined via SDS-PAGE and
western blot analysis.

Dialysis of PkCSP

The PkCSP protein was dialysed in phosphate buffered saline (PBS).
Briefly, the purified recombinant protein was transferred into dialysis
tubing with a molecular weight cut-off point of 10 kDa and dialysed
against 1X PBS for up to 16 hours at 4°C with 2 buffer changes
during the duration of dialysis. The buffer-to-sample volume ratio
used was 300:1 to maintain the concentration gradient. Finally,
the concentration of the dialysed recombinant PkCSP protein was
determined using Quick Start™ Bradford Protein Assay (Bio-Rad
Laboratories, USA).

SDS-PAGE, Coomassie brilliant blue staining and Western blot
Crude protein lysate and purified recombinant PkCSP were
resolved in 12% SDS-PAGE under reducing conditions using
-mercaptoethanol as the reducing agent. The gels were stained
with coomassie brilliant blue to reveal the protein bands. Purified
recombinant PkCSP was excised from SDS-PAGE gel and sent for
protein identification using MALDI/TOF.

Separated proteins were transferred onto polyvinylidene
difluoride (PVDF) membrane and blocked overnight in 5% blocking
buffer (1X tris-buffered saline (TBS) containing 5% skimmed milk) at
4°C. The membrane was probed with His-Tag® monoclonal antibody
(EMD Millipore Corp., USA) diluted with 2.5% blocking buffer
(1:2500 dilution) for one hour at room temperature. The membrane
was washed three times with 0.2% TBS-T (1X TBS containing 0.2%
Tween-20) and incubated with biotin-labelled goat anti-mouse IgG
(1:2500 dilution) for one hour, followed by alkaline phosphatase-
conjugated streptavidin (1:2500 dilution) for one hour. Finally, nitro
blue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate (NBT/BCIP)
was added in the dark to develop colour.

Animal ethics

The animal use protocol was reviewed and approved by the Faculty
of Medicine, Institutional Animal Care and Use Committee, Universiti
Malaya (2019-201010/PARA/R/TIH).

Mice immunization

Six- to eight-week-old female BALB/c mice were used for
immunization (n=3). Purified PkCSP, 30 pg, was mixed with complete
freund’s adjuvant at 1:1 ratio and the mixture were injected into
mice as primary immunization (day 0). For booster injections, 30
ug of purified PKCSP mixed with incomplete freund’s adjuvant
and administered on day 14 and 21. All injections were given
subcutaneously. Serum of each mouse was collected on day 0, 14,
21 and 31.

Determination of endpoint titre of mice sera

Indirect ELISA was carried out to determine the endpoint titre of
day 31 post-immunization mice antisera. The mice antisera were
serially diluted by 2-fold starting from 1:400 dilution to 1:819200
dilution in 1% BSA/PBS. Cut-off value was set to be mean+2SD of
the pre-immune serum of each mouse. Horseradish peroxidase-
labelled anti-mouse 1gG + IgM (1:2500 dilution) was used as the
enzyme-conjugated secondary antibodies. Antiserum from the most
reactive mouse was used in immunoblot analysis of the P. knowlesi
total protein extract and the expressed recombinant PkCSP.
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P. knowlesi total protein extract preparation and immunoblot
analysis

Erythrocytic stage P. knowlesi total protein extract was extracted from
P. knowlesi strain A1H1 culture (5% haematocrit, 5% parasitaemia)
according to Cooper (2002). Briefly, 5 ml parasite culture was washed
with 45 ml PBS for three times at 800 x g, 5 mins at 4°C. Red blood
cells were lysed with 0.01% saponin in PBS and rocked on ice for
10 mins before washing with PBS. Finally, the parasite extract was
pelleted at 1800 x g for 10 mins and resuspended in 1X SDS sample
buffer for SDS-PAGE.

PkA1H1 total protein extract was loaded to the wells of SDS-
PAGE gel along with pET-30a(+) lysate, crude recombinant PkCSP
lysate, and purified recombinant PkCSP. The resolved proteins
were stained with coomassie brilliant blue for visualisation of the
protein bands. The separated proteins were transblotted onto
PVDF membrane and the western blot assay was carried out using
recombinant PkCSP mouse antiserum (1:250 dilution) to probe
the blocked membrane. Biotin-labelled goat anti-mouse 1gG + IgM
(1:2500 dilution) was used as a secondary antibody. Following this,
the membrane was incubated in alkaline phosphatase-conjugated
streptavidin (1:2500 dilution) for one hour. Lastly, the chromogenic
substrate NBT/BCIP was added to the membrane. The colour was
allowed to develop at room temperature in dark.

RESULTS

Cloning and sequencing of the recombinant PkCSP

The amplified PkCSP fragment from P. knowlesi strain A1H1 genomic
DNA has a size of 1047 bp (including RE cutting site GGATCC). The
sequenced gene was analysed using Standard Nucleotide BLAST
(BLASTn) and showed a percentage identity of 99% when compared
to the reference gene, confirming the identity of the amplified gene
sequence as P. knowlesi CSP gene. Nucleotide sequence alignment
with the reference gene was shown in Supplementary file 1. Amino
acid sequence of the recombinant PkCSP was deduced from the
nucleotide sequence using BioEdit software. Region | and Il motifs,
central repeat region, and the T-cell epitopes in the C-terminal
region were identified from the deduced amino acid sequence (see
Supplementary file 2).

Expression and purification of recombinant PkCSP
With the optimal expression condition, the culture lysate at 4 hours
post-IPTG induction showed thicker band at approximately 55 kDa
when compared to the non-recombinant plasmid control (Figure 1A).
Recombinant PkCSP was purified under hybrid condition using
Ni-NTA column. The purified protein was resolved in SDS-PAGE.
Western blot assay using His-Tag® monoclonal antibody revealed
the recombinant PkCSP protein band at ~55 kDa whereas the
non-recombinant plasmid control did not show any band (Figure
1B). The recombinant PkCSP protein band excised from the SDS-
PAGE was confirmed to be P. knowlesi protein by MALDI/TOF
(see Supplementary file 3). Quantification of recombinant PkCSP
indicated a concentration of protein that is ranged from 0.1 mg/ml
to 0.3 mg/ml for a 200 mL culture.

Determination of endpoint titre of mice antisera

Endpoint titre is the reciprocal of the highest sample dilution that
gives a positive reaction, which is indicated by an absorbance reading
above the cut-off value (Frey et al., 1998). In this study, endpoint
titres of the recombinant PkCSP mice antisera were determined by
indirect ELISA assay. Overall, high antibody response towards PkCSP
was observed, with the endpoint titre ranging between 1:204800
and 1:819200 dilution (Figure 2). Mouse 3 (M3) had the highest
endpoint titre (1:819200 dilution), hence the antiserum from M3
was used for immunoblot analysis.

Immunoblot analysis of recombinant PkCSP and P. knowlesi total
protein extract using recombinant PkCSP mouse antiserum

The antiserum collected from the mouse immunized with
recombinant PkCSP protein was probed against recombinant PkCSP
protein and P. knowlesi total protein extract. The results of the assay
showed that the antiserum recognized recombinant PkCSP protein
at ~55 kDa (Figure 3B, lane 2 and 3, arrows). Low cross-reactivity
with E. coli proteins was observed (Figure 3B, lane 1) with minimal
nonspecific bands observed. There was no band seen in the P.
knowlesi total protein extract.
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Figure 1. Recombinant PkCSP expressed using T7 expression system and purified with ProBond™ purification system. (A) Recombinant PkCSP
was observed at ~55 kDa 4 hours post-IPTG induction (lane 4, arrow) under coomassie brilliant blue stained SDS-PAGE gel. Lanes 1 and 3 are
pET-30a(+) at 0 and 4 hours respectively; lanes 2 and 4 are recombinant PkCSP at 0 and 4 hours respectively. (B) Coomassie brilliant blue
stained SDS-PAGE gel showing purified pET-30a(+) (lane 1) and purified recombinant PkCSP (lane 2, arrow). (C) Western blot assay showing
recombinant PkCSP was probed with His-Tag monoclonal antibodies at ~55 kDa. Lane 1: empty lane; lane 2: purified pET-30a(+); lane 3: purified

recombinant PkCSP.
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Figure 2. Endpoint titre assay for day 31 post-immunization mice antisera. High endpoint titres were observed for all three mice ranging between
1:204800 and 1:819200 dilution, with mouse 3 (M3) having the highest endpoint titre. Note: M = mouse.

(A) (B)

Figure 3. Immunoblot analysis of recombinant PkCSP and P. knowlesi total protein extract using recombinant PkCSP mouse antiserum. (A)
Proteins were resolved in 12% SDS-PAGE and stained with coomassie brilliant blue to reveal the protein bands. (B) Western blot assay showing
bands that were probed with recombinant PkCSP mouse antiserum (1:250 dilution). In both A and B, lanes 1-4 represent pET-30a(+) lysate,
crude recombinant PkCSP lysate, purified recombinant PkCSP and P. knowlesi total protein extract. Red arrows indicate the recombinant PkCSP
protein bands.
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DISCUSSION

In this study, E. coli expression system was chosen to express PkCSP
as the method is simple, cost-effective, and able to express high
yield of recombinant protein. This study showed that PkCSP, which
consists of twelve 12-amino acid repeat units can be expressed using
the E. coli expression system. Signal peptide of PkCSP was removed
in the construction of recombinant PkCSP plasmids to facilitate the
expression of the protein (Vedadi et al., 2007). Purification of protein
was performed in hybrid condition, thereby exposing the protein
to denaturing conditions and then to native conditions to refold
the PkCSP protein. The expressed recombinant PkCSP appeared to
be ~15 kDa larger than its theoretical mass when resolved in SDS-
PAGE. This may be due to the presence of protein complexes that
are not fully disrupted even in the presence of reducing agents. A
similar scenario was observed by Plassmeyer et al. (2009) in which
the recombinant P. falciparum CSP expressed had a molecular mass
larger than the theoretical mass due to the incomplete separation
of the protein complexes.

The purified recombinant PkCSP was used to immunized mice.
Endpoint titre assay showed that all three mice immunized with the
recombinant PkCSP produced high level of immune response against
the recombinant PkCSP. The endpoint titres of the mice antisera were
ranged from 1:204800 to 1:819200 dilution. This indicates that PkCSP
is highly immunogenic, hence, the protein elicited strong immune
response in animal models.

Immunoblot analysis using the most reactive PKCSP mouse
antiserum showed that the antiserum recognized the PkCSP protein
at 55 kDa, validating that the antibodies in the serum can bind to the
epitopes of the linearized PkCSP protein. The immunoblot analysis
also showed that the antibodies in the PKCSP mouse antiserum do
not recognize any protein from the resolved P. knowlesi total protein
extract, which contains Plasmodium parasites of different stages
except for pre-erythrocytic stages. This is in line with the nature of
the protein in which it is found expressed only in sporozoite surface.

In conclusion, recombinant PkCSP was successfully expressed
using E. coli expression system. Antiserum produced against the
recombinant protein was able to recognize the protein under
ELISA and western blot assay. Further immunoblot analysis against
P. knowlesi strain A1H1 extract showed that the PkCSP mouse
antiserum could not recognize any protein from P. knowlesi strain
A1H1 erythrocyte protein extract indicating that it is not expressed at
the erythrocytic stage. The limitation in the study is that immunoblot
analysis could not be performed on native PkCSP of the sporozoites.
Current available P. knowlesi culture-adapted line (A1H1) was unable
to produce gametocytes (Moon et al., 2013; Zeeman et al., 2013).
UMO1, a P. knowlesi culture-adapted line was able to produce
gametocytes however, failed to infect mosquito (Amir, 2016).
Therefore, it is difficult to obtain sporozoites for this study. Besides,
future study could also examine T cell response of PkCSP immunized
mice which was not included in this study due to limited number of
mice. Nonetheless, it is worthwhile to evaluate the species-specific
protective capacity of PKCSP antibodies against P. knowlesi infection
as immunity response induced with CSP of other species may not
confer similar protection against P. knowlesi infection and vice versa
(Nussenzweig & Nussenzweig, 1984).
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