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Background: Chitinase 3-like-1 (CHI3L1), also known as YKL-40, is a potential biomarker for neuroinflammatory conditions. It is
upregulated in Alzheimer’s disease, multiple sclerosis, and traumatic brain injury. However, its involvement in pediatric tick-borne
encephalitis (TBE) has not been addressed yet. This study aimed to evaluate CHI3L1 and its relationship with other inflammatory
cytokines, blood-brain barrier (BBB) integrity, immune response, and disease severity in pediatric patients with TBE.

Patients and Methods: A total of 22 pediatric TBE patients hospitalized in Bialystok, Poland were included in this study.
Participants were categorized as having meningoencephalitis (n=6) or meningitis (n=16). The integrity of the brain-blood barrier
(BBB) was assessed using the albumin quotient (albQ). Biomarker indices were calculated to account for variations in BBB
permeability. The concentrations of CHI3L1, CCL2, chemerin, CXCL2, IFN-y, IL-1-8, IL-4, IL-6, IL-13, and TNF-a in both serum
and CSF, were measured using the Luminex Multiplex Assay od admission and two weeks later when symptoms resolved.
Results: CSF and serum concentrations of CHI3L1 did not differ between the encephalitis and meningitis cases. After adjusting for
BBB permeability, the CHI3L1 index was 2.4-fold lower in patients with encephalitis than in those with meningitis (P=0.008). There
was a post-treatment reduction of CHI3L1, IL-6, and TNF-a CSF concentrations. We also found and improvement in BBB
permeability in younger children but in older albQ remained abnormal. Correlation analysis revealed associations between CHI3L1
levels and pro-inflammatory markers, notably chemerin, IL-6, and TNF-a, across both clinical groups.

Conclusion: Our findings suggest that CHI3L1 CSF levels reflect the inflammatory activity in pediatric TBE and may help to
differentiate between meningoencephalitis and meningitis. The observed interactions between CHI3L1 and other cytokines underscore
its potential involvement in inflammatory response to the virus. The prolonged disruption in BBB integrity in older children might
reflect age-dependent differences in the severity of TBE. These insights advance our understanding of TBE pathogenesis in children
and support further investigation of CHI3L1 as a biomarker for TBE diagnosis and management.
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Introduction

Tick-borne encephalitis (TBE) is one of the most prevalent viral infections of the central nervous system (CNS) in Poland
and is caused by the tick-borne encephalitis virus (TBEV)." This virus predominantly spreads through infected ticks of
the genus Ixodes and can culminate in severe sequelae. The mortality rate for TBE vary depending on the virus subtype.
Case-fatality rate is estimated to be less than 2% for European and Siberian subtype, while infections with Far Eastern
TBEV subtype have a mortality rate of 20%-40%.> Reports indicate that 20-58% of patients suffer from complications
such as spinal nerve paresis, hearing impairment, dysarthria, or mental disorders.”* The recovery time for TBE can varies

depending on the severity of the infection. In general, it may take several weeks to 12 months for a complete recovery,
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especially in cases with neurological involvement. While it has been proven that the severity of complications continue to
diminish beyond a year after the acute illness, some individuals experience post - encephalitic syndrome (PES) that can
become permanent, with some individuals not achieving full recovery even 15 years after infection.* TBEV infections
have been on the rise across Europe, with Poland experiencing an annual caseload ranging from 150 to 283, predomi-
nantly concentrated in the northeastern region.’

Diagnosing TBE relies on clinical symptoms and the detection of specific antibodies in both serum and cerebrospinal
fluid (CSF), which are present in general in 93% of patients.° While CSF characteristics can vary depending on the
disease stage and the patient there are some characteristic findings. Reports show that approximately 70-90% of patients
may have elevated albumin concentrations. Higher albumin CSF/serum quotient, along with elevated IgG index, are
observed in a similar proportion of cases, roughly in the range of 60-80% and 80-90% of cases respectively.’
Additionally, as with other neurotropic Flaviviruses such as West Nile virus (WNV) and Japanese encephalitis virus
(JEV), initial diagnostic examinations may reveal a predominance of neutrophils in the CSF leukocyte population.®'°

Disruption of the blood-brain barrier (BBB) and the ensuing intrathecal humoral response are pivotal facets of TBE
pathogenesis. Although the precise mechanisms by which the TBE virus compromises the BBB remain elusive, it is
postulated that the virus may directly infect and impair endothelial cells, thereby increasing BBB permeability and
facilitating the ingress of viruses and immune cells into the brain.”'° Additionally, inflammatory molecules, including
cytokines and chemokines such as IFNy, TNFa, IL-6, IL-12, IL-1p, CCL-2, CCL-3, CXCL-10, may fuel immune
responses in the brain, exacerbating tissue damage and the manifestation of neurological symptoms.'"'?

Chitinase 3-like-1 (CHI3L1), also known as YKL-40, has emerged as a potential marker of various neuroinflamma-
tory processes and plays a pivotal role in mediating inflammation and immune responses. Elevated CHI3L1 expression
has been noted in conditions such as Alzheimer’s disease, multiple sclerosis, and traumatic brain injury, suggesting its
involvement in the pathogenesis and progression of these disorders.'*"'* Dorcet et al have described how CHI3L1 could
be a valuable biomarker to follow autoimmune encephalitis activity and in consequence supports the clinician’s
therapeutic decision in questionable cases.'> However, the exact mechanisms and therapeutic implications of CHI3L1
in other brain pathologies remain unclear.

CHI3L1, a glycoprotein belonging to the family of 18 glycosyl hydrolases, is primarily secreted by activated
neutrophils and macrophages. Within the central nervous system, microglia, especially in response to acute and chronic
inflammation, serve as the primary source of CHI3L1 secretion.'® It has been proposed that other intrathecal chemokines
mediate and balance immune responses in brain cells. Previous research suggests that CHI3L1 production is influenced
by various cytokines and chemokines, including IFN-y, TNF-a, IL-4, IL-6, IL-13, CCL2, CXCL2, and chemerin.!”~2°
However, unresolved questions remain regarding the dynamics of protein production during the course of TBE and their
potential beneficial or deleterious effects. Hence, this study aimed to analyze the role of CHI3L1 in the pathogenesis of
TBE. We also sought to investigate if CHI3L1 was connected to the severity of TBE, the disruption of the BBB and to
investigate relationships between CHI3L1 and selected pro- and anti-inflammatory factors.

Material and Methods
Twenty-two children diagnosed with tick-borne encephalitis (TBE) and hospitalized between June 2020 and August 2022
in the Department of Pediatric Infectious Diseases in Bialystok, Poland were included in this study. None of the patients
had a history of TBE vaccination and all resided in Podlaskie Voivodeship, where the European subtype of TBEV is
endemic. The biphasic course of the infection was recorded in 19 children, the remaining three reported monophasic
infection. The median duration of neurological symptoms before lumbar puncture was three days (IQR, 3—4 days).
The patients were divided into two groups: meningoencephalitis (n=6) and meningitis (n=16). Meningoencephalitis
was diagnosed when inflammatory parameters in the CSF, altered consciousness, and focal neurological symptoms were
present, whereas meningitis was diagnosed on the basis of inflammatory parameters in the CSF without focal neurolo-
gical symptoms. TBE was diagnosed based on the presence of specific anti-TBEV IgG and IgM antibodies in serum and/
or CSF detected with commercially available enzyme-linked immunosorbent assays, meeting the diagnostic criteria of
the European Academy of Neurology.’
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TBE severity was assessed on admission to the hospital using a numeric scale and standardized questionnaire according
to a paper published in 2014 by Petra Bogovic.21 This scale was originally used for adult populations. However, due to the
lack of studies on pediatric populations, we decided to implement this scale in our analysis. A certain number of points (from
1 to 9) were assigned for the presence, intensity, and duration of each individual symptom, such as the presence and duration
of headache, fever, vomiting, and meningeal signs; presence of tremor, pareses, urine retention, and cognitive function
disturbances; presence and intensity of conscious disturbances; and need for and duration of treatment of elevated intracranial
pressure. Clinically, mild, moderate, and severe disease courses correspond to scores of 0-8, 9-22, and >22, respectively.

Luminex assays (R&D Systems, Minneapolis, MN, USA) were used for the quantitative assessment of CHI3L1,
Chemokine (C-C motif) ligand 2 (CCL-2), chemokine (C-X-C motif) ligand 2 (CXCL2), chemerin, interferon gamma
(IFN-y), interleukin 1 beta (IL-1pB), IL-4, IL-6, IL-13, and tumor necrosis factor alpha (TNF-a) levels in both serum and
CSF samples. Serum and CSF samples were taken on the same day from each included patient twice: on admission (T1)
and 14 days after symptom resolution (T2). All collected samples were immediately stored at —80°C before analysis.

Assays were conducted according to the manufacturer’s instructions using the Bio-Plex 200 System (Bio-Rad
Laboratories, Hercules, CA, USA). This multiplex immunoassay system facilitates simultaneous detection of multiple
analytes within a single serum sample. Prior to analysis, serum samples were subjected to processing and storage
following standardized protocols to maintain sample integrity. Quality control measures were implemented to ensure
precision and reproducibility of the assay outcomes. These measures included the utilization of standard reference
materials and the generation of calibration curves. All assay methodologies and procedures strictly adhered to both the
manufacturer’s guidelines and established laboratory protocols.

Concentrations of measured cytokines and chemokines was further corrected to the permeability of the BBB. BBB
permeability was assessed using the albumin quotient (Q) and the concentrations of the analyzed proteins in the CSF
were adjusted accordingly. Calculated albumin Q levels where compared to the normal values.** The CSF/serum quotient
was calculated by dividing the concentration of each cytokine or chemokine in the CSF by that in the serum (biomarker
in CSF/biomarker in serum). The CSF/serum index was defined as the ratio of the quotients of each studied chemokine or
cytokine to that of albumin (Q-biomarker/Q-albumin).

Statistical Analysis

All analyses were conducted using the R Statistical language (version 4.1.1; R Core Team, 2021) on Windows 10 pro 64
bit (build 19045), using the package effectsize (version 0.8.3%), rio (version 0.5.29*%), report (version 0.5.7%),
ggstatsplot (version 0.9.3%°), gtsummary (version 1.6.2%7), cutpointr (version 1.1.2°%), readxl (version 1.3.1*°), and
dplyr (version 1.1.2°°). The significance level of the statistical tests in this analysis was set at a=0.05. The normality
of the distributions of the variables was analyzed using the Shapiro—Wilk test. Numerical variables with distributions
deviating from the normal distribution were reported as medians (Mdn) with interquartile range (Q1, Q3). Categorical
variables were reported as counts (n) and percentages (%).The differences between two groups were assessed using the

Wilcoxon rank-sum test, with effect size estimated using the rank-biserial correlation (7%

hieria)- Effect sizes were

interpreted based on Funder’s Convention. The significance of the association between the two numerical variables
was determined using Spearman correlation coefficient. The p-values were computed using the AS 89. Determination and
evaluation of optimal cutpoints for CHI3L1 between disease group severity levels were performed in a robust manner
using the maximization metric method (sum of specificity and sensitivity) with more or equal (“>") direction with
bootstrapping procedures. Out-of-sample variability and power were assessed using 1000 bootstrap samples. A sample of
the same size as the original data was drawn from the original data and replaced. Cut-point estimation was performed for
the in-bag sample, and the determined cut-off point was applied to the in-bag and out-of-bag observations.

Results

Characteristics of the Studied Population
Our study included 22 pediatric patients (seven girls and 15 boys) hospitalized for TBE between June 2020 and
August 2022. The detailed demographic and clinical characteristics are summarized in Table 1. The cohort was divided
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Table | Sociodemographic and Clinical Characteristics of Pediatric
Patients Hospitalized with Tick-Borne Encephalitis (TBE)

Characteristic N Overall distribution
N = 22*

Sociodemographic data
Sex 22

Female 7.0 (31.8%)

Male 15.0 (68.2%)
Age [years] 22 1.1 (7.2, 15.4)*
Clinical data on admission
Clinical picture 22

Meningoencephalitis 6.0 (27.3%)

Meningitis 16.0 (72.7%)
Disease severity scale 22 13.5 (9.2, 16.8)*
Disease severity groups 22

Mild (0-8 score) 4.0 (18.2%)

Moderate (9-22 score) 15.0 (68.2%)

Severe (23+ score) 3.0 (13.6%)
Headache [days] 22 6.0 (3.0, 7.0y*
Fever [days] 22 6.0 (4.0, 7.0*
Vomiting [days] 22 1.5 (1.0, 3.0*
Tremor [days] 22 12.0 (54.5%)
Mannitol treatment [days] 22 4.0 (4.0, 5.0)*
Length of hospital stay [days] 22 17.5 (14.0, 19.0)*
CRP in serum [mg/L] 22 5.5 (1.1, 11.2)*
WBC in blood [x10%mcL] 22 11.7 9.1, 14.4)*
Lymphocytes in blood [%] 22 20.0 (12.9, 27.2)*
ALC in blood [cells/mcL] x10° 22 2.14 (1.76, 3.57)*
Neutrophils in blood [%] 22 71.2 (58.4, 80.2)*
ANC in blood [cells/mcL] x10? 22 9.18 (4.48, 10.78)"
CSF parameters on admission:
CSF cells / pL 22 102 (72, 167)*
CSF protein, mg/dL 22 37.5 (26.3, 57.2)*
CSF lymphocytes, % 22 59 (45, 73)*
CSF lymphocytes, cells/ / pL 22 55 (28, 122)*
CSF neutrophils, % 22 30 (14, 40)*

(Continued)
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Table | (Continued).

Characteristic N Overall distribution
N = 22%*

CSF neutrophils, cells / pL 22 25 (15, 36)*

CSF monocytes, % 22 @2, 157%

CSF monocytes, cells / pL 22 8 (4, 20)*

CSF parameters after treatment:

CSF cells/ pL 2 33 (20, 61)*

CSF protein, mg/dL 22 37.5 (263, 57.2)*

Note: *n (%); "Mdn (QI, Q3).
Abbreviations: CRP, C-reactive protein; WBC, white blood cells; ALC, absolute
lymphocyte count in blood; ANC, absolute neutrophil count in blood.

based on clinical diagnosis: 6 with meningoencephalitis (1 female, 5 males) and 16 with meningitis (6 females, 10
males). Disturbances in consciousness were exclusive to the encephalitis subset. Neurological manifestations included
tremor (12/22), unsteady gait (1/22), photophobia (5/22), emotional lability (3/22), and generalized seizures (2/22). On
average, all participants experienced headaches lasting 6 days. Fever was noted in of the 21/22 subjects with an average
duration of 6 days (range 10-23 days), and vomiting was reported in 17 patients. Treatment protocols included mannitol
(15%) administered 2—4 times daily for 3—5 days, complemented by NSAIDs, as required by European Academy of
Neurology.” The median length of the hospital stay was 17.5 days. Laboratory assessments revealed normal or slightly
elevated levels of CRP and white blood cells, with neutrophils predominating in most cases. On the basis of the
numerical disease severity scale, most cases were moderate (15/22), with the remainder classified as mild (4/22) or severe
(3/22). None of the patients experienced long-term complications.

Pre-post treatment differences in concentrations of chitinase-3-like | and other

cytokines in the CSF and serum

Protein detectability varied, with some cytokines, such as IFN-y, IL-4, IL-13, and IL-1 beta only occasionally detectable
in the serum and more frequently in the CSF. Regarding the serum samples, IFN-y was detected in one T1 sample and
two T2 samples only, IL-4 in three T1 samples and one T2 sample, and IL-13 and IL-1 beta were undetectable in both T1
and T2 serum samples. The detectability of proteins in CSF samples was higher: IL-13 was detected in one patient on T1
and two on T2, IL-1 beta was detected in three patients on T1, and none on T2. While CXCL-2 was detectable in all
serum samples and 12 T1 CSF samples, it was detected in three CSF samples collected on T2 only. This limits the
calculation of CSF/serum quotients and indices. We could not calculate CSF/serum quotients and indices for CXCL2 and
IL-4 on T2, IL-1 beta, IL-13 and INF-y on both T1 and T2. The baseline and posttreatment protein concentrations are
shown in Table 2.

Significant reductions in CSF CHI3L1 levels were observed post-treatment (p=0.009), especially in meningitis but not
in encephalitis (Figures 1 and 2). However, serum CHI3L1 levels did not exhibit statistically significant changes.
Similarly, no significant differences were observed in the CHI3L1 CSF/serum quotient and index values between the
two time points.

Additionally, a greater decrease in CHI3L1 serum level at the time point after 2 weeks was significantly correlated
with more severe headache (tho = —0.46, p =0.031, np,is = 22), while a significantly greater decrease in CSF was
observed among girls (median = —1.84x10* (Q1 = —3.68x10°, Q3 = 0.67x10%) compared to boys (median = —1.56x10°
Ql = —2.39X103, Q3= 1.49X103), p = 0.047, n = 22). Second, we observed a significant correlation between a greater
decrease in the CHI3L1 quotient at the time point after two weeks with a longer intake of mannitol (tho = —0.45,
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Table 2 Serum and Cerebrospinal Fluid Biomarker Levels Upon Admission and After Two Weeks of

Treatment in Pediatric TBE Patients

Characteristic* N Time point P*
Baseline, n = 22 Post-treatment, n = 22

Chitinase 3-like | in serum [ng/mL] 44 22.1 (182, 28.8) 17.9 (15.4, 31.8) 0.338
Chitinase 3-like | in CSF [ng/mL] 44 182.6 (166.9, 217.3) 150.6 (139.5, 190.3) 0.008
Chitinase 3-like-1 Q 44 8.8 (6.3, 10.5) 8.0 (4.2,94) 0.355
Chitinase 3-like-1 index 44 1.4 (0.8, 2.0) 1.2 (0.9, 2.9) 0.306
CCL-2 in serum [pg/mL] 44 191.2 (116.0, 258.1) 275.1 (206.5, 343.0) 0.017
CCL-2 in CSF [pg/mL] 44 457.4 (296.3, 805.7) 369.4 (258.8, 438.5) 0.077
CCL-2Q 44 2.7 (1.6,4.7) 1.4 (0.9, 2.1) <0.001
CCL-2 index 44 0.4 (0.3, 0.8) 0.3 (0.2, 0.4) 0.009
Chemerin in serum [ng/mL] 44 851 (6.59, 10.67) 8.69 (7.64, 10.06) 0.570
Chemerin in CSF [ng/mL] 34 1.00 (0.77, 1.37) 0.73 (0.47, 0.96) 0.060
Chemerin Q 34 0.1 (0.1, 0.2) 0.1 (0.1, 0.1) 0.073
Chemerin Index (x10°%) 34 19.5 (13.2, 24.7) 14.9 (10.2, 25.8) 0.363
CXCL2 serum [ng/mL] 44 1.06 (0.69, 1.42) 0.93 (0.71, 1.24) 0.277
IL-6 in serum [pg/mL] 43 5.8 (3.6, 8.8) 1.2 (0.4, 2.0) 0.004
IL-6 in CSF [pg/mL] 44 474.7 (317.0, 725.3) 2.5 (1.8, 3.6) <0.001
IL-6 Q 43 68.1 (38.8, 145.0) 2.0 (1.2, 5.8) <0.001
IL-6 Index 43 13.1 (6.3, 25.2) 0.4 (0.3, I.1) <0.001
TNF-alpha in serum [pg/mL] 38 5.3 (3.5, 6.2) 5.3 (1.5,7.8) 0.572
TNF-alpha in CSF [pg/mL] 38 5.5 (23, 83) 29 (1.2, 44) 0.010
TNF-alpha Q 33 1.1 (0.5, 2.4) 0.6 (0.3, 1.6) 0.046
TNF-alpha Index 33 0.2 (0.1, 0.3) 0.1 (0.1, 0.2) 0.116
CSF [cells/pL] 44 101.5 (73.8, 163.5) 32.5 (20.2, 59.0) <0.001
CSF protein [mg/dL] 44 41.0 (34.5, 61.0) 37.5 (26.5, 55.7) 0.357
Albumin CSF [mg/dL] 44 25.1 (21.1, 35.2) 21.9 (15.1, 34.2) 0.249
Albumin serum [g/dL] 44 43 (4.1, 44) 4.6 (44, 4.8) 0.001
Albumin Q 44 6.4 (4.9, 83) 4.6 (3.3,7.5) 0.067

Note: *MDN (QI, Q3), *Wilcoxon rank-sum test. The index was calculated by dividing the Q of the respective protein by the albumin

Q, adjusting the CSF concentrations to the blood-brain barrier permeability. Bolded data are statistically significant.

Abbreviations: Q, CSF/serum quotient; CSF, cerebrospinal fluid; TNF, tumor necrosis factor; IL-6, interleukin-6; CCL-2, Chemokine

(C-C motif) ligand 2; CXCL2, Chemokine (C-X-C motif) ligand 2.

p =0.034, np,irs = 22). Finally, a greater decrease in the CHI3L1 index value after treatment was significantly correlated

with shorter hospitalizations (rtho = 0.47, p =0.026, np,irs = 22).

The levels of other cytokines in the CSF, including IL-6 and TNF-a, decreased post-treatment. There was also
a decreasing trend in the CCL-2 and chemerin concentrations in the CSF. Serum concentrations of these proteins were
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Figure | Violin and box plots illustrating the distribution of chitinase 3-like-1 concentrations in serum (A) and cerebrospinal fluid CSF (C) from patients diagnosed with
encephalitis and meningitis, both at baseline and two weeks post-treatment. (B) shows the CSF/serum quotient (Q) of chitinase 3-like-1, calculated by dividing the
concentration in CSF by the concentration in serum, while (D) presents the chitinase 3-like-| index, calculated by dividing the Q of chitinase 3-like-1 by the albumin Q to
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and labeled in the center), and connecting lines between individual patient measurements to indicate paired changes over time. Statistical values, including the Wilcoxon
signed-rank test results, p-values, rank biserial correlations, and 95% confidence intervals, are displayed above each plot.

Abbreviations: CSF, cerebrospinal fluid; Q, CSF/serum quotient.

inconsistent: CCL-2 increased (p=0.017) and IL-6 decreased (p=0.004); serum concentrations of chemerin and CXCL2
did not change over the course of two weeks. There was however a significant reduction of CCL-2 Q and index values, as
well as IL-6 Q and index, and TNF-a Q. We found a correlation between a greater decrease in the IL-6 quotient and
index after two weeks with a longer intake of mannitol (respectively: rho = —0.57, p =0.006, npairs = 21; and rho = —0.52,
p =0.016, np,irs = 21). The decrease of CCL2 and TNF-a markers were not correlated with clinical presentation.

Severity-Dependent Variations in CHI3LI| Levels

The CHI3L1 index values differed significantly between encephalitis and meningitis, with lower levels in encephalitis
(Table 3). Lower values were also found for the CHI3L1 quotient in encephalitis, but only at the trend level (p<0.10). It
can be assumed that this result was probably due to the increased albumin quotient in encephalitis cases. Nevertheless,

rank

a large effect size was obtained in both cases (..,

=0.73 and 0.54 respectively). There were no significant differences
in the levels of the CHI3L1 in CSF and serum, quotient, or index values according to the severity scale.

Regarding other analyzed cytokines, there was a strong negative correlation between IL-4 in CSF and the numerical
severity score (tho=—0.63; p=0.014). Concentrations of other cytokines in the CSF and serum, as well as their quotient
and index values, did not differ between the severity groups and did not correlate with the disease severity.

CHI3L1 index discriminated between encephalitis and meningitis. The calculated cutoff value of 0.95 for the
chitinase 3-like-1 index suggests that individuals with a value of 0.95 or less are at high risk for tick-borne encephalitis,

with strong sensitivity and specificity metrics (Table 4). Conversely, individuals with values greater than 0.95 were
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Figure 2 Violin and box plots depicting chitinase 3-like-| levels in serum and cerebrospinal fluid, and calculated indices stratified by disease severity (encephalitis and meningitis) at baseline and after two weeks. (A=D) represent chitinase
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Abbreviations: CSF, cerebrospinal fluid; Q, CSF/serum quotient.
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Table 3 Distribution of Analyzed Proteins in CSF and Serum at Baseline, Stratified by Disease Severity

(Encephalitis Vs Meningitis) Among Pediatric TBE Patients. Statistical Comparisons Indicate Differences Between

the Encephalitis and Meningitis Groups

Characteristic N Clinical picture P*
Encephalitis, n = 6* Meningitis, n = 16*
CSF cells [cells/pL] 22 286.5 (143, 405) 86.5 (57, 136.5) 0.014
CSF protein [mg/dL] 22 60 (43, 76) 38.05 (31.5, 46) 0.032
CSF lymphocytes, % 22 69.5 (58, 83) 56.5 (39, 72) 0.367
CSF lymphocytes, cells/uL 22 133.9 (51.1, 201.3) 42.7 (26.0, 71.6) 0.098
CSF neutrophils, % 22 15.5 (12, 40) 30 (27, 42) 0.424
CSF neutrophils, cells/uL 22 31.3 (24.3, 82.6) 30.0 (27.0, 42.0) 0.261
CSF monocytes, % 22 1.5 (0.0, 15) 12 (6.5, 19.5) 0.203
CSF monocytes, cells/uL 22 6.4 (0.0, 10.5) 8.4 (4.5, 21.5) 0.261
Albumin Q 22 8.8l (6.82, 11.69) 5.48 (4.35, 6.96) 0.017
Chitinase 3-like | in serum [ng/mL] 22 23.38 (22.33, 41.88) 19.67 (18.08, 28.57) 0.329
Chitinase 3-like | in CSF [ng/mL] 22 172.08 (153.40, 193.70) 185.55 (172.32, 239.42) 0.231
Chitinase 3-like-1 Q 22 6.67 (4.68, 8.11) 9.31 (7.54, 12.65) 0.059
Chitinase 3-like-1 index 22 0.77 (0.52, 0.89) 1.84 (1.09, 2.43) 0.008
CCL-2 in serum [pg/mL] 22 190.64 (106.35, 268.04) 191.17 (123.88, 230.15) 0.796
CCL-2 in CSF [pg/mL] 22 457.44 (302.96, 769.87) 425.88 (287.04, 1215.2) 0.971
CCL-2Q 22 2.74 (1.70, 4.57) 3.09 (1.49, 6.57) 0.685
CCL-2 index 22 0.42 (0.27, 0.78) 0.41 (0.08, 0.96) 0.796
INF-gamma in CSF [pg/mL] 14 42.46 (22.81, 65.37) 28.82 (l1.1, 78.11) 0.561
IL-4 in CSF [pg/mL] 15 19.48 (18.14, 23.24) 23.24 (18.14, 37.91) 0.391
Chemerin in serum [ng/mL] 22 8.77(6.18, 11.40) 7.74 (7.22, 10.42) 0.941
Chemerin in CSF [ng/mL] 19 0.95 (0.77, 1.26) 1.42 (0.66, 2.25) 0.342
Chemerin Q 19 0.1 (0.08, 0.14) 0.19 (0.11, 0.29) 0.211
Chemerin index 19 0.02 (0.01, 0.02) 0.02 (0.01, 0.04) 0.653
CXCL2 in serum [pg/mL] 22 1185.28 (777.44, 1392.57) 647.99 (610.2, 1594.99) 0.285
CXCL2 in CSF [pg/mL] 12 39.67 (26.25, 73.13) 70.27 (33.7, 75.87) 0.626
CXCL2 Q 12 0.03 (0.02, 0.08) 0.05 (0.04, 0.06) 0.329
CXCL2 index 12 0.007 (0.003, 0.001) 0.006 (0.004, 0.008) 1.000
IL-6 in serum [ng/mL] 22 6.58 (3.94, 8.79) 3.94 (2.0, 8.79) 0.417
IL-6 in CSF [ng/mL] 22 447.79 (302.55, 610.81) 826.56 (331.13, 1147.69) 0.224
IL-6 Q 22 68.14 (35.63, 117.32) 264.65 (37.67, 609.67) 0.439
IL-6 index 22 13.13 (6.59, 21.74) 16.62 (6.22, 58.59) 0.580
(Continued)
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Table 3 (Continued).

Characteristic N Clinical picture P¥
Encephalitis, n = 6* Meningitis, n = 16*

TNF-alpha in serum [ng/mL] 17 4.46 (3.54, 6.18) 5.34 (3.96, 5.55) 0.865

TNF-alpha in CSF [ng/mL] 22 5.07 (1.77, 7.09) 7.43 (5.45, 12.03) 0.140

TNF-alpha Q 17 1.04 (0.36, 2.69) 1.94 (1.04, 2.33) 0.610

TNF-alpha index 17 0.15 (0.09, 0.32) 0.15 (0.08, 0.3) 0.777

Note: *MDN (QI, Q3), *Wilcoxon rank-sum test. The index was calculated by dividing the Q of the respective protein by the albumin Q.
Abbreviations: Q, cerebrospinal fluid/serum quotient; CSF, cerebrospinal fluid; TNF, tumor necrosis factor; IL, interleukin; CCL-2, chemokine
(C-C motif) ligand 2; CXCL2, Chemokine (C-X-C motif) ligand 2.

Table 4 Results of Optimal Cut-off Point Estimation for Differentiating Between Meningitis
and Encephalitis in Pediatric TBE Patients, Based on the Chitinase 3-Like-1 Index and CSF/
Serum Quotient (Q) Values. The Table Provides Accuracy, Sensitivity, Specificity, and Area
Under the Receiver Operating Characteristic Curve (AUC) Metrics for Each Predictor

Predictor Optimal cutpoint | Accuracy | Sensitivity | Specificity | AUC
Chitinase 3-like-1 index | 0.95 0.82 0.8l 0.83 0.86
Chitinase 3-like-1 Q 9.28 0.68 0.56 1.00 0.77

Abbreviation: AUC, area under the receiver operating characteristic curve.

classified as being at low risk for encephalitis. In contrast, the estimated cutoff value for CHI3L1 Q did not allow for

a good differentiation of patients with encephalitis.

Interconnections Between CHI3LI and Other Variables
The correlation analysis highlighted in Table 5 provides key insights into the interplay between CHI3L1 and other biomarkers,
underscoring its significant role in the neuroinflammatory processes characteristic of TBE. Notably, CHI3L1 levels in the

Table 5 Spearman Correlation Coefficients Between Chitinase-3-Like |
Protein and Other Measured Parameters in Serum and CSF in Pediatric
TBE Patients

Parameter Npairs | Rho P
Chitinase 3-like | serum vs. | Albumin serum (g/dL) | 44 —0.39 | 0.008
Albumin Q 44 0.30 | 0.049
Chitinase 3-like | CSF vs. Chemerin CSF 34 0.42 0.005
Chemerin Q 34 0.40 0.008
IL-6 CSF 44 0.43 0.004
IL-6 Q 43 0.40 | 0.007
IL-6 Index 43 0.37 | 0.013
TNF alpha CSF 33 0.31 0.039
CSF cells/mcL 44 0.32 | 0.033
(Continued)
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Table 5 (Continued).

Parameter Npairs | Rho P
Chitinase 3-like-1 index vs. | TNF alpha CSF 33 -0.32 | 0.034
Chemerin Index 34 0.41 0.006
CSF protein [mg/dL] 44 —0.57 | <0.001
Albumin CSF (mg/dL) | 44 —0.56 | <0.001
Albumin serum (g/dL) | 44 041 0.006
Albumin Q 44 —0.62 | <0.001

Notes: The index was calculated by dividing the Q of the respective protein by the albumin Q.
Abbreviations: Q, cerebrospinal fluid/serum quotient; CSF, cerebrospinal fluid; TNF, tumor
necrosis factor; IL-6, interleukin-6.

serum and CSF exhibited diverse correlation patterns with biomarkers, such as albumin, chemerin, IL-6, and TNF-a. For
instance, a strong negative correlation between CHI3L1 serum levels and serum albumin (rho = —0.39, p = 0.008) contrasts
with the positive correlations observed with the same biomarkers in the CSF. Additionally, positive correlations of CHI3L1 in
the CSF with pro-inflammatory cytokines such as IL-6 (tho = 0.43, p = 0.004) and TNF-a (tho =0.31, p=0.039), and with the
chemokine chemerin (tho = 0.42, p = 0.005), highlighted its involvement in mediating inflammatory responses within the
central nervous system. A detailed correlation analysis is provided in the supplementary files.

Brain-Blood Barrier Permeability in TBE

Elevated albumin Q levels, indicating a disrupted BBB permeability, were observed in 16 children (10/16 children with
meningitis and 6/6 children presenting as encephalitis). Median albumin Q on admission was 6.40 (IQR; 4.9, 8.3). When
the symptoms resolved this marker dropped to median 4.6 (IQR; 3.3, 7.5), but the difference did not reach statistical
significance (p=0.067). In children diagnosed with encephalitis, the median albumin quotient decreased from 8.8
(interquartile range [IQR] 6.8—11.7) at T1 to 4.9 (IQR 3.0-8.1) at T2 (p=0.046). This decrease indicates an improvement
in BBB integrity over the course of treatment. In contrast, in meningitis cases, the albumin Q values remained constant
between the two time points. This is because albumin Q normalized at T2 in 10 of 16 children with elevated albumin
Q on T1 (that includes 7 meningitis and 3 encephalitis cases), Albumin Q remained elevated in the remaining 6 children
(3 meningitis and 3 encephalitis cases). In 3 children with normal albumin Q on T1, it remained normal on T2. In the
other 3 children albumin Q increased on T2, despite being normal on T1.

Normalization of albumin Q was associated with younger age (median 6.3; IQR, 4.4, 12.8 vs median 16.0 years; IQR,
14.3, 16.9; p=0.034), lower IL-6 Q on T1 (median 39.9; IQR, 20.5, 112.6; vs median, 401.3; IQR, 110.6, 609.7; p=0.01),
and lower IL-6 index (median 6.2; IQR, 2.2, 12.7 vs median, 42.7; IQR, 16.0, 59.9; p=0.007), There were no differences
in clinical presentation and concentrations of other chemokines and cytokines between children who have and have not
normalized albumin Q after treatment.

Children diagnosed with encephalitis had a higher albumin Q than those diagnosed with meningitis (p=0.032),
indicating increased BBB permeability. In order to further investigate BBB permeability in TBE we created the
correlation matrix. The analysis revealed that CHI3L1 serum levels and CHI3L1 index values (but not CSF CHI3L1
concentrations) were positively correlated with albumin Q (p=0.007 and p<0.001, respectively). Among the CSF
cytokines, there were strong positive correlations between the albumin Q and IL-4, IL-6, and TNF-a (see
Supplementary Table 1).

Discussion
TBE is a significant public health concern, particularly in regions where the causative virus is endemic. Pediatric cases of
TBE present unique challenges owing to the developing nature of the central nervous system and potential for long-term
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neurological sequelae. In recent years, researchers have explored the utility of biomarkers for enhancing the diagnosis,
prognosis, and treatment monitoring of TBE. Cytokines and chemokines are small proteins that play crucial roles in cell
signaling and communication within the immune system. They are involved in various physiological processes including
inflammation and immune responses. One of the biomarkers for TBE is chitinase 3-like-1.

CHI3L1, also known as human cartilage glycoprotein-39 (HC-gp39) or YKL-40, is a glycoprotein secreted by various
cell types including macrophages, neutrophils, and chondrocytes in response to inflammation and tissue remodeling.*" Its
involvement in neuroinflammatory processes has sparked interest in its potential as a biomarker for neurological
disorders including TBE.

In viral infections affecting the central nervous system, various cytokines and chemokines limit viral replication and
ultimately control the spread of the virus. However, the accumulation of proinflammatory mediators in the CNS may also
result in progressing the severity of encephalitis and consequently cause permanent neuronal damage.'’>** In the
context of TBE, elevated CHI3L1 levels may reflect the extent of neuroinflammation and neuronal damage, thereby
providing valuable insight into disease pathogenesis and progression. Recent studies have indicated that CHI3L1 plays
a major role in tissue injury, inflammation, repair, and remodeling responses. It has been strongly associated with diseases
including asthma, arthritis, sepsis, diabetes, liver fibrosis, coronary artery disease, ischemic stroke and Alzheimer’s
disease, and could even provide a useful inflammatory marker for patients with toxoplasmosis or Kawasaki disease. More
importantly, CHI3L1 has been proven to be independently associated with poor outcomes, disease severity, progression,
and an unfavorable course of these diseases.”**

In the current study, our main goal was to examine the role of CHI3L1 in TBE in children and to assess the
influence of various pro- and anti-inflammatory cytokines that could affect the production of CHI3L1. While some
children experience mild symptoms and recover fully, others develop severe neurological complications including
meningitis, encephalitis, and long-term cognitive impairment. However, the underlying factors that contribute to this
variability remain poorly understood. Biomarkers such as CHI3L1 offer potential means for elucidating these
mechanisms. Czupryna et al discovered that CHI3L1 concentration in the CSF of adult patients with TBE was
significantly higher in patients with meningitis and was associated with a milder course of the disease. They
concluded that this biomarker was not useful for the prognosis of sequelac development, as both serum and CSF
CHI3L1 concentrations were comparable in patients who recovered completely and in those with an unfavorable
course.”® In our study, significant reductions in CSF CHI3L1 levels were observed post-treatment, which were
especially pronounced in meningitis cases. We showed significantly lower CHI3L1 index values in encephalitis
cases than in meningitis cases, which suggests that CHI3L1 is associated with a milder course of TBE in children.
Additionally, a greater decrease in CHI3L1 serum levels post-treatment was significantly correlated with more
severe headache and, consequently, a longer intake of mannitol. A greater decrease in CHI3L1 index after treatment
was significantly correlated with shorter hospitalization, which could indicate that CHI3L1 play a major role in the
recovery process.

In our study, we also showed that a wide range of cytokines and chemokines were produced in response to
TBEV infection. It has been shown that in the pediatric population, concentrations of particularly IL-6, TNF-a, and
IFN-y increase in CSF or serum in CNS infections of different etiologies.**** This finding is consistent with our
results. Importantly, we found that CHI3L1, IL-6, and TNF-a concentrations were highest at the beginning of the
disease and decreased during the course of the infection. Elevated levels of cytokines in the CSF, particularly IL-6
and TNF-a, have been associated with more severe cases of viral meningitis and encephalitis in children. These
cytokines are generally known to promote inflammation in CSN and contribute to poor neurological outcome.'*****4
In our study a positive correlation with CHI3L1 was established among children with encephalitis. It is worth noting
that there is a lack of studies that correlate mediator concentrations with the clinical picture in the pediatric
population.

In the case of TBE, the exact mechanisms by which TBEV breach the BBB are not yet fully understood;
however, different strategies have been postulated. For instance, the virus can enter the CNS by direct infection of
the peripheral nerves and olfactory neurons through transcellular and paracellular entry into the endothelial cells of
the BBB. The Trojan horse” mechanism and cytokine-mediated BBB breakdown also play vital roles in altering
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BBB.** The results of our study suggest that infection with TBE causes the breakdown of the BBB, which is
consistent with the results of similar studies. Increased levels of certain cytokines in the CSF have been observed in
both animal and human studies, and their connection with BBB disruption of the BBB were established.***”** TNF-
a is a potent pro-inflammatory cytokine that directly affects the integrity of the BBB by increasing the permeability
of endothelial cells and promoting the expression of adhesion molecules. TNF-a also stimulates the production of
other cytokines and chemokines, which further contributes to BBB disruption.*® Second, IL-6 induces the expression
of adhesion molecules in endothelial cells, thereby facilitating the migration of immune cells across the BBB. In
addition, IL-6 can enhance the production of acute-phase proteins and is associated with poor neurological
outcome.*>* It is worth mentioning IFN-gamma - A cytokine that is primarily produced by activated T cells and
natural killer (NK) cells. It plays a crucial role in antiviral defense but can also contribute to BBB disruption by
inducing the expression of adhesion molecules on endothelial cells.’® In our study, we found that the albumin
quotient decreased after treatment in cases of encephalitis. This suggests that the blood-brain barrier responds
differently in encephalitis compared to meningitis. The differences in the index result from differences in the
permeability of the BBB corresponding to the degree of damage, and provide insight into how the virus affects the
BBB. Additionally, we found strong positive correlations between the albumin quotient and the levels of 1L-4, IL-6,
and TNF-a in the CSF. This indicates that as the albumin quotient increases, which reflects blood-brain barrier
permeability, the concentrations of these inflammatory cytokines also rise. The correlation with IL-4 suggests
a relationship with T-helper cell responses, while the associations with IL-6 and TNF-a highlight the involvement
of pro-inflammatory pathways in the context of central nervous system inflammation. These findings may imply that
increased blood-brain barrier permeability is associated with heightened inflammatory activity in the CSF, poten-
tially reflecting the severity of the underlying condition.It is important to note that BBB disruption is independent of
CD8+ T cells and occurs when CNS viremia is high.*’

Therefore, the results of this study should be interpreted with caution. The examined group was relatively
small, and in order to use these cytokines and chemokines in clinical practice, it would be necessary to establish
age-correlated cutoff values. Although we excluded children with chronic diseases, the expression of chemo-
kines/cytokines was linked to individual determinants, which requires further investigation. Moreover, obtaining
CSF from healthy children is exceptionally restricted and these limitations are related to ecthical reasons.
Consequently, concentrations of the chemokines discussed in the CSF can only be compared with those in
children who were admitted to the hospital with signs suggesting possible neuroinvasive infections that were
subsequently excluded.

However, the advantage of our study is that it is a rare, clinically and microbiologically well-defined group of 22
children with TBE. We provide precise laboratory data. Concentrations of pro-/anti-inflammatory biomarkers were
measured both in CSF and serum, and further adjusted to the albumin quotient. The study lacks control group of
healthy individuals, but we used a within-subject design, where each patient served as their own control to assess
changes over time. This approach allowed us to evaluate the temporal changes associated with disease progression
and response to treatment, as observed in the significant reductions in CSF levels of certain markers post-treatment.

Conclusion

Our findings suggest that CHI3L1 is involved in the pathogenesis of TBE in children, however, causative relationships
cannot be established in this observational study. We further point out that lower CHI3L1 CSF levels were observed in
severe cases of TBE, supporting the potential utility of this protein as a marker for disease severity. Additionally, we
identified significant interactions between CHI3L1 and other cytokines, specifically chemerin, IL-6, and TNF-a.
Although the levels of chemerin remained stable over time, levels of CHI3L1, IL-6, and TNF-a decreased as clinical
symptoms resolved. In summary, this study provides valuable insights into the immunopathological mechanisms of
pediatric TBE and thus points to CHI3L1 and associated cytokines as the potential modulators of neuroinflammation and
variability in the course of the disease.
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