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Plasma cell-free DNA predicts pediatric
cerebral malaria severity

Iset Medina Vera,' Anne Kessler,? Li-Min Ting,"? Visopo Harawa,® Thomas Keller,' Dylan Allen,’
Madi Njie,* McKenze Moss,® Monica Soko,® Ajisa Ahmadu,’ Innocent Kadwala,® Stephen Ray,*’
Tonney S. Nyirenda,5” Wilson L. Mandala,’® Terrie E Taylor,>° Stephen ). Rogerson,*

Karl B. Seydel,*° and Kami Kim"?

"Morsani College of Medicine, University of South Florida, Tampa, Florida, USA. ?Albert Einstein College of Medicine, Bronx,
New York, USA. *Blantyre Malaria Project, University of Malawi College of Medicine, Blantyre, Malawi. “Department of
Medicine, University of Melbourne, Melbourne, Victoria, Australia. *Xavier University of Louisiana, New Orleans, Louisiana,
USA. ®College of Medicine, University of Malawi, Blantyre, Malawi. "Malawi-Liverpool Wellcome Trust Clinical Research
Programme, Blantyre, Malawi. ®Malawi University of Science and Technology, Thyolo, Malawi. *College of Osteopathic

Medicine, Michigan State University, East Lansing, Michigan, USA.

BACKGROUND. Prediction of adverse outcomes in cerebral malaria (CM) is difficult. We
hypothesized that cell-free DNA (cfDNA) levels would facilitate identification of severe and
potentially fatal CM cases.

METHODS. In this retrospective study, plasma from Malawian children with CM (n = 134),
uncomplicated malaria (UM, n = 77), and healthy controls (HC, n = 60) was assayed for cfDNA
using a fluorescence assay. Host and parasite cfDNA was measured by quantitative PCR. Immune
markers were determined by ELISA, Luminex, or cytometric bead array.

RESULTS. Total cfDNA increased with malaria severity (HC versus UM, P < 0.001; HC versus CM,

P < 0.0001; UM versus CM, P < 0.0001), was elevated in retinopathy-positive (Ret*) CM relative

to Ret” CM (7.66 versus 5.47 ng/uL, P = 0.027), and differentiated Ret* fatal cases from survivors
(AUC 0.779; P < 0.001). cfDNA levels in patients with non-malarial febrile illness (NMF, P = 0.25)
and non-malarial coma (NMC, P = 0.99) were comparable with UM. Host DNA, rather than parasite
DNA, was the major cfDNA contributor (UM, 268 versus 67 pg/uL; CM, 2824 versus 463 pg/uL).
Host and parasite cfDNA distinguished CM by retinopathy (host, AUC 0.715, P = 0.00071; parasite,
AUC 0.745, P = 0.0001), but only host cfDNA distinguished fatal cases (AUC 0.715, P = 0.0001). Total
cfDNA correlated with neutrophil markers IL-8 (r_ = 0.433, P < 0.0001) and myeloperoxidase (r_=
0.683, P < 0.0001).

CONCLUSION. Quantifying plasma cfDNA is a simple assay useful in identifying children at risk for
fatal outcome and has promise as a point-of-care assay. Elevated cfDNA suggests a link with host
inflammatory pathways in fatal CM.

FUNDING. NIH NCATS (AK), Burroughs-Wellcome (AK), and National Health and Medical Research
Council of Australia (SJR).

Introduction

Malaria, an infectious disease caused by the protozoan parasite Plasmodium, has a broad clinical pre-
sentation ranging from asymptomatic or uncomplicated febrile illness to severe and fatal manifestations
such as cerebral malaria (CM). CM is a life-threatening condition that disproportionately affects young
children living in sub-Saharan Africa. The World Health Organization (WHO) defines CM as an unrous-
able coma accompanied by Plasmodium falciparum parasitemia and no other cause of coma (1). A large
controlled postmortem histopathological study of WHO-defined CM showed that about 25% of clinical
CM fatalities were not associated with parasite sequestration in the brain microvasculature (2), the “gold
standard” pathological finding in fatal CM. Thus, the WHO CM case definition likely encompasses
children with other pathological processes. Our inability to precisely diagnose CM in life has slowed
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progress in understanding of disease pathogenesis and hindered development of effective adjunctive
treatments for CM (3).

Many research groups are working to develop tools to identify and triage patients with CM according to
their risk of an adverse outcome. Plasma biomarkers, such as P, falciparum histidine rich protein 2 (PfHRP2)
that measures total parasite biomass (4-7) or markers of endothelial cell activation such as Angiopoeitin-2
(8-10), correlate with malaria severity and adverse outcome. Ocular funduscopic abnormalities, known
collectively as malarial retinopathy, increase the specificity of CM clinical case definition and correlate with
the sequestration of infected erythrocytes in the brain (2, 11-14). MRI of the brain revealed that increased
brain volume is a risk factor for death in children with CM (15, 16). However, malaria-endemic regions
are resource poor and economically strained. Routine implementation of these tests at clinical sites would
require capital-intensive infrastructure for imaging and laboratory assays or extensive ophthalmological
training for clinical staff. There is an urgent need to identify point-of-care tools for CM clinical staging that
are simple and rapid.

Cell-free nucleic acids were first described in 1948, and it is now appreciated that nucleic acids, released
from a variety of cell types, can be detected in plasma and other biofluids (17). Circulating cell-free DNA
(cfDNA) may result from cell necrosis, cell apoptosis, or regulated release of exosomes or microvesicles
from cells under pathological and inflammatory conditions. Released nucleic acids or vesicles, in turn,
can modulate host immune response (18). cfDNA is currently under investigation as a biomarker in vari-
ous conditions, including cancer, autoimmune disease, sepsis, and parasitic diseases (19-22). For example,
recent work identified parasite cfDNA concentration in the plasma as a correlate of disease severity in
African children and Asian adults with malaria (23).

Although CM pathogenesis is not fully understood, host inflammation is implicated in the pathogene-
sis. Total leukocyte counts correlate with both brain swelling and fatal outcome in CM (16), and the proin-
flammatory cytokine TNF-a also correlates with CM outcome (24). Neutrophils are activated in malaria
infection, and host cfDNA is released from neutrophils or found within circulating neutrophil extracellular
traps (NETS) composed of host DNA (25-27). Given this rationale, we hypothesized that total plasma
cfDNA (consisting of host and parasite DNA) would be elevated in severe disease relative to uncomplicat-
ed malaria (UM) and could serve as a biomarker of CM, correlating with CM severity and outcome. We
employed a streamlined methodology to measure total cfDNA levels in plasma of Malawian children with
malaria and appropriate control children. We found that both total and host-derived cfDNA levels predict
clinical severity and CM outcome and correlate with known markers of malaria infection.

Results

Patient characteristics. Of the 151 CM cases recruited, 9 cases were later classified as not CM, due to rapid
resolution of coma; 5 cases had low blood-draw volumes, excluding them from the study; and 3 cases had
revised final diagnoses due to positive cultures in blood or cerebral spinal fluid. A total of 134 CM cases
was further classified as retinopathy-positive (Ret") CM (n = 104) or Ret CM (n = 30) based upon fundus-
copic exam (Figure 1 and ref. 13). Demographic and clinical characteristics comparing Ret" CM with the
other clinical groups, Ret- CM, UM, and healthy controls (HC), are presented in Table 1. Relative to Ret*
CM, the proportion of male children and median age for the 3 other clinical groups were comparable. Chil-
dren with Ret" CM had significantly lower median levels of packed cell volume (PCV; 24 versus 34%, P <
0.0001), hemoglobin (Hgb, 7.8 versus 9.8 g/dL, P < 0.0001), and platelet count (61 versus 134 X 103/uL, P
< 0.0001) and higher PfHRP2 median levels (1343 versus 190 ng/mL, P < 0.0001) relative to children with
UM. Ret" CM cases, compared with Ret” CM had elevated PfHRP2 (1343 versus 469 ng/mL, P = 0.001)
and decreased platelet count (61 versus 148x103/uL, P < 0.0001) (Table 1).

Total plasma ¢fDNA levels in malaria patients are elevated with increased disease severity. We compared
total cfDNA levels between disease states (UM and CM) and healthy individuals (HC) using a fluo-
rescence-based assay. Median levels of circulating total cfDNA were elevated in the 2 clinical malaria
groups, UM (5.12 ng/pL; IQR, 3.8-6.4; P =0.0007) and CM (6.83 ng/uL; IQR, 4.7-12.1; P < 0.0001)
relative to HC (3.89 ng/uL; IQR, 2.3-5.2) (Figure 2A). Total plasma cfDNA levels increased with clini-
cal malaria severity (UM versus CM; P < 0.0001) (Figure 2A). We then compared cfDNA levels within
the CM group based on retinopathy classification. Ret* CM c¢fDNA median levels were moderately but
significantly increased (7.66 ng/uL; IQR, 4.8-12.8) relative to Ret- CM (5.47 ng/uL; IQR, 3.9-7.5; P
=0.027) (Figure 2B). When we consider the fatal cases within 2 CM classifications (Ret™ versus Ret"),
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Figure 1. Consort diagram of cohort recruitment for BMP study. Flow chart of Blantyre Malaria Project (BMP) study
patient recruitment between 2015 and 2017. CM and UM patients were recruited from Queen Elizabeth Central Hospital
(QECH) in Blantyre, Malawi. HC subjects were recruited from Ndirande Health Centre, attending for routine vaccine and
health check-up. CM patients were excluded due to failure to meet inclusion criteria (including quick resolution of coma
following enrollment), positive blood or CSF cultures, or an alternative diagnosis after enrollment. Plasma samples
were collected and analyzed for cfDNA analysis.

median cfDNA concentration is elevated in Ret* CM fatal cases (13.24 ng/uL; IQR, 9.8-16.7) relative
to Ret* CM survivors (7.04 ng/uL; IQR, 4.6-11.9; P < 0.001) (Figure 2C). No significant differences
in median cfDNA levels were observed between Ret CM survivors (5.47 ng/uL; IQR, 4.0-6.6) and
Ret CM fatal cases (5.12 ng/uL; IQR, 3.1-10.7; P = 0.99) (Figure 2C). Plasma levels of total cfDNA
declined in both UM (P = 0.001) and CM (P = 0.001) between acute presentation and convalescence at
30-day follow-up (30d FU) (Figure 2D).

To determine if elevated total cfDNA concentration is a specific characteristic of P. falciparum infec-
tion, we analyzed cfDNA concentrations in sick Malawian children who tested negative for Plasmodium
parasites by smear or rapid diagnostic test. These children presented with either nonmalarial, noncoma
febrile illness (NMF, # = 40) or non—malarial febrile coma (NMC, n = 49) (Supplemental Table 1 and
Supplemental Figure 1; supplemental material available online with this article; https://doi.org/10.1172/
jci.insight.136279DS1). Diagnoses for NMF and NMC groups included other infectious diseases such as
Salmonella bacteremia or pneumonia for NMF and bacterial or viral meningitis for NMC. In some cases,
the etiology of fever or coma could not be determined. Corresponding control groups were also analyzed
for comparison: a HC group (# = 33) and a UM group (n = 47). Only serum samples were available for
these clinical samples; we, therefore, first ensured that total cfDNA levels were comparable between plasma
versus serum (Supplemental Figure 2).

Total cfDNA levels in serum of children with NMF (3.82 ng/uL; IQR, 3.0-5.3) were not significantly
different to the corresponding UM control (4.8 ng/pL; IQR, 4.0-6.2; P = 0.25) or the corresponding HC
group (3.6 ng/uL; IQR, 2.9-4.3; P = 0.99) (Figure 2E). The median levels of cfDNA in NMC (4.92 ng/
uL; IQR, 3.14-9.24) were also comparable with the UM group (P > 0.99) but minimally elevated compared
with the HC group (P = 0.019) (Figure 2E).

Host ¢fDNA is a major contributor to absolute total circulating ofDNA. We quantified the relative contributions
of ¢fDNA from the human host and the P, falciparum parasite via quantitative PCR (QPCR). Plasma cfDNA
median levels were elevated in CM versus UM for both the parasite (£ falciparum 18s TRNA, UM versus
CM,; 67 versus 268 pg/uL; IQR, 18-346; P < 0.0001) and for the host (Homo sapiens RPP30, UM versus
CM,; 463 [IQR, 140-1344] versus 2824 [IQR, 670-7303] pg/uL, P < 0.0001) (Figure 3A). Likewise, when
the CM group was stratified based on retinopathy, plasma cfDNA for both parasite (Ret” versus Ret*; 48.5
[IQR, 6-391] versus 335 [IQR, 129-895] pg/uL, P < 0.001) and host (Ret” versus Ret*; 650 [IQR, 46-3433]
versus 3369 [IQR, 1039-8175] pg/uL, P < 0.001) was elevated in Ret" CM relative to Ret- CM (Figure 3B).

Among children with Ret" CM, only the host cfDNA median levels were significantly different and ele-
vated in the fatal cases (8175 pg/pL; IQR, 3838-13,304) versus those that survived (2930 pg/uL; IQR, 862—
6901; P = 0.009). Median levels of parasite cfDNA were not significantly different between Ret* survivors
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Table 1. Clinical parameters

Cerebral malaria

Uncomplicated malaria

Healthy controls

Ret* (n=104) Ret™ (n=30) Pvalue* UM (n=77) P value? HC (n = 60) Pvalue*
Age (months), median 48 (36-81) 44 (28-66) ns 48 (26-96) ns 50.4 (24-106) ns
(IQR)
Male, n (%) 57 (54) 18 (47) ns 43 (56) ns 25 (42) ns
Smear (score 0-5), 3(2-4) 4 (2-4) ns 4 (4-4) < 0.0001 n/a -
median (IQR)
Parasitemia (1x 103/  11.5(0.54-84.8) 42.7 (1.1-183) ns n/d - n/a -
pL)
Pfhrp2 (ng/mL), 1343 (562-5213) 469 (268-1210) 0.0002 190 (39-468) <0.0001 n/a -
median (IQR)
Hgb (g/dL), median 7.8 (6.7-9.05) 7.9 (6.75-9.95) ns 9.8 (8.5-11.5) <0.0001 121 (111-13.2) <0.0001
(IQR)
Packed cell vol. (%), 24 (21-27.5) 26.5(21-31.5) 0.024 34 (27-37) <0.0001 n/d n/d
median (IQR)
Platelets (1 x 103/uL), 61(35-88) 148 (59-208) <0.0001 134 (70-203) <0.0001 n/d -
median (IQR)
Total WBC (1x 103/uL), 9.5 (6.4-11.9) 8 (4.9-10.9) ns 8.2 (6.1-10.2) ns 74 (6.1-9.8) 0.0092
median (IQR)
Lactate (mmol/L), 3.7 (2.4-6.1) 3.35(2.2-4.8) ns n/d - n/d -
median (IQR)
Blantyre coma score® 2(1-2) 2(1-2) ns uc - n/a -
(scale 0-5)
Severe malarial 32(30) 4 (1) 0.0163 uc - n/a -
anemia, n (%)
Respiratory distress, 24 (23) 13 (34) ns uc - n/a -
n (%)
Jaundice, n (%) 9(9) 0(0) ns uc - n/a -
Mortality, n (%) 13 (12) 9 (24) ns 0(0) - n/a -
Brain swelling (score > 52 (74)° 13 (59)° ns n/a - n/a -
4)% n (%)
Absence (score 1-4), 18 (26) 9 (41) - n/a - n/a -
n (%)
Mild/moderate (score 23(33) 8(36) - n/a - n/a -
5-6), 1 (%)
Severe (score 7-8), 29 (41) 5(23) - n/a - n/a -
n (%)

AP values between indicated group and Ret* CM, Wilcoxon rank-sum for continuous measures or y? test for categorical measures. ®Blantyre Coma Score,
scale 0-5: minimum of 0 (poor consciousness), maximum of 5 (fully responsive), score < 4 (abnormal response). “MRI based brain swelling, scale 1-8: score
1-4 (atrophy), score 5-6 (mild to moderate swelling), score 7-8 (severe swelling). PRet” CM (n = 22), Ret* CM (n = 70); brain swelling = MRI score > 4. UC,
uncomplicated, by definition BCS = 5 with no symptoms of severity; n/a, not applicable; n/d, no data available.

insight.jci.org

(335 pg/uL) and fatal cases (269 pg/uL, P=0.719) (Figure 3C). When we consider the median ratio of host
cfDNA to parasite cfDNA, we find that host cfDNA is the major contributor by total mass in the 3 clinical
malaria groups with ratios above a value of 1 (Figure 3D).

In the Ret" CM group, the median host/parasite DNA mass ratio (Ret"* CM = 8.34) was higher than
in UM (ratio 5.55) or Ret” CM (ratio 4.04), but this difference was not statistically significant. Correlation
analysis showed that host cfDNA has a higher correlation coefficient (r, = 0.805, P < 0.0001) to total cfD-
NA compared with parasite cfDNA (r, = 0.412, P < 0.0001) (Supplemental Figure 3). The host haploid
genome (~3234 Mb) is 143 times larger than the P. falciparum genome (22.9 Mb) (28, 29); therefore, we
reanalyzed our data to compare genomic equivalents (GE) between Pf18s and HsRPP30. The parasite con-
tribution to cfDNA, when normalized for genome size, was higher than that of the host for both UM (Pf18s
versus HsRPP30, 2560 versus 142 GE/uL; P < 0.001) and CM (Pf18s versus HsRPP30, 10,254 versus 916
GE/uL; P < 0.0001) (Supplemental Figure 4).

¢fDNA levels correlate with biomarkers of malaria disease severity and neutrophil function. We recently pub-
lished an analysis of plasma concentrations of inflammatory cytokines in the cohort of CM patients (30).
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Table 2. Spearman’s correlation and circulating immune factors

IL-1BA
IL-64
IL-8
IL-107
IFN-yA
MCP-14
MPO
TNF-o
ANG-2

Spearman r
0.449
0.334
0.433
0.362
-0.068
0.308
0.683
0.305
0.383

Total cfDNA Parasite cfDNA Host cfDNA

Pvalue n Spearman r Pvalue n Spearman r Pvalue n
<0.0001 115 0.241 0.010 115 0.357 <0.0001 115
0,031 42 0.378 0.014 42 0.520 0.0004 42
<0.0001 15 0.304 0.001 15 0.391 <0.0001 115
<0.0001 115 0.383 <0.0001 115 0.396 <0.0001 115
ns 15 0.019 ns 15 -0.032 Ns 115
0,0008 115 0.329 0.0003 15 0.354 0.0001 115
<0.0001 139 0.639 <0.0001 138 0.686 <0.0001 138
0.0009 115 0.062 ns 15 0.204 0.029 115
0.0006 50 0.531 <0.0001 50 0.540 <0.0001 50

MCP-1, monocyte chemoattractant protein-1; MPO, myeloperoxidase; “Data from previously published Harawa et al. (30).

insight.jci.org

‘We compared these cytokine data with our total cfDNA results. Spearman’s correlation analysis showed a
positive and significant correlation with known inflammatory immune factors, namely IL-1p (r, = 0.449,
P < 0.0001), IL-6 (r, = 0.334, P = 0.031), IL-10 (r, = 0.362, P < 0.0001), TNF-a (r, = 0.305, P = 0.001),
monocyte chemoattractant protein 1 (MCP-1; r, = 0.308, P = 0.001), and IL-8 (r, = 0.433, P < 0.0001)
(Table 2). Of note, IL-8, a neutrophil chemokine, is elevated in fatal cases (216 pg/mL; IQR, 73-515) relative
to Ret* CM survivors (49 pg/mL; P < 0.005) (Figure 4, A and B). We also measured levels of the endothelial
cell activation marker, angiopoietin-2 (ANG-2) and found a positive correlation with all 3 measurements
of cfDNA (total, r, = 0.383, P = 0.0006; host, r, = 0.540, P < 0.0001; parasite, r, = 0.531, P < 0.0001). The
only cytokine that did not correlate with any of the cfDNA measurements was IFN-y ( P = 0.47) (Table 2).

We measured levels of the neutrophil effector, myeloperoxidase (MPO), in the same plasma samples
used for cfDNA measurements. MPO levels were elevated in Ret* CM versus UM cases (1.0 X 10°¢ versus
3.3 x 10° pg/mL, P < 0.0001), but MPO levels were not significantly different between Ret* CM survivors
and Ret* CM fatal cases (P = 0.118) (Figure 4C). Spearman’s correlation analysis of MPO plasma levels in
the CM group correlate with total cfDNA (r, = 0.683, P < 0.0001), host cfDNA (r, = 0.686, P < 0.0001), and
parasite cfDNA (r, = 0.639, P < 0.0001) (Figure 4D and Table 2).

Clinical and biochemical parameters associated with parasite (parasitemia and PfHRP2) or host features
(Hgb, lactate, white cell count [WCC], platelet count, and PCV) were analyzed in relation to cfDNA levels in
the CM samples. PHRP2 correlates with total (r, = 0.441, P < 0.0001) and host cfDNA (r, = 0.415, < 0.0001)
in CM patients. PFHRP2 levels did not correlate with parasite cfDNA. Platelet count negatively correlated with
all 3 measurements of cfDNA (total, r, = —0.399; host, r, = —0.468; parasite, r, = —0.369; all P < 0.0001). WCC
had a significant but modest correlation only with total (r, = 0.289, P = 0.001) and host cfDNA (r, = 0.272,
P =0.001) but not with parasite cfDNA. Parasitemia correlated with Pf cfDNA levels (r, = 0.243, P < 0.001)
but did not correlate with host (P = 0.86) or total cfDNA (P = 0.93). Lactate correlated modestly with total (r,
=0.206, P = 0.014) and parasite cfDNA (r, = 0.208, P = 0.014) but not with host cfDNA (P = 0.06) (Table 3).

Potential for fDNA levels as a predictive biomarker for CM outcome. To assess the predictive value of cfD-
NA measurement as a clinical biomarker, we carried out receiver operating characteristic (ROC) analysis
between the various clinical malaria groups. All 3 cfDNA measurements distinguished between UM and
CM (AUC, P value: total 0.697, P=0.034; host 0.772, P < 0.0001; parasite 0.760, P < 0.0001) and between
CM retinopathy groups, Ret- CM versus Ret* CM (AUC, P value: total 0.633, P = 0.015; host 0.715, P =
0.0001; parasite 0.745, P=0.0001). Ret* CM fatal cases were distinguished from Ret* CM survivor cases by
total cfDNA (AUC, 0.779; P=0.001) and host cfDNA (AUC, 0.720; P < 0.0001) but not by parasite cfD-
NA (AUC, 0.480; P =0.770) (Table 4 and Figure 5A). A cutoff of > 8.55 ng/uL for total cfDNA (Figure
5B) to discriminate Ret* CM survivors from Ret* CM fatal cases gave a sensitivity of 92% (95%CI, 67-100),
a specificity of 64% (95%CI, 54-73), and an OR of 21.1 (Table 5).

We carried out logistic regression models combining total or host cfDNA with HRP2 and platelet counts,
2 predictors of malaria severity previously described by us and others (4, 6, 15, 31, 32). The combined mod-
els generated an improved case fatality prediction score for total cfDNA + HRP2 + platelets, with an AUC
of 0.899 (P < 0.0001), and for host cfDNA + HRP2 + platelets, an AUC of 0.894 (P < 0.0001) (Figure 5C).
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Figure 2. Total plasma cfDNA levels are elevated with malaria severity. (A-C) Total plasma cfDNA levels (ng/uL) for clinical and control groups as mea-
sured by fluorometry. (A) Healthy controls (HC, n = 60) versus uncomplicated malaria (UM, n = 77) versus cerebral malaria (CM, n = 134). (B) CM classified as
Ret~ CM (n = 30) versus Ret* CM (n = 104). (C) Survivors (Ret” CM, n = 22; Ret* CM, n = 91) versus fatal cases (Ret CM, n = 7; Ret* CM, n = 13). (D) Total cfDNA
levels in UM (n = 30) or CM (n = 67) convalescence from acute infection to 30-day follow-up (30d FU). (E) Total serum cfDNA levels of healthy controls (HC,
n = 33), non-malaria febrile (NMF, n = 40), uncomplicated malaria (UM, n = 47), and non-malaria coma (NMC, n = 49) clinical groups. Shown are median
levels + IQR; statistical significance was determined by Mann-Whitney U test (B), Kruskal-Wallis test for multiple comparisons (A, C, and E), or Wilcoxon
signed rank test for paired comparisons (D). P < 0.05 was considered significant.
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Discussion

It is now recognized that increased levels of cfDNA in the circulation are a reflection of pathological
processes in human tissues (33-36). Detection of parasite-derived circulating cell-free nucleic acid using
PCR methods in biofluids such as saliva, urine, and plasma has previously been described in malaria
(23, 37-40). Building upon this, direct PCR amplification of parasite cfDNA from plasma was shown to
serve as a measure of disease severity, distinguishing UM from severe forms of malaria in East African
children and Asian adults (23).

Here, we describe the utility of measuring total plasma cfDNA as a biomarker of CM outcome and
present a streamlined, technically easy and rapid method to quantify plasma cfDNA using the Qubit
fluorometer platform. We first analyzed total cfDNA between disease states and show that levels were
elevated in clinical malaria (UM and CM) compared with HC. Total cfDNA levels in plasma of patients
at hospital presentation also informed about severity, with higher median levels of total cfDNA in CM
patients relative to UM. Levels of cfDNA were elevated during acute infection (UM and CM), as levels
decreased in convalescence.
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Figure 3. Host is a major contributor to cfDNA levels in malaria. (A-C) cfDNA levels (pg/pL) as measured by gPCR to detect
parasite (Pf18s gene target, black data points) or host (HsRPP30 gene target, blue data points) from various clinical and con-
trol groups. (A) Pf18s, UM (n = 65) versus CM (n = 132); HsRPP30, UM (n = 65) versus CM (n = 103). (B) Ret™ CM (n = 29) versus
Ret* CM (n =103) for Pf18s and HsRPP30. (C) Ret* survivors versus Ret* fatal CM for Pf18s and HsRPP30 (survivors, nn = 90;
fatal, n = 13). Horizontal bar represents median + IQR. (D) Host/parasite ratio of cfDNA levels presented in a box-and-whisker
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P < 0.05 was considered significant.

Within the CM group, the etiology of Ret” CM is controversial, since it is a heterogeneous clinical
group that could represent a progression toward the Ret" CM spectrum or an alternate severe encephalop-
athy with incidental P, falciparum parasitemia (41-43). In our analysis, median levels of plasma cfDNA in
children with Ret- CM were lower in concentration compared with Ret* CM and were similar to those of
children with UM, supporting evidence that, in terms of cfDNA levels, Ret- CM is more closely related
to UM and different from Ret* CM. However, our study was not sufficiently powered for us to make an
adequate evaluation regarding the relevance of cfDNA in Ret- CM.

Total cfDNA levels in patients with other causes of fever (NMF) or coma (NMC), not associated with
P, falciparum infection, were similar to cfDNA levels in UM, suggesting that elevated cfDNA levels may be a
particular feature of Ret" CM. Within the NMC group, there were 5 outlier samples with total cfDNA lev-
els > 10 ng/pL. Diagnoses of these patients were confirmed to be sepsis, typhoid fever, or systemic viremia
(varicella zoster). Indeed, other such systemic infections that include bacteremia or viremia with inflam-
mation are known to be associated with elevated cfDNA levels in circulation (44). We did not observe a
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difference between plasma and serum, although some studies have reported higher levels of cfDNA using
serum, likely due to lysis of leukocytes (45). Overall, the utility of cfDNA analysis would serve in clinically
diagnosed CM cases as a tool to triage and predict those with a potentially severe outcome.

The prognostic value of total cfDNA in children with CM was confirmed within the Ret* CM group,
as total cfDNA levels measured at hospital admission were elevated in those who went on to die of CM.
With a cutoff of 8.55 ng/uL, the specificity was 64% but the sensitivity was 92%, suggesting cfDNA could
be useful to identify those CM patients with low risk for a fatal outcome, much in the way that low procal-
citonin is predictive of nonbacterial causes of pneumonia and sepsis (46).

Measurement of total cfDNA levels in CM patients could also assist clinicians in identifying individu-
als who require more intensive clinical intervention, including experimental or higher-risk therapies. When
combined with PfHRP2 and platelet count, host or total cfDNA had an additive effect in predicting fatal
outcome, as determined by ROC analysis. All 3 measurements together (cfDNA, platelets, and PfHRP2)
performed better than each variable alone. Although low platelet counts or total cfDNA concentrations are
not malaria-specific biomarkers (21, 47), combining these variables with a parasite-specific biomarker such
as HRP2 may be useful in generating a clinical decision support tool that incorporates multiple variables.

In addition to platelet counts and PfHRP2, other immune and host markers such as ANG-2 (10),
C-X-C motif chemokine 10 (IP-10) (48), chitinase-3-like protein 1 (49), and C-C motif chemokine ligand 5
(RANTES) (50) have previously been described to have prognostic value in distinguishing a fatal outcome
in severe malaria and could also be considered to generate clinically informed models. Combined diag-
nostic and prognostic scoring methods that incorporate multiple biomarkers are in current clinical use for
disease states such as sepsis, cancer, and disseminated intravascular coagulation (51-53). Such a scoring
method could also be applied to CM to improve case definition and assist in appropriate decision-making
for clinical intervention, as well as clinical study interpretations.
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Table 3. Spearman’s correlation and clinical parameters

Spearman r
Lactate 0.206
Hemoglobin -0.044
Pfhrp2 0441
Parasitemia 0.007
WCC 0.289
Platelet -0.399

Total cfDNA Parasite cfDNA Host cfDNA

Pvalue n Spearman r Pvalue n Spearman r Pvalue n
0.014 141 0.208 0.014 139 0.173 0.042 139
ns 140 0.077 ns 138 0.053 ns 138
<0.0001 143 0132 ns 4 0.415 <0.0001 4
ns 143 0.243 0.004 4 0.005 ns 4
0.001 141 0.140 139 0.285 0.001 139
<0.0001 141 -0.369 <0.0001 139 -0.480 <0.0001 139

Pfhrp2, P. falciparum histidine rich protein 2; WCC, white cell count.

Analysis of the cellular origin of plasma cfDNA in malaria shows that the major contributor, by total
mass, is from the host. This observation was made previously for P, vivax infection with a positive correlation
between increased morbidity and host cfDNA (54). Gillrie et al. (55) first amplified host cfDNA from plasma
in an attempt to establish the origins of circulating histones during malaria, but its utility as a biomarker was
not explored. Here, we show that total and host cfDNA measurements are elevated in fatal cases. Parasite
cfDNA levels, however, did not differ between fatal and nonfatal cases, confirming previous observations
(23). Although both HRP2 and parasite cfDNA are derived from ruptured and/or egressed parasites, their
levels did not correlate; perhaps cfDNA has a shorter half-life or is more susceptible to degradation or renal,
splenic, or liver clearance (56). Our data provide evidence that measures that incorporate global cfDNA, and
specifically host cfDNA, are more closely associated with CM fatal outcome than parasite cfDNA, impli-
cating host or global cfDNA in the pathogenic processes of CM. Further studies are needed to evaluate if
cfDNA is a biomarker of pathogenic processes or plays a physiological role in CM pathogenesis.

One major source of host cfDNA could be NETs, mesh-like DNA decorated with antimicrobial
proteins extruded from activated neutrophils in a process called NETosis that serves as a defense
mechanism to trap invading pathogens (57). In malaria, several studies indicate that activated neutro-
phils and effector functions contribute to pathogenesis and are associated with disease severity (25-27).
cfDNA, as a NET remnant, is considered a surrogate marker of circulating NETs and correlates well
with other NET markers such as citrullinated histones, elastase, or MPO (57). In support of a role for
NETs in CM, levels of cfDNA concentration (total and host) correlate with concentrations of MPO,
an effector component of NETs, and with IL-8, a neutrophil chemokine (57), suggesting that the cfDNA
detected in patients with malaria may be derived from NETs. Uncontrolled neutrophil effector func-
tions (NETosis, cytokine production) coupled with impaired clearance of neutrophil-derived compo-
nents (e.g., DNA and histones) has been shown to promote severe systemic inflammation, contributing
to pathogenesis (27, 57). Naked cfDNA is also considered a damage-associated molecular pattern,
serving as an antigen or auto-antigen to activate innate immune cell pathways (58).

In our analysis, parasite cfDNA levels also correlated with neutrophil markers. This may be explained
by the antigenic-like properties present in parasite histones and parasite DNA, which are both recog-
nized as non-self antigens (55, 59-61) that exacerbate innate immune activation and inflammation.

Table 4. Predictive value (AUC) for cFDNA measurements

AUC
Total cfDNA 0.697
Host cfDNA 0.772
Parasite 0.760
cfDNA
PfHRP2 0.897

Platelet count 0.932

Pfhrp2, P. falciparum histidine rich protein. Receiver operating characteristic curve (ROC) analysis to determine the AUC values.

UM versus CM Ret” CM versus Ret* CM Ret* survivors versus Ret* Fatal
95% Cl Pvalue AUC 95% Cl Pvalue AUC 95% Cl Pvalue
0.630-0.760 0.034 0.633 0.529-0.763 0.015 0.779 0.683-0.881 <0.0001
0.730-0.833 <0.0001 0.715 0.609-0.821 0.0001 0.72 0.604-0.825 0.0001
0.678-0.842 <0.0001 0.745 0.604-0.825 0.0001 0.480 0.342-0.708 ns
0.853-0.940 <0.0001 0.697 0.596-0.798 0.0003 0.695 0.518-0.877 0.013
0.900-0.963 <0.0001 0.725 0.624-0.826 <0.0001 0.860 0.773-0.930 <0.0001
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Figure 5. Predictive value of cfDNA as a biomarker of CM fatal outcome. (A) ROC curves for total cfDNA alone (dark gray curve; AUC, 0.779; P = 0.0006),
host cfDNA alone (medium gray curve; AUC, 0.720; P = 0.001), parasite cfDNA (light gray curve; AUC, 0.480; P = ns). (B) Decision plot of sensitivity and spec-
ificity plotted against total cfDNA cutoff concentrations for Ret* CM survivors versus Ret* CM fatal cases generated from ROC analysis. Vertical blue dashed
line demarcates the cutoff point (>8.55 ng/uL) that gives the best combination of sensitivity (92%) to specificity (64%) as determined by Youden Index
analysis. (C) ROC curves for HRP2 alone (black solid curve; AUC, 0.691; P = 0.013), platelets alone (gray solid curve; AUC, 0.860; P < 0.0001), and combined
variables of total cfDNA + HRP + platelets (dark gray dashed curve; AUC, 0.899; P < 0.0001) and host cfDNA + HRP + platelets (light gray dashed curve; AUC,
0.892; P < 0.0001). ROC, receiver operator curve. P < 0.05 was considered significant.

Corroborating these presumptions, we further demonstrate that inflammatory markers (IL-1f, IL-6,
TNF-a, MCP-1, and IL-10) also positively correlate with all cf DNA measurements, as well as the mark-
er for endothelial activation ANG-2. Therefore, other leukocytes could contribute cfDNA, as the cyto-
kines analyzed are predominantly of monocyte/macrophage origin and recent work suggests that these
cell types also undergo a process similar to NETosis (62). Endothelial cells could also be another source
for cfDNA in malaria patients.

The simplicity in methodology, high assay sensitivity, and wide detection range of cfDNA concen-
trations detected among the different clinical malaria groups suggest that plasma DNA quantification
may be a useful bedside tool in identifying potentially fatal or severe CM cases in field settings where
resources and trained staff are limited. An advantage of the Qubit fluorometry assay is the very low
volume (0.5 pL) of serum or plasma required. Access to blood samples is often limited, as phlebotomy
in children is considered an invasive procedure. With this assay, a simple finger prick in a field setting
would suffice. The ease of the assay and limited need for extensive reagents and expertise may also
make it more cost-effective relative to imaging, funduscopy, hematology, or immunology laboratory
testing. Further comparative assessment is needed. Given that this work is a retrospective case-control
study, the potential of using total cfDNA as a prognostic biomarker for predicting fatal outcome will
need to be confirmed and evaluated in larger prospective studies. Nonetheless, the data presented here
suggest that cfDNA may be indicative of a unique pathophysiology occurring in severe or potentially
fatal CM and that cfDNA warrants further consideration as a biomarker useful for assessing risk for
severe and fatal outcomes in CM.

Table 5. Contingency analysis of cfDNA levels in survivors versus fatal cases

Total cfDNA (>8.55 ng/pL) Host cfDNA (>3737 pg/plL)
Value 95% Cl Value 95% Cl
OR 21.09 3.43-229 7.88 1.67-36.7
Sensitivity (%) 92.3 67-100 84.6 58-97
Specificity (%) 63.7 54-73 58.9 49-69
PPV (%) 26.7 16-41 22.9 13-37
NPV (%) 98.3 91-100 96.4 88-99

PPV, positive predictive value; NPV, negative predictive value.
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Methods

Study design and cohort recruitment. This was a case-control study, and children were enrolled from sever-
al ongoing malaria studies conducted in Malawi. CM (n = 151) patients were admitted to the Pediatric
Research Ward within Queen Elizabeth Central Hospital (QECH) in Blantyre, Malawi, during seasons
2015-2017 from January to June (Figure 1). For UM (n = 77), children presenting to the Accident and
Emergency Pediatric Department at QECH were enrolled during seasons 2015-2016 from January to June.
HC (n = 60) were children presenting to the Ndirande Health Centre for routine check-up at the vaccination
clinic. Inclusion criteria include the following: (a) the CM group included children between the ages of 6
months and 12 years who met the WHO classification of CM* for P, falciparum parasitemia, a Blantyre
coma score (BCS) < 2 that remained following treatment of hypoglycemia and/or seizures, and exclusion
of other identifiable causes of coma; (b) the UM group included children 1-12 years old, with a history of
fever (>37.8°C), normal mental status as measured by the BCS of 5, peripheral P. falciparum parasitemia,
and no overt signs of compromised health, malnutrition, or symptoms of severe malaria (UM cases received
treatment per national guidelines); and (c) the HC group included children who were between 1 and 12 years
of age, confirmed to be medically well, fully alert, nonfebrile, and negative for malaria Rapid Diagnostic Test
(RDT) blood smear and who had no history of malaria within the previous 3 months.

For all cases, 2-4 mL of blood was drawn into citrate anticoagulant tubes, and 0.5 mL of blood was
drawn into EDTA tubes at the time of study enrollment. All blood samples were collected by trained clini-
cians and processed immediately following blood draw by laboratory staff. Within 4 hours of admission,
all CM patients underwent thorough clinical examination, and an experienced ophthalmologist carried
out direct and indirect ophthalmological funduscopic examinations through dilated pupils. At day 30 after
hospital presentation, UM and CM patients returned for a follow-up appointment. Patients underwent
a clinical examination, resolution of malaria was confirmed (thick Giemsa smear or RDT), and blood
sample processed as above. Cytokine analyses and cfDNA measurements were carried out retrospectively.

Nonmalarial patients with febrile illness and respective control groups (UM and HC) were recruited
under the Malaria and Bacterial Bloodstream Infections (MABSI) study. Children aged 6—60 months from
Zingwangwa Health Centre in Blantyre, Malawi, were recruited between December 2017 and April 2018.
Three groups of children were recruited: MABSI UM (n = 47); nonmalarial, noncomatose febrile (NMF,
n = 40, with axillary temperature > 37.8°C at hospital/clinic presentation and malaria RDT test and PCR
negative); and HC (n = 33) (Supplemental Figure 1). A 3-mL venous blood sample from each participant
at enrollment was collected in serum collection tubes and processed. Recruitment of NMC patients under
an ongoing Childhood Aetiologies of Severe Encephalopathy (CHASE) study were as follows: between
February 2018 and April 2019, children between the ages of 3 months and 14 years admitted to the Pediat-
ric Research Ward with a suspected central nervous system infection, fever, and deep coma (BCS < 2) met
inclusion criteria. Sample collection procedures were identical to the CM cases above with collection of 0.5
mL of serum in serum collection tubes. Children with clinically diagnosed NMC defined as the absence of
malaria parasites on admission (# = 49) were included. Of these 49, 6 NMC were excluded from analysis
due to a positive detection of P, falciparum DNA in plasma by qPCR, resulting in a total of # = 43 that were
analyzed. Consort diagram describing recruitment of MABSI and CHASE cohorts is described in Sup-
plemental Figure 1, and demographic and clinical characteristics are presented in Supplemental Table 1.

Quantification of total (parasite plus host) cfDNA in plasma. Total cfDNA was measured directly from acute
patient plasma using a Qubit 2.0 fluorometer (Invitrogen) (63, 44) according to the manufacturer’s instruc-
tions for the Qubit high-sensitivity dSDNA quantification (dsDNA HS assay kit, Invitrogen). All plasma
samples were first diluted 1:20. For each measurement, the equivalent of 0.5 pL of plasma diluted in a total
volume of 10 pL was added to 190 pL of Qubit working solution. The assay was optimized for plasma dilu-
tions sufficient for a range of detection (0—100 ng/pL) suitable for measurement of baseline levels in HC to
elevated levels seen in malaria patients. Quality controls run with experimental assays included standards
of known DNA concentration and plasma from healthy donors (data not shown).

Direct quantification of parasite and host DNA in plasma. We performed amplification of host or parasite cfD-
NA directly from plasma, with no DNA extraction, using a previously reported method (23) with a prim-
er-probe set targeting Plasmodium 18S rRNA (parasite, PF3D7_1148600) or H. sapiens RPP30 gene (host,
NM_001104546.1) (37). Sequences of primers and probes are as follows: Pf18s forward, 5-GCTCTTTCTT-
GATTTCTTGGATG-3, reverse, 5-AGCAGGTTAAGATCTCGTTCG-3', and probe: 5-ATGGC-
CGTTTTTAGTTCGTG-3'; HsRPP30 forward, 5-CTGGAAGACCTTCTGGTTATGG-3', reverse,
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5-CTAGCACCAAGAGACCCATTT-3', and probe: 5-ACACTCTCCCAGATAGTTAGAGGCA-3'.
Probes were synthesized by Integrated DNA Technologies (IDT) with the following modifications: 5" FAM/
Zen reporter and a 3' IBFQ quencher. Amplifications were performed in duplicate on Applied Biosystems Step
One Plus or Quantstudio 6 PCR systems. To quantify the cfDNA in our experimental samples, we generat-
ed standard curves from harvested synchronized parasite cultures at ring stage (P, falciparum 3D7, ATCC) of
known parasitemia and concentrations (series of six 5-fold dilutions starting at 1.2 ng/uL in a 20 pL reaction,
5 X 10* genome copies). A standard curve for host gene amplification was generated from gDNA extracted
from human foreskin fibroblasts (Boothroyd laboratory, Stanford University, Stanford, California, USA) and
was also generated from known concentration (series of six 5-fold dilutions starting at 165 ng/pL in a 20 pL
reaction, 5 X 10* genome copies). Standard curves were linear, with an average R? of 0.98 * 0.02 for both Pf18s
and HsRPP30 target amplification. Nontemplate controls were included on each plate for quality control.

Plasma PfHRP2, MPO, ANG-2, and cytokine quantification. Plasma samples were analyzed for PFHRP2 by
ELISA according to validated methods (4). Samples were diluted 1:100 or 1:500 in PBS and plated in dupli-
cate onto plates coated with anti-HRP2 antibody (Cellabs, KM8BP). PfHRP2 from cultured parasites was
plated at multiple dilutions to generate a standard curve for accurate quantification of PfHRP2 levels in the
experimental samples. Minor modifications were made to the manufacturer’s protocol, including all incuba-
tions carried out at 37°C in a humidified chamber. Upon optical density (OD) measurement, samples that
were not in the linear range of the generated standard curve were rediluted (1:10 or 1:1000) and reanalyzed.

MPO concentrations in patient plasma were measured by ELISA (Human MPO ELISA kit, R&D
Systems), according to the manufacturer’s protocol, with a modification in the suggested sample dilution.
After testing 1:10 versus 1:50 dilutions, the 1:50 dilution of plasma allowed readings within the linear range
for both UM and CM samples. OD measurements at 450 nm were made on either a Molecular Devices
SpectraMax M2 (University of South Florida) or Biotek ELx800 (University of Malawi) plate reader, and
values were converted to pg/mL based on a standard curve using a non-linear curve fit model.

ANG-2 in plasma was measured by custom magnetic bead based Luminex assays (R&D Systems
Luminex Assays) specific to detect human ANG-2. As per manufacturer’s protocol, plasma was preclari-
fied to remove particulates at 16,000 g at 4°C for 5 minutes. Clarified plasma was diluted 1:2 with diluent
provided and incubated with Luminex beads overnight (18 hours) at 4°C. Washing steps and biotin-conju-
gated antibody and streptavidin incubations were as stipulated by manufacturer’s protocol. Beads were ana-
lyzed with a MagPix analyzer (Luminex Corp.), and concentrations calculated with the provided standard
curve using xPONENT software.

Concentrations of plasma cytokines and chemokines including IL-1, IL-6, IL-8, IL-10, IFN-y, TNF-a,
and MCP1 were measured with the Cytokine Bead Arrays (BD Biosciences) (30). Some data from CM
patients were previously published (30). Patient plasma was incubated with capture beads and processed
according to the manufacturer’s protocol. A CyAn ADP flow cytometer (Beckman Coulter) was used for
data acquisition, and data were analyzed with BD FCAP software v3.0 (BD Biosciences).

Statistics. Descriptive statistics and univariate analyses were performed using Stata 12.1 or Prism 7.0 for
Macintosh. For continuous variables, statistical differences were determined by Mann-Whitney U nonpara-
metric analysis, Wilcoxon signed rank (paired data), Kruskal-Wallis with Dunn’s post hoc test for multiple
comparisons, or Spearman’s correlation analysis. The data are presented as median * IQR or Spearman
rho (r). Differences in categorical variables were determined using x> test, and the data are presented as
n (% of group). ROC analysis was carried out for all cfDNA variables and other clinical variables (plate-
lets and HRP2) with Prism 7.0. The cutoff point for total cfDNA was calculated using Youden Index (J
statistic). Multivariate logistic regression models combining cfDNA variables, HRP2, and platelet counts
were generated in R software using the glm function with the family and error set to binomial and logit,
respectively. Specifically, we regressed survival against every pair-wise combination of the previously listed
variables (a total of 5 variables and 10 combinations). The ROC values were calculated using the R verifi-
cation package, which calculates the area under an ROC curve (AUC) and the associated P value (64). All
statistics were conducted with P < 0.05 considered significant.

Study approval. The study was approved by the IRBs at the University of Malawi, College of Medi-
cine, the Albert Einstein College of Medicine, Michigan State University, and University of South Florida.
Ethical approval for the MABSI and CHASE study was obtained from the Malawi College of Medicine
Research Ethics Committee. Informed consent was obtained from parents or guardians of all study partici-
pants before enrollment. Participants were treated according to Malawi Government guidelines.
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