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ABSTRACT

Objective: To determine the involvement and the modulatory effects 
of IL-33 during Plasmodium berghei ANKA (PbA) infection.
Methods: PbA infection in male ICR mice was utilized as a model 
of malaria. Systemically circulating IL-33 levels were determined 
in blood plasma by enzyme-linked immunosorbent assay (ELISA). 
After 24 hours post-inoculation of PbA, recombinant IL-33 
and ST2, and antibodies against IL-33 and IgG treatments were 
administered daily for 3 days. Tissue expression and localization 
of IL-33 were assessed in organs generally affected by malaria via 
immunohistochemistry. Moreover, histopathological examination 
was performed to assess the effects of the treatments. 
Results: The levels of systemic IL-33 were elevated at the critical 
phase of PbA infection. Likewise, immunohistochemical analysis 
revealed a significant upregulation of IL-33 expression at the 
critical phase in the brain, lungs, and spleen of PbA-infected mice 
as compared to healthy controls. Treatment with IL-33 protected 
against experimental cerebral malaria development and reduced 
pathological features in the brain and lungs of the PbA-infected 
mice.
Conclusions: A potential critical role and involvement of IL-33 in PbA  
infection may hint at the resolution of immunopathological sequelae 
associated with malaria.
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Significance

IL-33 has been described as a pleiotropic cytokine and its role 
has been extensively studied in many inflammatory-associated 
disorders. However, the potential involvement and modulation 
of its activity in malaria is not well elucidated. The present study 
reveals the involvement and critical role of IL-33 in Plasmodium 
berghei ANKA (PbA) infection. Moreover, modulation of IL-33 
release demonstrated pleiotropic effects as an immune-modulating 
cytokine, preventing the occurrence of cerebral pathology during 
the critical phase of PbA infection. 
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1. Introduction

  Malaria is a vector-borne disease widely distributed in tropical and 
sub-tropical regions worldwide[1]. Persistent infection with malaria 
typically carries considerable morbidity and mortality and exerts 
significant economic pressures in endemic regions[2]. It is among 
the deadliest diseases in the world, accounting for 627 000 fatalities 
globally in 2020 alone[3]. From the latest World Malaria report, 
there was an increase in malaria cases from 245 million in 2020 
to 247 million in 2021[2,4]. The Plasmodium berghei ANKA (PbA) 
infection is a well-known experimental model for malaria[5]. PbA 
can cause an infection in mice similar to cerebral malaria in humans. 
The pathogenesis of PbA infection involves the development of 
high parasitemia accompanied by symptoms of severe anemia 
and enlargement of vital organs such as the spleen and liver. 
Additionally, recent research has shown that PbA infection can lead 
to overproduction of pro- and anti-inflammatory cytokines[6].
  Decades of research have substantiated the role of cytokines as 
biomarkers and immune mediators that drive inflammatory cascades 
during the development of malaria. Atypical cytokine signaling 
in malaria has been associated with uncontrolled inflammation 
accompanied by deleterious consequences to the affected host[7].
  Interleukin-33 (IL-33) is a member of the IL-1 cytokine 
superfamily[8]. It possesses multifarious roles as a classical 
extracellular cytokine or an intracellular nuclear factor and gene 
expression regulator[9], although the latter role perhaps has been 
debunked[10,11]. Depending upon the pathway of disease etiology, 
IL-33 demonstrates the capacity to function either as a pro-
inflammatory or an anti-inflammatory cytokine[9]. Extracellular IL-
33 has been described as an ‘alarmin’ cytokine via an endogenous 
danger signal as well as a ligand for the ST2-based receptors 
involved in the activation of responses towards tissue damage, 
trauma, stress or infection[12,13]. Meanwhile, intracellular IL-33 was 
thought to regulate gene expression and promote the transcription 
of multiple cytokines and chemokines[9,13] before the transcriptional 
role of the cytokine was most likely invalidated in more recent 
studies[10,11]. 
  IL-33 plays prominent roles in the induction and effector phase 
of type 2 immune responses as opposed to other IL-1 family 
members[8,14]. Moreover, it renders protection against extracellular 
parasitic or helminth infections[15-17] and plays clinically significant 
roles in the pathogenesis of Th2-associated autoimmune diseases 
such as asthma[18,19] and atopic dermatitis[20,21]. Beneficial 
immunotherapeutic roles have been ascribed to IL-33 in Alzheimer’s 
disease[22,23] and myocardial infarction[24,25]. Intriguingly, only a 
few studies report the effects of modulating IL-33 during malaria. 
IL-33 was demonstrated either to confer protection[26-28] or 
detrimental effects[29-32] for the experimental cerebral malaria 
(ECM) development and incriminated on promoting the production 
of pro-inflammatory cytokines during malaria[29,30] or vice versa[27]. 
Therefore, in this study, the time course of IL-33 secretion either 
systemically in the blood circulation or localized in the tissue, in 
addition to the effects of modulating IL-33 on the histopathological 
level during PbA infection, was investigated.

2. Materials and methods 

2.1. Experimental animals

  Male ICR mice initially weighing between 17-20 g were utilized in 
this study. All mice were procured from an authorized local supplier 
(Takrif Bistari Enterprise, Malaysia) and housed at the Animal 
House Facility, Faculty of Medicine and Health Sciences, Universiti 
Putra Malaysia in standard polypropylene cages with free access to 
food and water and subjected to 12 hours of light-dark cycles.

2.2. Ethical statement

  All experimental procedures were reviewed and approved by the 
Institutional Animal Care and Use Committee of University Putra 
Malaysia (Approval No: AUP: R038/2016) in accordance with the 
Animal Welfare Act 2015 (Laws of Malaysia). All efforts were 
made to minimize the discomfort, suffering, and number of animals 
utilized.

2.3. PbA infection

  Plasmodium berghei parasite strain ANKA was originally acquired 
from the Institute of Medical Research, Kuala Lumpur, Malaysia, 
and subsequently maintained via alternation between in vivo passage 
in male ICR mice and cryo-preservation ex vivo at –80 曟. A model of 
severe PbA infection was established via intraperitoneal inoculation 
of 200 μL of 2 × 107 parasitized blood into normal healthy ICR male 
mice. Following infection, mice were grouped based on the onset 
(day 1), middle (day 3), and critical (day 5) phase post Plasmodium 
berghei inoculation. The endpoint of day 5 was selected due to the 
high mortality rate (70%) of infected ICR mice recorded during the 
animal model’s establishment (Figure 1). Parasitemia count was 
assessed daily as described by Basir et al.[33]. Parasitemia levels of ≥ 
40% were uniformly utilized for each of the experimental protocols. 
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Figure 1. Survival graph after PbA infection. Survival graph analyzed from 
an animal model study and establishment of infection prior to the study 
was conducted. On day 5 of post-injection with Plasmodium berghei ANKA 
(PbA), 70% mortality rate with 30% survival rate was recorded, followed by 
80% of mortality rate with 20% survival rate on day 6 and 100% mortality 
rate on day 7 compared to the negative control group.
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2.4. Determination of IL-33 in the systemic circulation 

  Sample preparation and IL-33 measurement by enzyme-
linked immunosorbent assay were performed according to the 
manufacturer’s protocol. Blood samples for preparation of 
plasma from control and PbA-infected mice were collected from 
anesthetized mice via cardiac puncture (n = 24). The plasma was 
obtained by centrifugation of the blood samples at 2 000 ×g for 20 
min and stored at –80 曟 before analysis. The concentration of IL-33 
was measured using Quantikine® ELISA Mouse IL-33 Immunoassay 
(R&D Systems, USA). Plates were read at a wavelength of 450 nm 
with the aid of a microplate reader (VersaMax® Molecular Devices, 
China).

2.5. Tissue localization of IL-33 by immunohistochemistry  

  Organ samples consisting of the brain, heart, liver, lungs, spleen, 
and kidneys were collected from each anesthetized mouse with 
isoflurane (n = 6). Organ samples were fixed with 10% neutral 
buffered formalin and embedded with paraffin wax after 48 h. Tissue 
sections of 4 μm thickness at 40 µm intervals were obtained through 
a rotary microtome on Superfrost Plus adhesion microscope slides 
(Thermo, Germany). The sections were subsequently deparaffinized 
in a microwave oven set at 60 曟 for 60 min, rehydrated in a 
series of graded alcohol concentrations, and depigmented with 
10% ammonium hydroxide. Antigen retrieval was performed via 
microwave heating of the sections in sodium citrate buffer (10 mM 
sodium citrate, 0.05% Tween-20, pH 6.0) for 10 min, followed by 
immunohistochemistry staining with Anti-Goat HRP-DAB Cell 
& Tissue Staining Kit (R&D Systems, USA) according to the 
manufacturer’s protocol. 

2.6. Modulation of IL-33 release in control and PbA-
infected mice  

  PbA-infected mice comprised of the following groups: recombinant 
IL-33 (rIL-33)-treated group, neutralizing IL-33 (nIL-33)-treated 
group, recombinant suppression of tumorigenicity 2 (rST2)-treated 
group, IgG antibody (IgGab)-treated group and phosphate-buffered 
saline (PBS)-treated group. Meanwhile, non-infected mice were 
comprised of IgGab treated mice and PBS-treated mice. Treatment 
was comprised of recombinant Mouse IL-33 Protein (rIL-33, 
R&D Systems) administered at a dose of 20 µg/mouse[34], Goat 
Anti-Mouse IL-33 Antigen Affinity-Purified Polyclonal Antibody or 
neutralizing IL-33 (nIL-33, R&D Systems) administered at a dose of 
40 µg/mouse[35], recombinant Mouse ST2/IL-33R Fc Chimera Protein 
(rST2, R&D Systems) administered at a dose of 20 µg/mouse[35], 
Mouse IgG antibody  (R&D Systems) of 100 µg/mouse[36] and 0.1 
mM of PBS (Sigma-Aldrich). All treatments were intraperitoneally 
administered consecutively for 3 d  in a total volume of 200 µL 
per treatment after 24 hours post-inoculation of PbA. Parasitemia 
progression was recorded daily post-PbA parasite inoculation before 
organ and sample collection on day 5 (120 hours post-inoculation). 

2.7. Histological analysis

  Organ samples were fixed with 10% formalin and embedded with 
paraffin wax after 72 hours of fixation. Tissue sections of 4 μm 
thickness were deparaffinized in a microwave oven set at 60 曟 for 60 
min before haematoxylin and eosin staining. Haematoxylin and eosin 
staining was performed following standard staining protocol. Arbitrary 
scales for the physical signs of illness, histopathological features, and 
post-mortem observations were observed and recorded according to 
methods described by Basir et al.[33] while histological scores were 
performed according to methods described by Fazalul Rahiman et 
al.[37].

2.8. Statistical analysis

  Data were expressed as mean ± standard error of mean (SEM). The 
concentration of systemic IL-33 and its expression level in the brain 
and during parasitemia development were analyzed with one-way 
ANOVA and Tukey’s multiple comparisons.

3. Results

3.1. Systemic release of IL-33 during PbA infection

  A gradual elevation of plasma IL-33 levels was observed in PbA-
infected mice from day 1 [(24.80 ± 5.52) pg/mL] to day 3 [(37.13 ± 
7.11) pg/mL] and day 5 [(52.85 ± 14.16) pg/mL] of infection, unlike the 
negative control mice in which significantly lower and stable plasma 
IL-33 levels [(16.66 ± 2.59) pg/mL] remained unaltered throughout 
PbA infection (Figure 2). There was no significant difference observed 
in the levels of plasma IL-33 (P > 0.05) between PbA-infected mice 
[(24.80 ± 5.52) pg/mL] and the uninfected control mice [(16.66 ± 
2.58) pg/mL] on day 1. However, on day 3 and day 5 of infection, 
a significant elevation of plasma IL-33 concentration was recorded 
(P < 0.05) in PbA-infected mice as compared to their respective 
control counterparts on similar days. Additional post hoc tests revealed 
significant differences (P < 0.01) in plasma IL-33 concentration 
between groups of PbA-infected mice on day 1 and day 3 or day 5 
post-infection.
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Figure 2. Release of extracellular IL-33 in PbA-infected mice. ICR male 
mice were infected i.p. with PbA (≥ 40% parasitized red blood cells). Results 
are expressed as mean ± SEM (n = 6). *P < 0.05 compared to the negative 
control group.
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Figure 3. Expression of IL-33 in the (A) brain (in the nucleus of the glial cells), (B) lungs (in the nucleus and cytoplasm of the alveolar epithelial cells), and (C) 
spleen (in the nucleus and cytoplasm of the spleen lymphocytes) of PbA-infected mice, compared with negative control mice. IL-33 expression (black arrow)
was determined by immunohistochemical staining (n = 6). All images were acquired at 400× magnification. 
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Figure 4. Constitutive expression of IL-33 in the (A) heart (the nuclei and cytoplasm of cardiac myocytes and endothelial cells), (B) liver (the nuclei and 
cytoplasm of hepatocytes and endothelial cells) and (C) kidney (primarily localized in the endothelial and epithelial cells of the kidney) of both malaria 
and negative control mice. IL-33 expression (black arrow) was determined by immunohistochemical staining (n = 6). All images were acquired at 400× 
magnification. 
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3.2. Local expression of IL-33 in major organs

  Extensive distributions of densely stained IL-33+ cells were observed 
in the brain, lungs, and spleen of PbA-infected mice, compared with 
negative control mice. Immunoreactivity for IL-33+ was predominantly 
localized in the nucleus of endothelial and epithelial cells in all organs 
sampled from PbA-infected mice excluding epithelial cells of the 
spleen. In comparison to negative control mice, the frequency and 
intensity of IL-33+ cells in brain sections from PbA-infected mice 
increased significantly (P < 0.05) from day 1 to day 5 of infection. 
In PbA-infected mouse brain, immunoreactivity for IL-33 was 
primarily expressed by glial cells in addition to the nucleus of 
neurons in the white matter and cerebral cortex (Figure 3A). 
  IL-33 expression was apparent in alveolar epithelial cells of lung 
sections from PbA-infected mice. Similarly, stain intensity appeared 
to increase progressively in the lungs of PbA-infected mice as 
infection progressed from day 1 to day 5. Unlike PbA-infected mice, 
negative control mice demonstrated mild constitutive expression 
of IL-33+ immunopositive cells in the lungs (Figure 3B). The 
expression of IL-33 in the spleen was predominantly localized in 
lymphocytes and increased as PbA infection progressed (Figure 3C). 
However, IL-33 expression was barely observed in sections of the 
spleen from negative control mice. The constitutive expression of 
IL-33 was observed in the heart (Figure 4A), liver (Figure 4B), and 
kidney (Figure 4C) of both malaria and negative control mice.

3.3. Effects of modulating the release of IL-33 on parasitemia 
development during PbA infection

  Administration of rIL-33 to PbA-infected mice was associated 
with a delay in parasitemia patency between the first and second 
day of infection (Figure 5). Mean parasitemia percentages of 1.23% 
and 7.42% were recorded for PbA-infected mice that received rIL-
33 protein on day 1 and day 2, respectively as compared to mean 
parasitemia percentages monitored on similar days in nIL-33-
treated mice (4.44% and 7.98%), rST2-treated mice (1.67% and 
9.10%), IgG-treated mice (5.46% and 10.20%), and PBS treated 
mice (3.56% and 12.61%), respectively (Figure 5). Overall, daily 
estimates of parasitemia progression [% parasitized red blood cells 
(PRBC) increment per day] across groups of PbA-infected mice 
revealed delayed parasitemia development in mice that received 
rIL-33 protein [(14.68 ± 11.20)%/day] in comparison to sustained 
parasitemia progression observed in PBS-treated mice [(14.73 
± 11.37)%/day] and IgG treated mice [(16.14 ± 12.44)%/day]. 
Comparatively, daily estimates of parasitemia progression in mice 
that received PBS or IgG treatment were higher than those in mice 
treated with either nIL-33 [(12.67 ± 10.70)%/day] or rST2 [(13.31 ± 
9.95)%/day]. Significantly different rates of parasitemia development 
(P < 0.05) were observed on day 4 of infection between the rST2 
and PBS-treated mice.
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Figure 5. Effects of rIL-33, nIL-33, and rST2 treatments on the development 
of parasitemia. Parasitemia was measured based on the percentage of 
Leishman positive cells. Results are mean ± SEM (n = 6). *P < 0.05, ***P < 
0.001 compared to the PbA-infected group. ###P < 0.001 compared with the 
negative control group treated with PBS. PBS: phosphate-buffered saline; 
rIL-33: recombinant IL-33; nIL-33: neutralizing IL-33; rST2: recombinant 
ST2.

3.4. Effects of modulating the release of IL-33 on 
histopathological changes during PbA infection

  After the modulation of IL-33 by administration of rIL-33, 
nIL-33, rST2, and IgG to PbA-infected mice, macroscopic 
observations of post-mortem tissues were shown in Supplementary 
Table. Macroscopically, all organs showed typical morphology 
(discoloration and enlargement) generally associated with PbA-
infected tissues, however, microscopic examination of sections from 
harvested organs revealed marginal presence of pathological features 
associated with PbA infection in sections from the brain, lung, 
liver, and spleen of PbA-infected mice treated with rIL-33 protein 
compared to other treatment groups (Figures 6-9).

4. Discussion

  Plasma IL-33 concentration was highly elevated during the critical 
phase of PbA infection (day 5) compared to the previous phases 
of infection (days 1 and 3); this observation is similar to severe 
falciparum malaria in humans[38]. Moreover, plasma levels of IL-
33 were correlated positively and significantly with parasitemia 
development, hence supporting the presumption that IL-33 is 
involved and significantly activated during the development of 
malaria possibly as an endogenous ‘alarmin’ crucial to the innate 
immune response to malaria[13,38]. 
  A study by Palomo et al. reported undetectable levels of IL-33 in 
serum from both PbA-infected and naïve mice, however, elevated 
levels of the cytokine (IL-33) were found following the development 
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of malaria in tissue homogenates of the brain, lung, and spleen from 
infected subjects[32]. Aside from endothelial and epithelial cells[39], 

a plethora of leukocytes such as macrophages have demonstrated 
high-affinity binding capacity to extracellular IL-33, as well as 

            Negative control+PBS                                               Malaria+PBS                                                      Malaria+IgG

              Malaria+rIL-33                                                     Malaria+nIL-33                                                    Malaria+rST2

Figure 6. Effects of rIL-33, nIL-33, and rST2 treatments on the brain. All brain sections were stained with H&E (n = 6). Histopathological features (indicated 
with black arrow) are (Ⅰ) parasitized red blood cells, hemozoin-laden macrophages, perivascular activated macrophages, and intravascular lymphocytes inside 
the blood vessels, (Ⅱ) hemozoin deposition on the cerebral tissue, (Ⅲ) perivascular space enlargement, (Ⅳ) brain parenchymal hemorrhage with lymphocytic 
infiltration and (Ⅴ) petechial hemorrhage. Images were acquired at 400× magnification.

            Negative control+PBS                                    Malaria+PBS                                                Malaria+IgG

             Malaria+rIL-33                                             Malaria+nIL-33                                           Malaria+rST2

Figure 7. Effects of rIL-33, nIL-33, and rST2 treatments on the lungs. All lung sections were stained with H&E (n = 6). Histopathological features (indicated 
with black arrow) are (Ⅰ) parasitized red blood cells, hemozoin-laden macrophages, and lymphocytes, (Ⅱ) hyalinized membrane, (Ⅲ) hemozoin and 
parasitized red blood cells within a hyalinized membrane, (Ⅳ) hemozoin deposition in alveolar tissues and (Ⅴ) alveolar hemorrhage. Images were acquired at 
400× magnification.
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production of the cytokine during necrosis[38]. We thus inferred that 
the observed upregulation of systemic IL-33 levels in PbA-infected 
mice likely originated from the aforementioned cellular sources 
(leukocytes and/or macrophages) in response to danger-associated 

molecular patterns released upon the progression of malaria. 
  Immunohistochemistry revealed significant expression of IL-33 in 
the brain of PbA-infected mice during the critical phase (day 5) of 
malaria. This observation corroborates previous reports describing 

            Negative control+PBS                                         Malaria+PBS                                                  Malaria+IgG

                Malaria+rIL-33                                                 Malaria+nIL-33                                              Malaria+rST2

Figure 8. Effects of rIL-33, nIL-33, and rST2 treatments on the liver. All liver sections were stained with H&E (n = 6). Histopathological features (indicated 
with black arrow) are (Ⅰ) parasitized red blood cells, hemozoin-laden macrophages, and lymphocytes inside the blood vessels in the liver, (Ⅱ) infiltration of 
inflammatory cells towards hepatic vessel, (Ⅲ) hypertrophy and (Ⅳ) hyperplasia of Kupffer cells, (Ⅴ) hemozoin deposition in the sinusoid and (Ⅵ) hepatic 
cords and (Ⅶ) liver parenchymal hemorrhage with fibrin deposition. Images were acquired at 400× magnification.

Figure 9. Effects of rIL-33, nIL-33, and rST2 treatments on the spleen. All spleen sections were stained with H&E (n = 6). Histopathological features 
(indicated with black arrow) are (Ⅰ) parasitized red blood cells, hemozoin-laden macrophages, and lymphocytes, (Ⅱ) thickened trabeculae, hemozoin 
deposition in (Ⅲ) splenic sinuses, and (Ⅳ) cords, (Ⅴ) multinucleated giant cells, (Ⅵ) fibrin deposition and (Ⅶ) splenic hemorrhage. Images were acquired at 
400× magnification.
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the expression of IL-33 in the brain during experimental cerebral 
malaria[30,32,40]. 
  The expression of IL-33 visibly increased as PbA infection 
progressed from the onset phase to the critical phase of 
infection. A progressive increase in the intensity and expanse of 
immunoreactivity for IL-33 was also noticeable in the lungs and 
spleen of PbA-infected mice compared to negative control mice. 
Similarly, a study reported increased IL-33 expression in the 
lungs during severe malaria associated with pulmonary edema[31] 
and in a model of allergic airway inflammation[41]. Furthermore, 
previous reports on elevated IL-33 protein[32] and mRNA[40] levels 
corroborate the observation of dense IL-33 expression that was 
observed in the spleen of PbA-infected mice. Unlike the brain, 
lungs, and spleen of PbA-infected mice, IL-33 was only marginally 
expressed and the levels of expression were unaltered throughout 
PbA infection in the heart, liver, and kidneys of the infected mice. 
The expression of IL-33 in sections from the heart of PbA-infected 
mice was similar to the constitutive expression of IL-33 in cardiac 
cells observed in certain studies during necrosis[42].  
  A delay in parasitemia progression was evident at the onset phase 
of PbA infection in mice that received rIL-33 treatment. However, 
similar to a study by Besnard et al.[27], parasitemia progression 
towards the critical phase (day 5) of infection was unremarkable 
in rIL-33-treated mice and assumed a similar pace of development 
with the ensuing hyperparasitemia bore striking similarity to 
parasitemia levels in infected mice that were treated with PBS. 
These observations on parasitemia progression between nIL-33 
and PBS-treated mice were similar to previous reports by Shibui et 
al.[40], where the parasitemia development between IL-33 deficient 
(IL-33-/-) mice and their wild type counterparts of either BALB/c or 
C57BL/6 background was comparable in a model of PbA infection. 
  Overall, pathological features typically associated with malaria  
such as PRBC sequestration, perivascular space enlargement, 
and hemozoin deposition if present were profoundly reduced in 
rIL-33 treated mice compared with their neutralizing antibody-
treated counterparts that sustained a normal incidence of malaria 
pathology. Moreover, the absence of both petechial and parenchymal 
hemorrhage in the brain of the rIL-33-treated mice, but not in the 
nIL-33 and rST2-treated mice, indicated that treatment with rIL-
33 conferred protection against brain pathology and concomitant 
ECM development. Similar findings have been demonstrated by 
Besnard et al.[27] and Strangward et al.[28]. Additionally, an earlier 
study documented similar rates of PRBC sequestration in the brain 
of PbA-infected, ST2-/- mice, and their wild type counterparts[27]. 
  Minimal histopathological changes were observed in the lungs of 
rIL-33-treated mice including the absence of PRBC sequestration 
and reduction of hemozoin deposition. However, the presence of 
inflammatory cells was observed in lung tissue from certain rIL-
33-treated mice. Our findings on the effects of IL-33 in the lungs of 
PbA-infected subjects were corroborated by Schmitz et al.[8].
  Comparable to observations in the lungs, inflammatory cells 

were similarly visible albeit to a lesser degree in the liver, spleen, 
and kidneys of certain PbA-infected mice that received rIL-33. A 
study by Clark et al.[15] demonstrated a certain degree of cellular 
infiltrations and decreased necrotic foci in the livers of IL-33-treated 
mice infected with Toxoplasma gondii. Remarkably, while differences 
were observed in histopathological features of harvested organs 
between rIL-33-treated and other PbA-infected mice, variations 
in the extent of splenic pathology between treatment groups were 
negligible. Therefore, we surmised that the varying outcomes of IL-
33 modulation observed in PbA-infected mice subsequent to rIL-
33 treatment are dependent upon the pathway of disease etiology 
varying from infectious diseases to autoimmune disorders or 
oncogenic processes. Even though lesser pathological changes were 
observed in the kidney of the rIL-33-treated mice, features such as 
acute tubular necrosis and partial necrosis of glomeruli were still 
present. The inhibition of IL-33 signaling in the kidney through 
sST2 treatment perhaps reduced the development of  acute tubular 
necrosis as well as acute renal injury as demonstrated by Akcay et 
al.[43]. Moreover, the progression of chronic kidney disease has been 
correlated with the increase of both IL-33 and ST2 levels[44].
  We observed increased frequencies of macrophages in the spleen 
of rIL-33-treated mice, this is consistent with reports on the 
involvement of IL-33 in the spleen by Besnard et al.[27] and Schmitz 
et al.[8] who demonstrated increased macrophage population and 
polarization to an M2 phenotype during PbA infection. Macrophages 
are of crucial importance in arresting parasite development 
and restoration of tissue damage following pathological tissue 
remodeling in malaria.
  Based on the histological examination of organs critically affected 
by malaria, IL-33 appeared to play both protective and damaging 
roles in PbA-infected mice. We surmised that IL-33 treatment 
produced ambiguous effects and its actions depend upon the context 
of disease etiology. 
  Overall, we demonstrated that IL-33 is significantly upregulated 
in serum and tissues of malaria subjects possibly due to increased 
transcription of IL-33 mRNA in response to PbA infection. IL-33, 
documented as ‘alarmin’ cytokine[13], released as a consequence 
of damage to the mechanical barriers of epithelial and endothelial 
cells[10], was highly expressed and correlated significantly with 
parasitemia development during critical phases of PbA infection. 
Administration of rIL-33 to PbA-infected mice was found to exhibit 
ambiguous effects. Howbeit the incidence of organ-related malaria 
pathology with concomitant protection of rIL-33-treated mice from 
ECM is suggestive of the possible action of IL-33 via various cell 
types and pathways which is not explored in this study. Furthermore, 
this study is mostly limited to the quantitative assessment of 
the effects of IL-33, anti-IL-33, and its decoy receptor ST2 in 
critical organs while IL-33 expression at the cellular level was not 
quantitatively measured. In conclusion, modulation of IL-33 releases 
demonstrated pleiotropic effects during the onset of malaria and as 
an immune-modulating cytokine could prevent the occurrence of 
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cerebral pathology during the critical phase of PbA infection.
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