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Abstract

Objectives

To investigate the correlation between biomarkétsain injury and long-term neurocognitive
outcome, and the interplay with intrathecal inflaatibn and neuronal autoimmunity, in patients with

herpes simplex encephalitis (HSE).

Methods

A total of 53 adult/adolescent HSE patients weotuieled from a prospective cohort in a randomized
placebo-controlled trial investigating the effetbad-month follow-up treatment with valaciclovir.
Study subjects underwent repeated serum/CSF sagvgoioh brain MRI the first 3 months along with
cognitive assessment by Mattis Dementia RatingeS@4DRS) during 24 months. CSF samples were
analyzed for biomarkers of brain injury, inflamneattiand synaptic autoimmunity. The pre-defined
primary analysis was the correlation between pedk Geurofilament protein (NFL), a biomarker of

neuronal damage, and MDRS at 24 months.

Results

Impaired cognitive performance significantly coateld with NFL levels (rho = -0.36, p = 0.020).
Development of IgG anti-N-methyl-D-aspartate reoep DMAR) antibodies was associated with a
broad and prolonged proinflammatory CSF respomsa.linear regression model, lower MDRS at 24
months was associated with previous developmelg®fanti-NMDAR (beta = -0.6249, p = 0.024)
and age (z-score beta = -0.2784, p = 0.024), buEB& NFL, which however significantly correlated

with subsequent NMDAR autoimmunization (p = 0.006).

Conclusions

Our findings show that NFL levels are predictivdarfg-term neurocognitive outcome in HSE, and
suggest a causative chain of events where brawmetidamage increases the risk of NMDAR
autoimmunisation and subsequent prolongation of i@f&mmation. The data provides guidance for

a future intervention study of immunosuppressiwdpy administered in the recovery phase of HSE.
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I ntroduction

Herpes simplex encephalitis (HSE) affects approtetge2-4 individuals per million each year and
often results in severe neurocognitive sequelapite of antiviral therapy [1-5]. As in most infemis
diseases, the outcome is dependent not only gpatthe@gen and the antimicrobial drugs administered,
but also on the character, intensity and timinthefimmune response [6]. Aciclovir (ACV) treatment
greatly improves clinical outcome but far from @ditients reach full neurocognitive recovery [3, 7].
Based on indirect support of efficacy, adjunctieeticosteroid treatment has been used to modify the
immune response but conclusive evidence from pobsfeeclinical trials regarding the benefit/risk-

balance of this intervention is still missing [§, 9

Previous clinical studies of HSE have investigatadous aspects of central nervous system (CNS)
inflammation and brain injury during both the acatel recovery phases of the infection. In line with
radiologic findings and clinical outcome, severanbarkers of brain injury are elevated and patients
often present with long-term intrathecal inflamroat[10-13]. Cerebrospinal fluid (CSF)

neurofilament (NFL), a marker of axonal degenergtis elevated in HSE with a maximum level
approximately two weeks after onset of diseaseil&ilyy markers of astroglial cell damage, glial
fibrillary acidic protein (GFAP) and S100B are atpeatly elevated but reach their peak alreadien t
first week of disease [14]. However, the responsgeurodegeneration-related biomarkers such as the
synaptic protein neurogranin (Ng) and the astrogi@rker YKL-40 (chitinase 3-like protein 1) has

not previously been characterized in HSE but catesl with negative outcome in other

neuroinflammatory diseases [15, 16].

Herpes simplex virus type 1 (HSV-1) has been shimarigger not only an antiviral immune response
but can also elicit synaptic autoimmunity towars WN-methyl-D-aspartate receptor (NMDAR). This
can cause a sterile relapse in clinical encepbalitit also seems related to a more subtle impatrme
of neurocognitive recovery [17, 18]. However, ie tibsence of systematic CSF sampling together
with long-term clinical follow-up, the biomarkerreétics and chain of causality in the

pathophysiological process have been difficultitwidate.
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In this study, based on a pre-specified statistioalysis plan, we have investigated biomarkers of
brain injury along with a broad panel of cytokirsesl chemokines, in relation to long-term cognitive
performance, NMDAR autoimmunity and radiologic aute in prospectively collected CSF and

serum samples from HSE patients.

Materialsand M ethods

Sudy subjects, sampling and investigations

A total of 53 adult or adolescent patients with P&Rfied HSE were included from a cohort that was
prospectively generated during a placebo-contra@domized clinical trial investigating the effect
of a 3-month follow-up treatment with oral valacidir vs. placebo after acute treatment with iv
acyclovir for 14-21 days [19]. Adjunctive corticesbid treatment was given if patients presentet wit

clinical signs of elevated intracranial pressure.

Study subjects were recruited at five Swedish stitdg during 2001-2009 and underwent serum/CSF
sampling and brain MRI three times during the f&shonths along with systematic neurological and
cognitive assessment during 24 months. Cognitistntg was performed using the Mattis Dementia
Rating Scale (MDRS), a multi-domain cognitive w#h a maximum total score of 144 points

indicating good cognitive health [20].

CSF and serum samples were collected at onsesedsk (Onset), at end of 14-21 days of iv ACV
treatment (FU start) and after three months obfellup (FU 3M) resulting in a total laboratory
follow-up of 104-111 days. Relative to onset ofedise, sampling windows were definecd3ay 7
(Onset), Day >12-30 (FU start) andday 90 (FU 3M). Only one within-window sample gtudy

subject was included in the statistical analyses.

In addition to standard blood chemistry and haelogical investigations, 1gG anti-NMDAR was
analyzed as previously described [17]. Four subjdt not participate in clinical follow-up. Also,

CSF analyses were in some cases limited by samgihility. Written informed consent was
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obtained from each patient or legal guardian. Thdyswas approved by the Regional Ethical Review

Board at Karolinska Institutet, Sweden.

Biomarkers of neuronal and synaptic injury, glial activation and inflammation

CSF GFAP concentration was measured using an iseheandwich enzyme-linked immunosorbent
assay (ELISA), as previously described [21]. Seamat CSF concentrations of S100B were measured
on the Modular system using the S100 reagent kitlig Diagnostics, Basel, Switzerland). CSF NFL
concentration was measured using an in-house sandwlilSA, as previously described [22]. Serum
NFL concentration was measured using an in-houggatdELISA on a Single molecule array (Simoa)
platform (Quanterix, Lexington, MA), as previoustiescribed [23]. CSF tau concentration was
measured using INNOTEST ELISA (Fujirebio, Ghent|gdem), whilst serum tau concentration was
measured by Simoa using the Human Total Tau 2.0(Qitanterix, Lexington, MA). CSF Ng
concentration was measured using an in-house EL#Apreviously described [24]. CSF YKL-40
concentration was measured using a commercial EL(IB&D Systems, Minneapolis, MN). All
measurements were performed by board-certifiedréabry technicians in one round of analyses

using one batch of reagents. Intra-assay coeftiiefwariation were below 10%.

A total of 30 chemokines and 10 cytokines (CCLIEEL7-8, CCL11, CCL13, CCL15, CCL17,
CCL19-27, CX3CL1, CXCL1-2, CXCL5-6, CXCL8-13, CXCBLGM-CSF, IFNy, IL1B, IL2, IL4,
IL6, IL10, IL16, MIF and TNFe) were quantified in duplicate samples of CSF asvipusly

described [25].

Brain MRl

Poor radiologic outcome was pre-defined as bilhteraextensive involvement on any brain MRI

examination, based on the classification previouskd by Sili et al. [3].
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Satistical analyses

Prior to opening the biomarker dataset, all prinsgl secondary statistical analyses were defined.
The primary analysis was the correlation betweemtaximum level of CSF NFL and MDRS total

score after 24 months of follow-up.

Secondary analyses were, without hierarchy, defased

» Correlation between brain tissue biomarkers andaoegnitive outcome

» Correlation between brain tissue biomarkers and €N&kine/chemokine patterns

* Correlation between brain tissue biomarkers aneresxbn of brain MRI abnormalities

» Correlation between brain tissue biomarkers in @&dFserum

» Laboratory, radiologic and neurocognitive outcom@atients with and without adjunctive
corticosteroid treatment

» Laboratory, radiologic and neurocognitive outcom@atients with and without anti-NMDAR

IgG

Further details regarding data management andtstatianalyses are presented in Supplement 1.

Results

Demographic and clinical characteristics

A summary of the study population demographicsicdl characteristics, pharmacotherapy and
selected investigations is presented in Table Tth&1fL3 patients receiving adjunctive steroid
treatment, 2 were given dexamethasone, 10 betaswmtbaand 1 methyl prednisolone. The median
time to start of steroid treatment was 1 day (r&vg¢ and therapy was given for a median of 10 days
(range 1-125). The patient receiving steroids &5 dlays was an outlier case (second longest daratio

was 22 days) with a prolonged and multi-facetediadil course.
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157  Primary analysis

158  The primary pre-defined analysis in the study wasdorrelation between peak CSF NFL (FU start)
159 and MDRS total score at 24 months from start dbf@lup (FU 24M), tested by a two-sided
160 Spearman's rank correlation test. Impaired cognierformance measured by MDRS was

161  significantly correlated with CSF NFL levels (rha®:36, p = 0.020, Figure 1).

162  To put this correlation into context, an explorgtoormalized linear regression model predicting
163  MDRS total score at FU 24M was created showing tfahe selected variables, CSF 1gG anti-
164 NMDAR status and age remain as statistically sigaift predictors of cognitive performance at FU

165 24M (Table 2).

166

167  Biomarkers of neuronal and synaptic injury, glial activation and inflammation

168  The levels of biomarkers related to brain injurg amflammation, number of analysed samples and
169 individual profiles are presented in Figure 2 ang@ements 2-3. GFAP, Ng and S100B reached their
170  maximum level already at onset of disease, while,N&u and YKL40 peak in the FU start sample

171  window approximately two weeks later. Many proinfil@atory and anti-inflammatory cytokines,

172 including IFNy, TNF-, IL6, GM-CSF, IL1b and IL10, also reached theirdimaum level in the first

173  sampling window. In contrast, a subset of chemakineluding CCL17, CCL21-CCL27 and

174  CXCL12-13 peaked later in the course of disease.

175  Levels of brain injury biomarkers were stratifieasled on subsequent development of IgG anti-
176  NMDAR in CSF. Subjects that later developed NMDARaantibodies presented with significantly
177  higher levels of NFL (CSF and serum) and tau (CG8HPU start, while GFAP, YKL40 and Ng were
178  comparable between groups (Supplement 4). Whetifhgtrg for radiologic outcome, subjects with
179  bilateral or extensive parenchymal changes on Bi&tih presented with higher levels of S100B in

180 CSF at FU3M and serum at FU start, while NFL waslar between groups. There were no
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substantial differences between groups when stiagiffor adjunctive corticosteroid treatment, ldngt

of iv ACV therapy or VACV follow-up therapy.

The cytokine/chemokine response was analyzed igreups defined by IgG anti-NMDAR status,
extent of radiologic findings, adjunctive corticestid treatment and VACYV follow-up treatment.
Subjects who developed IgG anti-NMDAR in CSF présenvith a broad increase of overall
inflammatory response, with differences most prantrat FU 3M where levels of IFN-IL1b, IL2,
IL6, IL10, CCL1, CCL3, CCL11, CCL13, CCL17, CCL2BXCL2, CXCL8 and CXCL9 were

significantly elevated compared to subjects withgighs of synaptic autoimmunity (Supplement 5).

When stratifying for adjunctive corticosteroid tie@nt, subjects receiving steroids had an overall
lower inflammatory response at FU start, i.e. afteroids had been given (Supplement 6). Stratjfyin
for radiologic findings, subjects with bilateral @xtensive parenchymal involvement on brain MRI
presented with significantly lower levels of IRNL1b, IL2, IL4, IL6, TNFw, CCL17, CCL19-23,
CCL25, CXCL1, CXCL2, CXCL8, CXCL10 and CXCL10-13the end of the acute phase of disease
(FU start) (Supplement 7). This difference wasdroten by a disproportionate fraction of these
subjects receiving adjunctive corticosteroid treaitmas only 2 of 13 subjects fulfilling the radigic
criteria for bilateral/extensive lesions were amémase receiving steroids. There were no clear

differences in cytokine/chemokine response wittardg to VACV follow-up therapy.

The correlation between inflammation in the acutage of disease and CSF NFL at FU start was
investigated in a linear regression model includiatected pro- and anti-inflammatory cytokinesaltot
CSF leukocyte count and corticosteroid treatmeabld 2), showing that NFL is significantly
correlated with IL10 levels (positively) and to@SF leukocyte count (negatively) (Supplement 8). A
sensitivity analysis was performed to verify thgé avas not a significant confounder in the model

(data not shown).
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Discussion

Despite seemingly effective antiviral treatmentiageHSE, many patients experience significant
neurological sequelae. Here, we show that the temg-neurocognitive outcome after HSE correlates

with CSF biomarkers of brain injury, inflammationdasynaptic autoimmunity.

The pre-defined primary statistical analysis shavsggnificant correlation between NFL levels in CSF
and long-term cognitive performance as measurddDRS after 24 months of follow-up. This effect
appears at least partially mediated through syoaptioimmunization as high CSF levels of NFL
strongly correlate with subsequent developmenntfdMDAR which, together with age, remain as
an independent statistically significant prediablong-term cognitive performance in the
multivariable linear regression model. Furthermperhaps explaining the impaired recovery of
neurocognitive performance related to NMDAR autoimisation previously observed [17], subjects
developing 1gG anti-NMDAR in CSF present with arsfigantly prolonged phase of intrathecal
inflammation, illustrated by a broad-scale and higtignificant elevation of both pro- and anti-

inflammatory cytokines.

Our findings suggest a causative chain of eventravthe initial brain tissue damage, caused by the
lytic HSV-1 infection, increase the risk of NMDARi@immunisation which in turn prolongs the CSF
inflammation This is in line with previous findindggy Kamei et al. and Michael et al. [12, 13] and
could also explain previous findings by Aureliusaktof a pro-inflammatory state that extends even

further in time [10, 11].

CSF levels of IL10 and total leukocyte count atetrts disease could serve as prognostic factors for
peak CSF NFL level a few weeks later. Also, CSF Nélels at the end of iv ACV therapy could
potentially serve as a predictive biomarker for NM®autoimmunization, in addition to the primary
analysis showing a correlation to long-term neugngiive outcome. As we have previously shown, a

reliable test for synaptic autoimmunity cannot eefgrmed during the acute phase of HSE but it is
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possible that a new lumbar puncture 2-4 weeks labeild be suitable to screen for NMDAR

autoantibodies rather than waiting 3 months asdeag in this study protocol [17, 18].

To address the remaining challenges in the tredtofdtSE, a better understanding of how immune
modulation affects long-term clinical outcome i®ded. In contrast to acute bacterial meningiti$,[26
it is not clear whether adjunctive corticosterambtment in the acute phase of HSE contributes to
improved outcome or whether the effects of supprggse early innate immune response could even
be detrimental. Today, corticosteroids are usedliaical indication when patients develop signs of
increased intracranial pressure (ICP) in the aphése. A beneficial effect of corticosteroids hasrb
suggested in a retrospective study of humans [8ledisas in animal studies [9, 27]. The relation in
our dataset between lower CSF inflammation anddrdéiextensive brain MRI lesions raises the
guestion whether a strong pro-inflammatory statddcbe beneficial in early stages of disease,
serving to limit the spread of HSV-1 in the braargnchyma. Steroid treatment was clearly associated
with lower CSF inflammation as illustrated by arsfigant reduction of a broad range of
inflammatory cytokines and chemokines. To fullyriflathis issue and untangle possible

confounding, prospective randomized clinical triale needed.

There are several limitations to this study. Fits¢, availability of samples was a limiting factor

leading to a paucity of data for some biomarkemg, some measurements that were reported above
the upper limit of quantification had to be estiethtather than re-analyzed. However, non-parametric
statistical analyses have been used wherever po$sinitigate this issue, including the primary

study endpoint. Also, although samples have bewprdin -701C it cannot be excluded that the
absolute biomarker levels could be affected by {itependent degradation. However, as our statistical
analyses are all within-study comparisons betwebgroups the findings should be robust in this
aspect. Finally, the regression models were bfiétr @iewing the data and should be viewed as
exploratory. The selection of predictors was bamed scientific rationale, considering the size
limitations of the dataset, and although we beligemodels provide a valuable understanding of the
interrelations in our data the findings could bieein by random effects and need to be independently

verified.
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In conclusion, our findings illustrate the intenplaetween brain damage, synaptic autoimmunity, CNS
inflammation and long-term clinical outcome. Weibet that there now is sufficient data to support
the initiation of a clinical trial investigating wether prolonged, low-dose corticosteroid therapy
together with oral HSV-1 relapse antiviral prophy$a administered after the acute phase of disease,
could reduce the risk of post-infectious neurondbienmunity and improve long-term clinical
outcome. Also, we propose that CSF NFL measurdteagnd of iv ACV therapy could serve as a
prognostic biomarker of clinical outcome in HSE dimat such sampling could be coordinated with

repeated analysis of HSV DNA.
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[TABLES]

Table 1. Demographic and clinical characteristics of 53 patients with her pes ssmplex encephalitis. Data
presented as medians (range) or proportions.

Age (y) 59 (14-80)
Sex (male:female) 30:23

RLS at onset of disease 2 (1-4)
Duration of iv ACV therapy (days) 20 (13-25)
Adjunctive corticosteroid therapy 13/53
VACYV follow-up therapy 26/53

Brain MRI with bilateral/extensive involvement 19/4

CSF 1gG anti-NMDAR positivity 14/53

Table 2. Standardized (z-score) multivariable linear regression models of predictorsfor long-term
neur ocognitive outcome and CSF neur ofilament levels.

M attis Dementia Rating Scale after 24 months of follow-up (FU 24M)

Predictor Estimate | 2.5% 97.5% p-value

CSF NFL (FU start) -0.1401| -0.3976559B11755411| 0.2773

Brain MRI bilateral/extensive -0.2359 -0.7863026231452980| 0.3902

CSF IgG anti-NMDAR positivity -0.6249 | -1.1603705[/-0.089364760.0235

Age -0.2784 | -0.518442870.038271040.0243

CSF NFL at start of follow-up (FU start)

Predictor Estimate | 2.5% 97.5% p-value
IFN-y (onset) 0.11902| -0.18424150@.4222752 | 0.41408
TNF-a (onset) 0.15024| -0.238181p3.5386518 | 0.42070
IL1b (onset) 0.19700] -0.0307693@.4247605 | 0.0847[7
IL10 (onset) 0.46428| 0.14583882 0.7827224 0.00742
Adjunctive steroid therapy -0.23169 -0.776163083127903 | 0.37687
CSF total leukocyte count (onsetp.42709| -0.7350947/9-0.1190943 | 0.010056

Onset, onset of disease
FU start, start of follow-up after 14-21 days iftreatment
FU 24M, follow-up at 24 months
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[FIGURE LEGENDS]

Figure 1. Correlation between CSF NFL at start of follow-up (FU start) and M attis Dementia Rating Scale
(MDRS) after 24 months of follow-up (FU 24M).

Figure 2. Brain injury biomarkersin patientswith herpes simplex encephalitis, tracking individual
subjectsduring the acute phase of disease and through 3 months of follow-up.

[SUPPLEMENTS]
Supplement 1. Data management and statistical analyses.

Supplement 2. Summary of brain injury and inflammation biomarker s at onset of disease (Onset), at end
of 14-21 days of iv ACV treatment (FU start) and after three months of follow-up (FU 3M).

Supplement 3. Inflammation biomarkersin patientswith herpes simplex encephalitis, tracking individual
subjects during the acute phase of disease and through 3 months of follow-up.

Supplement 4. Selected brain injury biomarkers, stratified for the presence of 1gG anti-N-methyl-D-
aspartatereceptor (NMDAR) autoantibodiesin her pes simplex encephalitis.

Supplement 5. Selected inflammation biomarkers, stratified for the presence of 1gG anti-N-methyl-D-
aspartatereceptor (NMDAR) autoantibodiesin her pes simplex encephalitis.

Supplement 6. Cytokine/chemokine responsein relation to corticosteroid treatment at onset of disease
(Onset), at end of 14-21 daysof iv ACV treatment (FU start) and after three months of follow-up (FU 3M).

Supplement 7. Cytokine/chemokineresponsein relation to brain MRI bilater al/extensive involvement
(MRI big lesion) at onset of disease (Onset), at end of 14-21 days of iv ACV treatment (FU start) and after
three months of follow-up (FU 3M).

Supplement 8. Correlation between CSF IL-10 (left) and total leukocyte count (right) at onset of disease
and CSF neurofilament protein (NFL) at start of follow-up (FU start).
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