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Specificity and kinetics of human
candidate cerebral malaria
biomarkers in mice
Cláudia Gomes, Lizeth Chicas, Kelly A. Crotty, Isaac Salzano,
Davidi Tawfiles and Ana Rodriguez*

Department of Microbiology, New York University School of Medicine, New York, NY, United States
Cerebral malaria (CM) is a complication of infection with Plasmodium falciparum

that can lead to cognitive sequelae and death. The diagnosis of CM is based on

clinical criteria, which leads to frequent misdiagnosis as it is confused with other

infections that induce coma in children. There is currently no possibility of early

diagnosis of this complication, since CM is only identified after the presentation

of neurological signs, which greatly decreases treatment success and also

precludes the analysis of patient’s early samples for the identification of

predictive/prognostic biomarkers. Here we have used the mouse model for

CM (infection with Plasmodium berghei-ANKA) and compared it to a non-CM

model (infection with P. berghei-NK65) to evaluate the early kinetics and

specificity of two candidate biomarkers that are elevated in the plasma of

patients with CM: Angiopoietin-2 and Angiopoietin-like 4. The mouse

experimental CM (ECM) model allows for the study of the biomarker’s kinetics

throughout infection, starting before neurological signs are evident, and for their

specificity for ECM as compared to the non-cerebral model. Our results indicate

that, similar to findings in P. falciparum malaria patients, Angiopoietin-2 and

Angiopoietin-like-4 are significantly elevated in plasma during P. berghei

infection in mice. In mice infected with P. berghei-NK65 there was a direct

correlation with the levels of parasitemia, suggesting that this may be

contributing to the increased levels of both candidate biomarkers during

infection, however this was not observed in P. berghei-ANKA infected mice. In

these mice, a high proportion developed ECM and showed elevated levels of

Angiopoietin-like 4, which were not observed in mice with non-cerebral

infections. Angiopoietin-like 4 levels were directly correlated with severity of

ECM. This observation is similar to previous findings in human malaria patients

and provide basis for the use of mice as a model to investigate early kinetics and

specificity of potential biomarkers for human severe and cerebral malaria.
KEYWORDS
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Introduction

Malaria is still the cause of approximately 600,000 death per

year, mostly in children under the age of 5 (WHO, 2024). A high

proportion of these deaths are caused by cerebral malaria (CM), a

severe complication of Plasmodium falciparum infection that results

in death in ~18% of the cases despite administration of anti-malarial

medications (Guinovart et al., 2022), with 25% of survivors

presenting important permanent neurological sequelae (John

et al., 2008).

CM is characterized by the sequestration of P. falciparum-

infected erythrocytes in the brain microvasculature, loss of blood-

brain barrier integrity and brain swelling that may lead to death

(Seydel et al., 2015). A major problem in the management of CM is

that the diagnosis is frequently inaccurate, with both high rates of

false positive (Taylor et al., 2004) and false negative (Berkley et al.,

1999; Aipit et al., 2014) diagnosis.

In the absence of specific pharmacological therapy for CM,

early diagnosis would be highly beneficial to improve the rate

of success of general anti-malarial treatments. However, currently

it is not possible to identify which children are at risk for

developing CM among the very large numbers of children with

uncomplicated malaria, since the initial presentation is frequently

mild and non-specific (WHO, 2013). As a result, over 50% of

children with severe malaria die at the community level without

access to adequate healthcare and potentially lifesaving treatment

(Rutherford et al., 2009). Therefore, there is an urgent need to

identify biomarkers for the diagnosis of CM that can help

clinicians identify this complication early and accurately in the

course of infection. Several plasma molecules, with Angiopoietin-

2 (ANG2) as the most solid candidate (Conroy et al., 2012), have

been proposed as biomarkers for CM and have been used in

clinical trials, but still do not meet the requirements for adequate

sensitivity, specificity, and/or reproducibility between different

cohorts (Muppidi et al., 2023).

In an attempt to identify biomarkers specific for CM that would

not be triggered by the general inflammatory response to infections,

but specifically in response to malaria, we previously performed a

search for proteins secreted by human brain endothelial cells

exposed to P. falciparum in vitro (Zuniga et al., 2022). This

search identified a protein, Angiopoietin-like 4 (ANGPTL4), that

is secreted by endothelial cells in response to P. falciparum and was

found to be elevated in a cohort of African children with CM,

compared to other malaria severe complications (Gomes et al.,

2023). However, analysis of human CM samples provides limited

information regarding the evolution of the biomarker levels over

course of the disease, as samples are collected later in infection,

when a small percentage of children with malaria start to show

neurological signs.

Here, we have compared the experimental cerebral malaria

(ECM) mouse model to a non-cerebral P. berghei infection

(Ghazanfari et al., 2018) to perform longitudinal and specificity

assessments of the two human CM candidate biomarkers, ANG2

and ANGPTL4, with the aim to characterize the kinetics and

specificity of these biomarkers.
Frontiers in Malaria 02
Material and methods

Mice

All procedures involving animals followed the Guide for the

Care and Use of Laboratory Animals published by US National

Institutes of Health (NIH Publication No. 85-23, revised 1985) and

were performed with the approval of the Animal Care and Use

Committee at New York University School of Medicine (Protocol

IA16-00626).
Infections

C57BL/6J mice (4-6 weeks old) were obtained from Taconic

Farms Inc. All animals were maintained under barrier conditions

and had free access to water and normal laboratory diet. Mice were

infected by i.p. inoculation of 3.5 x 105 P. berghei-ANKA (Franke-

Fayard et al., 2004) or P. berghei-NK65 (Alger et al., 1971) infected

erythrocytes. P. berghei lines were not cloned.
Scoring of CM

Animals were closely monitored to assess signs of CM following

the score chart described by Waknine-Grinberg JH et al (Waknine-

Grinberg et al., 2010) with modifications. All mice were scored daily

after infection. Score of CM was based on appearance (Normal = 0;

Coat ruffled = 1; Coat staring/panting = 2) and behavior (Normal =

0; Hunched or wobbly gait = 1; Partial paralysis or immobile = 2;

Convulsions or coma = 3). Accumulated scores of 3 were

considered severe cases and scores 4-5 critical cases of CM. Mice

were sacrificed when reaching a cumulative score ≥ 4 or if they are

immobile in response to stimulation or comatose.
Sample collection and determination of
parasitemia

Blood samples of 12 mL were obtained by vein tail puncture at

the indicated times after infection. Blood was collected with

heparinized micro-hematocrit capillary tubes (Fisher Scientific).

Parasitemias were determine by microscopic quantification of

blood smears stained with Giemsa (Sigma-Aldrich).
ELISA determinations of ANG2 and
ANGPTL4

Plasma concentrations of ANG2 and ANGPTL4 were

measured (at dilutions of 1/40, and 1/100, respectively) using

commercial ELISAs (R&D systems, Abcam, respectively)

following manufacturer’s instructions. Plasma concentrations

were determined using a standard curve for each of the

recombinant proteins.
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Statistical methods

Statistical analysis were performed with GraphPad Prism v10.4

software. The Normality Kolmogorov-Smirnov test was used to

determine whether the analyzed variables follow a normal

distribution. Unpaired samples t-tests were used to compare the

levels of biomarkers in infected vs uninfected mice. Paired samples t-

tests were carried out to compare the levels of each biomarker in each

mouse between day 2 and days 4 and 6 after infection. One-way

ANOVA was used to compare the levels of biomarkers between the

uninfected, infected with P. berghei-NK65 and P. berghei-ANKA.
Results

The levels of the candidate human CM biomarkers ANG2 and

ANGPTL4 were determined in the plasma of C57BL/6J mice to

study the kinetics and specificity of each biomarker.

A first analysis was performed to determine whether the

biomarkers could differentiate infected from uninfected mice, by

comparing their levels in the plasma of control and infected mice

(including both P. berghei-ANKA and P. berghei-NK65). We

observed that the levels of ANGP2 and ANGPTL4 are

significantly increased in infected mice (Figure 1), similarly to

human malaria patients (Gomes et al., 2023).

Since the two biomarkers in this study were previously shown to

differentiate CM from other forms of severe malaria in children

(Conroy et al., 2009; Gomes et al., 2023), here we compared their

levels in C57BL/6J mice infected with P. berghei-ANKA, which

induces ECM with severe neurological signs upon 6-7 days after

infection, to mice infected with P. berghei-NK65, where parasitemia

increases steadily over time without neurological complications

(Shaw et al., 2015).
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Analysis of the levels of ANG2 collected over the course of

infection showed increases in early infection in some of the mice

infected with P. berghei-ANKA compared to P. berghei-NK65 (27%

on days 4-5 and day 6) (Figures 2A, B). Similarly, analysis of plasma

samples showed that the levels of ANGPTL4 progressively

increased in the plasma of 50% of the mice after day 4

(Figures 2C, D). Twelve out of the total 14 mice presented a

score ≥ 4 by days 6-8, which indicates severe signs of ECM and

were euthanized. The two mice that developed less severe signs of

ECM (score ≤ 3) and survived past day 10, presented low levels of

ANGPTL4 over the course of infection, and lower levels of

parasitemia (Figure 2E). Similar trends were observed for both

male and female mice. In comparison, the levels of ANGPTL4 in

mice infected with P. berghei-NK65, the non-cerebral strain,

remained at lower levels throughout the course of infection.

When analyzing the levels of ANGPTL4, we observed that all the

CM strain-infected mice (P. berghei-ANKA) on day 6 post infection

that presented higher levels of ANGPTL4 (over the NK65 max value

of 3, 900) died within the next 2 days (Figures 2C, D). However,

analysis of the parasitemia levels in all mice in the experiments

revealed that the mice infected with P. berghei-NK65 mice had

lower parasitemias compared to the mice infected with P. berghei-

ANKA, even if both groups were infected with the same number of

infected RBCs in the inoculum (Figures 2E, F).

These results are comparable to data collected from human

patients, which showed significantly increased levels of ANGPTL4

in children with CM versus children with severe (non-cerebral)

malaria (Gomes et al., 2023). Since only the mice infected with P.

berghei-ANKA died during infection, the results obtained

comparing the levels of ANGPTL4 in day 6 also indicate that this

biomarker is elevated in a large proportion of mice before death.

We then analyzed the statistical relation of ANG2 and

ANGPTL4 with CM (measured as standard scores for each
FIGURE 1

ANGP2 and ANGPTL4 are increased in mice infected with P. berghei. Levels of ANG2 and ANGPTL4 were determined in plasma of groups of C57/B6
mice uninfected (n=15) or infected with P. berghei at day 6 after infection (n=17). Bars show mean and standard deviation values for each group.
p values determined by t-test. ****p<0.0001; **p<0.01.
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mouse) and with parasitemia over the different days of the assay. No

significant correlations with ANG2 were found. A significant direct

correlation between the levels of ANGPTL4 and CM scores (r 0.41,

p < 0.05) was observed, but no correlation was found for each of

them with levels of parasitemia (p > 0.05 for both biomarkers)

(Figure 3). Although there was no significant correlation between

the severity of CM (scores) and the levels of parasitemia in mice

infected with P. berghei-ANKA, we observed that these mice

had overall higher levels of parasitemia compared to mice

infected with P. berghei-NK65 (Figures 2E, F). Therefore, we
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analyzed the relation between parasitemia levels and biomarkers

in mice infected with P. berghei-NK65, observing a direct

correlation for both candidate biomarkers (ANG2 r 0.54, p <

0.05; ANGPTL4 r 0.51, p < 0.05). These results suggest that

parasitemia may be contributing to the increase in the levels of

the candidate biomarkers in these mice.

These results complement previous findings in human patients

(Gomes et al., 2023) and suggest that levels of ANGPTL4 may be

directly related to CM pathology in mice. ANG2 relation with CM

scores (r 0.30, p = 0.14) did not reach significance. As expected, a
FIGURE 2

ANG2 and ANGPTL4 are elevated in mice with ECM. Levels of ANG2 and ANGPTL4 in plasma were determined in groups of C57/BL6 mice infected
with P. berghei-ANKA (n = 14) or P. berghei-NK65 (n=10). (A, C) Levels of each biomarker in each individual mouse over the course of infection.
Males are represented by squares and females by circles. T-test was used to calculate the significance of paired values for each mouse in days 4 and
6 were compared to day 2. (B, D) Comparison of biomarker levels between groups of uninfected and infected mice. Dotted line represents the
average of non-CM mice (P. berghei-NK65) plus two times the standard deviation. (E, F) Levels of parasitemia in each individual mice over the
course of infection (E) and comparison of parasitemias by t-test. Each symbol represents the same mouse in (A, C, E). p values determined by
ANOVA (A-D) or t-test (F). ****p<0.0001; ***p<0.001; **p<0.01; *p<0.05.
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high correlation between the levels of parasitemia and CM scores

was observed (Figure 3).

The prognostic value of the biomarkers was assessed by

determining whether their levels are elevated before the

symptoms (CM scores) appear. Considering the maximum level

of each biomarker in P. berghei-NK65-infected mice each day, this

analysis revealed that 3 mice for ANG2 and 5 mice for ANGPTL4

had increased levels at least one day before CM scores were

increased (Score ≥ 1) in a total of 13 mice analyzed. The

calculated predictive value is 23% for ANG2 and 38%

for ANGPTL4.
Discussion

The diagnosis of CM is performed following WHO criteria

that requires a Blantyre coma score ≤2 and the presence of P.

falciparum parasites in peripheral blood (WHO, 2014). However,

this diagnosis is frequently inaccurate, as was evidenced by an

autopsy study where 23% of children that had been diagnosed

with CM following WHO criteria, lacked sequestration of P.

falciparum infected erythrocytes in brain vessels and an

alternative cause of death was identified for each one (Taylor

et al., 2004). The high inaccuracy of the CM diagnosis is caused by

the unspecificity of the clinical features of malaria coma

(convulsions, anemia, respiratory distress and abnormal

posturing) compared to other causes of coma and by the high

proportion of children in malaria endemic areas with detectable

circulating P. falciparum parasitemia in the absence of any clinical

symptoms [as high as 50% (O’Meara et al., 2008)]. Moreover, CM
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diagnosis is frequently confounded by other lethal infectious

diseases like bacterial meningitis or is accompanied by other

invasive infections, with an important increase in the case

fatality rate of those patients (Berkley et al., 1999; Aipit

et al., 2014).

Under these circumstances, the identification of specific

biomarkers for CM could help increase the accuracy of the

diagnosis, resulting in improved clinical care. Previous studies in

children with CM have identified a limited number of potential

biomarkers, however variability between different studies and lack

of sensitivity and specificity of the candidate biomarkers for CM

have precluded the establishment of a reliable biomarker for CM

(Foko et al., 2022).

An additional obstacle that difficulties adequate management

of CM is the lack of a reliable early diagnostic tool. Since most

malaria cases are either asymptomatic or uncomplicated, and only

a small percentage of cases develops into severe disease, it would

be highly beneficial to predict which children are at risk of

developing severe complications. However, the identification of

prognostic biomarkers for CM would require the collection and

analysis of thousands of patient samples at the early/

uncomplicated stage to be able to identify and analyze sufficient

number of samples from the early stages of CM, when prognostic

biomarkers may be apparent.

Considering these difficulties, we have analyzed the onset of

human CM biomarker candidates in mice, where we can easily

obtain early samples of individual mice that later develop ECM. Our

approach confirmed that two previously identified biomarkers of

CM in humans (Gomes et al., 2023), ANG2 and ANGPTL4, are

elevated in a high proportion of the mice that develop CM

compared to mice with uncomplicated infections. These results

indicate that the mouse model can reflect the changes observed in

humans and opening the possibility to use mice as a model to study

CM biomarkers.

We also observed a sustained increase of biomarker levels and

clinical signs (CM scores) in plasma throughout the course of

infection. Detailed analysis to identify whether the increase in

biomarker levels preceded clinical signs indicated a moderate

predictive value of the biomarkers (lower than 50%), which

suggests they may be useful for the early identification of CM in

combination with other biomarkers. A broader kinetic screen of

human candidate CM biomarkers in the mouse model could help

identify specific candidates that increase their levels early in cerebral

infections and may be useful as prognostic biomarkers.

ANG2 is a broad biomarker for diseases with a disfunctional

endothelial component, including cancer (Wu et al., 2017) and

various infections (Akwii et al., 2019). ANG2 is readily released in

the circulation upon endothelial activation induced by

inflammatory stimuli, which is a common characteristic of

multiple infections (Fiedler and Augustin, 2006).

ANGPTL4, on the other hand, is upregulated in response to

hypoxia, promoting vascular permeability through the activation of

HIF-1 (Xin et al., 2013). It has been identified as a candidate
FIGURE 3

Correlation of study parameters in P. berghei-ANKA infected mice.
Spearman coefficients were calculated for each pair of variables.
Numbers indicate the Spearman’s r between the two indicated
variables. The p values for each Spearman’s r are shown by asterisks
(*p < 0.05; ****p < 0.0001). No inverse correlations were observed.
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biomarker for infections which have a major endothelial

component, such as sepsis (Xu et al., 2015), severe COVID-19

(Bhatraju et al., 2023) and Acute Respiratory Distress Syndrome

(ARDS) (Hu et al., 2021).

ANGPTL4, which is elevated in the plasma of patients with CM

(Gomes et al., 2023), was secreted by endothelial cells in response to

P. falciparum a 2D in vitro model (Marsh et al., 1995; Gomes et al.,

2023), but was not in an 3D model including pericytes (Long et al.,

2025). Since pericytes regulate endothelial cells in the BBB (Armulik

et al., 2010), these results may indicate a negative regulation of

ANGPTL4 expression by these cells. In a mouse model of sepsis,

ANGPTL4 was also identified as a key regulatory component of the

inflammatory response (Sun et al., 2024).

ANG2 and ANGPTL4 were found to be elevated in human

severe malaria when compared to uncomplicated, but also in severe,

non-cerebral malaria compared to CM (Conroy et al., 2009; Gomes

et al., 2023). However, some patients with CM present also with

other severe complications, such as ARDS, which was found to

range from 10% to 20% of all CM cases (Marsh et al., 1995; Gomes

et al., 2023). It should be noted that mice infected with P. berghei-

ANKA can also develop overlapping lung pathology (Lovegrove

et al., 2008) that could contribute to the elevation of the candidate

biomarkers in this study. Additionally, ANGPTL4 was found to

induce pulmonary tissue leakiness in a model of pneumonia,

suggesting that this factor could be directly involved in lung

pathology (Li et al., 2015).

A detailed analysis of the relation of these biomarkers with CM

scores in the mice, showed that levels of ANGPTL4 are directly

correlated with CM scores. It is likely that the increase of plasma

ANGPTL4 in CM is caused by hypoxia, which is characteristic of

CM and is also known to trigger the secretion of ANGPTL4 (Xin

et al., 2013). ANGPTL4 levels did not correlate with parasitemia in

mice infected with P. berghei-ANKA (Figure 3), which would

indicate that this biomarker is related to CM pathology, rather

than levels of infection in the mice. A limitation of this study is that

a more significant comparison of mice infected with P. berghei-

ANKA that developed or not CM pathology was not possible

because of the low percentage of mice that do not develop the

pathology (14%). Since there is a positive correlation between the

levels of parasitemia in P. berghei-NK65 mice and both candidate

biomarkers, it is likely that parasitemia is also a driver for the

increased levels of both candidate biomarkers. Similar results were

found in human patients where higher levels of ANGPTL4 were

found in children with CM compared with other forms of severe

malaria, and were positively correlated with the levels of HRP2 (a

surrogate for parasitemia) (Conroy et al., 2009; Gomes et al., 2023).

ANG2 association with CM scores was not statistically

significant. It is likely that differences with human CM studies

where ANG2 correlates strongly with CM (Conroy et al., 2012), are

due to the low number of mice samples compared to human patients.

In summary, our results in mice reflect previous findings in

humans for candidate biomarkers ANGPTL4 and ANG2 and

provide novel evidence that mouse models may help in the

identification and selection of prognostic and/or diagnostic

biomarkers for CM.
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