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Abstract: In the present study, we have investigated the role of antimalarial drug halofantrine (HF) in inducing the sterile protection 
against challenges with sporozoites of the live infectious Plasmodium yoelii (Killick-Kendrick, 1967) in Swiss mice malaria model. We 
observed that during the first to third sequential sporozoite inoculation cycles, blood-stage patency remains the same in the control and 
chemoprophylaxis under HF drug cover (CPS-HF) groups. However, a delayed blood-stage infection was observed during the fourth and 
fifth sporozoite challenges and complete sterile protection was produced following the sixth sporozoite challenge in CPS-HF mice. We 
also noticed a steady decline in liver stage parasite load after 3th to 6th sporozoite challenge cycle in CPS-HF mice. CPS-HF immunisation 
results in a significant up-regulation of pro-inflammatory cytokines (IFN-γ, TNF-α, IL-12 and iNOS) and down-regulation of anti-inflam-
matory cytokines (IL-10 and TGF-β) mRNA expression in hepatic mononuclear cells (HMNC) and spleen cells in the immunised CPS-HF 
mice (after 6th sporozoite challenge) compared to control. Overall, our study suggests that the repetitive sporozoite inoculation under HF 
drug treatment develops a strong immune response that confers protection against subsequent challenges with sporozoites of P. yoelii.
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Malaria is considered one of the most leading and dead-
ly diseases worldwide. In the year 2019, nearly 229 mil-
lion new cases of malaria have been stated, resulting in 
approximately 409 thousand deaths globally (WHO 2019, 
Siddiqui et al. 2020a, Varo et al. 2021). Thus, a safe, ef-
fective and inexpensive vaccine against malaria is urgently 
warranted to close the gap left by the current intervention 
strategies (Prakash et al. 2014, Hemingway et al. 2016, 
Frimpong et al. 2018, Abuga et al. 2021). 

Immunisation against the liver stage (clinically silent 
phase) malaria parasites is represented as an effective ap-
proach to induce sterile protective immunity (Bhardwaj et 
al. 2015, Kurtovic et al. 2020). CPS-immunisation (chem-
oprophylaxis under antimalarial drugs covers) using the in-

fectious sporozoites is one of the vaccination strategies that 
is gaining widespread attention nowadays. Several studies 
using mouse malaria models showed the potential of var-
ious antimalarial drugs (i.e., chloroquine, arteether, me-
floquine, azithromycin, lumefantrine) in producing sterile 
protection using variable inoculums of viable live sporo-
zoites (Bijker et al. 2015, Bhardwaj et al. 2016, Mordmul-
ler et al. 2017, Siddiqui et al. 2021). 

However, there are still many antimalarials drugs avail-
able that have the potential to be a  good chemoprophy-
lactic agent in CPS-immunisation. Halofantrine (HF) was 
firstly developed by the Walter Reed Army Research Insti-
tute in the 1960s. It is an aminοalcοhοl structurally relat-
ed to quinine but belongs to the class of 9-phenanthrene 
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methanοls (Kolade et al. 2008). HF is well-known blοοd 
schizοntοcidal drug that acts on infected red blοοd cells 
such as trοphοzοites and schizοnts stages of malaria par-
asites (Haidar et al. 2019). HF is not effective against the 
liver stages of malaria parasites (Haidar et al. 2019), thus 
making it as an attractive chemoprophylactic agent for 
CPS-immunisation. In the present study, we have explored 
the potential of CPS-immunisation methodology using an-
timalarial drug halofantrine (HF) with live sporozoite in-
oculations in the murine Plasmodium yoelii (Killick-Ken-
drick, 1967), N67 chloroquine (CQ) resistant, Swiss Albino 
mice infection model. 

MATERIAL AND METHODS

Ethical statement
Ethical approval (No. IAEC/2012/67-N) was obtained from 

CSIR-Central Drug Research Institute’s Institutional Animal Care 
and Use Committee recognised by Committee for the Purpose of 
Control and Supervision of Experiments on Animals (CPCSEA), 
Government of India, to carry out experiments on Swiss Albino 
mice model. Therefore, all mice (control and experimental) were 
sacrificed by deep anesthesia using ether.

In vivo experimental model
Following the Institutional Animal Ethics Committee (IAEC) 

protocol, we used laboratory-bred female Swiss Albino mice 
(weight 22–24 g) for whole experiments. Plasmodium yoelii (N67 
strain-rodent malaria parasite) was used in this study. The life cy-
cle of parasite and mice were maintained by CSIR-CDRI labora-
tory and Swiss mice facility, which has been defined in detail pre-
viously (Siddiqui et al. 2020b). Swiss mice infected by P. yoelii 
were adopted to nourish mosquitoes Anopheles stephensi Liston 
by infectious blood meal for getting sporozoites at day 12 from 
mosquitoes gland (salivary). This methodology was explained 
earlier with minor changes (Siddiqui et al. 2020b). 

Before isolation of sporozoites, we monitored the infection 
rate in the mosquitoes by seeing the mosquito midgut for the 
availability of oocysts. On day 12, infected mosquitoes were 
dissected for the isolation of the salivary gland and ground with 
a  probe in little quantity of RPMI-1640 medium followed by 
centrifugation at 800 rpm for 2 minutes at 4°C. After centrifu-
gation, the supernatant was transferred in a separate tube and the 
occurrence of sporozoites under phase contrast microscope was 
observed. Hemocytometre was used for counting the sporozoites 
number and 1 × 104 sporozoites were inoculated in the mice intra-
venously. Parasitemia was observed in the mice under the micro-
scope after taking the one drop of blood from the tail of mice and 
stained with thin blood smears.

HF drug preparation and curative dose determination
HF is water-insoluble, hence the drug was first dissolved in 

Tween-80 (one to three drops) to make a  clear suspension and 
further diluted in an applicable amount of sterile water (Soni et 
al. 2015). The HF was administrated orally via syringe gavage in 
0.5 ml volume per mice as milligram/kilogram/day. The curative 
blood schizonticidal dosage of HF drug was determined by inoc-
ulating the groups of mice (n = 10, each group) intraperitoneally 
with 1 × 106 P. yoelii infected red blood cells (iRBCs) followed 

by administration of various doses of HF drug (0.5, 1, 2.5, and 5 
mg/kg/day). The drug dosing continued from the day of P. yoelii 
infection to the 3 following days (0 to +3). The untreated control 
group mice (n  =  10) received the same vehicle used for mak-
ing the HF drug. Following post iRBC inoculation, parasitemia 
was monitored daily in both control and HF drug-treated groups 
throughout the experimental observation period (28 days). The 
group of mice that did not develop the parasitemia (erythrocytic 
stage infection) up to 26–28 days was considered as cured.

HF drug treatment and immunisation procedure
For the CPS-HF immunisation, a group of female Swiss mice 

was used. A total of 100 mice (n = 100) were injected with freshly 
isolated 1 × 104 P. yoelii sporozoites via intravenous route, while 
15 mice (n = 15) were injected with salivary gland debris from 
uninfected mosquitoes (as control) (Fig. 1). After 48h post sporo-
zoites infection, the curative dose (2.5 mg/kg/day) of HF drug 
was administrated in sporozoite-infected mice group (n  =  85), 
while 15 mice from the same group (n = 15) were left untreated as 
primary inoculum. HF dosing was continued for four days at the 
curative dose of 2.5 mg/kg/day. The HF untreated control mice 
(n = 15) were used to check the blood-stage infection (percentage 
parasitemia, n = 5), liver load (n = 5), and cytokines expression 
(n = 5) by RT-PCR after primary sporozoites infection. 

Blood stage infection from control and CPS-HF treated mice 
was checked during the entire experimental course and continued 
until the 21st day post P. yoelii sporozoite infection. Following 
the primary inoculation, HF-treated mice (n = 70) were again in-
fected with the same number of P. yoelii sporozoites (i.e., 1 × 104) 
(1st challenge). However, some mice (n = 15) were again kept 
as an untreated control group (without HF) to monitor the para-
site burden in the blood (n = 5), liver (n = 5), and the cytokines 
expression analysis (n = 5) as 1st challenge. The remaining mice 
(n = 70) were further treated with HF drug after 48h post sporo-
zoites infection as described above. 

The infection-treatment cycle was repeated till the complete 
absence of blood-stage patency in the sequentially withdrawn HF 
untreated control mice (n = 10 for 2nd, 4th, and 5th challenge and 
n = 15 for 3rd and 6th challenge). The criteria of sterile protection 
were defined as the complete absence of erythrocytic blood-stage 
infection till the 28th day of the observation period (after post 
sporozoite infection). Once the sterile protection was achieved, 
some of the remaining mice of the CPS-HF immunised group 
(n = 10) were finally challenged with P. yoelii 1 × 104 sporozoites 
(n = 5) and 1 × 106 infected RBCs (n = 5). Additionally, a group 
of mice (n = 10) was also added as naive control which was also 
challenged with the same quantity of either P. yoelii sporozoites 
(1 × 104) or iRBC (1  ×  106). Following sporozoites and iRBC 
challenge, the mice were monitored to check the blood-stage in-
fection by Giemsa staining (percentage parasitemia).

Determination of pre-erythrocytic stage parasite burden by 
Real Time PCR

The presence or absence of pre-erythrocytic stage parasite load 
following sporozoites of P. yoelii injected intravenously in the ex-
perimental mice were determined by the Real-Time PCR (RT-PCR) 
assay, details described as previously (Siddiqui et al. 2012, 2015). 
The liver was individually isolated from untreated control (n = 5) 
and CPS-HF (n = 5) groups of mice after 40 hours post sporozoite 
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Fig. 1. Diagrammatic representation of the experimental protocol for the Plasmodium yoelii (Killick-Kendrick, 1967) sporozoite 
inoculation/challenge under halofantrine drug cover. 
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challenge and homogenised in 15 ml Trizol reagent (Sigma®, St 
Louis, Missouri, USA). After the homogenisation, RNA from the 
mouse liver sample was isolated from both groups (control and 
CPS-HF) of immunised mice, and quantification of RNA was done 
using NanoDrop® technology. Subsequently, isolated RNA was 
then converted to cDNA, and finally, cDNA was stored at -20 °C 
for further experiments. RT-PCR methodology was completed 
following our previously published study (Siddiqui et al. 2020b). 
Furthermore, the pre-erythrocytic stage parasite load or the number 
of parasites was monitored by considering the P. yoelii definite 18S 
rRNA (copy number) in untreated control and CPS-HF immunised 
mouse liver. For the percent of parasitemia (erythrocytic stage 
parasite infection), in both groups of mice from untreated control 
(n = 5) and CPS-HF (n = 5) groups were tested every day and in-
fection rate of erythrocytic stage patency by the standard method 
(Giemsa staining of thin blood smears) was routinely checked.

Monitoring of mRNA-based cytokines expression in the 
HMNC liver and spleen

The mRNA-based cytokine expression of pro- and anti-in-
flammatory responses in liver HMNC and spleen in control and 
CPS-HF groups was monitored using the RT-PCR. Firstly, HMNC 
were isolated from the liver via perfusion using 1X PBS buffer 
as described previously with minor modifications (Siddiqui et al. 
2020b). In brief, Swiss Albino mice were anesthetised by deep 

anesthesia and incision was made on the stomach using a scissor, 
and needle of the syringe was injected into the specific portal vein. 
Afterward, mouse vein (inferior vena cava) was cut to permit the 
drainage of blood to rule out the contamination of peripheral blood 
monocytes and the liver was perfused with 25–50 ml of 1X PBS 
buffer (pH 7.2). Later, completion of the liver perfusion, the liver 
was meshed on a cell-specific strainer to concoct a single HMNC 
suspension and then was centrifuged at 80 g for 2 minutes at 25 °C. 
After centrifugation, HMNC supernatant was collected in the new 
tube and again centrifuged at 460 g for 7 minutes at 25 °C. Then, 
HMNC supernatant was thrown away carefully to start making the 
Percoll gradient. For this, the HMNC pellet was dissolved in 6 ml 
of 40% Percoll (Sigma®), afterwards gently put over 3 ml of 70% 
Percoll. Then, the Percoll gradient tube was centrifuged at 800 g for 
25 minutes at 25 °C to make the final separation of HMNC. After 
centrifugation, the central layer containing HMNC was carefully 
taken out and placed into the new tube and a double volume of 1X 
PBS buffer was added and mixed properly. This tube was placed 
again for centrifugation at 800 g for 6 minutes at 25°C and then 
HMNC supernatant was thrown away. Finally, the lysis buffer for 
isolating total RNA was added. 

In the next step, the spleen from mice was carefully removed 
and crushed on a 70 mm specific cell strainer and the single-cell 
suspension was prepared in 1X PBS buffer. This single-cell sus-
pension was then centrifuged at 450 g for 6 minutes and the su-
pernatant was thrown away. Pellet was washed two times using 
1X PBS buffer and then centrifuged at 450 g for 6 minutes at 6 °C. 
Total RNA was isolated from liver HMNC and spleen using the 
RNA isolation kit (Cat no. 74106, Qiagen® Hilden, Germany), 
and it was then converted to cDNA using Thermofisher® cDNA 
synthesis kit. Later, cDNA was used as a  template for RT-PCR. 
Finally, reaction conditions of the RT-PCR were set at primary 
denaturation; 95 °C for 5 min, followed by amplification of the 
target cDNA for 45 cycles at 95 °C for 15 seconds (denaturation), 
60 °C for 25 seconds (annealing), and 72 °C for 30 seconds (exten-
sion). GAPDH (glyceraldehyde 3-phosphate dehydrogenase) was 
used as a housekeeping gene. All primers for mRNA expression of 
pro- and anti-inflammatory cytokines are listed in Table 1. Gene 
Runner® software version 3.05 was used for primer designing. 

Statistical analysis
In this study, Student’s t-test was used to calculate the signif-

icant changes between control and CPS-HF immunised groups. 
The p-value has been denoted with the level of significance as p ≤ 
0.05 (*), p < 0.005 (**) and p < 0.001 (***) correspondingly. The 

Table 1. Forward and reverse primer sequences used for quan-
titative RT-PCR to quantify parasite burden with liver stages of 
Plasmodium yoelii (Killick-Kendrick, 1967) and estimation of 
mRNA expression-based cytokines.

Gene Primer sequence

18S rRNA Forward 5’GGGGATTGGTTTTGACGTTTTTGCG 3’
Reverse 5’AAGCATTAAATAAAGCGAATACATCCTTAT 3’

GAPDH Forward 5’ ACAGTCAAGGCCGAGAATGGG 3’
Reverse 5’GCCGGTGCTGAGTATGTCGT 3’

IFN-γ Forward 5’ GTTACTGCCACGGCACAGTCATTG 3’
Reverse 5’ACCATCCTTTTGCCAGTTCCTCCAG 3’

TNF-α Forward 5’ CCGATGGGTTGTACCTTGTCT 3’
Reverse 5’GTGGGTGAGGAGCACGTAGT 3’

IL-12 Forward 5’ GGAAGCACGGCAGCAGAATA 3’
Reverse 5’AACTTGAGGGAGAAGTAGGAATGG 3’

iNOS Forward 5’ TCCTCACTGGGACAGCACAGAATG 3’
Reverse 5’ GTGTCATGCAAAATCTCTCCACTGCC 3’

IL-10 Forward 5’ TTTGAATTCCCTGGGTGAGAA 3’
Reverse 5’ACAGGGGAGAAATCGATGACA 3’

TGF-β Forward 5’ AACTATTGCTTCAGCTCCACAG 3’
Reverse 5’AGTTGGCATGGTAGCCCTTG 3’

Table 2. Determination of blood schizonticidal curative doses of halofantrine (HF) in Swiss Albino mice model. Table representing the 
time to malaria infection following Plasmodium yoelii (Killick-Kendrick, 1967) iRBCs infection. To determine the curative doses of 
HF, groups of mice (n = 10, each group) was infected with P. yoelii iRBCs (1 × 106 ) intraperitoneal and treated with different doses of 
HF (0.5, 1, 2.5 and 5 mg/kg) on the day of P. yoelii infection and for three subsequent days (0 to +3). Parasitemia was checked regularly 
using microscopic observation of thin blood smears.

Doses mg/
kg/4 days

Number 
of mice

Number of mice showing nil percent parasitemia on day
4 5 6 8 12 16 20 24 28

HF drug
5 10 10 10 10 10 10 10 10 10 10
2.5 10 10 10 10 10 10 10 10 10 10
1 10 10 9 5 0 0 0 0 0 0
0.5 10 0 0 0 0 0 0 0 0 0
Control 10 0 0 0 0 0 0 0 0 0
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Fig. 2. Outcome of immunisation with sporozoites of Plasmodium yoelii (Killick-Kendrick, 1967) in mice under halofantrine prophylaxis 
(CPS-HF) on blood-stage patency. Y-axis shows mean ± SD (n = 5) percent parasitemia of HF untreated withdrawn mice (n = 5) from 
each sequential CPS-HF cycle (primary inoculation and following challenge) and the x-axis corresponds to days post sporozoite infection. 
Statistical significances between different groups were determined using student’s t-test (indicates *** P < 0.001 and ns P > 0.05).

data calculation and graphs were made using GraphPad Prism 
5.0. Values are represented as mean ± SD. 

RESULTS

Curative dose determination of halofantrine
In this experiment, we found that treatment of mice with 

HF (2.5 and 5 mg/kg/day for 4 days) provides complete 
protection against infection with Plasmodium yoelii since 
none of the mice developed parasitemia during the obser-
vation period. However, the lower doses of HF (i.e., 0.5 
and 1 mg/kg/day) were unable to provide complete protec-
tion from the blood-stage infection, as shown in Table 2. 
Based on this experiment we decided to go with 2.5 mg/kg 
dose of HF as a curative dose for rest of our experiments.

Effect of continuous inoculation of P. yoelii sporozoites 
under HF prophylaxis

We observed that after the primary sporozoite inocula-
tion, HF untreated mice developed a blood-stage infection 
at day 4 post sporozoites inoculation, which further reached 
~45 % parasitemia at day 12 post sporozoites infection 
(Fig. 2A). Similarly, HF treated mice after 1st challenge or 

HF treated mice that were rested for 21 days and re-chal-
lenged (after 2nd and 3rd challenge) developed blood-stage 
patency like control HF untreated mice (Fig. 2B–D). Con-
versely, after 4th and 5th sporozoites challenge, CPS-HF 
group mice showed a slight delay in the time of blood-stage 
patency and percentage parasitemia, when compared with 
HF untreated control mice (Fig. 2E,F). Intriguingly, after the 
6th sporozoites challenge, we observed complete sterile pro-
tection in mice withdrawn from the CPS-HF group (without 
HF cover) as none of the mice developed a blood-stage in-
fection during the entire surveillance period of 21 days. As 
opposed to this, control mice developed patent blood-stage 
infection on day 4 (Fig. 2G). In brief, these results suggested 
that repetitive sequential live infectious sporozoites inocula-
tion under HF drug cover advance sterile protection in mice.

Assessment of liver-stage parasite burden during the 
CPS-HF immunisation

In parallel, we compared the liver stage parasite burden 
between the control untreated and CPS-HF immunisation 
group through RT-PCR assay. We observed that the liver 
stage parasite burden did not show any difference after the 
primary, 1st, and 2nd sporozoites challenge (Fig.  3A,B). 
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Fig. 4. Relative mRNA expression of pro-inflammatory cytokines in liver and spleen cells determined by RT-PCR. Liver HMNCs and 
spleen cells were isolated from control uninfected mice and mice infected with sporozoites of Plasmodium yoelii (n = 5) at different 
time points during infection and challenge cycles i.e. 40 h post-infection. Each bar represents the mean ± SD (n = 5) relative fold chang-
es of corresponding cytokines in liver and spleen. Statistical significances between different groups were determined using student’s 
t-test (indicates *** P < 0.001, ** P < 0.01, * P < 0.05 and ns P > 0.05).

Fig. 3. Determination of pre-erythrocytic liver stage burden of Plasmodium yoelii (Killick-Kendrick, 1967) after CPS-HF prophylaxis. 
To evaluate the parasite burden in control sporozoite-infected (HF untreated, n = 5) and sporozoite-infected, HF drug-treated mice 
(n = 5) from each sequential CPS-HF cycle (1st to 6th challenge) were assessed via Real-time PCR by calculating the relative fold 
change of the Py18S rRNA gene normalised to the mouse housekeeping gene (GAPDH). The y-axis shows mean ± SD (n = 5) values 
of Py18S rRNA copy numbers. Statistical significances between different groups were determined using student’s t-test (indicates *** 
P < 0.001, ** P < 0.01 and ns P > 0.05).
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However, significant reduction was seen in pre-erythrocytic 
stage parasite burden (667619 ± 108054, 14765 ± 1299 
and 275 ± 90 18S rRNA copy number recorded, respec-
tively) after 3rd, 4th and 5th sporozoites challenge, when 
compared to control group (1196964 ± 233363, 1152619 
± 95413 and 1211119 ± 187342 18S rRNA copy number 
recorded respectably) (Fig. 3C,D,E). Moreover, in the 6th 
sporozoite challenge group the pre-erythrocytic stage para-
site load was almost none (complete reduction) when com-
pared with the control group (Fig. 3F). 

Determination on pro-inflammatory cytokines during 
CPS-HF immunisation in liver and spleen

Next, we checked the mRNA-based cytokines expres-
sion in liver HMNC and spleen of control and CPS-HF 
immunised group of mice. Pro-inflammatory cytokines 
such as interferon-gamma (IFN-γ) (Fig.  4A), tumor ne-
crosis factor-alpha (TNF-α) (Fig.  4B), interleukin-12 
(IL-12) (Fig.  4C), and inducible nitric oxide synthase 
(iNOS) (Fig.  4D) were examined after repetitive sporo-
zoite inoculation in the mice at 1st, 3rd and 6th sporozoite 
challenge (n = 5 each time). The results showed that the 
mRNA expression of pro-inflammatory cytokines; IFN-γ, 
TNF-α, IL-12, and iNOS were significantly down-regu-
lated (0.45 ± 0.05, 0.53 ± 0.12, 0.38 ± 0.14 and 0.33 ± 
0.08 relative fold, respectively) in liver HMNC after 1st 
sporozoite challenge, when compared with the untreated 
control group (Fig. 4A–D). After 3rd sporozoite challenge, 
the mRNA expression of these cytokines (IFN-γ, TNF-α, 
IL-12, and iNOS) (5.18 ± 2.26, 4.53 ± 1.37, 5.31 ± 1.96 
and 6.39 ± 2.89 relative fold, respectively) were upregu-
lated. Following the 6th challenge with sporozoites, the 
mRNA expression of IFN-γ, TNF-α, IL-12, and iNOS were 
upregulated significantly in the CPS-HF immunised mice 
(54.2 ± 12.7, 41.6 ± 11.1, 58.7 ± 12.6, and 62.1 ± 9.0 rela-
tive fold, respectively), when compared with the untreated 
control group (Fig. 4A–D). 

Furthermore, we also monitored the mRNA expression 
of pro-inflammatory cytokines in mouse spleen after re-

petitive sporozoites challenge at 1st, 3rd and 6th immu-
nisation periods. After the 1st sporozoites challenge, no 
significant changes were observed in mRNA expression 
of IFN-γ, TNF-α, and IL-12 in the CPS-HF immunised 
mouse spleen, whereas, iNOS mRNA expression (0.35 ± 
0.08 relative fold) was found to be downregulated in the 
CPS-HF immunised mice when compared with the un-
treated control group. Furthermore, we found upregulation 
of mRNA expression for all these cytokines successively 
from the 3rd sporozoite challenge to 6th sporozoite chal-
lenge in the CPS-HF immunised mouse spleen (37.6 ± 6.2, 
29.5 ± 10.2, 48.3 ± 16.9 and 41.0 ± 11.2 relative fold, re-
spectively), when compared with the untreated control 
group (Fig. 4A–D). 

Determination on anti-inflammatory cytokines during 
CPS-HF immunisation in the liver and spleen

To check the role of anti-inflammatory cytokines, the 
mRNA expression level of interleukin-10 (IL-10) (Fig. 5A) 
and transforming growth factor-beta (TGF-β) (Fig. 5B) was 
analysed during the CPS-HF immunisation (i.e., 1st, 3rd 
and 6th sequential sporozoite challenge) in the mice. The 
mRNA expression of these anti-inflammatory cytokines 
(IL-10 and TGF-β) showed significant up-regulation in the 
CPS-HF immunised group of mouse liver HMNC (7.2 ± 
1.8 and 4.6 ± 1.7 relative fold, respectively) after 1st sporo-
zoite challenge. However, after the 3rd sporozoite challenge 
mRNA expression of TGF-β remains unchanged (Fig. 5B), 
whereas IL-10 mRNA expression showed significantly up-
regulated (2.27 ± 0.76 relative fold) in the CPS-HF immu-
nised mice when compared with the control group (Fig. 5A). 
Following the 6th CPS-HF immunisation, a significant drop 
in mRNA expression of anti-inflammatory cytokines was 
noted in the CPS-HF immunised mouse liver HMNCs (that 
are 0.18 ± 0.01 and 0.09 ± 0.02 relative fold, respectively), 
when compared with control groups (Fig. 5A,B).

Similarly, the mRNA expression of IL-10 and TGF-β 
was significantly up-regulated in the spleen of CPS-HF im-
munised mice after 1st and 3rd sporozoite challenge, when 

Fig. 5. Relative mRNA expression of anti-inflammatory cytokines in liver and spleen cells determined by RT-PCR. Liver HMNCs and 
spleen cells were isolated from control uninfected mice and mice infected with sporozoites of Plasmodium yoelii (Killick-Kendrick, 
1967) (n = 5) at different time points during infection and challenge cycles i.e., 40 h post-infection. Each bar represents the mean ± SD 
(n = 5) fold changes of respective cytokines (IL-10, and TGF-β) in HMNCs and splenocytes. Statistical significances between different 
groups were determined using student’s t-test (indicates *** P < 0.001, ** P < 0.01, * P < 0.05 and ns P > 0.05).
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compared with the untreated group. In the 6th sporozoite 
challenge, it was found that the mRNA expression of IL-
10 and TGF-β were significantly down-regulated (0.14 
± 0.05 and 0.29 ± 0.19 relative fold, respectively) in the 
CPS-HF immunised group compared with the untreated 
group (Fig. 5A,B). Collectively, these results showed the 
down-regulation of anti-inflammatory cytokines (after the 
6th sporozoite challenge).

Determination of the residual effect of HF drug
The residual effect of HF drug (2.5 mg/kg) was studied us-

ing mice that had continuously received (each time point af-
ter 28 days interval) the consecutive drug treatment (5 times 
with a four days 0 to +3 dose regime) without infection with 
sporozoites of P. yoelii as drug prophylactic control group. 
This prophylactic group of mice was challenged with P. yoe-
lii sporozoites (1 × 104) after 28 days of the last HF drug 
administered (Fig. 6). The results of this study showed that 
the prophylactic group and control group mice developed 

blood-stage parasitemia on almost the same day and there-
fore eliminates the possibility of residual HF drug in mice.

Sporozoite and iRBC challenge studies in post-
immunised mice

To verify the stage specificity of CPS-HF induced im-
munity we challenged the CPS-HF protected mice (after 
the 6th sporozoite challenge) with the P. yoelii sporozoites 
(1 × 104) or/and iRBC (1 × 106) (Fig. 7). We observed that 
following the sporozoite challenge the CPS-HF immunised 
mice did not develop erythrocytic stage patency during the 
entire observation period, while the naive control group 
developed erythrocytic stage infection (Fig. 7A). However, 
when the mice were challenged with iRBC both the naive 
control and CPS-HF immunised group of mice developed 
the blood-stage infection (parasitemia). Nevertheless, the 
CPS-HF immunised group of mice showed 6-7 days delay 
in blood-stage infection when compared to the naïve con-
trol group (Fig. 7B).

DISCUSSION
Malarian plasmodia enter the human host as sporo-

zoites, infect the liver cells and develop into liver-stage 
parasites. During the liver stage development, the parasite 
uses several mechanisms to suppress the host immune re-
sponse to protect itself and to initiate blood-stage parasite 
infection. In this respect, the liver stage of the malaria par-
asite is clinically important to study the host-immune re-
sponse for future vaccine development. In the recent past, 
the CPS immunisation approach was widely used to de-
velop liver-stage immunity against sporozoite challenge in 
mice using the rodent malaria model.

In the present study, we have determined the curative 
dose of HF drug in mice under our experimental condition 
using Plasmodium yoelii. We also studied the CPS-im-
munisation process in the mice through HF drug cover 
using pre-erythrocytic stage parasite load and erythrocyt-
ic stage infection as study points. The results suggest that 
the CPS-HF immunisation induced immunity after the 6th 

Fig. 7. Post immunisation challenge studies in CPS-HF immunised mice. Mice protected following CPS-HF immunisation were chal-
lenged with 1 × 104 sporozoites of Plasmodium yoelii (Killick-Kendrick, 1967) or 1 × 106 iRBCs. Graphs show the mean ± SD (n = 5) 
percent parasitemia following sporozoite and iRBCs challenge in CPS-HF immunised and naïve control groups of mice. Statistical 
significances between different groups were determined using student’s t-test (indicates *** P < 0.001 and ** P < 0.01).

Fig. 6. Residual effect of Halofantrine drug on prophylaxis con-
trol. The y-axis shows the mean (n = 5) percent parasitemia of 
mice from each group, as determined by microscopy of Giem-
sa-stained thin blood smears. The x-axis corresponds to days post 
sporozoites infection. Error bars represent standard deviation 
(SD). Statistical significances between different groups were de-
termined using student’s t-test (indicates ns P > 0.05).
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sequential sporozoite challenge in the mice. In our study, 
we also determined the role of anti-blood stage immunity 
in protection against sporozoite challenges. We found that 
the mice which showed complete sterile protection against 
sporozoite challenge and developed blood-stage patency 
after the iRBC challenge. This implies that the immunity 
developed only to pre-erythrocytic stage parasite, while 
the CPS-HF immunised group of mice was susceptible 
to blood-stage infection. These results are in close agree-
ment with earlier studies, where repetitive exposure of live 
P. yoelii sporozoites under antimalarial drug cover deliv-
ered sterile immunity (Inoue and Culleton 2011, Bijker et 
al. 2013, Behet et al. 2014, Peng et al. 2014, Bhardwaj et 
al. 2016, Zenklusen et al. 2018, Siddiqui et al. 2021). 

Furthermore, we also found that the induced immunity 
is associated with the significant up-regulation of pro-in-
flammatory cytokines (IFN-γ, TNF-α, IL-12, and iNOS) 
and downregulation of anti-inflammatory cytokines (IL-10 
and TGF-β ) mRNA levels in the liver and spleen of the 
CPS-HF immunised group compared with control. These 
results suggested the involvement of pro-inflammatory 
cytokines in sporozoite-based immunisation in the mouse 
model (Belnoue et al. 2004, Friesen et al. 2010, Bijker et 
al. 2013, Haussig et al. 2014). 

Previous studies also suggested the role of differential cy-
tokine expression in host (mice) susceptibility to different 
parasite strains (Bhardwaj et al. 2016, Burrack et al. 2019, 
Sato et al. 2019). Interestingly, we observed up-regulation 
of IFN-γ, TNF-α, IL-12 and iNOS mRNA expression from 
liver HMNC and spleen of CPS-HF immunised group. 

It has also been observed that the treatment of sporo-
zoite-infected hepatocytes with IFN-γ causes clearance of 
parasites under in vitro culture conditions (Plasmodium 
berghei Vincke et Zips, 1948 and Plasmodium falciparum 
Welch, 1897) (Ferreira et al. 1986, Gun et al. 2014, Lelliott 
and Coban 2016, Tweedell et al. 2018). 

In vivo treatment with IFN-γ also provide partial protec-
tion against challenge with sporozoites of P.  berghei and 
Plasmodium cynomolgi Mayer, 1908 in the mice and mon-
key malaria model (Gun et al. 2014, Keitany et al. 2014, 
Lelliott and Coban 2016). Similarly, IFN-γ and TNF-α also 
showed to be involved in the protection of mice against 
P. yoelii sporozoites challenge (Doll and Harty 2014). IL-12 
and iNOS cytokines were previously shown to be involved 
in sterile protection in the mice after sporozoite challenge 
(Ferreira et al. 1986, Romero et al. 2007, Frevert and Krzych 
2015) and inhibition of iNOS via treatment with specific NO 
inhibitor, such as S-methyl-thiourea completely reverse the 
protection in mice (Percário et al. 2012, Mendes et al. 2018). 
It is known that NO production occurs through the IFN-γ 
and IL-12 induction by direct or indirect mode to activate 
the iNOS gene expression (Blanchette et al. 2003, Salim et 
al. 2016). Thus, our study showed that halofantrine is an ef-
fective chemoprophylactic drug, and sporozoite immuniza-
tion under HF chemoprophylaxis produces robust protective 
immunity against subsequent sporozoite challenge.
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