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Distinct Biomarker Profiles Distinguish Malawian Children with Malarial and Non-malarial Sepsis
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Abstract. Presently, it is difficult to accurately diagnose sepsis, a common cause of childhood death in sub-Saharan
Africa, in malaria-endemic areas, given the clinical and pathophysiological overlap between malarial and non-malarial
sepsis. Host biomarkers can distinguish sepsis from uncomplicated fever, but are often abnormal in malaria in the
absence of sepsis. To identify biomarkers that predict sepsis in a malaria-endemic setting, we retrospectively analyzed
data and sera from a case–control study of febrile Malawian children (aged 6–60 months) with and without malaria who
presented to a community health center in Blantyre (January–August 2016). We characterized biomarkers for 29 children
with uncomplicated malaria without sepsis, 25 without malaria or sepsis, 17 with malaria and sepsis, and 16 without
malaria but with sepsis. Sepsis was defined using systemic inflammatory response criteria; biomarkers (interleukin-6
[IL-6], tumor necrosis factor receptor-1, interleukin-1 β [IL-1β], interleukin-10 [IL-10], von Willebrand factor antigen-2,
intercellular adhesionmolecule-1, and angiopoietin-2 [Ang-2]) weremeasuredwithmultiplexmagnetic bead assays. IL-6,
IL-1β, and IL-10 were elevated, and Ang-2 was decreased in children with malaria compared with non-malarial fever.
Children with non-malarial sepsis had greatly increased IL-1β compared with the other subgroups. IL-1β best predicted
sepsis, with an area under the receiver operating characteristic (AUROC) of 0.71 (95% CI: 0.57–0.85); a combined
biomarker–clinical characteristics model improved prediction (AUROC of 0.77, 95% CI: 0.67–0.85). We identified a
distinct biomarker profile for non-malarial sepsis and developed a sepsis prediction model. Additional clinical and bi-
ological data are necessary to further explore sepsis pathophysiology in malaria-endemic regions.

INTRODUCTION

In 2016, 2.7 million children younger than 18 years died
because of severe infections globally; children in sub-
Saharan Africa (SSA) were disproportionately affected, rep-
resenting two-thirds of these deaths.1 Pediatric sepsis,
defined as a systemic inflammatory response syndrome (SIRS)
in the presence of a suspected or proven infection, is the final
common pathway for most infectious disease–related
deaths (Box 1).2 Sepsis entails a complex interplay between
the infectious pathogen and the host’s compensatory re-
sponse and is a continuum of inflammation on a backdrop of a
disrupted state of homeostasis.3,4 Sepsis is characterized by
the host’s reaction to a pathogen, characterized by inflamma-
tion, microcirculatory disruption, endothelial activation and in-
jury, direct end-organ damage from circulating cytokines, and
dysregulation of the coagulation system.3,5,6 Inflammatory tu-
mor necrosis factor, tumor necrosis factor receptor 1 (TNF-R1),
interleukin-6 (IL-6), interleukin-1 β (IL-1β), and chemokines
cause a systemic inflammatory response, whereas von Wille-
brand factor antigen-2 (vWFA2), intercellular adhesionmolecule-
1 (ICAM-1), and angiopoietin-2 (Ang-2) are released because of
endothelial injury andactivation.7–13 Increasedanti-inflammatory
mediators such as interleukin-10 (IL-10), transforming growth
factor-1β, and interleukin-1ra characterize the compensatory
anti-inflammatory response.3,4,6,7,10,14–16

In non–malaria-endemic regions, clinicians use pro-
inflammatory host biomarkers to distinguish patients with

severe disease from those with mild febrile disease.17–19 For
example, there are data suggesting that the pro-inflammatory
biomarker IL-6 may be useful for detecting the presence of a
serious bacterial infection, a common cause of sepsis, in fe-
brile infants20 and is used clinically to screen for neonatal
sepsis.21,22 Elevations in IL-1β and IL-10 correlate with the
degree of sepsis severity.14 Biomarkers of endothelial injury,
such as Ang-2, are elevated in sepsis23 and also correlate with
an increased risk of mortality and organ dysfunction.7

Although sepsis is a leading cause of death worldwide,3

appropriately identifying which febrile children have sepsis
and, thus, are more likely to need urgent intervention and
immediate hospital referral is challenging. Most pediatric case
management guidelines for resource-limited settings com-
bine history, symptoms, and vital signs todistinguish ahealthy
child from a sick child.24 However, using only the clinical ex-
amination has an unsatisfactory level of sensitivity and spec-
ificity for the detection of sepsis.25 Considering that an
important aspect of improving the survival of septic patients is
early and accurate diagnosis for timely initiation of appropriate
treatment,26–29 there is still a need to develop a sepsis di-
agnostic method that is both sensitive and specific.
Identifying sepsis is further complicated inmalaria-endemic

regions of SSA for several reasons. First, malaria can be a
cause of sepsis, but not every malaria infection results in
sepsis. Second, there are often indistinguishable clinical fea-
tures between malarial sepsis and sepsis caused by other
organisms, making it difficult for clinicians to differentiate
between these two common entities.30,31 In addition, there is
overlapping pathophysiology between malaria infection and
sepsis,making it difficult todiagnostically distinguishbetween
the two clinical syndromes; for example, malaria infection is
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associated with endothelial injury, acute inflammation, and
coagulation system activation even in the absence of
SIRS and sepsis.32–41 Pro-inflammatory (TNF-R1) and anti-
inflammatory (IL-10) biomarkers are elevated in young chil-
dren with malaria,42 and, similar to sepsis, levels of IL-1β,
IL-10, and Ang-2 correlate with the severity of malaria.35,43

Furthermore, higher parasitedensity hasbeenassociatedwith
increased production of both anti-inflammatory biomarkers,
such as IL-10,37,44 and pro-inflammatory cytokines, such as
TNF-α, interferon-γ, and IL-1β.43

There are presently no highly sensitive, specific, and vali-
dated biomarkers that predict sepsis in malaria-endemic
settings. This critical limitation impedes accurate risk stratifi-
cation and development of therapeutic interventions and
management algorithms for children with sepsis in SSA. This
has direct clinical relevance, as a biomarker that is sensitive
and specific for sepsis could aid in the early identification of
children needing urgent interventions and hospital referral,
and also help to distinguish septic children with and without
malaria, which has immediate management implications. The
objective of this study was, therefore, to describe serum bio-
marker profiles in Malawian children presenting with fever to a
community clinic. We aimed to compare profiles between fe-
brile children with and without sepsis and with and without
malaria, and to identify a biomarker(s) that could distinguish
children with and without sepsis.

MATERIALS AND METHODS

Studydesignandpopulation.We retrospectively analyzed
the available serum collected during a case–control study of
156 children aged 6–60 months presenting with fever in
Blantyre,Malawi, between January andAugust 2016. Immune
responses in these children have previously been reported.45

The original study recruited three groups: 59 children
with uncomplicated malaria (axillary temperature > 37.8�C at
presentation, malaria positive, normal mental status by the

Blantyre coma score, and absence of severe anemia [defined
as a hemoglobin < 5g/dL]), 50 children with non-malarial fever
(axillary temperature > 37.8�C at presentation and malaria
negative), and 47 healthy controls (afebrile at the time of re-
cruitment,malaria test negative,medically well, and no history
of malaria in the past 3 months). Children with abnormal
mental status by the Blantyre coma score, severe anemia,
hypoglycemia (serum glucose < 45 mg/dL), HIV infection, or
chronic illness were excluded.45 Malarial and non-malarial
fever cases were recruited at the time of presentation to the
community health center (a primary health-care facility) in
Blantyre. Healthy controls were recruited from the vaccination
clinic or surrounding community by study field-workers.
All subjects received a clinical assessment performed by an

experienced research nurse at the time of enrollment. For all
participants, venous blood samples (3 mL) were collected on
enrollment, before vaccination for controls, and processed
within 4 hours of collection. Blood analyses included malaria
rapid diagnostic test (RDT) (1 drop); HIV RDT (1 drop); dried
blood spot for polymerase chain reaction (2 drops); plasma
(1 mL) and whole blood (1.5 mL) for immunologic, hemato-
logic, andmolecular investigations as previously described45;
and remaining serum (50 μL) for biomarker analyses. Serum
for biomarker experiments, as described in the following text,
was stored at −70�C until the samples were analyzed. Malaria
infection was tested with the SD Bioline Malaria Antigen Pf
RDT for Plasmodium falciparum, and positive tests were
confirmed by a field stain A and B thick blood smear, which
was read and confirmed by two trained, independent, non-
blinded microscopists. A Giemsa-stained thin smear was
performed for species identification. A Beckman Coulter an-
alyzer was used for full blood count analyses. Laboratory in-
vestigations were performed at Malawi Liverpool Wellcome
Trust laboratories. There were no discrepant rapid test and
smear results (malaria positive or negative). On thick smear,
500parasiteswere counted against the number ofwhite blood
cells (WBCs) or 1,000 WBCs were counted against parasites,
and results were expressed as parasites per microliter of
blood, using the following formula: parasites/microliter blood =
(parasites/WBCs) × known WBC count per microliter.
Past medical and immunization history were determined

based on interviews with parents or guardians. We calculated
three measures of malnutrition: weight-for-height Z-score or
wasting, height-for-age Z-score or stunting, and weight-for-
age Z-score (WAZ) or underweight. Written informed consent
was obtained from parents or guardians of participating chil-
dren, and participants were treated according to Malawi
Government guidelines. Ethical approval for the study was
obtained from the Malawi College of Medicine Research
Ethics Committee (protocol number P.08/15/1785).
Biomarker measurements. For this study, we obtained

sera from 87 febrile children and determined their sepsis
status by SIRS criteria (Box 1) using age-specific vital signs
(Box 2), regardless of malaria status.2 Figure 1 shows the
breakdown of patient subgroups, with and without sera;
healthy controls were not included in the analysis. We
compared baseline patient characteristics between the
subset of 87 febrile children with sera and the 109 febrile
children from the original study and found no significant
differences (Supplemental Table 1). We also obtained and
analyzed the sera of 36of 47 healthy controls recruited for the
original study, and we report their biomarker concentrations

BOX 1
Study definitions based on the presently accepted systemic in-
flammatory response syndrome (SIRS) and sepsis criteria for chil-
dren developed by Goldstein et al.2,67

Term Definition

SIRS The presence of > 2 of the following 4 criteria,
one must be abnormal temperature or
leukocyte count:

Axillary temperature of > 37.8�C or
< 36�C

Abnormal HR: tachycardia (HR > 2 SD
above normal for age) or bradycardia
for children aged< 1 year (HR< 10th%
for age)

Increased work of breathing (mean
respiratory rate > 2 SD above normal
for age or shortness of breath on
examination)

Leukocyte count elevated or depressed
for age or > 10% immature neutrophils

Infection Suspected or proven, caused by any
pathogen or a clinical syndrome
associated with a high probability of
infection.

Sepsis SIRS in the presence/as a result of a
suspected or proven infection.

HR = heart rate; RR = respiratory rate.
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in the supplemental materials for reference. Malaria infection
was determined as described earlier. Malarial fever included
children with fever and malaria who did not meet the criteria
for sepsis; non-malarial fever included children with fever,
without malaria, and who did not meet the criteria for sepsis;
malarial sepsis included children with malaria who met the
criteria for sepsis; and non-malarial sepsis included children
without malaria who met the criteria for sepsis.
We selected biomarkers known to be elevated in sepsis

and/or malaria infection, specifically serum pro-inflammatory
(IL-6, TNF-R1, and IL-1β), anti-inflammatory (IL-10), and en-
dothelial injury (vWFA2, ICAM-1, and Ang-2) biomarkers. We
measured biomarker concentrations in duplicate with blank
and positive controls, as specified by the manufacturer
(Luminex, Austin, TX), using the MAGPIX magnetic bead–
based system (Luminex) and a Human Magnetic Assay (R&D
Systems, Minneapolis, MN). Plate design was as specified by
the manufacturer; the plate was provided in test kits. We ex-
cluded from analyses samples with a coefficient of variation
between duplicates ³ 10% or outside the level of quantifica-
tion. Because distributions were highly skewed, we log-
transformed mean duplicate values of each biomarker.
Data analysis. We explored the distribution of values for

each variable and summarized the data as means with SD,
medians with interquartile ranges, or as group frequencies with
percentages as appropriate. We used the chi-squared test to
compare binary variables (e.g., patient gender or prevalence of
symptoms), analysis of variance (ANOVA) to compare normally
distributed continuous variables (e.g., anthropometric mea-
surements and cell counts), and the Kruskal–Wallis test to

compare the difference in distributions of non-normally distrib-
uted variables (patient age). We used a two-way ANOVA to
compare log-transformed biomarker concentrations across and
between subgroups—children with malarial fever, non-malarial
fever, malarial sepsis, and non-malarial sepsis—and to identify
any interactions, and present the results in the form of boxplots.
Healthy controls were not included in the comparisons.
We determined the predictive ability of individual bio-

markers and combinations of biomarkers to identify sepsis in
febrile children (with and without malaria) by calculating the
area under the receiver characteristic (AUROC) and the cor-
responding 95% CIs.46 We then tested a series of logistic
regression models and their ability to predict sepsis, as de-
termined by the AUROC. The logistic regression models in-
cluded combinations of the highest performing biomarkers as
well as risk factors for sepsis (age, malaria infection, and
malnutrition determined by WAZ) selected a priori based on
the literature.47–49 To test whether parasite density was corre-
lated with biomarkers, we tested for correlations between log-
transformed biomarker concentrations and log-transformed
malaria parasite density using Spearman’s rank test. We used
Stata MP 14.2 for data analysis. We considered a probability
of < 0.05 to be statistically significant.

RESULTS

Baseline patient characteristics. Among the 87 subjects
providing serum, 33 (40%) met the criteria for sepsis (17 with
malarial sepsis and 16 with non-malaria sepsis) and 54 (62%)
had fever without sepsis (29 with malaria and 25 with non-
malarial fever) (Figure 1). All malaria cases were infected with
P. falciparum. Baseline patient characteristics (Table 1), in-
cluding serum availability, were similar between subgroups,
with a few notable exceptions. Children with non-malarial
sepsis were younger than those in other subgroups. There
were small but statistically significant differences in hemo-
globin level, absolute lymphocyte, and platelet counts be-
tween the four subgroups: children with malaria had lower
hemoglobin levels than children without malaria and children
with sepsis had the lowest (malarial sepsis) and highest (non-
malarial sepsis) mean absolute lymphocyte and platelet counts
among the four subgroups. Presenting symptoms were similar
between the four groups, with the exception of vomiting, which
occurred most frequently in the non-malarial sepsis subgroup
and least frequently in the malarial sepsis subgroup, and an
enlarged spleen,which occurredmore frequently in themalarial
subgroups (Table 2). Patient characteristics and presenting
symptoms between children with andwithout sepsis were also
similar and are shown in Supplemental Tables 2 and 3. Re-
garding the SIRS criteria, all children met the criterion of fever,
about half had an abnormal WBC count, and half had an ab-
normal respiratory rate; no children met > 2 criteria
(Supplemental Table 4).

BOX 2
Age-specific vital signs adapted from Goldstein et al.2

Heart rate (beats/minutes)

Age-group Tachycardia Bradycardia
Respiratory rate,
(breaths/minutes)

Leukocyte count,
(leukocytes × 103/millimeter)

1–12 months > 180 < 90 > 34 > 17.5 or < 5
13–60 months > 140 Not applicable > 22 > 15.5 or < 6

FIGURE 1. Patient flowchart showing the original and study sample
sizes, as well as the number of children in each key subgroup. NMF =
non-malarial fever.
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Biomarker profiles. There were significant differences in
IL-6 concentration across subgroups (P = 0.0007): levels
were higher in children with malaria than in children without
malaria (P = 0.0001), but there was no significant difference
between children with and without sepsis (P = 0.43) and no
interaction between malaria infection and sepsis (P = 0.58)
(Figure 2A). Interleukin-1β concentration also varied across
subgroups (P= 0.016): levelswere increased in childrenwith
malaria compared with those without malaria (P = 0.011)
and in those with sepsis compared with those without
sepsis (P = 0.06), but there was not a statistically significant
interaction between malaria infection and sepsis (P = 0.51)
(Figure 2B). There were also significant differences in IL-10
concentration across subgroups (P < 0.0001): children with
malaria had increased levels compared with those without
(P = 0.01), but there was no significant difference between
children with and without sepsis (P = 0.81) and no

malaria–sepsis interaction (P = 0.56) (Figure 2C). In addition,
there were significant differences in Ang-2 concentration
across subgroups (P = 0.04): levels were decreased in
malaria subgroups compared with non-malaria subgroups
(P = 0.006), but there was no significant difference between
sepsis subgroups and non-sepsis subgroups (P = 0.8),
and there was no significant interaction between malaria
infection and sepsis (P = 0.98) (Figure 2D). There were no
statistically significant differences in TNFR-1, vWFA2, or
ICAM-1 concentrations across or between subgroups
(Supplemental Figure 1A–C). Log-transformed biomarker
concentrations for each subgroup are shown in Supplemental
Table 5. A summary of the biomarker profiles for subgroup is
shown in Table 3.
To determine the discriminatory ability of biomarkers to

predict sepsis, we calculated the AUROC for each biomarker
(Table 4). Biomarker IL-1β performed the best at predicting

TABLE 1
Patient characteristics for Malawian children younger than 5 years without sepsis (malarial and non-malarial fever) and with sepsis (malarial and
non-malarial sepsis)

No sepsis Sepsis

P-value across
groups

Malarial fever
(N = 29)

Non-malarial fever
(N = 25)

Malarial sepsis
(N = 17)

Non-malarial
sepsis (N = 16)

Demographics
Age (months), median (interquartile

range)
20 (12–28) 26 (20–35) 30 (20–40) 16 (10–23) 0.01

Female gender, n (%) 18 (62) 11 (44) 11 (65) 11(69) 0.35
Nutritional status
Weight-for-height Z-score, mean (SD) −1.1 (1.2) −1.0 (1.7) −1.1 (1.4) −2.1 (1.4) 0.1
Height-for-age, mean (SD) 0.4 (2.6) −0.2 (2.5) −0.9 (1.9) 1.2 (2.5) 0.09
Weight-for-age Z-score, mean (SD) −0.7 (1.4) −0.9 (1.3) −1.3 (1) −1 (1.1) 0.48

Laboratory values
Hemoglobin (g/dL), mean (SD) 9.6 (1.8) 11.4 (1.3) 9.7 (1.9) 11.3 (0.9) < 0.0001
White blood cell count, mean (SD) 9.9 (2.7) 10.1 (2.8) 8.6 (4.9) 12.6(6.3) N/A
Absolute neutrophil count, mean (SD) 4.1 (1.6) 4.3 (2.7) 3.9 (3.1) 4.5 (3.3) 0.9
Absolute lymphocyte count, mean (SD) 4.3 (2) 4.6 (1.7) 3.5 (2.3) 6.3(4.2) < 0.0001
Platelet count × 103, mean (SD) 252 (176) 389 (150) 198 (172) 427 (148) 0.0001
Glucose (mg/dL), mean (SD) 107 (23) 96 (16) 98 (24) 93(23) 0.13
Serum available, n/total study

sample (%)
29/39 (74) 25/30 (83) 17/20 (85) 16/20 (80) 0.73

Recent past medical history (within the last 3 months)
Antibiotics, n (%) 16(55) 12 (48) 7 (41) 8 (50) 0.8
Antimalarial, n (%) 6 (21) 1(4) 4 (24) 0 (0) 0.052
Hospital admission, n (%) 2 (7) 1(4) 3 (18) 0 (0) 0.21

Immunization history
Pneumococcal, n (%) 29 (100) 25 (100) 17 (100) 16 (100) N/A
Rotavirus, n (%) 29 (100) 24 (96) 16 (94) 16 (100) 0.5
N/A = not applicable. AP-value is provided for the comparison across all four groups. Tests of significance: Kruskal–Wallis (medians); chi-squared (percents); ANOVA (means). AP-value forWBC

count is not included as this is a SIRS criterion used to define subgroups.

TABLE 2
Presenting symptoms in Malawian children younger than 5 years without sepsis (malarial and non-malarial fever) and with sepsis (malarial and
non-malarial sepsis)

Symptom

No sepsis Sepsis

P-value across
groups

Malarial fever
(N = 29)

Non-malarial fever
(N = 25)

Malarial sepsis
(N = 17)

Non-malarial sepsis
(N = 16)

Fever duration (days),
mean (range)

2.1 (1–3) 1.7 (1–3) 2 (1–3) 2.2 (1–4) 0.48

Vomiting, n (%) 9 (31) 10 (40) 4 (24) 11 (69) 0.038
Diarrhea, n (%) 6 (21) 7 (28) 4 (24) 3 (19) 0.9
Cough, n (%) 14 (48) 11 (44) 5 (29) 11 (69) 0.15
Increased work of
breathing, n (%)

1 (4) 0 (0) 7 (41) 10 (63) Not applicable

Spleen grade 1, n (%) 7 (24) 1 (4) 6 (35) 1 (6.2) 0.029
A P-value is provided for the comparison across all four groups. Tests of significance: chi-squared (percents); ANOVA (means). A P-value for increased work of breathing is not included as it

is a SIRS criterion used to define subgroups.
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sepsis among children with fever, with an AUROC of 0.71
(95% CI: 0.57–0.85). A combined model incorporating IL-1β,
Ang-2, WAZ, and malaria infection yielded a slightly higher
AUROC (0.77, 95% CI: 0.67–0.85) (Figure 3). Other models
were also tested and resulted in either equivalent ormarginally
lower AUROCs for predicting sepsis.
In a subgroup of malaria-positive children with and without

sepsis (N = 46), we observed a positive correlation between
IL-6 concentration and parasite density (ρ = 0.58, P = 0.001)
and IL-10 concentration and parasite density (ρ = 0.41, P =
0.03) (Table 5, Figure 4A and B).

DISCUSSION

We identified distinct biomarker profiles that characterized
malaria infection, non-malarial fever, and non-malarial sepsis.
Malarial fever and malarial sepsis had significantly overlapping
biomarker profiles, andwewere unable to distinguish these two
clinical entities by biomarker concentrations alone. Using non-
malarial fever as the reference group, malaria infection was

characterized by increased pro-inflammatory biomarker IL-6,
increased anti-inflammatory biomarker IL-10, and decreased
endothelial activation and injury biomarker Ang-2, signifying a
simultaneous inflammatory and anti-inflammatory response in
the setting of less endothelial injury. Malaria infection is known
to cause endothelial injury, acute inflammation, and co-
agulation system activation.32–41 Similar to prior studies, we
found that IL-10was elevated in childrenwithmalaria, although
we observed an increase in IL-6 and not the previously ob-
served increase in TNFR-1 as a sign of acute inflammation.42

High levels of both pro- and anti-inflammatory cytokines
characterize malaria, and higher levels are associated with in-
creased disease severity35,43,50,51; this study only included
children with uncomplicated (non-severe) malaria, which may
explain the absence of an increase in IL-1β and the relative
decrease in Ang-2 levels compared with non-malarial fever.
Non-malarial sepsis was characterized by increased pro-

inflammatory biomarker IL-1β, without an increase in IL-6 or
IL-10 or a decrease in Ang-2 as observed in malarial sepsis
(Table 3). Interleukin-6 has previously been shown to be a

FIGURE 2. Boxplots of (A) IL-6, Boxplot represents median and interquartile range (IQR); whiskers adjacent values (extreme values within 1.5
IQR of nearest quartile); and points outside values. Test of significance: Two-way ANOVA. Model p=0.0007; malaria vs. no malaria p=0.0001;
sepsis vs. no sepsis p=0.43; malaria-sepsis interaction p=0.58, (B) IL-1β, Boxplot represents median and interquartile range (IQR); whiskers
adjacent values (extreme values within 1.5 IQR of nearest quartile); and points outside values. Test of significance: Two-way ANOVA. Model
p=0.016; malaria vs. no malaria p=0.011; sepsis vs. no sepsis p=0.06; malaria-sepsis interaction p=0.11, (C) IL-10, Boxplot represents median
and interquartile range (IQR); whiskers adjacent values (extreme values within 1.5 IQR of nearest quartile); and points outside values. Test of
significance: Two-way ANOVA. Model p<0.0001; malaria vs. no malaria p<0.0001; sepsis vs. no sepsis p=0.81; malaria-sepsis interaction
p=0.56, and (D) Ang-2 concentrations inMalawian children younger than 5 yearswithmalarial fever, non-malarial fever,malarial sepsis, and non-
malarial sepsis, Boxplot represents median and interquartile range (IQR); whiskers adjacent values (extreme values within 1.5 IQR of nearest
quartile); and points outside values. Test of significance: Two-way ANOVA.Model p=0.04; malaria vs. nomalaria p=0.0066; sepsis vs. no sepsis
p=0.8; malaria-sepsis interaction p=0.98.
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sensitive and specific marker for the presence of a serious
bacterial infection in febrile infants,20 implying that the etiology
of non-malarial sepsis was not bacterial in study participants.
This is further supported by the most common presenting
symptom in the non-malarial sepsis subgroup, vomiting,
which is a sign of gastrointestinal illness, most frequently
caused by viral infections in this age-group and region.52

Unfortunately, we do not have supporting microbiological
evidence to support the etiology of non-malarial sepsis in this
study; future studies should focus on non-malarial pathogen
identification. Interestingly, elevations in IL-1βhavepreviously
been correlated with the degree of sepsis severity14; we ob-
served an increase in IL-1β in this study population, despite
the limited severity of illness in the outpatient clinic setting.
Incorporation of inflammatory biomarker tests into an

established clinical algorithm has been shown to increase the
utility of clinical guidelines in resource-limited settings.53

Biomarkers such asC-reactive protein and procalcitonin have
previously been studied in SSA, and predicted the presence
of severe bacterial infections, a common cause of sepsis in
SSA.54–56 A diagnostic assay capable of differentiating sepsis
based on the causative pathogen would be ideal because it
would allow focused therapy andalso reduce the unnecessary
use of antibiotics.57 Children with malarial sepsis had signifi-
cantly elevated IL-6 and IL-10 compared with those with non-
malarial sepsis. Thus, although there may be pathophysiologic
similarities for all etiologies of sepsis, we distinguishedmalarial
fromnon-malarial sepsis using biomarker analyses. Interleukin-
6 has previously been shown to be one of the biomarkers ca-
pable of discriminating septic from non-septic patients,21,22,58

and findings of our study provide additional evidence that this

biomarker could also be useful to differentiate betweenmalarial
andnon-malarial sepsis. Follow-upstudies should investigate if
IL-6andotherbiomarkersdifferentiatebetweenother etiologies
of sepsis.
We also aimed to identify biomarkers that distinguished

children with sepsis from those without, regardless of malaria
status. Although IL-1βperformed the best at predicting sepsis
(AUROC 0.71), this modest AUROC was driven by the in-
creased level of IL-1β only in the non-malarial sepsis sub-
group. Therefore, wewere unsuccessful at identifying a single
biomarker to identify all cases of sepsis.
Biomarkers have previously been targeted as a potential

diagnostic tool for sepsis in a number of studies with varied
outcomes.59 In recent years, the notion that a single biomarker
can predict sepsis has fallen out of favor. Studies in high-
income settings have shown that a combination of biomarkers
in conjunction with clinical signs is superior to a single sepsis
biomarker.60,61 When IL-1β was incorporated into a com-
bined biomarker–clinical characteristics sepsis prediction
model, performance improved (AUROC = 0.77), demonstrat-
ing that a combined model had reasonable predictive ability to

TABLE 3
Summary of biomarker profiles for each subgroup

Biomarker

No sepsis Sepsis

Malarial
fever

Non-
malarial fever

Malarial
sepsis

Non-malarial
sepsis

IL-6 ↑ – ↑ –

IL-1β ↑ – ↑ ↑↑
IL-10 ↑ – ↑ –

Angiopoietin-2 ↓ – ↓ –

IL: interleukin. Increases (↑) anddecreases (↓) in biomarker concentrationare shownandare
with respect to the non-malarial fever subgroup (reference). Only biomarkers with statistically
different concentrations across subgroups are shown.

FIGURE 3. Area under the receiver operator characteristic curves for
IL-1β, Ang-2, and a combined biomarker–clinical characteristics
model for predicting sepsis in febrile Malawian children with and
without malaria.

TABLE 4
Area under the receiver operating characteristic (AUROC) and 95%CI
for log-transformed biomarker concentrations for predicting sepsis
in Malawian children younger than 5 years with fever

Biomarker AUROC 95% CI

Pro-inflammatory
IL-6 (n = 76) 0.54 0.4–0.68
Tumor necrosis factor

receptor-1 (n = 77)
0.52 0.38–0.66

IL-1β (n = 54) 0.71 0.57–0.85
Anti-inflammatory
IL-10 (n = 75) 0.53 0.39–0.67

Endothelial injury
von Willebrand factor

antigen-2 (n = 98)
0.46 0.33–0.6

Intercellular adhesion
molecule-1 (n = 85)

0.5 0.37–0.63

Angiopoietin-2 (n = 75) 0.53 0.39–0.67
IL = interleukin.

TABLE 5
Spearman’s correlation (ρ) between log-transformed parasite density

and pro- and anti-inflammatory biomarkers and endothelial injury
biomarker concentrations in Malawian children younger than 5
years with malaria

Biomarker

Parasitemia (number of
parasites/μL)

Correlation (ρ) P-value

Pro-inflammatory
IL-6 (n = 28) 0.58 0.001
Tumor necrosis factor receptor-1

(n = 30)
0.32 0.08

IL-1β (n = 23) 0.11 0.62
Anti-inflammatory

IL-10 (n = 27) 0.41 0.03
Endothelial injury

vonWillebrand factor antigen-2 (n = 29) 0.08 0.68
Intercellular adhesion molecule-1

(n = 32)
−0.05 0.78

Angiopoietin-2 (n = 26) 0.17 0.4
IL = interleukin.
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discriminate children with and without sepsis. Thus, similar to
sepsis biomarker studies in non–malaria-endemic settings,60,61

we found that a combination of biomarkers and clinical char-
acteristics outperformed single biomarkers for predicting the
presence of sepsis. However, the AUROC of this combined
sepsis predictionmodel is rather low, which could be due to the
relatively low illness severity of children presenting to the out-
patient clinic resulting in minimal differences between cases
(children with sepsis) and controls (children with fever only). The
low AUROC may also reflect the poor sensitivity of the current
definition of pediatric sepsis, which is dependent on the non-
specific SIRS criteria.
Pediatric sepsis in malaria-endemic regions of SSA may be

affectedby thechild’sageaswellasalterations in thehost immune
system due to repeated episodes of malaria. In Ugandan children
presenting with acute malaria infection, younger children (aged
1–3 years) had significantly higher levels of pro-inflammatory (in-
cluding IL-6 and TNF-R1) and anti-inflammatory (IL-10) bio-
markers than older children (aged 7–10 years), suggesting that
cytokine-dependent immune responses were dampened in older
children, potentially by repeated exposure to malaria parasites.42

Inaddition,activeandconvalescentP. falciparummalaria infection
has been shown to impair humoral and cellular immunity, placing
children at risk for invasive bacterial infections and potentially in-
creasing susceptibility to sepsis.45 The presence of a bacterial
coinfection alters the biomarker profile further. In a cohort of
Kenyan childrenwith provenmalaria infection, children coinfected
with Gram-negative bacteremia had higher IL-1β and lower IL-10
expression than children who presented with only malaria.37 In a
separate cohort of children with severe malaria from two hos-
pitals in Kenya and Uganda, Gram-negative associated en-
dotoxin levels in coinfected children were negatively
correlated with IL-6 and IL-10 concentrations.62

In addition to the differences in biomarker profiles that we
identified, we also observed that the malaria parasite burden
correlated with increased IL-10 and IL-6 levels (Table 5,
Figure 4A and B). In a cohort of Ugandan children with malaria
and no coinfections, a higher parasite density was associated
with increased production of the anti-inflammatory cytokine
IL-10 by interferon gamma–positive CD4 T cells.44 This ob-
servation is in-line with the hypothesis that IL-10 and other
anti-inflammatory cytokinesprovide a conducive environment

for parasite replication. This hypothesis was supported by the
association of increased inflammatory biomarkers and re-
duced parasite density in Kenyan children with bacterial
coinfection.37 By contrast, a negative correlation between IL-
10 levels and malaria parasitemia was seen in Indian adults
and children, suggesting that in this setting, pro-inflammatory
cytokines favored parasite replication.43

Therewere somedifferences in baseline characteristics and
presenting symptoms between the subgroups. For example,
children with non-malarial sepsis had the lowest median age
(16 months) and the highest frequency of vomiting as a pre-
senting symptom; however, IL-1β concentration was not
significantly associated with age or vomiting in additional
analyses (not shown). Children with malaria, unsurprisingly,
had a lower mean hemoglobin value than children without
malaria. Also not surprisingly, children with sepsis were more
likely to have abnormally high or low white blood cell and
absolute lymphocyte counts, and childrenwithmalarial sepsis
had the lowest mean platelet count.
There were several limitations to our study. First, serum

samples were not available for all subjects; however, baseline
characteristicswere similar between childrenwith andwithout
serum samples (Supplemental Table 1), the mean biomarker
concentration was approximately the same between children
with and without serum samples, and the same statistically
significant associations are present in both the study pop-
ulation with available sera and the entire study population
(Supplemental Table 6). Second, because of resource con-
straints, we tested this study population only for malaria and
not for other pathogens, and in children classified as having
malarial sepsis, wewere unable to test for coinfections. This is
an important limitation because other studies have previously
shown differences in biomarker profiles between septic study
participants with malaria only and those with malaria and
bacteremia. Similarly, grouping all non-malarial sepsis cases
without specifying the etiology is another limitation. Third, we
did not collect data on patient clinical outcomes. Future
studies should test for associations between biomarker pro-
files and clinical outcomes. Fourth, this study had a small
sample size and it was not powered to detect a difference in
biomarker concentrations; still, we did identify interesting
associations. It should also be noted that reliable IL-1β

FIGURE 4. Correlation between (A) IL-6 and (B) IL-10 concentrations and malaria parasite density in febrile Malawian children.
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measurementswere obtained on fewer samples than for other
biomarkers. The logistic regression model used to calculate
the AUROC for the combined model in Figure 3 is, therefore,
restricted to subjects with available IL-1β measurements,
limiting generalizability. Fifth, the SIRS criteria are the current
accepted pediatric definition of sepsis, but these criteria have
been criticized for being too sensitive and nonspecific for
pediatric sepsis and outcomes49,63; new criteria similar to the
adult Sepsis-3 and Sequential Organ Failure Assessment
(SOFA) score may be released shortly.64–66 Finally, general-
izability of the study is uncertain; there may be important
differences between our study population, which excluded
children with severe malaria, HIV infection, and chronic ill-
nesses, and the general SSA pediatric population. However,
in SSA, most malaria cases treated at health centers are
uncomplicated, and the pediatric prevalence of HIV infection
is low, suggesting that our results are reasonably represen-
tative of other SSA pediatric populations. Future studies
should characterize biomarker profiles across the illness
severity spectrum of sepsis and malaria, focus on pathogen
detection beyond malaria identification, and capture clinical
outcomes.
In conclusion, our analyses demonstrate that a multiple

biomarker assay can identify distinct biomarker profiles as-
sociated with malaria infection, non-malarial fever, and non-
malarial sepsis in Malawian children. In addition, our results
highlight the challenge of diagnosing sepsis in malaria-
endemic regions. Children with malaria have a similar clinical
presentation andbiomarker profile, regardless ofwhether they
meet the sepsis criteria. It appears that malaria, the infectious
agent, drives the expression of host biomarkers, adding more
evidence that sepsis is a heterogeneous clinical syndrome
due to host–pathogen interactions. Furthermore, we did not
identify a characteristic biomarker profile specific to all chil-
dren with sepsis, although we did identify a combined
biomarker–clinical characteristics model with modest sepsis
predictive ability. Becausemalaria infectionprofoundly affects
the host’s immune systemand inflammatory response, sepsis
biomarker data from high-income countries are unlikely to
represent the pathophysiology of sepsis in malaria-endemic
settings. Additional clinical and biological data from SSA are,
therefore, necessary to better elucidate sepsis host–pathogen
interactions and to develop improved algorithms to manage
sepsis in malaria-endemic settings in SSA.
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