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Evaluation of X-ray ionizing radiation on Plasmodium berghei invasion of 
erythrocytes
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Abstract: Developing new strategies for designing effective vaccines has become a priority for parasitologists worldwide. There 
is high interest in designing a vaccine against malaria since it is considered one of the most prevalent infectious diseases in 
the tropics. We evaluated the effects of X-rays irradiation on the erythrocytic stage of Plasmodium berghei ANKA merozoites 
and schizonts using doses of ionizing radiation ranging between 10 and 300 Gy on parasitized red blood cells (PRBC) to study 
the attenuating effects of radiation on the merozoites. Parasitic activity diminution was observed starting at 50 Gy, and the 
dose for complete attenuation was established at 200 Gy, corresponding with a 100% survival rate of mice. In vivo invasion 
experiments and immunofluorescence assays (IFA) showed inhibition of merozoite invasion of the host red blood cells (RBC). 
Nonetheless, immunization with irradiated parasitized red blood cells (IPRBC) was ineffective in protective assays. We perform 
cytoadherence and inhibition of cytoadhesion assays on irradiated merozoites. The results showed that high irradiation doses 
caused an unspecific cellular adhesion phenomenon independent of the ICAM-1 and CD36 interaction, which was determined by 
Cytoadhesion assays. Our results show that, even though X-ray irradiation is an effective method to induce complete parasite 
attenuation, it might affect the parasite's membrane surface structures triggering unspecific adhesion.
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Introduction
Malaria is one of the most prevalent infectious diseases 

in the tropics. It is caused by a protozoan parasite of the genus 
Plasmodium and is responsible for millions of cases every 
year. In 2017, 228 million people were diagnosed with malaria, 
and around 435,000 malaria deaths were reported1.

Plasmodium species are protozoan parasites that belong 
to the phylum Apicomplexa and display a complex life cycle 
that involves an invertebrate vector (female Anopheles mos-
quito) and a vertebrate host. In its vertebrate host, the Plas-
modium parasite goes through two stages: in the first stage, 
sporozoites invade hepatocytes and undergo asexual multipli-
cation into merozoites; in the second, merozoites are released 
into the bloodstream, where they invade erythrocytes. Inside 
red blood cells (RBC), merozoites reproduce asexually for a 
second time, forming the merozoite-RBC complex, also called 
schizont. These merozoite-filled RBCs burst open, releasing 
more infectious merozoites that rapidly invade uninfected 
RBCs to repeat their asexual erythrocytic cycle2,3,4.

X-ray irradiation is one of the most commonly used me-
thods to achieve effective attenuation of the Plasmodium pa-
rasite during the design of malaria vaccines3,5. Many studies 
have reported the use of irradiation of Plasmodium sporozoites 
to achieve parasite attenuation6. However, inoculation of radia-
tion-attenuated sporozoites (RAS) provides poor protection 
against a second challenge with the natural parasite7. A study 
in 2013 by Seder et al. used an intravenous (IV) inoculation with 

RAS to achieve a greater immunological response, obtaining 
the most promising results in fighting malaria reinfection8, yet 
some concerns remain on the IV administration route and the 
low rate of success obtained in the trials.

Administration of malaria vaccine RTS-S or Mosquirix 
(RTS, S) has resulted in a 60% decrease in the disease's clini-
cal manifestations, but meningitis cases have also been repor-
ted in African children who have received this vaccine9,10.

Researchers have also reviewed candidate proteins be-
longing to the merozoite stage, and they have been shown to 
mediate immunity against the invasion of the erythrocyte11. 
However, there are no reports on merozoite attenuation as a 
strategy for malaria vaccine design. Therefore, this work ai-
med to determine the effects of high doses of ionizing radia-
tion on the merozoite stage in the Plasmodium berghei-rodent 
model and assess this approach's potential to determine the 
effect of irradiation on the parasite's membrane. In particular, 
we considered the effect of radiation on cell adherence.

Materials and methods 

Plasmodium berghei ANKA strain and in vitro culture
Ten-week-old female BALB/c mice, bred under patho-

gen-free conditions, were obtained from the Simón Bolívar 
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University's Animal Housing Facility and subsequently infec-
ted with the lethal strain Plasmodium berghei ANKA. Blood 
draws were performed on Krebs' glucose solution (KGS) con-
taining heparin (1:20 dilution of Sodium heparin 1000 U.I./ml) 
and passed through columns of fibrous cellulose powder (CF 
11, Sigma®) to remove leukocytes12,13. For schizont purification, 
parasitized red blood cells (PRBC) were isolated using Perco-
ll-Krebs gradient12. Merozoites and schizonts were evaluated 
by short culture in vitro as previously described by Spencer and 
co-workers14. The ethical review board approved all animal ex-
periments of Simón Bolívar University.

Parasitological evaluation of radiated and parasitized red 
blood cells

We used a VARIAN Clinac Trilogy® 2100 model X-ray ma-
chine at 6MV to irradiate schizonts using doses between 10 and 
300 Grays (10, 30, 50, 80, 100, 120, 200 300 Gy). Following the 
irradiation process, BALB/c mice were inoculated intra-perito-
neally (IP) with 5x103 Irradiated Parasitized Red Blood Cells 
(IPRBC). After inoculation, parasitaemia was assessed daily on 
blood smears obtained from the mice tails, stained with Giem-
sa stain and viewed under a light microscope at 1000 mag-
nification15. All experiments were repeated in triplicate using 
groups of five BALB/c mice for each irradiation dose.

After two months, the mice that survived inoculation with 
the IRBCs were infected with the P. berghei ANKA lethal strain 
with 5x103 infected RBCs, and their parasitaemia was asses-
sed daily again. All experiments were repeated three times 
with groups of five BALB/c mice for each irradiation dose.

Indirect immunofluorescence assay
The effect of irradiation on the merozoite membrane was 

evaluated using an indirect immunofluorescence assay (IFA)16. 
We used blood smears of mice inoculated with IPRBCs obtai-
ned 10 days post-infection and fixed with acetone. Immune 
sera acquired from experimental mice inoculated with diffe-
rent doses of IPRBC were used as sources for primary antibo-
dies. Afterward, we incubated the samples with FITC-labeled 
anti-mouse IgG (Sigma®) as a secondary antibody, and the 
smears were observed with an Optika® microscope XDS-3FL 
model at 400X magnification. Micrographic pictures were ac-
quired using the OptikPro7® software.

Indirect enzyme-linked immunosorbent assay
Enzyme-linked immunosorbent assay (ELISA), indirect 

type, was performed to evaluate recognition of superficial an-
tigens present on the schizonts in BALB/c mice infected with 
P. berghei ANKA17. Microplates (96-wells, Nunc®) were coated 
with 2x105 PRBC per well (100 µL) and blocked by the addition 
of 3% bovine serum albumin (BSA) in phosphate buffer saline 
(PBS). Next, hyper-immune sera (HiS) obtained from mice pre-
viously inoculated with IPRBC at different doses of radiation 
(80, 100, 200 and 300 Gy) were added 1:100 as a source of pri-
mary antibodies and incubated at 37ºC for 1 hour. Wells were 
washed three times with washing buffer (PBS-Tween 0.005%) 
and samples were incubated with 100 µL/well of horseradish 
peroxidase (HRP)-conjugated goat anti-mouse polyvalent im-
munoglobulin (IgG; H+L) (Sigma®), 1:1000 and incubated for 
1 hour at 37°C.

Finally, after washing the wells with PBS-Tween 0.005%, 
we added 100 µL/well of azino-bis (3-ethylbenz-thiazoli-
ne-6-sulfonic acid) (ABTS, Sigma®) as substrate in 0.05 M 
phosphate-citrate buffer (pH 5.0) containing 0.05% w/v H2O2. 
The reaction was stopped by the addition of 50 µl 2M H2SO4 
per well. The plates were read at 405 nm in a microplate 

reader (Bio-RAD i-Mark®) using the Titer-soft Software Flow 
to measure the absorbance. Percentages and dilutions were 
standardized in preliminary tests. The cut-off point was cal-
culated using absorbance (O.D., optical density) ± 3 standard 
deviations from sera of 10 uninfected mice (data not shown).

Western blot assay
The immunodetection of polypeptides in hyperimmune 

sera obtained from mice previously inoculated with IPRBC was 
achieved by Western blot assays. We prepared a P. berghei so-
luble antigen (PbSA) by sonication of purified schizonts sus-
pended in lysis buffer containing 50mM Tris-HCl pH 8.0, 5mM 
EDTA, 5mM EGTA, 0.05% Tween 20 and 1% complete protea-
se inhibitor cocktail (SC-29130, Santa Cruz Biotechnologies®). 
The polypeptides of PbSA were separated by SDS-polyacryla-
mide (12%) gels at 100 V for 1 hour and then eletrophoretically 
transferred to a nitrocellulose membrane18. A pre-stained pro-
tein ladder from Invitrogen® (170-10 kDa) was used as marker.

After transfer, blots were blocked by incubation with a 3% 
non-fat milk powder solution in PBS, and proteins were de-
tected with 1:100 primary antibodies dilution (hyper-immune 
sera from mice previously inoculated with IPRBC at 80, 200 
and 300 Gy) by incubating for 1 hour. Blots were subsequent-
ly incubated with anti-mouse immunoglobulin conjugated to 
horseradish peroxidase (Sigma®) at 1:1000 dilution. Antibody 
binding was detected by incubating in a solution of 3 mg/ml 
4-chloro-1-napthol in methanol, mixed with 50 mL of 50 mM 
Tris-HCl pH 7.5 and 30 µL of 30% H2O2. The reaction was sto-
pped by washing with H2O

19.

Cytoadhesion and cytoadhesion inhibition assays
Cytoadhesion assays were performed in vitro on 24-well 

plates on which VERO cells had been cultured to confluence. 
Then, 2x105 IPRBC with irradiation doses of 80, 120 and 200 
Gy were added to each well and cells were allowed to cytoad-
herence for 2 h at 37°C20. RBCs were used as negative control 
and PRBC as a positive control. Unattached cells were remo-
ved by washing with PBS, and attached cells were fixed for 1h 
with 2.5% glutaraldehyde (Sigma®). The IPRBC and PRBC were 
first incubated with the respective hyper-immune sera at 1:10 
dilution for 1 hour21. Adherent IPRBC, PRBC and RBC on VERO 
cells were counted under a light microscope in 4 randomly se-
lected fields at 400X magnification (OptikPro 7®). To calculate 
the number of IPRBC that adhere to VERO cells, counts were 
recorded in 5 different microscope fields, and each assay was 
performed in triplicate.

Statistical analysis
Each experimental value is presented as the mean of five 

replicates ± standard deviation. Once normality and homoge-
neity criteria were met, statistical analyses were carried out 
by ANOVA and Tukey Test using confidence level at 95%. All 
statistical analyses were performed using R in its version 3.2.3.

Results

Evaluation of IPRBC in experimental protective assays
The daily monitoring of parasitaemia is shown in Fig. 1, 

where we assessed the parasitaemia percentage (%) as a func-
tion of days post-infection. Figure 1A suggests reducing para-
sitaemia percentages in peripheral blood as radiation doses 
increase. Moreover, animals inoculated with IPRBC with 50 Gy 
survived four days longer than other experimental groups. As 
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shown in fig. 1B, treatments with 80, 120 and 200 Gy accom-
plished complete control of parasitaemia on days 26, 23 and 
20 post-infection, respectively. We observed a survival rate of 
33.3% (5 out of 15 mice) for irradiation with 80 Gy; 66.6% (10 
out of 15 mice) for doses of 120 Gy, and 100% for irradiation 
with 200 Gy. Statistical analyses with ANOVA and Tukey tests 
showed no significant differences between control, 10 Gy and 
30 Gy treatments. These results showed that the minimum 
radiation intensity to attenuate Plasmodium berghei schizont 
was 50 Gy. However, the most efficient attenuation dose was 
200 Gy, which resulted in a 100% survival rate. In the case of a 
dose of 300 Gy, all mice died around day 11. 

The experimental group that survived IRBC infection with 
200 Gy were re-infected with the P. berghei strain ANKA, and 
the parasitaemia percentage was monitored daily as shown 
in figure 2. It is important to note that sixty days after IPRBC 
inoculation, we did not observe any parasitaemia on surviving 
mice. Strikingly, none of the experimental animals survived the 
second immunological challenge with the lethal strain of P. 
berghei ANKA, and all mice died within 18 days post-infection 
(Fig. 2). Of note, experimental animals previously inoculated 
with IPRBC with 200 Gy died four days later than those of the 
control group. These results suggest that immunization with 
IPRBC did not provide protective immunity. 

Immunofluorescence assays showed X-ray treatment has 
an inhibitory effect on the Plasmodium berghei merozoite inva-
sion to the RBC. Fig. 3 shows control merozoites have invaded 
the host RBC after 10 days (panel A), while schizonts irradia-
ted with 120 Gy remain outside the RBC (panel B).

Indirect ELISA
Indirect ELISA experiments were performed to determi-

ne the capacity of sera from mice inoculated with IPRBC to 
recognize naturally occurring PRBC as antigen. The results 
are presented in Fig. 4, which plots absorbance vs. different 
hyper-immune sera used. These results suggest that radiation 
might cause damages to the RBC membrane, and therefore, 
the surface antigens recognized by the antibodies are affected. 
The recognition epitopes for the irradiated RBC are different, 
and therefore, the antibodies do not recognize the antigen in 
the natural state of PRBCs without radiating. Fig. 4 shows a 
gradual decrease in absorbance concerning immune sera from 
IRBCs; when the radiation increases, sera from IRBC recogni-
zed less the antigenic surface of PRBCs.

Western blot assay
To evaluate the recognition of the antigenic surface by the 

IPRBC sera, we used PbSA as antigen and hyper-immune sera 
from experimental mice previously inoculated with IPRBC at 
different radiation doses. The PbSA polypeptide pattern was 
recognized by the hyper-immune sera of P. berghei infected 
mice. Antibodies showed 3 separate protein bands with appa-
rent weights of 103 kDa, 45-49 kDa, and 19 kDa (Fig. 5; lane 
2). However, the hyper-immune sera of mice inoculated with 
IPRBC recognized only the 19 kDa polypeptide (Fig. 5; lanes 3, 
4 and 5). The blotting also reveals weaker bands for the 45-49 
kDa protein of all hyper-immune sera from the IPRBCs with 
different radiation doses tested. 

Evaluation of X-ray ionizing radiation on Plasmodium berghei invasion of erythrocytes

Figure 1. Percentage of parasitaemia observed in BALB/c mice infected with IPRBC, treated with different irradiation doses. We 
evaluated two independent experiments: A. 10, 30 and 50 Gy, and B. 80, 120, 200 and 300 Gy. The control is the non-irradiated 
parasites as active infection. Each experiment was assessed with 5x103 IPRBC/mice in three groups of five animals per group.
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MSP-1 is known to be one of the most characteristic pro-
teins on the surface of merozoites and has been described as a 
potent immune inducer for protective immunity7,22. The 45-49 
and 19 kDa protein bands recognized by hyper-immune sera 
correspond to polypeptides associated with the MSP-1 protein 
after proteolytic cleavage23-26. A weaker recognition of the 45-
49 kDa protein band suggests that the MSP-1 polypeptide may 
have undergone alterations in its structure caused by X-ray 
radiation (lanes 3, 4 and 5). Furthermore, the apparent weight 
band of 103 KDa was not recognized or very weak by the sera 
from the different radiation doses.

Cytoadhesion assay in vitro
We modified the protocol described by Pouvelle and 

co-workers by using epithelial cells (VERO) instead of endo-
thelial cells to perform the cytoadhesion assays20 (See figu-
re 6). Both cell lines (endothelial and Vero) are reported to 
express the Intracellular Adhesion Molecule 1 (ICAM-1) and 
CD54; which mediates the adhesion between PRBC and ce-
llular receptors27,28. Additionally, epithelial cells express CD36, 
which acts as a secondary binding molecule for PRBC in natu-
ral malarial infections27,28. 

Figure 6 showed a decrease in cytoadhesion for radiations 
of 80 (98.8 IPRBC / field) and 120 Gy (72.4 IPRBC / field) con-
cerning positive control. Figure 6. E shows that the adhesion 
levels for schizonts irradiated with 200 Gy (195 IPRBC/ field) 
are 1.4 times greater than the positive control of parasitized 
red blood cells (140 GRP / field).

Discussion
We evaluated the effects of high X-rays doses (80, 100, 

120, 150, 180, 200 and 300 Gy) on experimental groups of 
BALB/c mice infected with 5x105 IPRBC14. Our results showed 
a typical parasitaemia curve in positive controls as shown in 
Fig. 1. The treatment with 120 Gy accomplished the com-
plete control of parasitaemia on the 13th day post-infection, 
resulting in survival rates over 50% (8/15). Another relevant 
observation was that mice inoculated with IPRBC at 300 Gy 
died around day 11 post-infection with low levels of parasitae-
mia (between 1.5 and 4% parasitaemia). This suggests that 
death is not directly related to malaria infection but to the 
effect of radiation on IPRBCs. Based on the results obtained 
from cytoaherence assays (Fig. 6). We suggest this decrease 
in cytoadhesion is probably due to damage caused by radia-
tion on the cell membranes (for both parasites and RBC). Our 
hypothesis is supported by the studies of Claessens and Rowe, 
in which the inhibition of ICAM-1 in Plasmodium falciparum 
sporozoites causes a decrease in the number of parasites atta-
ched to HBEC cells29. The observation of IPRBC confirmed this 
remarkable result aggregates on smears from experimental 
animals monitored for parasitaemia (data not shown). Conse-
quently, we suggest that death, even at low levels of parasi-
taemia in peripheral blood, is caused by bloodstream blockage 
on the microvasculature, indicating a dose-dependent parasite 
attenuation by ionizing radiation.

IFA show a decrease in merozoite invasion capacity of 
RBC in a radiation-dependent manner that correlates with the 

Figure 2. Parasitaemia percentage ob-
served in BALB/c mice re-infected with 
lethal strain Plasmodium berghei ANKA. 
For each experiment, mice were inocula-
ted with 5x103 parasites/mouse in a con-
trol (naïve mice) and 200Gy treatment, 
using two groups of five animals each.

Figure 3. Immunofluorescence patterns on hyper-immune sera from infected mice; antibodies reactive to MSP-1 were applied 
to methanol–acetone-fixed smears of erythrocytes infected with P. berghei ANKA. A. positive control with PRBC; B. IPRBC with 
120 Gy and C. IPRBC with 200 Gy. In panels, B and C show merozoites outside the RBC.
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low levels of parasitaemia (less than 15%) circulating in pe-
ripheral blood on the 10th day post-inoculation (Fig. 1.B, 120 
and 200Gy). We suggest X-rays might alter the conformation 
of surface antigen as MSP-1 antigen on the parasite's mem-
brane5,23,24, which is no longer recognized by antibodies from 
IPRBC hyperimmune sera as proven by western blot assays 
(figure 5). Therefore, these results are evidence for the effect 
of high doses of X-rays on Plasmodium berghei merozoites in-
vasion and suggest that death in experimental animals is not 
a consequence of malaria infection. An inverse correlation be-
tween radiation intensity and absorbance obtained by indirect 
ELISA suggests X-rays may also cause damages on the schi-
zont's membranes and modify the MSP-1 antigen5,7,24, thus di-
minishing the capability of hyperimmune sera to recognize na-
tural PRBC membranes. The absorbance obtained from HiS as 
a positive control was 0.88 D.O. This value decreases gradually 
when radiation intensity rises until it reaches a value of 2.5 ti-
mes lower at HiS-300 (0.35 D.O.) (Fig.4). In consequence, as the 
radiation applied to PRBC increases, the surface proteins suffer 
alterations, diminishing their capacity to activate the humoral 
response30. This could explain the changes observed during the 

secondary challenge (Fig. 1) and could be the reason for the fai-
lure to maintain protection against P. berghei ANKA infection.

The results of the cytoadhesion tests are presented in 
Fig. 6. The black arrows show the number of adhered IPRBCs 
per field decreases with the treatments of 80 Gy (IPRBC-80) 
and 120 Gy (IPRBC-120) compared to the positive control 
(PRBC). Cytoadherence of PRBCs to host cells depends on 
different proteins that play a relevant role in malaria patho-
genicity. Some of those proteins are expressed by the para-
site early, such as trophozoite31. However, the 200 Gy radia-
tion (IPRBC-200) showed an increase of adhered cells 2 times 
higher than IPRBC-120, suggesting the adhesion is unspecific 
and is not mediated by receptors.

Conclusions
Attenuation of Plasmodium berghei merozoites was ob-

served with X-ray doses starting at 50 Gy, and the effective 
dose of attenuation was 200 Gy for inoculation with 5x103 
IPRBC/mice resulting in 100% survival. Moreover, the results 

Evaluation of X-ray ionizing radiation on Plasmodium berghei invasion of erythrocytes

Figure 4. Indirect ELISA tests with PRBC 
as antigen. PBS was used as buffer con-
trol, healthy sera (HS) as negative control 
and hyper-immune sera (HiS) as positi-
ve control. Hyper-immune sera extracted 
from mice previously inoculated with IPRBC 
treated with different doses of radiation: 80 
Gy (HiS-80), 200 Gy (HiS-200) and 300 Gy 
(HiS-300) were evaluated for primary anti-
bodies. Bars represent the standard error 
for each treatment. The cut-off value is lo-
cated at an absorbance of 0.08 D.O. The as-
terisks indicate significant differences with 
respect to positive control by ANOVA and 
Tukey statistical analyses (p<0.005).

Figure 5. Western blot using PbSA as antigen and 
hyper-immune sera extracted from mice previous-
ly inoculated with IPRBC at different doses: 80 Gy 
(HiS-80), 200 Gy (HiS-200) and 300 Gy (HiS-300). 
Healthy sera (HS) were used as negative control 
and hyper-immune sera (HiS) as positive control.
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of IFAs showed that this effect was caused by an inhibition of 
merozoite invasion to the host RBC. Nonetheless, this irradia-
tion dose was not effective in protective assays because of the 
alterations suffered by the membrane structure, as showed in 
western blot and cytoadhesion tests.  

In addition, the cytoadherence results demonstrated that 
high doses of irradiation cause an unspecific cellular adhesion 
independent of ICAM-1 and CD36. This unspecific adhesive 
effect increased in a radiation dependent manner as a possible 
result of alterations on the integrity of erythrocytic membra-
ne structures. Therefore, this study suggests that radiation of 
merozoites and schizonts are not an effective strategy for the 
design of a malaria vaccine.
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