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Abstract: Enteroviruses are among the most common causes of viral meningitis. Enteroviral meningitis
continues to represent diagnostic challenges, as cerebrospinal fluid (CSF) cell numbers (a well
validated diagnostic screening tool) may be normal in up to 15% of patients. We aimed to identify
potential CSF biomarkers for enteroviral meningitis, particularly for cases with normal CSF cell count.
Using targeted liquid chromatography-mass spectrometry, we determined metabolite profiles from
patients with enteroviral meningitis (n = 10) and subdivided them into those with elevated (n = 5) and
normal (n = 5) CSF leukocyte counts. Non-inflamed CSF samples from patients with Bell’s palsy and
normal pressure hydrocephalus (n = 19) were used as controls. Analysis of 91 metabolites revealed
considerable metabolic reprogramming in the meningitis samples. It identified phosphatidylcholine
PC.ae.C36.3, asparagine, and glycine as an accurate (AUC, 0.92) combined classifier for enterovirus
meningitis overall, and kynurenine as a perfect biomarker for enteroviral meningitis with an
increased CSF cell count (AUC, 1.0). Remarkably, PC.ae.C36.3 alone emerged as a single accurate
(AUC, 0.87) biomarker for enteroviral meningitis with normal cell count, and a combined classifier
comprising PC.ae.C36.3, PC.ae.C36.5, and PC.ae.C38.5 achieved nearly perfect classification (AUC,
0.99). Taken together, this analysis reveals the potential of CSF metabolites as additional diagnostic
tools for enteroviral meningitis, and likely other central nervous system (CNS) infections.

Keywords: enterovirus; cerebrospinal fluid; meningitis; CNS infection; metabolomics; biomarker;
phosphatidylcholines

1. Introduction

A variety of processes can lead to meningeal inflammation. Viruses are the most common cause of
infectious meningitis, followed by bacteria. Fungal or parasite infections are found rarely. There is also
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a variety of causes of non-infectious meningeal inflammation, such as carcinomatosis, adverse drug
effects, or autoimmune diseases. Pathogens can reach the meningeal structures via the blood stream
and infiltrate the membranes that surround the brain and spinal cord. Another way of infection is by
infiltration per continuitatem when circumambient tissue is damaged. Typical symptoms of meningitis
are headache, fever, or neck stiffness. Altered mental status or neurological deficits appear additionally
when meningitis evolves into meningoencephalitis, in which brain tissue is also affected [1,2].

Of all neurotropic viruses that can cause inflammation of the meninges, enterovirus infections
are the most common, comprising 40–77% of all cases. Infections with herpes simplex virus (HSV)
or varicella zoster virus (VZV) are less common [3]. Enterovirus species belong to the picornaviridae
group, with seven human species: enterovirus A–D, and rhinovirus A–C [4]. A specific treatment is
not available and the disease is usually self-limiting without persistent sequelae. Although enterovirus
meningitis may cause only non-specific symptoms, such as general malaise and decreased daily activity,
a correct diagnosis is important in order to exclude conditions that are more serious or require different
treatments. A lumbar puncture (commonly referred to as spinal tap) is the commonly performed
procedure to obtain cerebrospinal fluid (CSF) to diagnose meningitis [5,6]. The most rapidly available
results from a lumbar puncture include cell count, total protein, and lactate concentrations. In this
context, a pleocytosis (increased leukocyte count of ≥5 cells per µL) is indicative of an inflammatory
process, regardless of whether it is of infectious or non-infectious origin [7]. Caution is required since
CSF cell count is normal in up to 15% of patients with enterovirus meningitis [8]. Thus, if clinical
symptoms suggest a diagnosis of meningitis, there is a need for additional diagnostic biomarkers
to identify these cases of enteroviral meningitis despite the absence of pleocytosis [9,10]. Except for
the detection of enteroviral RNA via PCR, there is no specific marker for this form of meningitis
yet [11]. Additionally, turn-around time of the PCR test may be long (several hours if the test can be
performed onsite and on the same day, but mostly up to several days because these specialized tests
are not run on a daily basis, or if the sample needs to be sent to an external laboratory) and it may not
always be available. We have recently shown that alterations in CSF metabolites lead to highly specific
biomarkers for distinct forms of VZV reactivation, including for differentiation between the clinically
similar facial nerve zoster (VZV reactivation involving the facial nerve) and idiopathic Bell’s palsy [12].
We have therefore analyzed metabolite populations in CSF of patients with enteroviral meningitis,
with and without pleocytosis, in order to identify metabolite biomarkers for (1) enteroviral meningitis
per se and (2) specifically for the differentiation between enteroviral meningitis with normal CSF cell
count and non-inflamed, non-infected control samples. Furthermore, this analysis may afford insight
into pathophysiological processes during the infection.

2. Results

2.1. Demographic and Standard Blood and CSF Diagnostic Parameters

Sociodemographic and routine laboratory parameters are summarized in Table 1. Consistent with
the well-documented natural history of enteroviral meningitis [8], it was characterized by a relatively
mild degree of neuroinflammation, as evidenced by a mild-to-moderate pleocytosis in those patients
with ≥5 cells/µL, mildly increased lactate concentrations, and mild-to-moderate blood-CSF-barrier
(BCB) dysfunction (Table 1). There were no differences in peripheral blood leukocyte counts or CRP
values among the four groups. When comparing the enterovirus subgroups with or without pleocytosis
against controls, only the IgG index differed significantly between the group without pleocytosis
and controls. In contrast, enterovirus patients with pleocytosis (1) were significantly younger than
the controls and the enterovirus patients without pleocytosis, (2) had significantly higher lactate
concentrations, and (3) more frequent BCB dysfunction than controls. Thus, while the enteroviral
meningitis group as a whole reflected findings typical for this mild-moderately severe central nervous
system (CNS) infection, the subgroup with normal CSF cell count was nearly indistinguishable from
the control group on the basis of routine CSF diagnostic parameters.
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Table 1. Demographic features and diagnostic blood and CSF parameters.

Control
EntM

Subgroup p Value §, Control vs.

(n = 19) All (n = 10) 0–4 Cells (n = 5) ≥5 Cells (n = 5) EntM All EntM 0–4 Cells EntM ≥5 Cells

Age (Years)

Median 48 (22–77) 32.5 (22–76) 47 (33–76) 30 (22–32) 0.22 0.52 0.01
Mean (SD) 48 (16.1) 41 (19.4) 55 (19) 27.8 (4.5)

Sex

Female 58% (11) 40% (4) 40% (2) 40% (2) 0.37 0.48 0.48
Male 42% (8) 60% (6) 60% (3) 60% (3)

Blood
Parameter

Leukocytes (1000/µL) (normal range 3.6–10.5)

Median 7.4
(4.6–11.9) 7 (4–14) 6.6 (5.1–9.8) 7.3 (4–14) 0.55 0.5 0.80

Mean (SD) 7.8 (2.3) 7.4 (2.9) 7.1 (1.83) 7.7 (3.8)

CRP (mg/L) (normal range 0–5)

Median 3 (1–31) 4 (1–39) 4 (1–17) 4 (1–39) 0.09 0.18 0.20
Mean (SD) 5.4 (8.3) 9.5 (11.6) 7.4 (6.5) 11.6 (15.8)

CSF
Parameter

Cell count (1/µL) (normal range 0–4)

Median 1.3 (0.3–4) 9.2 (0.7–619) 1.7 (0.7–4) 97.3 (14.3–619) 0.008 n/a n/a
Mean (SD) 1.6 (1.1) 129.1 (235.3) 2 (1.35) 256.2 (290.3)

Protein (g/L) (0.17–0.52)

Median 0.39
(0.26–0.83) 0.51 (0.24–0.98) 0.52 (0.24–0.98) 0.54 (0.46–0.75) 0.14 0.41 0.15

Mean (SD) 0.45 (0.15) 0.57 (0.19) 0.58 (0.51) 0.56 (0.16)

Lactate (mmol/L) (normal range 1.1–1.9)

Median 1.57
(1.2–2.1) 1.88 (1.55–3.55) 1.7 (1.55–2.18) 2.15 (1.84–3.55) 0.007 0.24 0.003

Mean (SD) 1.6 (0.25) 2.1 (0.62) 1.76 (0.5) 2.43 (0.71)

IgG Index

Median 0.49
(0.43–0.6) 0.54 (0.47–0.63) 0.55 (0.49–0.63) 0.52 (0.47–0.54) 0.041 0.035 0.28

Mean (SD) 0.5 (0.05) 0.53 (0.05) 0.56 (0.05) 0.51 (0.03)

Blood-CSF-Barrier Dysfunction

No 58% (11) 20% (2) 40% (2) 0 0.037 0.31 0.023
Light 42% (8) 70% (7) 40% (2) 100% (5)
Moderate 0 10% (1) 20% (1)
Severe 0 0 0 0

§ All p values determined with Mann-Whitney U test except BCB dysfunction (Chi2 test). Abbreviations: EntM (all):
enterovirus meningitis, EntM (0–4): enterovirus meningitis with CSF cell count 0–4/µL, EntM (≥5): enterovirus
meningitis patient with CSF cell count ≥5/µL.

2.2. Efficiency of CSF Metabolite Detection by Mass Spectrometry

Of the 188 potentially detectable metabolites, 89 passed quality assessment because of detection
>LOD in ≥75% samples (Figure 1). Overall, detection efficiency decreased in the order of amino
acids (highest efficiency) > sphingolipids > glycerophospholipids > biogenic amines > acylcarnitines
(lowest efficiency). An additional two analytes (kynurenine and acetyl ornithine) were selected
from the remaining 99 analytes because of preferential expression in at least one of the enteroviral
groups. The resulting 91 analytes comprised 18 amino acids, 7 biogenic amines, 11 acylcarnitines, 43
glycerophospholipids, 11 sphingolipids, and the sum of hexoses.
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Figure 1. Detection efficiency of metabolites in CSF and selection for subsequent analyses. The 
number of detectable metabolites per analyte class is stated on the y-axis. Bars indicate the number of 
analytes in a given class, with concentrations > limit of detection in all samples according to four 
categories, as indicated by the fill patterns: detected in all samples (“100%”), >75% of samples (“75–
99%”), <75% of samples (“<75%”), and in none of the samples (“0%”). The 89 metabolites detected in 
75–100% of all samples were used for subsequent analysis. 

2.3. Metabolite Reprogramming in CSF in Enteroviral Meningitis 

We then used a combination of differential concentration analysis and binary receiver operator 
characteristic (ROC) curve analysis to assess the degree of concentration changes in the 91 metabolites 
and to screen the resulting biomarker potential (Figure 2). A marked reprogramming was evident 
between enteroviral meningitis (all) and controls, as concentrations of 23 metabolites (25%) differed 
significantly between the two groups. Both increased (n = 18) and decreased (n = 5) concentrations 
were detected (Figure 2A). As expected, there also were pronounced differences between enteroviral 
meningitis with pleocytosis and controls (22 differential concentrations, 24%; 13 increased and 9 
decreased; Figure 2C), but even between the non-pleocytosis subgroup and controls, concentrations 
of 7 metabolites (8%, all increased) changed significantly (Figure 2B). When comparing the 
pleocytosis vs. the non-pleocytosis subgroups, a tendency toward downregulation in the pleocytosis 
subgroup was noted, except for a pronounced increase in kynurenine concentration (Figure 2D). This 
metabolite “reprogramming” in both enteroviral subgroups revealed several promising biomarker 
candidates among the metabolites. Using a cut-off of AUC > 0.8 for a sufficiently accurate biomarker 
candidate [13], there were 6 markers for the distinction between enteroviral meningitis (all) and 
controls (highest three AUC: PC.ae 36.2, asparagine, PC.ae.36.3), 22 for the pleocytosis subgroup vs. 
controls (highest AUC: kynurenine, serine, and asparagine), 6 for the distinction between the non-
pleocytosis subgroup vs. controls (highest AUC: PC.ae.C36.3, C2, PC.ae.C36.5), and 10 (highest AUC: 
kynurenine, serine, leucine) for the differentiation between pleocytosis vs. non-pleocytosis. Taken 
together, this analysis revealed a considerable reprogramming of CSF metabolite populations in 
enteroviral meningitis per se, but also clear differences depending on the presence or absence of 
pleocytosis.  

Figure 1. Detection efficiency of metabolites in CSF and selection for subsequent analyses. The number
of detectable metabolites per analyte class is stated on the y-axis. Bars indicate the number of analytes
in a given class, with concentrations > limit of detection in all samples according to four categories, as
indicated by the fill patterns: detected in all samples (“100%”), >75% of samples (“75–99%”), <75% of
samples (“<75%”), and in none of the samples (“0%”). The 89 metabolites detected in 75–100% of all
samples were used for subsequent analysis.

2.3. Metabolite Reprogramming in CSF in Enteroviral Meningitis

We then used a combination of differential concentration analysis and binary receiver operator
characteristic (ROC) curve analysis to assess the degree of concentration changes in the 91 metabolites
and to screen the resulting biomarker potential (Figure 2). A marked reprogramming was evident
between enteroviral meningitis (all) and controls, as concentrations of 23 metabolites (25%) differed
significantly between the two groups. Both increased (n = 18) and decreased (n = 5) concentrations
were detected (Figure 2A). As expected, there also were pronounced differences between enteroviral
meningitis with pleocytosis and controls (22 differential concentrations, 24%; 13 increased and 9
decreased; Figure 2C), but even between the non-pleocytosis subgroup and controls, concentrations of
7 metabolites (8%, all increased) changed significantly (Figure 2B). When comparing the pleocytosis
vs. the non-pleocytosis subgroups, a tendency toward downregulation in the pleocytosis subgroup
was noted, except for a pronounced increase in kynurenine concentration (Figure 2D). This metabolite
“reprogramming” in both enteroviral subgroups revealed several promising biomarker candidates
among the metabolites. Using a cut-off of AUC > 0.8 for a sufficiently accurate biomarker candidate [13],
there were 6 markers for the distinction between enteroviral meningitis (all) and controls (highest
three AUC: PC.ae 36.2, asparagine, PC.ae.36.3), 22 for the pleocytosis subgroup vs. controls (highest
AUC: kynurenine, serine, and asparagine), 6 for the distinction between the non-pleocytosis subgroup
vs. controls (highest AUC: PC.ae.C36.3, C2, PC.ae.C36.5), and 10 (highest AUC: kynurenine, serine,
leucine) for the differentiation between pleocytosis vs. non-pleocytosis. Taken together, this analysis
revealed a considerable reprogramming of CSF metabolite populations in enteroviral meningitis per
se, but also clear differences depending on the presence or absence of pleocytosis.
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Figure 2. Pronounced alterations in CSF metabolite populations in enteroviral meningitis. (A) 
Enteroviral meningitis (all, n = 10) vs. controls (n = 19). (B) Enteroviral meningitis (0–4 cells/μL CSF, 
n = 5) vs. controls. (C) Enteroviral meningitis (≥5 cells/μL CSF, n = 5) vs. Controls. (D) Enteroviral 
meningitis (≥5 cells/μL CSF) vs. enteroviral meningitis (0–4 cells/μL CSF). Data are based on 
comparisons between enteroviral meningitis (all, n = 10) or each of the subgroups (normal cell count, 
elevated cell count, n = 5 each) with the non-inflamed control group (n = 19). The group with a higher 
degree of neuroinflammation is listed first, and also formed the enumerator to compute the ratio of 
mean concentrations and the positive state in ROC analysis. Each circle corresponds to one CSF 
metabolite. The labels in the graphs identify the 3 metabolite biomarkers with highest AUC. Y-axis: 
ratio of mean concentrations (“fold change”). X-axis: AUC in binary ROC analysis. Fill color: 
asymptotic significance of the corresponding ROC curve. 

2.4. Selection of Specific Biomarkers by Internal Cross-Validation 

Cross-validation by the leave-one-out method was then used to identify the most robust 
biomarkers. For each comparison, the 10 most frequently selected markers and their parameters from 
ROC analysis are summarized in Table 2. Overall, metabolite signatures reflecting alterations in 
amino acid metabolism became evident in the comparisons involving the pleocytosis subgroup, 
whereas alterations in phospholipid metabolism and fatty acid metabolism (acylcarnitines) 
contributed most to differences between the non-pleocytosis subgroup and controls. Combining the 
frequency of selection in the cross-validation, AUC from ROC analysis, and asymptotic p values of 
the ROC curves, we then determined the optimal single biomarker for each comparison. Their 
concentration ranges are shown in Figure 3 and ROC analysis parameters are listed in Table 3. In the 
comparisons which were defined by absence or presence of pleocytosis, kynurenine was a perfect 
biomarker (AUC 1.0) for enteroviral meningitis with pleocytosis, suggesting a close association of its 
increased synthesis with neuroinflammation. Of note, in those instances where the standard 
diagnostic biomarkers did not provide perfect discrimination (i.e. controls vs. enterovirus meningitis 
(all) and controls vs. enterovirus meningitis with normal cell count) the discriminatory accuracy of 

Figure 2. Pronounced alterations in CSF metabolite populations in enteroviral meningitis. (A)
Enteroviral meningitis (all, n = 10) vs. controls (n = 19). (B) Enteroviral meningitis (0–4 cells/µL
CSF, n = 5) vs. controls. (C) Enteroviral meningitis (≥5 cells/µL CSF, n = 5) vs. Controls. (D)
Enteroviral meningitis (≥5 cells/µL CSF) vs. enteroviral meningitis (0–4 cells/µL CSF). Data are based
on comparisons between enteroviral meningitis (all, n = 10) or each of the subgroups (normal cell
count, elevated cell count, n = 5 each) with the non-inflamed control group (n = 19). The group with
a higher degree of neuroinflammation is listed first, and also formed the enumerator to compute the
ratio of mean concentrations and the positive state in ROC analysis. Each circle corresponds to one
CSF metabolite. The labels in the graphs identify the 3 metabolite biomarkers with highest AUC.
Y-axis: ratio of mean concentrations (“fold change”). X-axis: AUC in binary ROC analysis. Fill color:
asymptotic significance of the corresponding ROC curve.

2.4. Selection of Specific Biomarkers by Internal Cross-Validation

Cross-validation by the leave-one-out method was then used to identify the most robust
biomarkers. For each comparison, the 10 most frequently selected markers and their parameters
from ROC analysis are summarized in Table 2. Overall, metabolite signatures reflecting alterations
in amino acid metabolism became evident in the comparisons involving the pleocytosis subgroup,
whereas alterations in phospholipid metabolism and fatty acid metabolism (acylcarnitines) contributed
most to differences between the non-pleocytosis subgroup and controls. Combining the frequency of
selection in the cross-validation, AUC from ROC analysis, and asymptotic p values of the ROC curves,
we then determined the optimal single biomarker for each comparison. Their concentration ranges
are shown in Figure 3 and ROC analysis parameters are listed in Table 3. In the comparisons which
were defined by absence or presence of pleocytosis, kynurenine was a perfect biomarker (AUC 1.0)
for enteroviral meningitis with pleocytosis, suggesting a close association of its increased synthesis
with neuroinflammation. Of note, in those instances where the standard diagnostic biomarkers did not
provide perfect discrimination (i.e. controls vs. enterovirus meningitis (all) and controls vs. enterovirus
meningitis with normal cell count) the discriminatory accuracy of each of these metabolite biomarkers
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was greater than that of the best standard diagnostic CSF biomarker. In particular, for the clinically
important differentiation of enteroviral meningitis with normal CSF cell count from controls, the AUC
of PC.ae.C36.3 (0.87) was substantially greater than that of the only significant standard parameter,
IgG index (0.81).

Table 2. Quantitative evaluation of CSF metabolite biomarkers for enteroviral meningitis.

EntM (all) vs. Control AUC p-Value Lower CI Ratio of Means Selection Frequency

PC.ae.C36.2* 0.832 0.00265 0.653 1.58 1.000
Asn 0.826 0.00316 0.621 1.35 1.000

PC.ae.C36.3 0.826 0.00316 0.634 1.82 1,000
Gly 0.816 0.00445 0.601 1.67 1.000
C5.1 0.808 0.00568 0.656 1.25 0.966

PC.aa.C34.2 0.808 0.00568 0.592 1.55 1.000
PC.ae.C38.5 0.797 0.00779 0.647 1.69 0.931

H1 0.795 0.00843 0.625 0.84 0.776
Ser 0.792 0.00907 0.574 0.75 0.707

PC.aa.C34.3 0.776 0.01406 0.587 1.43 0.397

Ent M (0-4 cells) vs. Control

PC.ae.C36.3* 0.874 0.00816 0.590 0.46 1.000
C2 0.821 0.02675 0.548 0.44 1.000

PC.ae.C36.5 0.821 0.02675 0.556 0.60 0.958
C0 0.811 0.03287 0.530 0.69 1.000

PC.aa.C36.5 0.811 0.03287 0.593 0.57 0.958
C5.1 0.805 0.03618 0.565 0.79 0.917

Ent M (≥5 cells) vs. Control

Kyn* 1.000 2.35 × 10−5 1.000 6.39 1.000
Ser 0.989 7.06 × 10−5 0.937 0.56 1.000
Asn 0.968 0.00026 0.872 1.53 1.000
Gly 0.926 0.00167 0.748 1.73 1.000
Lys 0.916 0.00240 0.792 0.66 0.958

PC.ae.C36.2 0.895 0.00461 0.738 1.54 0.958
PC.aa.C34.2 0.884 0.00619 0.710 1.61 1.000

Tyr 0.884 0.00619 0.731 0.65 0.925
Leu 0.879 0.00706 0.654 0.65 0.883
H1 0.853 0.01360 0.669 0.82 0.467

EntM (≥5 cells) vs. EntM (0–4 cells)

Kyn* 1.000 0.00397 1.000 6.39 1.000
Ser 1.000 0.00397 1.000 0.59 1.000
Leu 0.920 0.02381 0.700 0.58 0.940
Tyr 0.920 0.02381 0.667 0.68 0.900

PC.aa.C32.0 0.920 0.02381 0.714 0.76 0.940
PC.aa.C34.1 0.920 0.02381 0.672 0.71 0.940

Phe 0.880 0.04365 0.577 0.77 0.333
Val 0.880 0.04365 0.583 0.76 0.407

Creatinine 0.880 0.04365 0.577 0.77 0.367
PC.ae.C36.5 0.880 0.04365 0.577 0.57 0.433

The table lists all significant (CI > 0.5, p < 0.05) biomarkers, up to a maximum of 10, for each 2-group comparison.
AUC, area under the ROC curve; p value, asymptotic p value of the ROC curve; CI, lower CI of the ROC curve.
Ratio of mean concentrations (“fold change”), the more inflamed group (named first in column 1) constituting
the enumerator. Selection frequency was determined by leave-one-out cross-validation (1.0 = always selected, i.e.,
most robust biomarker; 0.0 = never selected, i.e. least robust biomarker). * Most robust biomarker on basis of highest
selection frequency, greatest AUC, and lowest p value.
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Figure 3. The three best validated CSF metabolite biomarkers for enteroviral meningitis: concentrations
in non-inflamed non-infected controls (n = 19) and enteroviral meningitis (n = 10), or its subgroups
with normal (0–4 cells/µL CSF, n = 5) or elevated (≥ 5 cells/µL CSF) leukocyte count. (A) PC ae C36.2,
best marker for enteroviral meningitis (all) vs. controls. (B) PC.ae.C36.3, best for enteroviral meningitis
(normal cell count) vs. controls. (C) Kynurenine (best for enteroviral meningitis (elevated cell count) vs.
enteroviral meningitis (normal cell count); all measured concentrations of this biogenic amine were
<LOD in controls and EntM (0–4). Brackets indicate significance of difference in median concentrations
between the indicated two groups (Mann-Whitney U test). Abbreviations: EntM, enteroviral meningitis;
Kyn, kynurenine; PC, phosphatidylcholine.

Table 3. Comparison of standard CSF parameters and metabolite biomarkers.

Controls vs.

EntM (All) EntM (0–4 Cells) EntM (≥5 Cells)

Standard CSF Parameter

Leukocyte count 0.80 ** n/a n/a
Protein concentration 0.67 0.62 0.72

IgG-index 0.73 * 0.81* 0.66
Lactate 0.81 ** 0.67 0.94 **

BCB dysfunction 0.71 0.63 0.79 *

Best Single Metabolites 1

Best internally validated marker PC.ae.C36.2 PC.ae.C36.3 Kyn
AUC 0.83 ** 0.87 ** 1.0 ***

Best Metabolite Classifier 2

No. of markers 3 3 1

Markers (frequency)
Asn (1.0)
Gly (1.0)

PC.ae.C36.3 (1.0)

PC.ae.C36.3 (1.0)
PC.ae.C36.5 (0.96)
PC.ae.C38.5 (0.6)

Kyn (1.0)

AUC (95% CI) 0.92 *** (0.61–1.0) 0.99 *** (0.53–1.0) 1.0 *** (1.0–1.0)

Values correspond to areas under the receiver operator characteristic (ROC) curve (AUC) performed on continuous
variables. Asymptotic significance: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. Underlined values: lower confidence
interval (CI) > 0.5. 1 According to the frequencies of selection (0 = never selected; 1 = always selected) in the
leave-one-out cross-validation listed in Table 2. The marker with the higher AUC was selected if two markers had
the same frequencies. 2 Biomarker combination with highest discriminatory ability identified by random forest
construction, as outlined in Methods. CIs of AUCs were evaluated based on 1000 bootstrap samples of the same
size as the original data drawn with replacement. Only the metabolites were considered.

2.5. Identification of Optimal Metabolite Classifiers by Random Forest Construction

Combining biomarkers into complex classifiers may improve diagnostic accuracy, particularly
when intraclass correlations are negative [14]. Random forest construction led to the identification of
classifiers for enteroviral meningitis (all) and the non-pleocytosis subgroup that were superior to the
single metabolite biomarkers (Table 3). Consistent with the aforementioned amino acid “signature” in
enteroviral meningitis (all), two of the three components of the classifier for this group were amino
acids (the third feature being PC.ae.C36.3). Of note, the classifier for the distinction of enteroviral
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meningits with normal cell count from the control group reached nearly perfect discrimination (AUC
0.99). This classifier consisted of PC.ae.C36.3 and two other phosphatidylcholines, underscoring the
differential regulation of phosphatidylcholines in this subgroup. A complex classifier was not identified
for enteroviral meningitis with pleocytosis because kynurenine alone provided perfect classification,
underscoring the close association of increased kynurenine synthesis with this inflamed subgroup.

3. Discussion

Enteroviral meningitis continues to present diagnostic challenges, as up to 15% of patients with
this infection may present with normal CSF cell counts and turn-around of PCR diagnostics may
be insufficient (see Introduction). We therefore performed a targeted metabolomics screen of CSF
from patients with enteroviral meningitis and identified accurate biomarkers, not only for enteroviral
meningitis with the expected elevated CSF leukocyte count, but, notably, also for a subgroup of patients
with meningitis and CSF cell counts in the normal range.

Our results showed an elevation of several metabolites in both groups of enteroviral meningitis
patients, those with and without pleocytosis. The lack of correlation with an increased cell count in
CSF suggests that the elevation of those metabolites is based not only on the inflammatory reaction and
modulation of the immune system, but also on specific pathological processes within the meninges.
Compared to the standard diagnostic CSF parameters such as leukocyte count, protein, or lactate
concentrations, the most robust metabolite biomarkers were more sensitive and specific in diagnosing
enteroviral meningitis. Furthermore, selecting complex classifiers comprising three metabolites
improved classification accuracy further. These results solidify our previous findings that “metabolite
signatures” constitute highly accurate diagnostic biomarkers for CNS infections that may be superior
to routine CSF diagnostics [12].

Phosphatidylcholines constituted two of the metabolites that were best validated as differentially
upregulated in enterovirus meningitis. Of these, PC.ae.C36.2 was most closely associated
with enteroviral meningitis independent of pleocytosis, whereas the nearly identical metabolite
PC.ae.C36.3 was a highly accurate biomarker for the clinically challenging subgroup of meningitis
without pleocytosis.

Phosphatidylcholines are important constituents of the cell membranes in eukaryotes. They make
up about 50% of all phospholipids. Increased phosphatidylcholine levels have been described
in vitro in the context of brome mosaic virus replication as well as after infections with dengue
virus, polio virus, or hepatitis C virus [15]. Brome mosaic virus can interact with phospholipid
N-methyltransferase choline requiring protein 2 (Cho2p), an enzyme which catalyzes the conversion of
phosphatidylethanolamine to phosphatidylcholines. This interaction induces activity of this enzyme
and leads to phosphatidylcholine increase in the infected cell [15,16]. This mechanism suggests that
an accumulation of phosphatidylcholines in virus infected tissue may not be mediated via immune
cells but directly by the interaction between host cell and virus, for instance by viral interference in
biosynthetic cell processes. While it remains to be proven that this process also exists in the human
CNS, it is tempting to speculate that the increased concentration of PC.ae.C36.3 detected in the CSF
samples from patients without pleocytosis results from direct interactions between enterovirus and
meningeal cells. PC.ae.C36.3 belongs to a subgroup of unsaturated phosphatidylcholines characterized
by an ether linkage to one alkyl chain and one polyunsaturated fatty acid. Different functions have
been described for this subtype of phosphatidylcholine, such as roles in lipid signal pathways and
in cytoprotection under oxidative stress. Zhang et al. observed decreased concentrations of this
phosphatidylcholine in plasma and synovial fluid of patients with osteoarthritis who also suffer from
diabetes mellitus, suggesting that enhanced lipid peroxidation could play a role in these patients [17].
A specific role of phosphatidylcholines as protectors against cytotoxic effects in human diseases has not
been proven. In our previous study we found that both PC.ae.C36.2 and PC.ae.C36.3 are also elevated
in CSF samples from patients with VZV meningitis or encephalitis, but that they are not among the
most accurate biomarkers for this CNS infection, which has a potentially more severe clinical course
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than enteroviral meningitis [12]. It is therefore possible that increased concentrations (as seen in our
subgroup without pleocytosis) may reflect aspects of virus-host cell interactions that are relatively
independent of the viral species and result from non-specific cellular responses in the sense of an
intrinsic immune response.

Measurements of PC.ae.C36.2 concentrations in septic shock, breast cancer, or Huntington’s
disease in peripheral blood samples did not reveal any significant concentration changes [18–20]. Thus,
future studies should address the question of whether altered concentrations of this metabolite are
preferentially found in CNS disorders.

Having shown that PC.ae.36.3 is a highly accurate biomarker for enteroviral meningitis with
normal CSF cell count, the question arises whether it is feasible to translate this finding into clinical
applications, for instance as a rapid diagnostic tool. Fluorometric assays can be used to quantify
total phosphatidylcholine levels and are offered in routine laboratories. However, analyzing a single
sample is expensive and time-consuming, so samples are often collected over a period of time and then
analyzed in batch. However, this is not feasible for an acute situation like meningitis. The development
of simple point-of-care kits, such as a lateral flow assay for CSF [21,22], would therefore be desirable.
Detection and quantification of PC.ae.C36.3 with such an assay could be a helpful tool in clinical
practice to identify enteroviral meningitis patients in whom standard CSF parameters suggest the
absence of an infectious process. A positive result would trigger further investigations including PCR
for enteroviruses. Further investigations on specificity, sensitivity, and cut-off values (which could not
be obtained in the present study due to the small group sizes) are required in order to implement such
a measurement in routine clinical diagnostic workflows.

As opposed to the subgroup with normal cell count, regulation of amino acid and biogenic amines
metabolism was apparent in the pleocytosis subgroup, and an amino acid “signature” persisted in
the combined group also containing the non-pleocytosis sample, suggesting that alterations in the
associated pathways (albeit milder) also occur in the absence of CSF pleocytosis. Asparagine plays an
important role in cell proliferation. Inside cells it controls uptake of certain amino acids whose levels
are critical for activity of the mTOR complex, a promotor of proliferation [23].

Glycine is an inhibitory neurotransmitter that regulates several neurological functions [24,25].
Furthermore, it has been described to have immunomodulatory or cytoprotective functions and to play
a role in inflammation during trauma or sepsis [25]. In our previous analysis of CSF metabolites in VZV
reactivation, we identified glycine as one of the most highly elevated metabolites in CSF from patients
with VZV meningoencephalitis, suggesting that there could be a connection between elevated glycine
levels and stress in parenchymal cells during viral CNS infection [12]. Kynurenine was detected >LOD
exclusively in meningitis with pleocytosis. It is a breakdown product of tryptophan and increased
kynurenine concentrations in CSF are most likely due to induction of the tryptophan-kynurenine
pathway in inflammatory cells [26]. Our results suggest that this pathway is also activated in enteroviral
meningitis characterized by neuroinflammation that is pronounced enough to induce pleocytosis.
Further work is necessary to assess the pathophysiologic significance of this finding.

Our study is limited by the small number of patients, especially in the enterovirus subgroups.
In order to gain robust data even with low numbers of participants, we performed an internal validation.
Thus, it was still possible to identify several potential biomarkers. These require validation in a larger
group of patients, including calculation of sensitivity and specificity, which was not possible with
our data. Furthermore, the control group was not formed by healthy patients, and CSF findings
in this group may therefore not entirely reflect findings expected in healthy individuals from the
general population. However, lumbar puncture in healthy individuals is ethically disputable. We thus
used CSF obtained during routine diagnostic evaluations from patients where, in the final diagnosis,
inflammation of the nervous system was excluded. Finally, our mass-spectrometric assay allowed
detection of only a portion of all metabolites that are found in the CSF, and it is therefore possible that
we did not capture the full spectrum of metabolite biomarkers.
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Taken together, our results suggest: (1) that metabolite profiles in CSF of patients with enteroviral
meningitis differ considerably from patients without infectious CNS disease, and (2) that this high
degree of metabolite “reprogramming” reveals accurate CSF biomarkers that can aid in the diagnosis of
enteroviral meningitis, even in the clinically challenging subgroup of patients with a clinical suspicion
of meningitis but normal CSF cell count.

4. Materials and Methods

4.1. Study Population

CSF samples were obtained during routine lumbar puncture and collected prospectively as part
of establishment of a CSF biobank encompassing a variety of neurological disorders. This study was
approved by the Ethics Committee of Hannover Medical School (file no. 7385-21.03.2017; 21 March
2017) and was conducted according to the Helsinki Declaration. Inclusion criteria for enteroviral
meningitis (n = 10, abbreviated as EntM (all)) were clinical suspicion of meningitis and detection of
enteroviruses in CSF by polymerase chain reaction (PCR). This group could be subdivided into 50%
(n = 5) with normal CSF cell count (0–4 cells/µL; EntM (0–4)) and 50% (n = 5) with elevated cell count
(≥5 cells/µL; EntM (≥5)). The non-inflamed control group (n = 19) consisted of patients with normal
CSF cell count (0–4 cells/µL) and a clinical diagnosis of (1) idiopathic facial paresis without evidence
of an infectious etiology (Bell’s palsy, n = 9) and (2) normal pressure hydrocephalus (NPH, n = 10),
defined as normal CSF pressure, cranial computed tomography, or magnetic resonance tomography
indicative of NPH in combination with at least one symptom of the Hakim triad [27]. After lumbar
puncture, the following routine CSF parameters were determined within 2 h: cell count (counted
manually with a Fuchs-Rosenthal counting chamber), lactate concentration, protein concentration
(Bradford dye-binding assay), Q-albumin ratio (calculated from albumin concentration in CSF/albumin
concentration in serum), and IgG-index (IgG concentration in CSF/IgG concentration in serum divided
by Q-albumin ratio). Albumin and IgG concentrations were measured with a latex-enhanced assay
by kinetic nephelometry (Beckman Coulter IMMAGE). Quality of all methods is assured by external
quality control programs (CSF survey of INSTAND).

4.2. Metabolite Profiling

CSF metabolite concentrations were measured with the AbsoluteIDQ™-p180 kit (Biocrates
Life Sciences, Innsbruck, Austria), using a combination of liquid chromatography tandem
mass spectrometry (LC-MS/MS) and direct flow injection analysis MS/MS, as described by
Kuhn et al., 2018 [12]. With this system, it is possible to detect up to 188 analytes, comprising 21 amino
acids, 21 biogenic amines, 91 glycerophospholipids (phosphatidyl- and lysophosphatidylcholines),
40 acylcarnitines, 15 sphingolipids (sphingo- and hydroxysphingomyelins), and the sum of hexoses.
The following phosphatidylcholine (PC) nomenclature is used: aa: both side chains are fatty acids
linked to a glycerol backbone by ester bonds, ae: one of those is a fatty alcohol linked to a glycerol
backbone by another bond; and Cx:y: x = total number of carbon atoms and y = total number of double
bonds in both fatty acid chains. We used the Analyst® (version 1.5.2, Sciex Framingham, MA, USA)
and MetIDQ™ software (Biocrates) for peak integration and calculation of metabolite concentrations.
A two-step quality screen was applied to select the subgroup of detectable analytes to be included in the
present analysis. First, all analytes that were detected >limit of detection (LOD) in ≥75% of all samples
were selected. Values <LOD were then replaced by k-nearest-neighbor imputation, as described in
the R package “Biocomb” [28]. Second, those analytes which did not pass the first step because of
values <LOD in the control group (and which might therefore constitute biomarkers for enteroviral
meningitis) were identified and included in the analysis, but without imputing values <LOD.
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4.3. Statistical Analyses

Significance of between- and across-group comparisons was determined with the Mann-Whitney
U and Kruskall-Wallis tests, respectively, defining significance as p <0.05 unless stated otherwise.
Discriminatory ability of the metabolite biomarkers was assessed by receiver operating characteristic
(ROC) curve analysis, defining significant areas under the curve (AUC) by asymptotic p values of <0.05
and lower bound confidence intervals (CI) of >0.5. The group with the higher CSF cell count constituted
the enumerator for calculating ratios of mean concentrations (“fold change”), and the positive state
in ROC analysis. Due to the small sample size and lack of an external validation cohort, an internal
cross validation was performed via the leave-one-out (jackknife) procedure. In this method, the cohort
is divided into a training subset (total n–1) and a validation subset (n = 1). The best classifier on the
training subset is computed and tested on the validation subset in an iterative process, where each
sample is used as the validation subset. The classifiers are then ranked in order of selection frequency.
To select optimal biomarker combinations, we constructed a random forest classifier based on the
biomarker candidates with the highest AUC values and tested the classifier on the single sample
that was left out during the corresponding iteration of the jackknife method. The most frequently
selected classifiers were then re-evaluated by the jackknife method once again. To reduce selection
bias, we repeated the procedure with 1000 bootstrap samples in order to compute a confidence interval
for the AUC of the final classifier.

5. Conclusions

Our results demonstrate: (1) that despite its relatively mild clinical manifestations, there is a
considerable degree of CSF metabolite reprogramming in enteroviral meningitis, and (2) that CSF
metabolite analysis can be a helpful tool in establishing a differential diagnosis in clinically suspected
enterovirus meningitis. Further validation of PC.a.e.36.3. as a potential biomarker and establishing easy
and quick detection assays might enable its use as a point-of-care test (for instance in the emergency
room or at the bedside) to trigger further investigations, including PCR for enteroviruses.
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AUC Area under the curve
BCB Blood-CSF-Barrier
CI Confidence interval
CRP C-reactive protein
CSF Cerebrospinal fluid
CNS central nervous system
Cho2p Choline requiring protein 2
ER Emergency room
EntM Enterovirus meningitis
HSV Herpes simplex virus
IgG Immunoglobulin G
LOD Limit of detection
mTOR Mechanistic target of rapamycin
NPH Normal pressure hydrocephalus
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PC Phosphatidylcholine
PCR Polymerase chain reaction
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ROC Receiver operating characteristic
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