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In Enterovirus 71 Encephalitis With Cardio-
Respiratory Compromise, Elevated Interleukin
1B, Interleukin 1 Receptor Antagonist, and
Granulocyte Colony-Stimulating Factor Levels
Are Markers of Poor Prognosis
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Background. Enterovirus 71 (EV71) causes large outbreaks of hand, foot, and mouth disease (HFMD), with
severe neurological complications and cardio-respiratory compromise, but the pathogenesis is poorly understood.

Methods. We measured levels of 30 chemokines and cytokines in serum and cerebrospinal fluid (CSF)
samples from Malaysian children hospitalized with EV71 infection (n =88), comprising uncomplicated HFMD
(n=47), meningitis (n=8), acute flaccid paralysis (n=1), encephalitis (n=21), and encephalitis with cardio-
respiratory compromise (1 = 11). Four of the latter patients died.

Results. Both pro-inflammatory and anti-inflammatory mediator levels were elevated, with different patterns
of mediator abundance in the CSF and vascular compartments. Serum concentrations of interleukin 1B (IL-1p),
interleukin 1 receptor antagonist (IL-1Ra), and granulocyte colony-stimulating factor (G-CSF) were raised signifi-
cantly in patients who developed cardio-respiratory compromise (P=.013, P=.004, and P <.001, respectively).
Serum IL-1Ra and G-CSF levels were also significantly elevated in patients who died, with a serum G-CSF to
interleukin 5 ratio of >100 at admission being the most accurate prognostic marker for death (P <.001; accuracy,
85.5%; sensitivity, 100%; specificity, 84.7%).

Conclusions. Given that IL-1B has a negative inotropic action on the heart, and that both its natural antago-
nist, IL-1Ra, and G-CSF are being assessed as treatments for acute cardiac impairment, the findings suggest we
have identified functional markers of EV71-related cardiac dysfunction and potential treatment options.

Enterovirus 71 (EV71) is found globally, but since the
mid-1990s, it has become a major public health
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problem in the Asia-Pacific region, causing large out-
breaks of hand, foot, and mouth disease (HFMD),
which may be complicated by aseptic meningitis, en-
cephalitis, fulminant cardio-respiratory failure, and
sudden death [1]. Fatal cases are characterized by neu-
rological involvement, with myoclonus, cerebrospinal
fluid (CSF) pleocytosis, brainstem lesions on magnetic
resonance imaging, and cardio-respiratory compromise;
this manifests as poor peripheral perfusion, reduced
cardiac contractility on echocardiography, and pulmo-
nary congestion on chest x-ray radiograph [2].

The mechanisms underlying cardio-respiratory
compromise in EV71 infection remain unclear.
Because it is associated with brainstem encephalitis,
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neurogenic pulmonary edema has been postulated [3, 4]. As
for many severe infections, dysregulation of the host immune
and cytokine response has also been proposed to be a possible
factor in the pathogenesis [1]. Earlier studies examining a few
cytokines in relatively few cases of EV71 infection showed ele-
vated levels of cytokines in the CSF and serum of children
with HFMD and central nervous system (CNS) disease, with
or without cardio-respiratory complications [5-9]. On the
basis of higher concentrations of cytokines observed in
the CSF compared with those in the serum, some suggested
the CNS may be the source of the inflammatory cytokines
detected in the serum [6, 9]. Others suggested the cardio-
respiratory complications were linked to systemic pro-
inflammatory responses elicited by the virus [5, 6].

There is no specific antiviral treatment or vaccine for EV71.
The current treatment is largely supportive; intravenous immu-
noglobulin is given empirically in severe disease, and is thought
to work through anti-inflammatory mechanisms [2]. A better
understanding of the inflammatory response is key to under-
standing the pathogenesis and developing new targeted immu-
nomodulatory treatments. We therefore studied a broad panel
of cytokines and chemokines in a large series of children with
HFMD. We postulated that a comparison of patterns of media-
tor response for different clinical presentations would give clues
to the pathogenesis and point toward new treatments.

METHODS

Study Population, Period, and Setting

The study population was recruited from January through De-
cember 2006, during an epidemic of HFMD, through a long-
term prospective clinical study of HFMD on the pediatric
ward and intensive care unit of Sibu Hospital, Sarawak, Malay-
sia [10]. The study was approved by the Director of Health of
Sarawak and the Ethics Committee of the Liverpool School of
Tropical Medicine (UK). Informed consent was obtained from
the parent or guardian of each child.

Clinical and Virological Methods

All enrolled patients had EV71 infection confirmed by virus
isolation or human EV71 RNA detection. Virological and clin-
ical methods were as described elsewhere [10].

Case Definitions
The case definition for HFMD has been described elsewhere
[10]. Complicated HFMD was defined as HFMD with addi-
tional clinical symptoms and signs of CNS involvement, sup-
ported by CSF pleocytosis (leukocyte count of >5 cells/puL)
with negative CSF microscopy and culture for bacteria.
Complicated HFMD patients were subclassified based on
their patterns of CNS involvement. Aseptic meningitis was
characterized by full consciousness, headache, meningism, and

no focal neurological signs. Acute flaccid paralysis was charac-
terized by acute onset of areflexic limb weakness. Encephalitis
was characterized by impaired consciousness (including leth-
argy or drowsiness), seizures, or myoclonus [10].

If a patient required an inotropic agent to support peripher-
al perfusion, they were defined as having cardio-respiratory
compromise. Marked cardio-respiratory compromise was
defined by the patient requiring 2 or more inotropic agents.
The initiation and administration of inotrope treatment was at
the discretion of the attending pediatrician, based on the clini-
cal assessment of capillary refill time, presence of skin mot-
tling, temperature of the extremities, pulse volume, heart rate,
and blood pressure.

Patients who were otherwise well or without CSF pleocyto-
sis were classified as having uncomplicated HFMD.

Sample Collection

Serum samples (500 uL) were collected at hospital admission.
CSF samples (500 uL) were collected at lumbar puncture,
which typically occurred within 24 hours of admission.
Samples were stored immediately in a —70°C freezer.

Measurement of Cytokine and Chemokine Levels

Thirty mediators (cytokines and chemokines) were measured
using Lincoplex kits according to the manufacturer’s instruc-
tions. Fluorescence data were acquired by means of a Luminex
100 system with Luminex IS software (version 2.3). All
samples were assayed in duplicate, and the mean concentra-
tion calculated.

Two-Way Unsupervised Sample Clustering

Samples underwent 2-way unsupervised hierarchical clustering
based on the patterns of relative mediator concentrations. This
approach offered an opportunity to examine the synergistic
interactions of mediators and allow patients to be classified by
their host mediator response rather than their clinical
manifestations.

To prevent biasing of the analysis by missing data, only
samples with a consistent high signal quality, whereby >20%
of the mediators were detected among >80% of the patients,
were included. Signal intensities for the mediators were
median “centered” and normalized across the set of samples.
Patients and then mediators were hierarchically clustered
using the program Cluster (version 3.0), using the uncentered
correlation score as the similarity metric and the average
branch linkage method. Results were viewed as heat-maps
using Tree View software (http://rana.lbl.gov/EisenSoftware.
htm). Serum and CSF samples were analyzed separately.

Testing Association Between Mediator Concentrations and
Clinical Parameters

Groups of neighboring mediators (clustered together) that ex-
hibited consistently high or low correlations between mediator
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concentrations and individual clinical parameters were identi-
fied using a dynamic programming procedure with statistical
significance determined by permutation, as described else-
where [11].

Supervised Analysis

Patients were grouped by their clinical features. Statistical
comparisons were undertaken using the nonfiltered, nonscaled
mediator data by means of Mann-Whitney U or Fisher exact
tests using Stata software (version 7.0). Median values or pro-
portions were presented.

RESULTS

Eighty-eight children admitted to hospital with confirmed
EV71 infection had serum samples collected on the day of
admission of sufficient volume and quality for mediator
measurement. Of these children, 47 were classified with un-
complicated HFMD and 41 with complicated HFMD com-
prising encephalitis (n=32), meningitis (n=38), or acute
flaccid paralysis (n=1). Among the encephalitis cases, 11 had
cardio-respiratory compromise, in 6 of whom it was marked.
Four of the latter patients died. All 88 patients had serum
samples collected, and 71 patients had CSF samples collected.
Samples with a consistent high signal quality were used in the
unsupervised pattern analysis. Thirty mediators were consis-
tently detected in 85 serum samples. Ten mediators were con-
sistently detected in 68 CSF samples. The recorded clinical
parameters for the children in this study were representative
of children hospitalized with HFMD. Patients with complicat-
ed HFMD exhibited a higher peak temperature, longer fever
duration, and more frequent history of lethargy compared
with patients with uncomplicated HFMD (Table 1), concor-
dant with the findings for the larger HFMD cohort reported
elsewhere [10].

Acute Mediator Response Within Serum Samples
Distinguished Patients With Cardio-Respiratory Compromise
The mediators clustered into 2 main sets with 5 additional me-
diators outlying these sets. Set 1 included interleukin 18 (IL-1p),
interleukin 1 receptor antagonist (IL-1Ra), interleukin 10 (IL-
10), granulocyte colony-stimulating factor (G-CSF), tumor ne-
crosis factor oo (TNF-at), and interferon y (IFN-y); set 2 included
interleukin 6 (IL-6), interleukin 8 (IL-8), and interferon-y-
inducible protein 10 (IP-10). Each set contained both pro-
inflammatory and anti-inflammatory mediators; for example,
set 1 included IL-1, a prototypical pro-inflammatory mediator,
and IL-1Ra, its natural antagonist (Figure 1A).

The patients grouped into 3 main clusters (Figure 1A).
These clusters corresponded to 3 broad patterns of host re-
sponse: pattern A, relatively high abundance of mediators
composing set 1 and set 2; pattern B, relatively low abundance

of mediators composing set 1 and high abundance of media-
tors composing set 2; and pattern C, relatively low abundance
of all mediators.

Although no clinical data were incorporated into the algo-
rithm, host response patterns corresponded with clinical fea-
tures. Patients exhibiting pattern A more frequently suffered
cardio-respiratory compromise compared with patients with
other patterns of mediator abundance (10 [26%] of 38 patients
vs 1 [2%] of 47 patients; P =.002). Pattern A represented an
increased relative risk of 12.4 for exhibiting cardio-respiratory
compromise during admission compared with the other pat-
terns (95% confidence interval [CI], 1.8-257.8). Similarly, pa-
tients with pattern A received a significantly higher number of
inotropic agents during hospital admission compared with the
other patients (19 inotropic agents vs 3 inotropic agents;
P =.001). Furthermore, a higher proportion of patients exhib-
iting pattern A died (3 [8%] of 38 patients vs 1 [2%] of 47
patients; P=.32). In contrast, host response pattern C was
associated with a significantly decreased risk for cardio-
respiratory compromise (relative risk [RR], 0.166 [95% CI,
0.008-1.1]; P = .046).

Acute Mediator Response Within CSF Samples Distinguished
Patients With Complicated EV71 lliness

The mediators in the CSF clustered into 2 main sets. Set 3
included G-CSF, IL-6, IL-8, IL-1Ra, and IP-10; set 4 included
IL-10, macrophage inflammatory protein 1-B MIP-1, interleu-
kin la (IL-1c), and soluble CD40 ligand (sCD40L). Each set
again contained both pro-inflammatory and anti-inflammatory
mediators (Figure 2A).

The patients grouped into 3 main clusters. These clusters
corresponded to 3 patterns of host response: pattern D, rela-
tively high abundance of mediators within set 3; pattern E,
relatively high abundance of all mediators; and pattern F, rela-
tively low abundance of all mediators (Figure 2A).

The patterns of host response again corresponded with clin-
ical features. Patients exhibiting pattern D were significantly
more likely to suffer complicated HFMD (14 [82%] of 17 pa-
tients vs 22 [43%] of 51 patients; P =.005) or encephalitis (11
[65%] of 17 patients vs 17 [33%)] of 51 patients; P =.044);
have cardio-respiratory compromise (6 [35%] of 17 patients vs
4 [8%] of 51 patients; P =.012); receive more doses of intrave-
nous immunoglobulin (2.0 doses vs 0 doses; P=.001); or die
(3 of 17 patients vs 0 of 51 patients; P=.014). They also ex-
hibited significantly higher CSF total leukocyte counts (49.0
cells/mm? vs 3.0 cells/mm?; P =.008).

Mapping Mediator Abundance to Clinical Parameters

Demonstrated Mediators in Set 1 Correlated With Inotrope Use
The dynamic programming algorithm (which controlled for
multiple comparisons) demonstrated a significant positive
correlation between the pattern of serum abundance for
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Table 1. Clinical Features and Serum Mediator Concentrations for 88 Patients With Enterovirus 71 Infection

Patient Groups and Comparisons

Uncomplicated Complicated Marked

Clinical Parameters HFMD HFMD P Nonfatal Fatal P No CRC CRC P CRC P Encephalitis ASM
No. (%) of patients 47 (53) 41 (47) 84 (95) 4 (4) 77 (88) 11(12) .. 6 (7) 26 (29) 8 (9)
Age, months 25.7 19.7 NS 22.99 11 NS 22.9 21.2 NS 17.9 NS 19.6 17.1
Peak hospital temperature, °C 38 38.8 <.001 384 39.9 .001 38.3 39.6 <.001 39.9 <.001 38.8 38.8
Total duration of fever, d 1.5 35 <.001 25 3.8 NS 25 4 .003 4 .013 3 3.8
No. (%) of patients with history of 8(17) 16 (39) .03 20 (24) 4 (100) .005 18 (23) 6 (55) NS 4(67) .04 10 (38) 2 (25)

lethargy
Heart rate, bpm® 138 148 .007 143 155 NS 142 155 .017 151 NS 162 143
Respiratory rate, bpm® 36 35 NS 36 39 NS 36 35 NS 39 NS 34.5 41
Duration of fever at home, d 1 1 NS 1 3 .033 1 3 .024 3 .024 1 1.5
Total leukocyte count, x10° cells/L 13.4 12.5 NS 12.7 15.8 NS 12.7 13.8 NS 17.3 NS 12.0 12.0
Lymphocyte count, % 27.6 30 NS 30 31 NS 30 28.5 NS 29 NS 30 38.5
CSF leukocyte count, cells/mm?® 1.5 48 <.001 4 97 .016 4 80 <.001 97 .003 23.5 39
CSF lymphocyte count, % 100 97 <.001 100 91 .039 100 95 <.001 91 .012 97.5 99
CSF protein level, g/dL 0.27 0.36 .001 0.3 0.62 .001 0.28 0.47 <.001 0.56 <.001 0.34 0.36
CSF glucose level, mmol/L 3.4 3.9 NS 3.4 5.1 .017 3.4 4.3 .045 5.1 .002 34 3.3
Plasma glucose level, mmol/L 4.9 5.1 NS 5 7.1 NS b 6.0 NS 7.4 NS b 4.8
CSF/plasma glucose ratio 0.68 0.69 NS 0.68 0.72 NS 0.69 0.69 NS 0.69 NS 0.69 0.68
Serum IL-1Ra level, pg/mL® 1753.5 1408.9 NS 1478 10000 .043 1443.9 10000 .004 10000 .04 1376.2 1610.6
Serum G-CSF level, pg/mL 235.1 391.8 NS 259.1 2524.3 .004 235 987.2 <.001 1590.9 .004 361.2 192
Serum IL-10 level, pg/mL 111.9 97.7 NS 104.6 563.2 NS 94.3 288.5 .002  563.2 .025 95.8 88.4
Serum IL-1B level, pg/mL 8.1 7.3 NS 7.3 17.7 NS 6.7 27.4 .013 17.7 NS 4.8 13.3
Serum IL-15 level, pg/mL 19.7 19.9 NS 19.6 69.4 NS 16.8 118.9 .003 69.4 NS 14.3 38.6

Data are medians unless otherwise indicated. P values indicate significant differences in parameters between patients with uncomplicated and complicated HFMD; nonfatal and fatal cases; and no CRC and CRC.

Abbreviations: ASM, aseptic meningitis; CRC, cardio-respiratory compromise; CSF, cerebrospinal fluid; G-CSF, granulocyte colony-stimulating factor; HFMD, hand, foot, and mouth disease; IL-1B, interleukin 1B; IL-1Ra,
interleukin 1 receptor antagonist; IL-10, interleukin receptor 10; IL-15, interleukin 15; NS, not significant.

@ Between patients with marked CRC and all other patients. Significance tested via Mann-Whitney U test or Fisher exact test.

© Beats per minute.
¢ Breaths per minute.

9 Concentration above detection limit in multiple samples (>10 000 pg/mL).
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Figure 1. Patterns of mediator concentration in serum samples at hospital admission showing correspondence with inotrope use and cardio-respiratory
compromise. A, Heat-map displaying the relative concentration of 30 cytokines in 85 serum samples from patients hospitalized with acute enterovirus
71 infection: 11 patients with cardio-respiratory compromise (black terminal branches within sample tree) and 74 patients without cardio-respiratory
compromise. Samples and mediators were organized via a 2-way unsupervised hierarchical clustering algorithm along the horizontal and vertical axes,
respectively. Patients who later died or developed marked cardio-respiratory compromise are labeled on the x-axis with for ¥ symbols, respectively. Tile
color indicates relative mediator concentration: red, increased; green, decreased; black, at median concentration (for the samples); gray, concentration
below detection threshold in that sample. On the vertical axis, the mediators segregated into 2 main sets (set 1 and set 2). On the horizontal axis, the
samples segregated into 3 main host response patterns: pattern A, high abundance among mediators within sets 1 and 2; pattern B, low abundance
within mediator set 1 and high abundance within mediator set 2; pattern C, low abundance within mediator sets 1 and 2. A higher proportion of
patients exhibiting pattern A had cardio-respiratory compromise compared with patients exhibiting the other patterns (10 [26%] of 38 patients vs 1 [2%)]
of 47 patients; P=.002). Significance was calculated by the Fisher exact test. B, Correlation plot between individual clinical parameters and mediator
concentration among the samples. The Pearson correlation score (R) is presented on the x-axis for each mediator (y-axis). Five clinical parameters were
examined: number of inotropic agents received during admission (black line); death (+1, died; —1, alive) (blue line); marked cardio-respiratory compro-
mise (+1, present; —1, absent) (red line); number of clinical interventions during admission (ie, a lumbar puncture, provision of a single course of
intravenous immunoglobulin (IVIG), or provision of a single inotropic agent counted as 1 intervention) (green line); total leukocyte count (brown line).
Neighboring or individual cytokines whose corresponding concentration significantly correlates with a clinical parameter are labeled on the plot. Stat-
istical significance was calculated by permutation (see Methods).

16 neighboring mediators within set 1 (G-CSF to IL-1Ra) and
the number of inotropic agents received (P =.03). Correlation
was strongest for G-CSF and IL-1Ra (Figure 1B). One pair of
mediators from set 1, IL-1B and IL-15, also showed a signifi-
cant positive association with overall number of clinical inter-
ventions undertaken during hospitalization (P =.049). G-CSF
also exhibited a significant positive association with marked
cardio-respiratory compromise and death (P=.01 and P=.02,
respectively). There were no significant correlations between
these parameters and mediator abundance within set 2.
Among the CSF samples, there was a significant correlation
between the pattern of abundance within mediator set 3 and
several clinical parameters linked to complicated EV71 illness:
number of inotropic agents received by the patient, mortality,
marked cardio-respiratory compromise, and CSF leukocyte

count (P<.01 for all). Correlation with cardio-respiratory
compromise and death was particularly strong for G-CSF and
IL-1Ra (Figure 2B).

Distinct Patterns of Mediator Abundance Between the CSF
and Serum Samples
Given the results of the unsupervised analysis for the CSF
samples, the corresponding serum samples were reorganized
to match the sample and cytokine order within the CSE. The
resulting heat-maps exhibited distinct patterns of relative me-
diator abundance among CSF and serum samples (Figure 3).
The CSF-to-serum mediator abundance ratio was also mea-
sured across all paired samples from patients with CNS in-
volvement (n =41). The majority of the mediators exhibited a
higher median concentration in the serum samples, including
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Figure 2. Patterns of mediator concentration in cerebrospinal fluid (CSF) samples at hospital admission showing correspondence with clinical central
nervous system (CNS) involvement among patients with enterovirus 71 infection. A, Heat-map displaying the relative concentration of 10 cytokines
within 68 CSF samples from patients hospitalized with acute EV71 infection: 36 patients with CNS complications (encephalitis, meningitis, or acute
flaccid paralysis) and 32 patients with uncomplicated hand, foot, and mouth disease (HFMD). Samples and mediators were organized via an unsuper-
vised hierarchical clustering algorithm along the horizontal and vertical axes, respectively. Patients who later died or developed marked cardio-respiratory
compromise are labeled on the x-axis with Tor ¥ symbols, respectively. Tile color indicates relative mediator concentration: red, increased; green,
decreased; black, at median concentration (for the samples); gray, concentration below detection threshold in that sample. On the vertical axis, the
samples segregated into 2 main sets (set 3 and set 4). On the horizontal axis, the samples segregated into 3 main host response patterns: pattern D,
high abundance among mediators within set 3; pattern E, high abundance within mediator set 4; pattern F, low abundance within mediator sets 3 and
4. A higher proportion of patients exhibiting pattern D had complicated HFMD compared with patients exhibiting the other patterns (14 [82%] of 17
patients vs 22 [43%] of 51 patients; P=.006). Significance was calculated via the Fisher exact test. B, Correlation plot between individual clinical
parameters and mediator concentration among the samples. The Pearson correlation score (R) is presented on the x-axis for each mediator (y-axis). Five
clinical parameters were examined: number of inotropic agents received during admission (black line); death (+1, died; —1, alive) (blue line); marked
cardio-respiratory compromise (+1, present; —1, absent) (red /ine); number of clinical interventions during admission (ie, a lumbar puncture, provision of
a single course of IVIG, or provision of a single inotropic agent counted as 1 intervention) (green line); total leukocyte count (brown fine). Neighboring
or individual cytokines whose corresponding concentration significantly correlates with a clinical parameter are labeled on the plot. Statistical signifi-
cance was calculated by permutation (see Methods).

IL-1Ra, G-CSF, and IL-1B. Only 4 mediators showed a higher
concentration in the CSF samples: IL-6, IL-8, monocyte che-
motactic protein 1 (MCP-1), and interleukin 13 (Figure 4A).
Concentrations in CSF samples of G-CSF, IL-6, IL-8, IL-1Ra,
and IP-10 showed a significant positive correlation with CSF
leukocyte count (P=.0014 for G-CSF and P<.001 for the
others) (Figure 4B and C).

Confirmation of Findings by Supervised Analysis

We sought to confirm the results of the unsupervised sample
clustering through comparison against the findings from su-
pervised analysis. All serum samples (n =88) were manually
organized into 4 clinical groups of patients: fatal (n=4),
marked cardio-respiratory compromise (n = 6), cardio-respira-
tory compromise (n=11), and noncompromised (n=77). As
in the unsupervised analysis, serum levels for several

mediators, including G-CSF, IL-1Ra, IL-10, and IL-1B, were
significantly higher in patients with cardio-respiratory com-
promise compared with those in noncompromised patients (P
<.0001, P=.004, P=.002, and P=.013, respectively)
(Table 1). Levels of G-CSF, IL-1Ra, and IL-10 were also higher
among patients with marked cardio-respiratory compromise
(P=.006, P=.04, and P=.025, respectively) and those who
died (P=.005, P=.043, and P = .07, respectively).
Furthermore, a serum G-CSF to interleukin 5 (IL-5) ratio of
>100 was significantly associated with fatal cases compared
with nonfatal cases (4 [100%] of 4 cases vs 10 [15%] of 66
cases; P<.001; accuracy, 85.7%; sensitivity, 100%; specificity,
84.8%). Combining a serum G-CSF/IL-5 ratio of >100 with
clinical features of a raised heart rate (>140 beats per minute)
and peak temperature (>38.5°C) during admission provided a
highly accurate prognostic indicator for death (4 [100%] of 4

886 o JID 2012:206 (15 September) e Griffiths et al

202 Iudy $0 uo 1senb Aq 95+908/1.88/9/90Z/2101E/PIljW0ddnodiWspese)/:Sdjy WoIj PSPEOUMOQ



[=='sNer]
Hm“,i_ 1 =1 252so0s
P e i 1 e
G-CSF
IL-6
IL-8
IL-1Ra
IP-10
IL-10
MIP-1B
IL-1a
sCD40L
MCP-1

CSF samples (n=68) Matched serum samples (n=68)

Figure 3. Divergent patterns of relative mediator concentrations demonstrated in cerebrospinal fluid (CSF) and serum samples, with heat-maps
displaying relative mediator concentrations for CSF samples (4) and serum samples (B). CSF samples and mediators were organized via an unsupervised
hierarchical clustering algorithm along the horizontal and vertical axes, respectively. The corresponding serum samples were then organized in matching
mediator and sample order. The heat-maps display divergent patterns of relative mediator concentration (tile color) for corresponding CSF and serum
samples.

fatal cases vs 3 [4%] of 66 nonfatal cases; P <.001; accuracy, When the CSF samples were manually organized into clini-
95.7%; sensitivity, 100%; specificity, 95.5%; positive predictive cal groups, the findings reflected those of the unsupervised
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tion against CSF total leukocyte count for each patient (n=71). CSF IL-6 and G-CSF concentrations demonstrated significant positive linear correlations
with total CSF leukocyte count (= 0.43, P<.001; 2=0.14, P=.0014; respectively). Significance was tested via linear regression using Stata.
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Figure 5. Mediator concentrations in cerebrospinal fluid (CSF) samples exhibiting correspondence with clinical groups. CSF samples (n=68) were
manually organized into 2 main groups: complicated hand, foot, and mouth disease (HFMD) and uncomplicated HFMD. The patients with complicated
HFMD were organized into 3 clinical subgroups: ASM, aseptic meningitis; E+MCC, encephalitis and marked cardio-respiratory compromise; Enceph,
encephalitis. The mediators were organized via an unsupervised hierarchical clustering algorithm. The heat-maps exhibit higher relative concentration
for mediators composing set 3, among complicated compared with uncomplicated HFMD patients.

significantly higher CSF concentration among complicated
and fatal cases compared with uncomplicated and nonfatal
cases, respectively. IL-1Ra, IL-6, and IP-10 also showed signifi-
cantly higher levels in cardio-respiratory compromised pa-
tients compared with noncompromised patients. G-CSF, IL-6,
IL-8, and IP-10 exhibited higher median CSF concentrations
in aseptic meningitis compared with encephalitis (Table 2).

DISCUSSION

Enterovirus 71 is now recognized as a major public health
problem across the Asia-Pacific region [2]. Although the major-
ity of children develop mild HFMD, a significant proportion of
children suffer CNS complications, with or without cardio-
respiratory compromise, which may be fatal. The pathogenesis
of the cardio-respiratory compromise is uncertain. Early
autopsy studies of patients with EV71 brainstem encephalitis
and pulmonary edema found no histopathological evidence of
cardiac injury or myocarditis [4], although elevation of troponin
I (a specific marker for cardiac damage) is predictive of cardiac
failure [12]. Our data suggest that cardio-respiratory compro-
mise is associated with a widespread elevation of both pro-
inflammatory and anti-inflammatory mediators in the serum
and CSE. Serum IL-1Ra and G-CSF levels were significantly
elevated in patients who died, with a serum G-CSF/IL-5 ratio of
>100 being the most accurate prognostic marker. Although
correlation with viral load would have been interesting, EV71 is
poorly detected in the CSF and serum [4, 13].

Patients with relatively high serum abundance of a subset
of mediators (set 1) were significantly more likely to require

inotropic agents. These mediators included both pro-inflam-
matory agents (eg, IL-1B and TNF-o) anti-inflammatory
agents (eg, IL-1Ra and IL-10) and the stem-cell-mobilizing
factor G-CSF. Evidence from other diseases supports the puta-
tive importance of an elevated pro-inflammatory response in
the periphery contributing to EV71-associated cardiac failure.
For example, elevated IL-1B level in the lungs is linked to
acute respiratory distress syndrome [14]. Similarly, the acute
cardiac compromise occasionally seen in children with severe
burns is thought to be driven by the adverse effect of pro-
inflammatory mediators, particularly IL-18 and TNF-o, on
the heart [15]. Both IL-1B and TNF-a have a negative inotro-
pic effect on heart contractility [16], and they stimulate cardio-
myocyte apoptosis in experimental models of burn injury
[17]. Interestingly, a recent ultrastructural study of cardiac
tissue recovered from patients (n=7) with EV71-associated
cardiac failure showed evidence of both myofibrillar degenera-
tion and cardiomyocyte apoptosis [18]; a similar pattern of ul-
trastructural damage to the heart has been observed following
burn injury [17]. As in severe burns, in EV71 illness, the pro-
inflammatory response may influence the development of
acute cardio-respiratory compromise and death, but leave
limited evidence of cardiac damage at autopsy.

Although serum IL-1B concentrations were higher among
fatal cases compared with noncompromised cases, this finding
was not significant, probably reflecting the relatively small
number of patients who died. A previous study also showed
no significant association of IL-1B level with death, but it did
not examine the relationship with inotrope use or other
markers of cardiac failure [6].
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Table 2. Clinical Features and Cerebrospinal Fluid Mediator Concentrations for 71 Patients With Enterovirus 71 Infection

Patient Groups and Comparisons

Uncomplicated Complicated Marked
Clinical Parameters HFMD HFMD P Nonfatal Fatal P No CRC CRC P CRC P? Encephalitis ASM
No. (%) of patients 35 (49) 36 (51) 68 (96) 3 (4) 61 (86) 10 (14) 5 (7) 22 (31) 8 (11)
Age, months 25.7 20.2 NS 2299 13.6 NS 21 24.5 NS 21.2 NS 20 171
Peak hospital temperature, °C 38.2 39 .002 385 39.7 .016 385 394 .004 39.7 .002 3838 38.8
Total duration of fever, d 2 3.5 <.001 2.8 4 NS 25 4 .015 4 .023 3 3.75
Heart rate, bpmb 142 146 NS 144 155 NS 143 158.5 .028 147 NS 153.5 142.5
Respiratory rate, bpm® 36 35 NS 36 39 NS 36 35 NS 39 NS 33 41
Duration of fever at home, d 1 1 NS 1 3 NS 1 2.5 NS 3 .037 1 1.5
Total leukocyte count, x10° cells/ 13.3 12.7 NS 12.7 15.2 NS 12.7 13.1 NS 17.7 .045 121 12.0
L

CSF leukocyte count, cells/mm? 2 44.5 <.001 4 114 .011 8 87.5 <.001 114 .001 2815 8o
CSF lymphocyte count, % 100 97.5 <.001 100 97 NS 100 96 <.001 97 .018 975 99
CSF protein level, g/dL 0.27 0.36 .008 0.3 0.54 .016 0.28 0.44 <.001 0.54 .003 031 0.36
CSF glucose level, mmol/L 34 34 NS 34 5.1 .012 34 4.3 .028 5.1 .001 3.3 3.3
Plasma glucose level, mmol/L 4.9 5 NS 4.9 7.1 NS 4.9 6.0 NS 7.4 NS B 4.8
CSF/plasma glucose ratio 0.67 0.67 NS 0.66 0.72 NS 0.67 0.69 NS 0.69 NS 0.6 0.68
CSF IL-1Ra level, pg/mL 37.7 102.5 <.001 51.1 5490.6 <.001 498 283.1 .002 990.2 .031 95.4 82.4
CSF G-CSF level, pg/mL 105.8 294.0 .016  139.0 1986.8 .01 148.0 401.7 NS 1258.3 NS 2755 310.4
CSF IL-6 level, pg/mL 27.0 251.5 <.001 50.6 720.7 .02 54.4 468.2 .047 720.7 .037 118.1 305.1
CSF IL-8 level, pg/mL 33.7 179.2 <.001 69.1 443.2 .018 70.2 316.0 NS 443.2 NS 101.0 179.2
CSF IP-10 level, pg/mL 349.9 832.0 .002 592.6 8374.1 .001 585.7 3569.6 .04 6438.8 .029 764.5 910.0

Seventy-one of the 88 patients in the study underwent lumbar puncture. Data are medians unless otherwise indicated. P values indicate significant differences in parameters between patients with uncomplicated and
complicated HFMD; nonfatal and fatal cases; and no CRC and CRC.
Abbreviations: ASM, aseptic meningitis; CRC, cardio-respiratory compromise; CSF, cerebrospinal fluid; G-CSF, granulocyte colony-stimulating factor; HFMD, hand, foot, and mouth disease; IL-1Ra, interleukin 1
receptor antagonist; IL-6, interleukin receptor 6; IL-8, interleukin 8; NS, not significant.

@ Between patients with marked CRC and all other patients. Significance tested via Mann-Whitney U test or Fisher exact test.

° Beats per minute.
¢ Breaths per minute.
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IL-1Ra is a natural antagonist against IL-1 cytokines. It
binds to IL-1 receptors and blocks the binding of IL-1a and
IL-1B. Descriptive studies have shown plasma IL-1Ra levels to
correlate with the extent of cardiomyocyte loss and the se-
verity of hemodynamic and clinical impairment among pa-
tients with acute myocardial infarction [19, 20]. However,
intervention studies using anakinra, a synthetic pharmacologi-
cal derivative of IL-1Ra, suggest IL-1Ra may also offer poten-
tial therapy against cardiac damage [21]. Anakinra improves
cardiac function in animal models of acute cardiac injury [22]
and rheumatoid patients with cardiac impairment [23]. It is
currently undergoing clinical trials in acute coronary syn-
dromes [24, 25]. Based on these intervention studies, elevation
of IL-1Ra levels during EV71 illness may reflect a “restorative”
host response to minimize inflammation and tissue damage
during EV71 illness.

G-CSF is a potent stem cell chemo-attractant, which in
cardiac ischemia is thought to promote the migration of stem
cells to areas of cardiac damage [26]. In clinical studies it im-
proves cardiac function following acute myocardial infarction
[27]. IL-10 is an anti-inflammatory mediator known to down-
regulate IL-1B, IL-6, TNF-o, and INF-y production [28]. In
experimental models of cardiac impairment, elevated IL-10
level is associated with improved function [29]. Furthermore,
provision of IL-10 has been shown to mitigate cardiac dys-
function in models of viral infection of the brain and heart
[30]. IL-10 has been used to attenuate the pro-inflammatory
response associated with psoriasis [31]. Like IL-1Ra, the
paired elevation of G-CSF and IL-10 may again reflect a re-
storative host response to minimize inflammation and tissue
damage during EV71 infection.

Elevated IL-1Ra and G-CSF levels in the CSF samples were
again associated with cardio-respiratory compromise and
death. However, levels of these mediators were elevated in
close association with those of IL-6, IL-8, and IP-10. IL-1B
was not consistently detected in the CSF, concordant with pre-
vious studies of brain injury suggesting CNS IL-1p concentra-
tion increases are early and transient [32].

A relatively narrower range of mediators was consistently
detected in the CSF than in the serum. Few studies have mea-
sured a broad panel of mediators in CNS and vascular com-
partments. One study has demonstrated lower concentrations
of several mediators in brain microdialysate than in plasma
among traumatic brain injury patients [32]. The results may
reflect the limited number and/or diversity of immune cells in
the CNS compartment [33, 34].

The differences between CSF and serum responses were es-
pecially well demonstrated for patients with matched samples
(Figure 3). It has previously been proposed that the CNS may
be the source of the inflammatory cytokines detected in the
serum of patients with EV71-associated cardiac dysfunction
[9], whereas others have suggested a combination of CNS and

systemic inflammatory responses occur [6]. The data from our
study support distinct inflammatory responses occurring in
the CNS and peripheral compartments. This could imply that
the inflammatory responses are occurring completely indepen-
dently in these compartments or that the CNS inflammatory
response stimulates a peripheral immune response. Stroke
studies have observed rapid and dramatic activation of the pe-
ripheral immune system following brain insult [35, 36], with
the peripheral responses exhibiting cytokine patterns which
are distinct from those occurring in the CNS [36, 37]. The
mechanisms underlying the induction of the peripheral
immune responses following brain insult are unclear. Sympa-
thetic neural signals activating leukocytes in the spleen and
lymph nodes has been postulated [36, 38].

CSF IL-1Ra levels are elevated following acute subarachnoid
hemorrhage, with higher levels in those with a more compli-
cated clinical course [39]. Again, intervention studies show IL-
1Ra protects against ischemic brain damage in animal models,
and it is being assessed as a clinical neuroprotective agent in
stroke [40]. G-CSF treatment has also been shown to protect
against ischemic brain damage in animal models, with
reduced infarct volumes and improved functional outcome.
[41, 42]. G-CSF is being assessed as an adjunctive neuropro-
tective agent for stroke in clinical trial [43, 44].

Intravenous immunoglobulin reduces systemic levels of pro-
inflammatory mediators during EV71 illness [45] and has been
reported to reduce morbidity [46]. The use of more targeted
host modifying agents, such as IL-1Ra or G-CSF, might provide
further benefit. However, because levels of pro-inflammatory
mediators, such as IL-1B, can be abruptly elevated, assessment
of the optimum time frame for delivering these agents may be
needed to ensure success.

IL-6 and IL-8 CSF levels are elevated in a broad range of
CNS inflammatory disorders, including viral encephalitis,
meningitis, stroke, subarachnoid hemorrhage, and traumatic
brain injury [47-50]. CSF IL-6 levels have previously been
reported to be higher among EV7l-infected patients with
encephalitis and cardio-respiratory compromise than among
those with encephalitis [8].

Higher CSF IL-6 levels in meningitis than in encephalitis
have been reported elsewhere [8]. We found CSF IL-6, IL-8,
G-CSF, and IP-10 levels were nonsignificantly higher in menin-
gitis cases than in encephalitis cases without cardio-respiratory
compromise. However, these mediators demonstrated a signifi-
cant positive correlation with total CSF leukocyte count. The
higher CSF mediator concentrations in meningitis compared
with encephalitis and among fatal compared with nonfatal
cases may reflect the higher CSF leukocyte counts among the
corresponding patient groups. These findings are consistent
with the suggestion that during CNS inflammation CSF media-
tors are secreted by activated leukocytes that migrate into the
CSF compartment [33, 34].
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The pro-inflammatory and anti-inflammatory responses as-
sociated with different clinical syndromes during EV71 illness
underscore the complex interplay of mediators during this in-
fection. The separate patterns of mediator response observed
in the CNS and vascular compartments suggest distinct
immune responses occurring in each compartment, although
these responses may still be interlinked. Because IL-1B impairs
heart function and both IL-1Ra and G-CSF are currently
being assessed as treatments for acute cardiac impairment, the
findings suggest we have identified both functional markers of
EV71-related cardiac dysfunction and potential avenues for
treatment of this often fatal complication.
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