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Background. Encephalitis is parenchymal brain inflammation, commonly due to herpes simplex virus (HSV). Key host inflam-
matory mediators and their relationship to blood-brain barrier (BBB) permeability, neuroimaging changes, and disease outcome are
poorly understood.

Methods.
encephalitis, including 17 with disease due to HSV infection. Outcome measures were Glasgow coma and outcome scores; CSF to
serum albumin ratio, reflecting BBB permeability; and, in patients with HSV infection, magnetic resonance imaging-based temporal
lobe volume.

Results. Serum interleukin 1 receptor antagonist (IL-1RA) levels were elevated in patients with a good outcome (P =.004).
Among patients infected with HSV, the ratio of CSF IL-1p to IL-1RA was associated with a worse outcome (P =.009); a ratio of
>0.55 pg/mL had high specificity and sensitivity for a poor outcome (100% and 83%; P = .015). Temporal lobe volume had a negative
correlation with serum IL-1RA level (P =.012) and a positive correlation with serum IL-1o level (P =.0003) and CSF IL-1p level
(P=.007). A normal coma score was associated with an elevated interleukin 10 (IL-10) level in serum specimens from HSV-infected
patients (P =.007) and CSF specimens from all patients (P =.016); the IL-10 level correlated inversely with BBB permeability

We measured levels of 38 mediators in serum (n = 78) and cerebrospinal fluid (n = 37) specimens from patients with

(P=.005).
Conclusions.

A proinflammatory cytokine response is associated with greater clinical severity, BBB permeability, and neuroim-

aging damage during encephalitis. IL-1 antagonists should be investigated as adjunctive treatment in encephalitis.

Keywords.

encephalitis; cytokine; chemokine; herpes simplex; blood-brain barrier.

Encephalitis is a pathological inflammation of the brain paren-
chyma. The most common cause is herpes simplex virus (HSV).
During HSV-associated encephalitis, HSV infection predomi-
nantly affects the temporal lobes and has a mortality rate of
10%-30% despite effective antiviral treatment, with neurologi-
cal morbidity in at least 60% of survivors [1, 2]. Acyclovir effec-
tively reduces viral load but does not inhibit immune-mediated
pathogenesis [3]. There is mounting evidence that the host in-
flammatory response, particularly cytokines and associated me-
diators, may play a key role in pathogenesis [4, 5]. These
mediators act directly on neuroglial cells, and they orchestrate
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permeability of the blood-brain barrier (BBB) and the influx
of leucocytes, which is a key process in inflammation [6, 7].

Interleukin 1 (IL-1) is the prototypical proinflammatory
cytokine and has elevated levels in murine and cell culture
models of viral encephalitis, resulting in fever, increased BBB
permeability, and the production of additional proinflam-
matory mediators [3, 8, 9]. Many of these actions are directly
opposed by the IL-1 receptor antagonist (IL-1RA) and inter-
leukin 10 (IL-10) [10-12]. However, these models only pro-
vide a limited representation of host responses, and the
importance of investigation of clinical samples has been high-
lighted [13-16].

The key mediators underlying this inflammatory response re-
main unclear. Previous clinical studies have assessed a few me-
diators in a limited number of cases [4, 5, 14]. Moreover, the
downstream effects on BBB permeability and parenchymal
damage detected by neuroimaging have not been assessed [4,
5, 14]. In addition, HSV only accounts for 20% of cases, and
it is not known whether these mediators are associated with
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disease severity or BBB permeability in encephalitis more
broadly [17]. These mediators act in concert, and the im-
portance of assessing their relative abundance has been de-
monstrated [18, 19]. Therefore, the ratio of proinflammatory
cytokines to antiinflammatory cytokines has been evaluated:
for example, the interleukin 6 (IL-6) to interleukin 4 (IL-4)
ratio and the IL-6 to IL-10 ratio have strong correlations with
outcome in Japanese encephalitis and cerebral malaria, respec-
tively [14, 20].

Therefore, we assessed the relationship between cytokines
and associated mediators in cerebrospinal fluid and serum
with clinical disease severity and BBB permeability. Because
HSV is the most common cause of encephalitis, and because
there are stereotypic neuroimaging changes, we also assessed
the relationship between these mediators and the volume of in-
jury in this subgroup.

METHODS

Study Population and Measurement of Mediators

Patients were recruited prospectively from 24 centers over a
2-year period between 2005 and 2008 through the Health
Protection Agency (HPA) Aetiological Study of Encephalitis
in England; the study is described in detail elsewhere [17]. Of
203 patients recruited, serum and/or cerebrospinal fluid (CSF)
specimens were used if >50 uL was available after diagnostic
testing and aliquot archiving. Samples were collected at recruit-
ment and stored at —80°C, and freeze-thaw cycles were mini-
mized. Thirty-eight mediators were assessed in duplicate,
using a commercial cytometric bead array (Procarta, Affyme-
trix, Milano, Italy), and were analyzed using the BioPlex Man-
ager 4.1 (Bio-Rad Laboratories, Hemel Hempstead, United
Kingdom). The balance between proinflammatory cytokines
and antiinflammatory cytokines was assessed by measuring
the IL-1 to IL-1RA and IL-1 to IL-10 ratios [12, 14, 20].

The HPA study was approved by the North and East Devon
Multicentre Research Ethics Committee (reference 05/Q2102/
22). This substudy was approved by the HPA Encephalitis
Study Steering Group and the Pan-Manchester Research and
Development Group for the University of Manchester.

Clinical Outcome Measures and BBB Permeability

The admission Glasgow coma scale (GCS) score was recorded; a
score of 15 (out of 15) was defined as good, and scores of <14
were defined as poor [14]. The discharge Glasgow outcome scale
(GOS) score was recorded, with good defined as a score of 5 (out
of 5; indicating minor or no disability) and poor defined as
scores of <4 (indicating moderate disability or death) [5]. CSF
white blood cell count of <5 cells/uL was defined as normal.
As a marker of BBB permeability, the ratio of CSF to serum
albumin levels was determined on paired samples, using radial
immunodiffusion (Binding Site, Birmingham, United King-
dom) [21].

Imaging Outcome

Magnetic resonance imaging (MRI) was performed when pos-
sible for patients with HSV encephalitis. Volumes were deter-
mined using stereology of temporal lobes on T1-weighted
images (0.72-0.94-mm resolution), indicating swelling, and
T,-weighted images (0.45-0.54 mm resolution), indicating tis-
sue damage, with a 5-mm thickness, using a grid-size of 10
voxels and established anatomical boundaries (EasyMeasure)
[22, 23]. Preliminary analysis compared the absolute volume
on T1 with 18 healthy controls [24]. However, to account for
individual differences, all analyses were undertaken with vol-
umes as a percentage of the total intracranial volume. Mea-
surements were made in duplicate and by another blinded
person [25].

Statistical Analysis

The Mann-Whitney U test, the Kendall rank correlation coef-
ficient, linear regression, and the Pearson correlation coefficient
were used (SPSS 2011 and GraphPad 2014), and a P value
of <.05 was defined as significant. Overall mediator data under-
went a 1-way hierarchical cluster analysis; data from each out-
come group underwent nearest neighbor analysis, using the
Pearson correlation coefficient, to generate proximity matrices
[19, 26]. A heat map was generated for those with a good out-
come and those with a poor outcome. A separate heat map was
generated by subtracting the values of the proximity matrix for
those with a good outcome from values for those with a poor
outcome, and a heat map was generated, as described previously
[19, 26].

To avoid undetectable levels or missing data bias, only me-
diators detected in CSF or serum specimens from >80% of
the samples were analyzed [27]. To minimize any potential
for the influence of storage, concentrations of each mediator
were median centered for each patient [19,27]. Therefore, the
concentration of each mediator was expressed and analyzed
as a value relative to the median concentration of all of the
mediators in that patient sample, as described previously
[19, 27].

RESULTS

Of 203 patients meeting the clinical case definition of enceph-
alitis, 95 had sufficient serum and or CSF samples available for
analysis. Serum samples were available for 78 patients; enceph-
alitis had an infectious etiology in 38 (17 had HSV infection, 7
had varicella zoster virus [VZV] infection, 5 had tuberculosis, 3
had bacterial infection, 2 had dual infection [1 had tuberculosis
and human immunodeficiency virus [HIV] infection and 1 had
cryptococcal infection and VZV infection], 1 had influenza A
virus infection, 1 had measles, 1 had HIV infection, and 1
had toxoplasmosis), was immune mediated in 20 (9 had anti-
body-mediated encephalitis, 8 had acute disseminated enceph-
alomyelitis [ADEM], 1 had paraneoplastic encephalitis, 1 had
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vasculitis, and 1 had multiple sclerosis), and an unknown etiol-
ogy in 20. For 37 patients, a CSF specimen was available; en-
cephalitis had an infectious etiology in 20 (12 had HSV
infection, 6 had VZV infection, 1 had JC virus infection, and
1 had toxoplasmosis), was immune mediated in 9 (5 had
ADEM, 3 had antibody-mediated encephalitis, and 1 had para-
neoplastic encephalitis), and had an unknown etiology in 8.

The following mediators were not identified in >80% of the
cohort and were therefore removed from further analysis: tumor
necrosis factor receptor 1 (TNFR1) and TNFR2, E-selectin,
CXCLY, interleukin 17a, and vascular endothelial growth factor
o.. In addition, in CSF the following mediators were not detected
at levels above the lower limits of quantification in >80% of the
samples: granulocyte colony-stimulating factor, granulocyte
macrophage colony-stimulating factor, interferon o2 (IFN-
02), IFN-B, leptin, and IL-6. In serum, the following mediators
were also not detected at levels above the limits of quantification
in >80%: IFN-02 and IL-6.

Mediators Associated With Clinical Severity

For all patients with encephalitis, comparing those with a nor-
mal or reduced GCS score on admission, there was no signifi-
cant difference in the IL-1 concentration in serum or CSF.
However, the mediator most closely associated with GCS
score on admission was IL-10 (Table 1). For all patients, the
concentration of IL-10 in the CSF was significantly higher in
those with a normal GCS score (P=.016) and IL-10 also had
a positive correlation with GCS score (P =.017; Figure 1A4). As-
sessing only the subset with HSV encephalitis, in the serum the
mediator most closely associated with the GCS score was also
IL-10, which was higher in those with a normal GCS score
(P=.007), and serum IL-10 also had a positive correlation
with the GCS score (P =.01) (Figure 1B).

For the cohort overall comparing those with a good and poor
GOS score, there was no significant difference in IL-1 concen-
tration in the CSF or serum. However, the serum mediator as-
sociated most significantly with outcome was IL-1RA (Table 2).
Higher serum concentrations of IL-1RA were seen in those with
a good as opposed to poor outcome (P =.004). Also there was a
significant positive correlation between IL-1RA and the GOS
score (P =.01) (Figure 1C). Assessing only the subset with
HSV encephalitis, ILIRA was also the mediator most signifi-
cantly associated with the GOS score. The CSF IL-1B:IL-1RA
ratio was significantly higher in those with a worse outcome
score (P =.009). There was also a significant inverse correlation
with GOS score (P =.003; Figure 1D). Applying a CSF IL-1f:
IL-1RA cut-off of >—0.55 pg/mL had a high specificity and
sensitivity for distinguishing patients with a good from a poor
outcome (100% and 83% respectively; P =.015).

Hierarchical analysis of the data showed that the mediators
clustered into three broad groups; cluster one contained IL-10
and IL-1RA, amongst other mediators, cluster two contained

the chemokines CCL2, CCL3 and CXCL10, and cluster three
contained IL-1a and IL-1f in addition to other mediators in-
cluding the adhesion molecules VCAM and ICAM (Figure 2).
There was a negative correlation between group one and group
three mediators in those with a good outcome which was less
apparent in those with a poor outcome, this was particularly
highlighted in the extraction heat-map. This suggests that in
those with a good outcome greater concentrations of the antiin-
flammatory mediators IL-1RA and IL-10 were associated with
lower concentrations of the proinflammatory mediators, IL-1a
and IL-1pB, and that this relationship was less evident in those
with a poor outcome.

Mediators Associated With BBB Permeability

Paired CSF and serum samples from 20 patients (8 with infec-
tive encephalitis, 6 with immune-mediated encephalitis, and 6
with encephalitis of unknown etiology) were available for deter-
mining the albumin ratio. For all mediators in serum and for
most mediators in CSF, there was not a significant association
with the ratio of CSF to serum albumin levels (Supplementary
Table 3). However, the CSF mediator with the strongest negative
correlation with the ratio of CSF to serum albumin levels was
IL-10 (tau-b statistic, —0.49 [95% confidence interval {CI},
—.79 to —.20]; P=.0045) and that with the strongest positive
correlation was vascular cell adhesion protein (VCAM; tau-b
statistic, 0.50 [95% CI, 0.20-0.81]; P =.0035; Figure 3). There
was no association between the ratio of CSF to serum albumin
levels and the GCS or GOS scores. There was a trend toward a
higher median CSF albumin concentration in those with an el-
evated CSF white blood cell count (250 mg/L [range, 67.5-905
mg/L] vs 149 mg/L [range 50.65-348.5 mg/L]; P =.049).

Mediators Associated With Temporal Lobe Volume in Patients With HSV
Encephalitis
MRI findings were available for 8 patients with HSV encepha-
litis; 6 underwent MRI on the first day of admission, 1 under-
went MRI on day 13, and 1 underwent MRI on day 33. All
images showed enlarged temporal lobes and tissue damage.
Temporal lobe volume ranged between 9.5% and 13.9% of the
total intracranial volume, and global tissue damage ranged from
0.4% to 11.0%. This represents a mean increase (+SD) of
8.5% + 0.9% in temporal lobe volume in comparison to normal
values in healthy controls [24]. There was good intraobserver
agreement (95% limit of agreement, 5%), but interobserver
agreement was less consistent (95% limit of agreement, 11%).
Larger studies, which are suitably powered to address the ques-
tion of the optimal number of investigators reviewing MRI find-
ings for patients with encephalitis, are needed. There was no
significant correlation between temporal lobe volume and the
volume of damaged tissue. Serum mediator data were available
for all cases, and CSF data were available for 2 cases.

In serum, there was a strong positive correlation between
temporal lobe volume and the IL-1a level (P =.0003) and a
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Table 1. Levels of Cytokines, Chemokines, and Associated Mediators in Relation to Glasgow Coma Scale (GCS) Score on Admission to the Hospital Among
89 Patients With Acute Encephalitis and a Subgroup of 26 Patients With Encephalitis Due to Herpes Simplex Virus (HSV)

Level Among All Cases, pg/mL, Median (Range) Level Among Cases Due to HSV, pg/mL, Median (Range)
Specimen, Mediator GCS Score of 15 GCS Score of <15 P Value GCS Score of 15 GCS Score of <15 P Value
CSF
CCL2 0.39 (-0.10 to 0.37) 0.65 (—1.19 to 1.04) NS 0.27 (0.09-0.96) 0.62 (-0.24 to 1.93) NS
CCL3 —0.16 (-1.34 to —0.01) —0.21 (-1.49 to —0.05) NS —0.35 (-0.45 to —0.08) —0.15 (-1.67 to 0.10) NS
CCL5 —0.26 (-0.44 to 1.02) —0.69 (-1.17 to 0.48) .007 —0.27 (-0.46 to 1.02) —0.37 (-1.04 to 0.48) NS
CXCL10 1.63 (-0.17 to 1.87) 1.23 (-0.32 to 1.72) NS 1.69 (0.95-1.92) 1.22 (0.37-2.17) NS
ICAM 1.68 (1.21-2.69) 1.50 (1.24-2.64) NS 2.07 (1.21-2.17) 1.458 (1.05-2.43) NS
IFN-y —0.43 (-0.88 to —0.01) —0.47 (-1.00 to 0.61) NS —-0.47 (-0.88 to —0.11) —0.47 (-0.99 to 0.13) NS
IFN-0 —0.38 (-0.88 to 0.46) —-0.37 (-0.78 to 0.39) NS —0.391 (-0.52 to —0.39) —0.40 (-0.76 to —0.08) NS
IL-1a —0.18 (-0.46 to —0.03) —0.16 (-0.88 to 0.04) NS —0.25 (-0.46 to —0.08) —0.20 (-0.50 to 0.04) NS
IL-1B -0.48 (-1.10 to =0.11) —0.56 (-0.95 to —0.24) NS —0.75 (-1.06 to —0.28) —0.50 (-0.77 to —0.24) NS
IL-1RA 0.58 (0.31-1.84) 0.69 (0.01-1.67) NS 1.5 (0.68-1.84) 1.23 (0.30-1.67) NS
IL-4 —-0.13 (-1.73 10 0.18) —0.24 (-1.66 to 0.13) NS —0.49 (-0.80 to —0.03) —0.18 (-0.35 to —0.01) NS
IL-8 0.57 (-0.03 to 1.47) 0.56 (—-0.01 to 2.03) NS 0.67 (-0.03 to 1.47) 0.58 (0.17-2.03) NS
IL-10 —0.48 (-0.58 to 0.10) —-0.69 (-1.70 to 0.01) .016° —0.31 (-0.48 to 0.36) —0.49 (-0.66 to 0.01) NS
MPO 1.21 (0.39-1.62) 0 (—0.87 to 2.00) NS 1.26 (1.03-1.62) 1.04 (-0.87 to 1.42) NS
TNF-o —0.60 (-1.38 to —0.38) —0.69 (-1.27 to —0.09) NS —0.69 (-1.11 to —0.38) —0.67 (-1.00 to —0.37) NS
TRAIL 0.21 (=0.17 to 0.57) 0.17 (-0.04 to 0.78) NS 0.19 (0.24-0.57) 0.23 (-0.04 to 0.78) NS
VCAM 1.32 (-0.28 t0 2.19) 1.31 (-0.37 to 2.03) NS 1.67 (1.08-2.19) 1.15 (0.88-2.03) NS
IL-To:IL-1RA —0.22 (-0.84 to —0.04) —0.30 (-29.57 to 0.03) NS —0.15 (-=0.31 to —0.04) —-0.19 (-0.68 to 0.17) NS
IL-1B:IL-1RA —0.64 (-2.28 to —0.38) —-0.77 (-107.06 to —0.20) NS —0.61 (-0.88 to —0.38) —0.53 (-0.37 to —1.59) NS
IL-Te:IL-10 0.09 (-19.03 to 1.47) 0.26 (—17.42 to 2.05) NS 0.007 (-19.03 to 1.47) 0.26 (—17.43 to 2.05) NS
IL-1B:IL-10 0.51 (-57.23 t0 2.92) 0.71 (-43.88 to 1.42) NS 0.59 (-57.23 t0 2.92) 0.69 (-43.88 to 3.65) NS
Serum
CCL2 0.09 (=0.1 to 0.49) 0.05 (-0.65 to 1.04) NS 0.15 (0.09-0.27) 0.15 (-0.65 to 0.41) NS
CCL3 —0.53 (-1.34 to —0.01) —0.45 (-1.19 to —0.05) NS —0.46 (-0.53 to —0.25) —0.29 (-0.91 to —0.05) NS
CXCL10 0.54 (-0.17 to 1.69) 0.53 (-0.32 to 1.72) NS 1.63 (0.30-1.69) 0.58 (-0.04 to 1.72) NS
G-CSF —0.11 (1.0 to 0.45) —0.57 (-1.15 to 0.14) NS —0.06 (—=0.11 to 0.45) -0.28 (-1.15t0 0.12) NS
GM-CSF 0.11 (=1.14 to 0.54) —-0.41 (-1.36 to 0.33) NS 0.10 (-0.13 to 0.54) —0.05 (-1.36 t0 0.33) NS
Granzyme B —0.25 (-1.30 to 0.86) —0.40 (-1.82 to 0.31) NS 0.32 (-0.25 to 0.86) —0.34 (-1.15 to —0.13) NS
ICAM 2.04 (-0.30 to 2.78) 2.05 (0.14-2.92) NS 2.07 (0.40-2.12) 2.04 (0.78-2.53) NS
IFN-B —0.39 (-2.42 to 0.05) -1.17 (-2.01 to 0.28) NS —0.39 (-0.36 to —0.18) -1.17 (-1.89 to 0.0) NS
IFN-y —0.67 (-1.04 to —0.29) —0.84 (-1.60 to —0.06) .02 —0.71 (-0.88 to —0.59) —-0.81 (-1.56 to —0.61) NS
IFN-o —0.05 (-0.77 to 0.60) —0.28 (-0.67 to 0.54) NS 0.25 (0.10-0.41) —0.23 (-0.70 to 0.26) .04
IL-1a —0.91 (-1.55 to —0.08) —0.85 (-1.69 to 0.11) NS —0.08 (-0.25 to —0.03) —0.55 (-1.34 t0 0.10) NS
IL-1B —0.88 (-1.77 to —0.07) -1.14 (-2.14 to —0.27) NS —0.6 (-=0.75 to —0.07) —0.62 (-2.02 to 0.27) NS
IL-1RA 0.68 (-0.22 to 1.61) 0.24 (-0.26 to 1.02) .049 0.68 (0.15-1.61) 0.22 (-0.11 to 1.02) NS
IL-4 —0.49 (-1.25 t0 0.19) —0.53 (-1.39 to 0.04) NS —0.29 (-0.49 to0 0.19) —0.30 (-1.32 to —0.01) NS
IL-8 —0.34 (-1.60 to 2.21) —0.27 (-2.27 t0 0.48) NS 0.07 (-0.03 to 0.67) -0.12 (-1.91 to 1.19) NS
IL-10 -1.12 (-2.33 t0 0.01) —0.83 (-2.45 t0 0.16) NS —0.33 (-0.43 to 0.01) —0.81 (-2.45 to —0.44) .007°
Leptin 0.98 (-0.01 to 2.62) 1.08 (0.04-2.41) NS 0.38 (—=0.01 to 1.01) 1.37 (0.34-1.99) NS
MPO 1.14 (-0.30 to 2.24) 1.15 (-0.43 to 2.29) NS 1.03 (0.57-1.63) 1.44 (0.30-2.22) NS
TNF-o. —-0.69 (-1.61 to —0.10) —0.98 (-1.67 to —0.26) NS —0.50 (-0.69 to —0.10) —0.88 (—-1.67 to —0.54) NS
TRAIL 0.26 (0.01-0.64) 0.24 (-0.11 to 1.30) NS 0.24 (0.17-0.49) 0.33 (0.08-0.73) NS
VCAM 1.75 (-0.20 to 2.40) 1.75 (-0.48 to 2.55) NS 1.67 (-0.20 to 2.19) 1.56 (-0.39 t0 2.13) NS
IL-TecIL-TRA —1.10 (-29.16 to 2.50) —1.45 (-56.12 to 24.51) NS —0.15 (-=0.51 to —0.04) —0.80 (—56.12 to 24.51) NS
IL-1B:IL-TRA —1.40 (=31.10 to 3.45) —2.01 (-84.69 to 20.63) NS —0.47 (-0.88 to —0.46) -1.11 (-84.69 to 59.58) NS
IL-10:IL-10 0.81 (-37.20 to 1.30) 0.71 (-3.17 to 8.25) NS 0.07 (-=37.2 to 0.24) 0.55 (-0.23 to 1.03) .04
IL-1p:IL-10 1.09 (-112.50 to 1.36) 1.01 (-6.84 to 2.59) NS 0.22 (-112.50 to 1.39) 0.88 (0.41-1.23) 44

GCS score was available for 59 serum samples (76 %) and 30 CSF samples (81%). Of those infected with HSV, the GCS score was available for 14 serum specimens (82%) and 12 CSF samples
(100%). A GCS score of 15 was considered good, and a GCS score of <15 was considered poor.

Abbreviations: CCL2, monocyte chemotactic protein 1; CCL3, monocyte inflammatory protein 1a; CCL5, regulated on activation normal T-cell expressed and secreted; CXCL10, inducible
protein 10; G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte macrophage colony-stimulating factor; ICAM, intracellular adhesion molecule; IFN-y, interferon y; IFN-o,
interferon o; IL-1RA, interleukin 1 receptor antagonist; IL-1e, interleukin 1a; IL-1B, interleukin 18; IL-4, interleukin 4; IL-8, interleukin 8; IL-10, interleukin 10; MPO, myeloperoxidase; NS, not
significant; TNF-o, tumor necrosis factor o; TRAIL, tumor necrosis factor a~related apoptosis-inducing ligand; VCAM, vascular cell adhesion molecule.

@ Also correlated with GCS score.
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Figure 1. A and B, Relationship between Glasgow coma scale (GCS) score on admission and interleukin 10 (IL-10) concentration in cerebrospinal fluid in patients with
encephalitis (A) and serum IL-10 level in patients with encephalitis due to herpes simplex virus (HSV) infection (B). C and D, Relationship between Glasgow outcome scale
(GOS) score at discharge and serum interleukin 1 receptor antagonist (IL-1RA) in patients with encephalitis (C) and the ratio of IL-1B to IL-1RA levels in cerebrospinal fluid in
patients with HSV encephalitis (D). Abbreviation: Cl, confidence interval.

negative correlation with the IL-1RA level (P =.012; Supple- DISCUSSION

mentary Table 4 and Figure 4). No other mediators in serum This study found that, in a cohort of patients with encephalitis,

or CSF correlated with temporal lobe volume or damaged tissue ~ including a subset with encephalitis due to HSV, the balance be-
volume. There was no correlation between either the temporal =~ tween the IL-1 level and levels of its antagonists, IL-1RA and IL-
lobe or damaged tissue volumes and the GCS or GOS scores. 10, was associated with clinical severity, BBB permeability, and,
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Table 2. Levels of Cytokines, Chemokines, and Associated Mediators in Relation to Glasgow Outcome Scale (GOS) Score at Discharge Among 95 Patients
With Acute Encephalitis and a Subgroup of 29 Patients With Encephalitis Due to Herpes Simplex Virus (HSV)

Level Among All Cases, pg/mL, Median (Range) Level Among Cases Due to HSV, pg/mL, Median (Range)

Specimen, Mediator GOS Score of 5 GOS Score of <6 P Value GOS Score of 5 GOS Score of <5 P Value

CSF
CCL2 0.36 (0.01-0.88) 0.7 (-0.24 to 1.93) .02 0.49 (0.09-0.72) 0.78 (=0.24 to 1.93) NS
CCL3 —0.15 (-0.88 to —0.01) —0.19 (-1.67 to 0.16) NS —0.27 (-0.45 to —0.11) -0.13 (-1.67 to —0.08) NS
CCL5 -0.40 (-1.17 t0 0.71) —0.57 (-1.04 to 1.02) NS —0.44 (-0.71 t0 0.48) -0.22 (-1.04 t0 1.02) NS
CXCL10 1.35 (0-2.28) 1.56 (-=0.07 to 2.35) NS 1.37 (0.37-1.92) 1.18 (0.41-1.96) NS
ICAM 1.48 (1.05-2.64) 1.49 (0.79-2.69) NS 1.46 (1.05-2.07) 1.44 (1.21-2.43) NS
IFN-y —0.47 (-0.88 to 0) —0.47 (-0.99 to 0.61) NS —0.53 (-0.88 to —=0.11) —0.02 (-0.99 t0 0.13) NS
IFN-o —0.39 (-0.94 to 0.41) —0.34 (-0.76 to 0.39) NS —0.33 (-0.52 to 0.41) —0.46 (-0.56 to 0.08) NS
IL-1o —-0.16 (-0.88 t0 0.12) —0.16 (-0.50 to 0.06) NS —0.04 (-0.43 to 0.04) —0.25 (-0.50 to 0) NS
IL-1B -0.41 (-1.10 to -0.16) —0.51 (-0.95 to —-0.11) NS —0.43 (-1.06 to —0.24) —0.65 (-0.92 to —0.28) NS
IL-1RA 0.54 (0.13-1.83) 0.63 (-0.01 to 1.67) NS 0.54 (0.24-1.84) 1.43 (0.73-1.67) NS
IL-4 —-0.16 (-1.73 t0 0.13) —0.22 (-1.66 to 0.18) NS —0.2 (-0.80 to —0.01) —-0.27 (-0.57 to 0) NS
IL-8 0.58 (—0.03 to 1.47) 0.55 (—0.42 to 2.03) NS 0.58 (-=0.03 to 1.47) 0.73 (0.17-2.03) NS
IL-10 —0.48 (-1.70 t0 0.10) —0.53 (-0.75 t0 0.01) NS —0.44 (-0.66 to 0.36) —-0.31 (-0.63 t0 0) NS
MPO 1.01 (0-1.49) 1.02 (-0.87 to 2.00) NS 1.03 (0.49-1.42) 1.08 (-0.87 to 1.62) NS
TNF-o —0.58 (-1.52 to —0.37) —0.68 (—1.26 to —0.09) NS —0.55 (-1.11 to -0.37) —0.81 (-1.00 to —0.38) NS
TRAIL 0.14 (-0.17 t0 0.27) 0.24 (—0.04 to 0.69) NS 0.17 (0.09-0.24) 3 (-0.04 t0 0.78) NS
VCAM 1.2 (-0.37 t0 2.19) 1.44 (-0.29 to0 2.03) NS 1.43 (0.98-2.19) 1.31 (0.88-2.03) NS
IL-10/ILT-RA -0.3 (-1.18 t0 0.25) —0.19 (-29.57 t0 14.83) NS —-0.07 (-0.68 t0 0.17) —-0.24 (-0.31 to =0.10) NS
IL-1B/IL-TRA —0.74 (-1.59 to —0.43) —0.6 (=107.06 to 25.02) NS —-0.82 (-1.59 to —-0.57) —0.46 (-0.61 to —0.37) .009%
IL-Te/IL-10 0.07 (-19.03 to 1.45) 0.27 (-17.42 to0 2.05) NS 0.05 (-=19.03 to 0.46) 8 (—17.42 t0 2.05) NS
IL-1B/IL-10 0.52 (-57.23 to 1.45) 0.91 (-43.88 to 3.65) .039 0.66 (=57.23 to 1.39) 1.42 (—43.88 to 3.65) NS

Serum
CCL2 0.08 (—0.45 to 0.56) 0.10 (-0.79 to 1.04) NS 0.21 (-0.28 to 0.41) 0.14 (-0.04 to 1.30) NS
CCL3 —0.33 (-1.49 to —0.01) —0.48 (-1.34 to —0.05) NS —0.35 (-0.53 to —-0.23) —-0.27 (-0.91 to —0.05) NS
CXCL10 0.48 (-0.32 t0 1.72) 0.56 (—0.17 to 1.87) NS 1.37 (0.13-1.72) 0.58 (—=0.04 to 1.30) NS
G-CSF —0.36 (=1.11 to 0.05) —0.49 (-1.29 t0 0.77) NS —0.15 (-0.45 to —0.06) —-0.42 (1.2-0.45) NS
GM-CSF —0.07 (-1.26 to 0.40) —0.37 (-1.39 to 0.54) NS 0.03 (-0.70 to 0.33) —0.06 (-1.36 to 0.54) NS
Granzyme B —0.33 (-1.30 to 0.86) -0.37 (-1.182 t0 0.32) NS —0.24 (-0.34 to 0.86) —0.81 (-1.15 t0 0.32) NS
ICAM 2.06 (0.78-2.85) 2.03 (—0.30 to 4.40) NS 2.06 (0.78-2.39) 1.90 (0.40-2.80) NS
IFN-B —0.38 (-2.43 t0 0.28) —1.3(-2.55 t0 0.09) NS -0.21 (-0.91 t0 0) —-0.18 (-1.89 to —0.09) NS
IFN-y —0.78 (-1.16 to —0.43) —0.82 (-1.66 t0 0.18) NS —0.70 (-1.00 to —0.59) —0.83 (—1.56 to —0.29) NS
IFN-o —-0.28 (-0.77 t0 0.88) —0.19 (-0.71 to 0.60) NS 0.17 (-0.56 to 0.41) —0.31 (-0.70 to 0.26) NS
IL-1a -0.86 (-1.69t0 0.11) —0.86 (—1.93 to 0.06) NS —0.25 (-0.95 to 0.10) —0.55 (-1.60 to —0.08) NS
IL-1B —0.95 (-1.85 to —0.36) —1.22 (-2.34 t0 0.07) NS -0.61 (-1.37 to —0.36) -0.73 (-2.14 to —0.07) NS
IL-1RA 0.62 (-0.15to 1.61) 0.23 (—0.26 to 1.04) .0047 0.48 (-0.01 to 1.61) 0.04 (-0.11 to 1.02) NS
IL-4 —0.46 (-1.27 to —0.03) —0.56 (-1.39 to 0.19) NS —0.34 (-0.67 to —0.10) -0.25(-1.11t0 0.19) NS
IL-8 -0.13 (=1.51 t0 2.21) —0.59 (-2.47 t0 1.19) .02 —-0.07 (-0.83 t0 0.67) -0.04 (-2.12t0 1.19) NS
IL-10 —0.89 (-1.62 to 0.16) —0.88 (—2.45 to 0.05) NS —0.52 (—1.26 to 0.01) -0.91 (-2.10 to -0.33) NS
Leptin 1.00 (-0.01-2.62) 1.08 (0.01-2.41) NS 0.38 (-0.01-1.01) 1.37 (0.34-2.0) NS
MPO 1.33 (-0.04 t0 2.28) 1.01 (-0.43 t0 2.89) .02 1.54 (0.30-1.82) 0.92 (0.57-2.22) NS
TNF-o —-0.8 (-=0.91 to —0.37) —0.89 (-1.67 to —=0.10) NS —-0.61 (-0.91 to —0.26) -1.02 (-1.67 to —=0.10) NS
TRAIL 0.27 (-0.06 to 1.13) 0.21 (-0.11 to 1.30) NS 4 (0.16-0.49) 0.28 (0.02-0.73) NS
VCAM 1.75 (0.68-2.30) 1.77 (-0.48 to 2.55) NS 9 (1.03-2.30) 1.31 (-0.43 to 1.99) NS
IL-10/IL-TRA —0.95 (-5.06 to 10.75) —1.22 (-243.56 to 34.72) NS -0.47 (-2.18 t0 1.97) —0.62 (-56.12 to 24.51) NS
IL-1B/IL-TRA —1.39 (-9.66 to 59.58) —2.02 (-239.23 to 59.24) NS —0.99 (-6.99 to 59.58) —0.79 (-84.69 to 32.78) NS
IL-Te/IL-10 0.78 (-37.20 to 8.61) 0.72 (-13.43 t0 8.25) NS 0.03 (-37.20 to 0.76) 0.55 (0.24-1.34) .03
IL-1B/IL-10 0.99 (-112.50 to 7.70) 1.02 (-25.61 t0 9.29) NS 0.93 (-112.50 to 1.39) 0.85 (0.22-1.25) NS

GOS score at discharge was available for 95 patients (100%). A GOS score of 5 denotes minimal disability, and a GOS score of <5 denotes moderate disability or death.

Abbreviations: CCL2, monocyte chemotactic protein 1; CCL3, monocyte inflammatory protein 1a; CCL5, regulated on activation normal T-cell expressed and secreted; CXCL10, inducible
protein 10; G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte macrophage colony-stimulating factor; ICAM, intracellular adhesion molecule; IFN-y, interferon y; IFN-o,
interferon o; IL-1RA, interleukin 1 receptor antagonist; IL-1¢, interleukin 1o IL-1B, interleukin 1p; IL-4, interleukin 4; IL-8, interleukin 8; IL-10, interleukin 10; MPO, myeloperoxidase; NS, not
significant; TNF-o, tumor necrosis factor o; TRAIL, tumor necrosis factor a~related apoptosis-inducing ligand; VCAM, vascular cell adhesion molecule.

2 Also correlated with GOS score.
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Figure 2. Heat map representation of mediator interaction in the cerebrospinal
fluid of patients with encephalitis with a good (A) or poor (B) outcome score, as
well as the subtraction heat map (C). Abbreviations: CCL2, monocyte chemotactic
protein 1; CCL3, monocyte inflammatory protein 1o; CCL5, regulated on activation
normal T-cell expressed and secreted; CXCL10, inducible protein 10; ICAM, intracel-
lular adhesion molecule; IFN-y, interferon vy; IFN-o, interferon o; IL-1RA, interleukin 1
receptor antagonist; IL-1a,, interleukin 1oz; IL-1, interleukin 16; IL-4, interleukin 4; IL-
8, interleukin 8; IL-10, interleukin 10; MPO, myeloperoxidase; TNF-c, tumor necrosis
factor o; TRAIL, tumor necrosis factor o—related apoptosis-inducing ligand; VCAM,
vascular cell adhesion molecule.

in HSV-infected patients, the volume of temporal lobes. Specif-
ically, the level of IL-1RA was associated with a better outcome
in the cohort overall and among those with encephalitis due to
HSV, as well as with reduced temporal lobe swelling in those
with encephalitis due to HSV. The IL-10 level was associated
with a better coma score on admission in the cohort overall
and also in those with encephalitis due to HSV. Elevated levels
of IL-10 were also associated with a lesser degree of BBB perme-
ability. These may be proxy markers of clinical severity and out-
come, or they may represent potential avenues for adjunctive
therapy in HSV encephalitis, which may have implications for
encephalitis more broadly.

Encephalitis is a devastating condition of brain parenchymal
inflammation [28]. The majority of cases are due to infection,
most commonly with HSV, although other cases are antibody
mediated or of unknown etiology [2, 17]. The pathophysiology
of the host inflammatory response is poorly understood, and
current treatments are limited to antiviral therapy for HSV-
associated cases and nonspecific immune suppression for anti-
body-mediated cases [2, 29].

Despite antiviral therapy, the mortality from HSV encephalitis
is 10%-30%, and neurological sequelae are common, with <20%
returning to work [1, 30]. There is mounting evidence from both
animal models and clinical studies that the cytokine-mediated
inflammatory response may play an important role in patho-
genesis [3, 5, 14]. These mediators modulate the innate and
adaptive inflammatory responses and facilitate BBB permeabil-
ity, which is vital for leukocyte infiltration and edema [15, 16].
However, the key mediators in HSV encephalitis and in enceph-
alitis in general remain unclear. The numbers of patients and
mediators assessed have limited previous studies, and markers
of BBB permeability and parenchymal inflammation have not
been assessed. The significance of many mediators, such as IL-1,
is dependent on the relative concentration of natural antagonists
and has also not been assessed [4,5,7,12,31]. An improved un-
derstanding of the pathophysiology of this inflammatory re-
sponse could pave the way for utilization of novel or existing
adjunctive immunomodulatory therapies [32, 33].

Therefore, we analyzed CSF and serum samples from patients
prospectively recruited in a multicenter study in England to de-
termine whether mediator profiles correlated with clinical se-
verity, with downstream markers of BBB permeability, and, in
the subset with HSV encephalitis, with neuroimaging changes.
This study identified a potential role for the antiinflammatory
IL-1 antagonists, IL-1RA and IL-10. The serum concentration
of IL-1RA was elevated in those with a better outcome score
at discharge in the cohort overall, and, among patients with
HSV encephalitis, the ratio of IL-1f to IL-1RA levels in CSF
was raised in those with a worse outcome. Moreover, in patients
with HSV encephalitis, the serum IL-1RA concentration was in-
versely associated with the volume of the temporal lobes on
MRI, and the serum IL-1o level was associated with a greater
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Figure 3. The relationships between the ratio of cerebrospinal fluid (CSF) to
serum albumin levels and the concentration of vascular cell adhesion molecule
(VCAM:; A) and interleukin 10 (IL-10) in the CSF (B) among patients with encephalitis.

volume. The CSF IL-10 level was elevated in patients with a
higher admission GCS score and, in the subset with HSV en-
cephalitis, a higher concentration of serum IL-10 was found
in those with a higher GCS score. In addition, the IL-10 level
was associated with less BBB permeability. That the IL-1RA
level correlated with temporal lobe volume but not damaged tis-
sue indicates that there may be different mechanisms underly-
ing these changes in MRI findings. For example, because IL-10
was associated with both GCS score and BBB permeability, this
may occur through a common mechanism of raised intracranial

A Correlation between serum IL1a« and percentage of
temporal lobe damage on MRI
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Figure 4. The relationship between temporal lobe damage as a percentage of
total brain volume revealed by magnetic resonance imaging and the concentration
of interleukin 1o (IL-Tex) and IL-1 receptor antagonist (IL-1RA) in the serum of pa-
tients with encephalitis due to herpes simplex virus.

pressure, because both are reported to have a reciprocal rela-
tionship [14], whereas the mechanisms underlying the action
of IL-1 may be broader.

Members of the IL-1 family, particularly IL-1 are the proto-
typical proinflammatory cytokines. IL-1oand IL-1p act through
the IL-1 receptor 1, which is blocked by IL-1RA [10,12].In vitro
studies of HSV infection have found marked upregulation of
IL-1pB predominantly by human microglia [3, 12, 31, 34]. Also,
IL-1o, IL-1B, and IL-1RA have been identified in murine mod-
els of HSV encephalitis in association with cerebral edema [35].
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IL-1 has an important role in upregulating many proinflamma-
tory mediators, including adhesion molecules and chemokines,
which further mediate BBB permeability [10, 12, 34]. Two pre-
vious studies have attempted to assess IL-1 in the CSF of
patients with HSV encephalitis, and neither identified concen-
trations above the limit of detection in the majority of the 20
and 9 adults in each study [5, 36]. Although many patients in
both studies received steroids, the timing of treatment was not
always clear. Because steroid use and later sampling are both as-
sociated with lower levels of IL-1, this may account for these
findings. Elevated concentrations of IL-10 were identified in
the majority, and this did not differ between those with moder-
ate sequelae/death and those with mild/no disability, although it
was not possible to assess this relative to the IL-1 concentration
or BBB permeability [5, 36].

In our study, it is not surprising that the IL-1 antagonists
were found at higher concentrations and with more consistent
associations than IL-1, as it is well recognized that upregulation
of IL-1 in the central nervous system is early and transient and
that the action is predominantly autocrine and paracrine, with a
lesser spillover into the peripheral circulation [12]. As the early
upregulation of IL-1 production may be pivotal, future studies
require assessment of critical time frames within which any
therapy may be efficacious, as has been found in murine models
of glucocorticoid therapy [30,37]. A degree of IL-1B production
may be protective in HSV encephalitis in the absence of acyclo-
vir treatment, as IL-1B knockout mice die of infection [37].
However, IL-1B has not been demonstrated to suppress infec-
tion of human astrocytes with HSV and associated viruses
[3]. Exogenous IL-1RA (Anakinra) is currently contraindicated
in active infection, but the risk of promoting replication among
Herpesviridae may be low [38]. Interestingly, HSV has been
used as a gene-therapy vector to induce IL-1RA production,
ameliorating experimental autoimmune encephalomyelitis
[39]. In addition, a phase 2 trial of IL-1RA demonstrated im-
proved outcomes in patients with inflammation due to cortical
infarcts [32]. Moreover, IL-1RA expression and corresponding
IL-1P inhibition due to glatiramer acetate has been found to re-
duce central nervous system inflammation in multiple sclerosis
[40]. Inhibition of IL-1 production has also been demonstrated
with corticosteroids [34]. Indeed, steroids were routinely used to
treat HSV encephalitis before acyclovir was established, and in
one study of 45 acyclovir-treated patients, not receiving cortico-
steroids was associated with a poor outcome [41, 42]. Moreover,
administration of adjunctive steroids in a murine HSV model
reduced the severity of neuroimaging findings without increas-
ing viral load [43].

This study also identified a potentially important role for IL-
10. One previous study identified higher CSF concentrations of
IL-10 in patients with HSV encephalitis, compared with nonin-
fectious controls, although this study did not assess disease se-
verity [4]. This potent antiinflammatory cytokine produced by

glial cells and lymphocytes reduces production of proinflamma-
tory cytokines, particularly IL-1, and promotes survival signal-
ing, including in in vitro studies of HSV-infected human
microglia [13, 44]. Also, the IL-10 level was elevated in a
model of murine encephalitis due to Japanese encephalitis
virus and correlated inversely with the IL-1p level and the se-
verity of histopathological findings [8, 9]. Moreover, exogenous
IL-10 also decreases cyclooxygenase-2 production, which is im-
portant for BBB permeability and for reducing neuronal death
in murine models of viral encephalitis [44,45].In a BBB model,
exogenous IL-1P has been associated with increased expression
of adhesion molecules and permeability, as determined by the
endothelial electrical resistance [46]. This supports our findings
that the mediator with the strongest negative correlation with
BBB permeability was IL-10 and that the mediator with the
strongest positive correlation was VCAM. However, IL-10 did
not correlate with outcome, suggesting that BBB permeability
is only part of the determinant of neurological injury, which
is also due to cytotoxic edema. The combined volume of vaso-
genic and cytotoxic edema seen on MRI was most closely asso-
ciated with IL-1o and IL-1RA.

High levels of IL-10 potentially increase susceptibility to intra-
cellular pathogens [47]. However, IL-10 treatment may reduce
levels of proinflammatory cytokines and infiltrate in murine
HSV keratitis without impairing viral clearance [48]. Interesting-
ly, the protection from otherwise fatal murine HSV encephalitis
demonstrated with intravenous immunoglobulin is not achieved
in IL-10 knockout mice [49]. Our study did not identify any as-
sociation with IL-6 or the ratio of IL-6 to IL-4 levels, and the level
of IL-6 was not identified above the limits of detection in >20%
of the cohort. Whilst this has been identified in previous studies of
severe infection, these have been with viremia, with Japanese
encephalitis virus, or a parasitemia, with malaria [14, 20]. This is
pathophysiologically different from HSV encephalitis, in which
brain parenchymal dysfunction follows neurotropic migration [2].

This study adds to our understanding of the complex inter-
play of cytokines and associated mediators in encephalitis in
relation to disease severity, and it identified associations
between these same mediators and BBB permeability and the
degree of parenchymal swelling revealed by MRI. These may
represent modifiable mediators with the potential to improve
outcomes in HSV encephalitis and encephalitis more broadly
and warrant further investigation in animal models, which
may open the door to clinical studies.
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