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Importance 26 

This study of kynurenine and tryptophan concentrations in human CSF revealed marked induction of the 27 

kynurenine-tryptophan pathway in bacterial and viral meningitis/encephalitis. It highlights these 28 

metabolites as accurate biomarkers, particularly to differentiate among neuroborreliosis, viral 29 

meningitis/encephalitis and autoimmune neuroinflammation.   30 
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Abstract 31 

Background. The tryptophan-kynurenine-NAD+ pathway is closely associated with regulation of immune 32 

cells toward less inflammatory phenotypes and may exert neuroprotective effects. Investigating its 33 

regulation in CNS infections would improve our understanding of pathophysiology and end-organ 34 

damage, and, furthermore, open doors to its evaluation as a source of diagnostic and/or prognostic 35 

biomarkers. 36 

Methods. We measured concentrations of kynurenine (Kyn) and tryptophan (Trp) in 220 cerebrospinal 37 

fluid samples from patients with bacterial and viral (herpes simplex, varicella zoster, enteroviruses) 38 

meningitis/encephalitis, neuroborreliosis, autoimmune neuroinflammation (anti-NMDA-R encephalitis, 39 

multiple sclerosis), and noninflamed controls (Bell’s palsy, normal pressure hydrocephalus, Tourette 40 

syndrome). 41 

Results. Kyn concentrations correlated strongly with CSF markers of neuroinflammation (leukocyte 42 

count, lactate, and blood-CSF-barrier dysfunction) and were highly increased in bacterial and viral CNS 43 

infections, but were low or undetectable in anti-NMDA-R encephalitis, multiple sclerosis, and controls. 44 

Trp was decreased mostly in viral CNS infections and neuroborreliosis. Multiple logistic regression 45 

analysis revealed combinations of Kyn, Trp and Kyn/Trp ratio with leukocyte count or lactate as accurate 46 

classifiers for the clinically important differentiation between neuroborreliosis, viral CNS infections, and 47 

autoimmune neuroinflammation.  48 

Conclusions. The Trp-Kyn-NAD+ pathway is activated in CNS infections and provides highly accurate CSF 49 

biomarkers, particularly when combined with standard CSF indices of neuroinflammation.  50 
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Abbreviations 55 

AUC, area under the ROC curve; BacM – bacterial meningitis; Bell’s - idiopathic Bell’s palsy; BCB – blood-56 

CSF-barrier; CI, confidence interval; CSF, cerebrospinal fluid; GTS – Gilles de la Tourette syndrome; EntM 57 

- enteroviral meningitis, HSE - HSV encephalitis; IDO - indoleamine-2,3-dioxygenase; Kyn, kynurenine; 58 

LOD, limit of detection; MS - multiple sclerosis; NMDA – anti-NMDA-receptor encephalitis; NPH - normal 59 

pressure hydrocephalus; ROC, receiver operating characteristic; TK pathway - tryptophan-kynurenine-60 

NAD+ pathway; Trp, tryptophan; VZV fac - facial nerve zoster; VZV ME – VZV meningitis/encephalitis; VZV 61 

seg - segmental zoster (shingles).  62 
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Introduction 63 

The tryptophan-kynurenine-NAD+ pathway (TK pathway) is the major pathway for catabolism of 64 

endogenous tryptophan (Trp). Its functions go far beyond maintaining Trp homeostasis, as its 65 

intermediates exert extensively documented immunomodulatory, neuromodulatory, and both 66 

cytoprotective and cytotoxic effects (reviewed in [1, 2]). The enzyme Trp-2,3-dioxygenase regulates the 67 

hepatic TK pathway, whereas indoleamine-2,3-dioxygenase (IDO) is the rate-limiting enzyme in 68 

kynurenine (Kyn) synthesis at extrahepatic sites including immune cells and the central nervous system 69 

(CNS) [1]. Increased IDO activity and subsequent Kyn synthesis are tightly associated with modulation of 70 

immune cell function, particularly suppression of activity of macrophages, dendritic cells, and T cells [3]. 71 

Dysregulation of the pathway has been implicated in a surprisingly broad variety of CNS disorders, 72 

ranging from Tourette syndrome [4] to major depression [5], schizophrenia [6], Alzheimer’s disease [7, 73 

8], Parkinson’s disease [2, 9], Huntington’s disease [10], amyotrophic lateral sclerosis [11], and multiple 74 

sclerosis (MS) [6, 12, 13]. In these CNS disorders, it is most plausible that the pathway is activated by 75 

inflammation-related processes and modulates pathogenesis by the balance between deleterious (e.g., 76 

anthranilic and quinolinic acid, 3-OH-L-Kyn) and protective (kynurenic acid) intermediates, 77 

immunosuppressive effects, and the generation of NAD+ for energy metabolism and vitamin B6 78 

synthesis. Of note, modulators of key enzymes in the pathway as well as analogs of TK pathway 79 

intermediates have become available, and evidence from animal models has demonstrated their 80 

potential to improve outcome of diseases characterized by increased activity of the pathway (MS – 81 

reviewed in [13], Huntington’s disease – [10]). 82 

Preliminary evidence from studies in mice  [14] and a small human cohort of patients with septic and 83 

aseptic meningitis [15] suggested that Kyn concentrations in CNS increased during bacterial meningitis 84 

and that inhibiting two key enzymes of the TK pathway exacerbated experimental pneumococcal 85 

meningitis in mice [16], suggesting that this pathway exerts a net neuroprotective effect at least in this 86 

model. Therefore, investigations into its regulation and relative activity in CNS infections would improve 87 

our understanding of pathophysiology and end-organ damage in CNS infections. Moreover, it is 88 

conceivable that altered concentrations of TK pathway metabolites might differ among different diseases 89 

greatly enough to be used as diagnostic biomarkers, for instance (as suggested by the preliminary results 90 

from Coutinho et al. [15]) for the differentiation between septic and aseptic meningitis.  91 

We have therefore performed a detailed analysis of Kyn, Trp, and the Kyn/Trp ratio (as a measure of IDO 92 

activity) in CSF samples from patients with bacterial and viral CNS infections, autoimmune 93 

neuroinflammatory diseases, and non-inflamed neuropathologies, in order to assess differences in the 94 
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induction of the pathway among these disorders and to assess the potential of these three parameters 95 

as diagnostic CSF biomarker.  96 

 97 

Study population, materials and methods 98 

Study design and population 99 

The samples and clinical data were obtained at Hannover Medical School during routine lumbar 100 

puncture. All samples were processed and stored according to unified standard operating procedures  101 

[17]. Briefly, after removing the volume necessary for clinical diagnostics, CSF was centrifuged to 102 

separate cells from fluid, and cell-free supernatant was frozen at -80oC until analysis. The study was 103 

approved by the Ethics Committee of Hannover Medical School (file no. 2413-2014) and was conducted 104 

according to the Helsinki Declaration. Samples from patients with the following diagnoses were 105 

analyzed: bacterial meningitis (abbreviated BacM), neuroborreliosis (Borrelia), herpes simplex virus 106 

meningitis/encephalitis (HSE), varicella zoster virus (VZV) meningitis/encephalitis (VZV ME), enteroviral 107 

meningitis (EntM), facial nerve zoster (VZV fac), segmental zoster (VZV seg; also known as shingles), anti-108 

N-methyl-D-aspartate receptor encephalitis (NMDA), multiple sclerosis (MS), Bell’s palsy (Bell’s), and 109 

normal pressure hydrocephalus (NPH). Diagnostic criteria and basic data on disease activity and 110 

treatments are summarized in Table S1. The following standard CSF parameters were recorded: 111 

leukocyte count, lactate concentration, protein concentration, IgG index, and Q-albumin (CSF/serum 112 

albumin ratio). Blood-CSF-barrier dysfunction was scored from 0 (no dysfunction) to 3 (severe 113 

dysfunction) using age-corrected Q-albumin [18]. Peripheral blood samples were obtained at the time of 114 

lumbar puncture and analyzed the same day in the in-house diagnostic laboratories for the clinically 115 

indicated parameters, including complete blood count with differential and C-reactive protein (CRP) 116 

concentrations. 117 

Mass spectrometry 118 

CSF concentrations of Trp and Kyn were measured as part of a targeted metabolomic screen using the 119 

Absolute IDQ® p180 kit (Biocrates Life Sciences AG, Innsbruck, Austria) and liquid chromatography-120 

tandem-mass spectrometry (LC-MS/MS), as described previously [19]. The limits of detection (LOD) for 121 

Kyn and Trp (defined as 3x the signal measured with the blank) were found to be 0.15 and 0.25 M. All 122 

values <LOD were replaced by the pseudo value of LOD/2, as recommended by the manufacturer [20]. A 123 

separate analysis based on a subset of 88 of the 188 analytes measurable with the p180 kit, but not 124 

including Kyn and focusing on CSF biomarkers for varicella zoster virus (VZV) reactivation, has been 125 

published separately [19].  126 
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Statistical analysis 127 

The Mann-Whitney U test was used to compare differences in median values between two groups. 128 

Significance of concentration differences across all sample groups was determined with Kruskal-Wallis 129 

analysis with corrections for multiple hypothesis testing. The chi-square test (2-test) was used to 130 

analyze the difference between category frequencies. Significance of differences was defined as a 131 

P value of <0.05 unless stated otherwise. Spearman correlation was used to assess correlations between 132 

metabolite parameters (Kyn, Trp, Kyn/Trp ratio) and the standard CSF and blood parameters measured. 133 

Receiver operating characteristics (ROC) curve analysis was used to quantify biomarker potential. 134 

Significance of areas under the ROC curve (AUCs) was defined by asymptotic P values of <0.05 and lower 135 

bound confidence intervals (CI; obtained by 1000 bootstraps) not crossing below 0.5. The leave-one-out 136 

(jackknife) method together with logistic regression (forward selection procedure) was used to select the 137 

best combination (subset) of metabolite and standard CSF parameters for each diagnostic pair and to 138 

assess its prediction potential [21]. The jackknife method was applied to 1000 bootstrap samples in order 139 

to estimate the CI of the AUC for the final classifier (i.e. subset of the original input of five parameters). 140 

All statistical analyses were performed with the ‘stats’, ‘Biocomb’ [22] and ‘agricolae’ packages of the R 141 

Foundation for Statistical Computing (version 3.4.4; from here on referred to as “R”) [23]. 142 

 143 

Results 144 

Description of the study population 145 

Table 1 summarizes demographic data and results of blood and standard CSF parameters. All results 146 

were consistent with known information about the natural history of the diagnoses studied. In particular, 147 

CSF leukocyte count, lactate, protein, and blood-CSF-barrier dysfunction were highest in bacterial 148 

meningitis, followed by neuroborreliosis, HSE, and VZV meningitis/encephalitis. All standard parameters 149 

were essentially normal in NPH, Tourette syndrome, and Bell’s palsy, thus supporting their use as non-150 

inflammatory controls. Causative pathogens in bacterial meningitis corresponded to the clinical 151 

spectrum expected in a tertiary care center in central Europe (summarized in Table S1).  152 

Differences in Kyn and Trp concentrations across the diagnostic groups  153 

Overall, Kyn concentrations were <LOD in many of the non-inflamed and less inflamed samples, but this 154 

metabolite was detected >LOD with increasing frequency as the degree of inflammation increased, and 155 

the percentage of samples with concentrations >LOD was highest in bacterial meningitis, HSE, and 156 

neuroborreliosis (Fig. 1A left). Measured Kyn concentrations increased following a similar pattern (Fig. 1A 157 

right) and were markedly increased in the infected groups, with mean values varying between 3.7–fold 158 
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(enterovirus meningitis) and 24-fold (bacterial meningitis) higher than in the non-inflamed diagnoses. 159 

There were two noteworthy observations: (1) bacterial meningitis, being the clearly most highly inflamed 160 

disease, had median Kyn concentrations similar to neuroborreliosis, HSE, and VZV 161 

meningitis/encephalitis, whereas mean Kyn concentrations were highest in bacterial meningitis due to 162 

outliers with extremely high values (shown in Fig. S1A); (2) in spite of the well-documented inflammatory 163 

nature of MS [24] and elevated indices of inflammation (cell count, IgG index, each P < 0.001 with 164 

respect to NPH; Table 1), Kyn concentrations were <LOD in nearly all MS samples, even though most 165 

samples had been obtained from patients with active disease during relapse (Table S1). There was a 166 

tendency of Trp concentrations to decrease in the non-bacterial etiologies with increasing inflammation, 167 

but this trend was not observed in bacterial meningitis and neuroborreliosis (Fig. 1B left). The Kyn/Trp 168 

ratio was highest in the five CNS infections, although differences compared to the non-infected groups 169 

were not as pronounced as in the case of Kyn, and among these five diagnoses its median value was 170 

lowest in bacterial meningitis (Fig. 1B right). Incremental increases in Kyn concentration, accompanied by 171 

decreases in Trp concentration and increases in Kyn/Trp ratio, were seen in the three clinical forms of 172 

VZV reactivation in the order segmental zoster < facial zoster < VZV meningitis/encephalitis, i.e. along 173 

increasing neuroinflammation and involvement of the CNS. 174 

Kyn and Trp concentrations correlate differentially with the extent of neuroinflammation 175 

We then assessed the association of increased Kyn and Trp concentrations with CSF inflammation (≥5 176 

cells/mm3) (Fig. 2). Kyn concentrations were markedly (median = 5.6-fold, mean = 9.4-fold) and highly 177 

significantly elevated in the inflamed (infected and non-infected) compared to the non-inflamed 178 

samples, and in ROC analysis Kyn concentration distinguished accurately between the inflamed and non-179 

inflamed samples (Fig. 2A left). Trp concentrations were significantly lower in the inflamed samples, but 180 

the differences were much smaller compared to Kyn, and Trp discriminated less accurately between 181 

inflamed and non-inflamed samples (Fig. 2A right). Thus, increased Kyn concentrations were significantly 182 

more strongly associated with CSF inflammation than decreased Trp concentrations. Nonetheless, the 183 

association of the Kyn/Trp ratio with CNS inflammation was similar to that of Kyn concentrations alone 184 

(Fig. 2B).  185 

To test whether there was a preferential association between the Kyn-Trp parameters and any of the 186 

standard diagnostic CSF parameters, we then performed a correlation analysis between the three 187 

metabolite parameters and the six standard CSF indices, as well as peripheral blood C-reactive protein 188 

(CRP) concentration (Fig. 3 and Fig. S2). Kyn correlated most positively with CSF leukocyte count (ρ=0.76, 189 

P=4.9-43), but also to a slightly lesser extent with lactate, protein, and blood-CSF-barrier dysfunction, 190 
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whereas only weak (albeit significant) correlations were detected with IgG index and blood CRP (Fig. 3A 191 

left). Of note, this strong correlation with leukocyte count existed even though the highest Kyn 192 

concentrations were measured in a small number of samples with comparatively low leukocyte counts 193 

(Fig. 3A right). For Trp, only a weak negative correlation with cell count (ρ=-0.30, P=6.2*10-06) and a weak 194 

positive correlation with blood CRP were observed (Fig 3A left). Consistent with this, Kyn/Trp ratio 195 

correlations with these parameters were less pronounced than Kyn correlations.  196 

When the same correlations were performed with the individual diagnostic groups, major differences 197 

became apparent (Fig. 3B - D left, Fig. S2). Notably, the clearest reciprocal correlations of Kyn and Trp 198 

with CSF cell count were seen in the three viral CNS infections, whereas these parameters did not 199 

correlate with cell count in bacterial meningitis (Fig. 3B left). Kyn and Trp concentrations were therefore 200 

plotted against cell count in this diagnosis only (Fig. 3B right). This analysis revealed several samples with 201 

relatively low cell counts but unusually high Kyn or Trp concentrations, which corresponded to the 202 

outliers identified in Fig. 3A (right). Thus, induction of Kyn synthesis is relatively uncoupled from CSF 203 

inflammation in a small subgroup of bacterial meningitis patients. As shown in Fig. 3C left, the 204 

correlations with lactate differed in that there was a positive correlation in bacterial meningitis and that 205 

there was a tendency (ρKyn=-0.58 [P=0.1] and ρTrp=0.59 [P=0.09]) toward an inversion of the correlation 206 

(now negative for Kyn and positive for Trp) in the case of HSE. The four samples with the highest Kyn 207 

values were more evenly distributed across the spectrum of lactate concentrations compared to 208 

leukocyte count (compare Fig. 3C right and 3B right). The correlations with the extent of blood-CSF-209 

barrier dysfunction resembled those with lactate, particularly in that the inverted correlation in HSE was 210 

also observed (Fig. 3D left). However, only Kyn (but not Trp) correlated significantly with blood-CSF-211 

barrier dysfunction in bacterial meningitis, and there were additional significant correlations with Kyn 212 

and Trp in facial zoster. A plot of Kyn concentrations vs. severity of blood-CSF-barrier dysfunction in 213 

bacterial meningitis supported the strong association between elevated Kyn concentrations and blood-214 

CSF-barrier dysfunction and also revealed that the samples with high Kyn concentrations but low cell 215 

counts identified in Fig. 3B right fell into the group with the highest degree of blood-CSF-barrier 216 

dysfunction (Fig. 3D right, arrows). Correlations similar to those with lactate were observed with CSF 217 

protein (Fig. S2A left) and, to a lesser extent, with Q-albumin as continuous variable (Fig. S2A right). 218 

There were no significant correlations with IgG index (Fig. S2B left). Of note, no significant correlations 219 

with any of the CSF parameters were detected in the autoimmune diagnoses anti-NMDA-R encephalitis 220 

and MS. Taken together, these results suggest that Kyn synthesis is strongly associated with various 221 

aspects of neuroinflammation in bacterial and viral CNS infections, that it is driven strongly by cellular 222 

infiltration in the CNS infection groups except bacterial meningitis, but that there also is a remarkable 223 
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absence of induction of the TK pathway in the autoimmune inflammatory disorders in spite of 224 

measurable CNS inflammation.  225 

 226 

Kyn, Trp and Kyn/Trp ratio are biomarkers for the differentiation between viral CNS infection, 227 

neuroborreliosis and autoimmune neuroinflammation 228 

Considering the strong association with neuroinflammation revealed above, ROC analysis was applied to 229 

evaluate Kyn, Trp, and Kyn/Trp ratio as biomarkers for the major categories of diagnoses, i.e. 230 

bacterial/viral CNS infections, autoimmune inflammation, and non-inflamed controls. Of the three 231 

metabolite parameters, Kyn demonstrated highest discriminatory potential for the distinction between 232 

bacterial or viral infection vs. the two non-infected groups (Fig. 4A, left, lower triangle in the grid), but 233 

was somewhat inferior to CSF cell count (Fig. 4A right, upper triangle). However, evaluating the 234 

metabolite markers in mixed models with cell count (Fig. 4B left, lower triangle) showed that the 235 

combination of Kyn and Trp greatly improved differentiation between viral infections and autoimmune 236 

inflammation, as evidenced by an AUC increase from 0.74 to 0.95, signifying nearly perfect 237 

differentiation. The diagnostic information gained in terms of sensitivity, specificity, and positive and 238 

negative predictive value for the differentiation between viral CNS infections and the autoimmune 239 

inflammatory diseases is summarized in Table 2. Addition of lactate led to only marginal further 240 

improvement. 241 

In order to quantify biomarker potential for the differentiation between specific diagnoses, the same 242 

analysis was then applied to all possible paired comparisons within the 12 diagnoses (Fig. 5). Again, Kyn 243 

was a substantially more accurate classifier than Trp as measured by the higher number of significant 244 

AUCs and higher mean AUCs (Fig. 5C), and it performed best for the distinctions between infected and 245 

non-infected diagnoses (Fig. 5A left, lower triangle). Kyn/Trp ratio was essentially as accurate as Kyn 246 

alone (Fig. 5C), but performed better for several comparisons of VZV meningitis/encephalitis vs. 247 

autoimmune and non-inflamed diagnoses (Fig. 5A right, lower triangle). As in the group-wise 248 

comparisons shown in Fig. 4, leukocyte count was the best single classifier (Fig. 5C; Fig. 5A right, upper 249 

triangle). However, the mixed model consisting of metabolites and cell count led to a remarkable 250 

increase in classification performance compared to leukocyte count alone, both in the total number of 251 

significant AUCs (62 of the 66 possible comparisons, 94%) and mean AUCs (Fig. 5C). Now there were 252 

significant AUCs of >0.83 for all the distinctions between the CNS infections and anti-NMDA-R 253 

encephalitis or MS (Fig. 5B left). Remarkably, there now was perfect discrimination (AUC, 1.0) between 254 

neuroborreliosis and each of the three viral CNS infections. Other clinically relevant comparisons with 255 
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high AUCs were: HSE vs. anti-NMDA-R encephalitis (1.0), facial zoster vs. Bell’s palsy (0.94), and anti-256 

NMDA-R encephalitis vs. MS (1.0). Addition of lactate to the model led to further improvement in the 257 

differentiation between bacterial meningitis and the other CNS infections. The lowest AUC (bacterial 258 

meningitis vs. VZV meningitis/encephalitis) was now 0.91, and even for the distinction between bacterial 259 

meningitis and neuroborreliosis it was 0.93 (Fig. 5B left, upper triangle). Of note, lactate alone was 260 

selected as the best classifier in these latter comparisons. 261 

 262 

Discussion  263 

This study provides the first comprehensive analysis of Kyn and Trp concentrations in CSF from patients 264 

with a broad spectrum of infectious, autoimmune inflammatory, and non-inflammatory CNS disorders. 265 

The results provide first evidence from analysis of human CSF samples that there is a major induction of 266 

the TK pathway in CNS infections, regardless of bacterial or viral etiology, and that there are strong 267 

correlations with the standard parameters of neuroinflammation and blood-CSF-barrier dysfunction.  268 

Since our study was not designed to assess clinical outcomes, it remains to be studied to what extent 269 

induction of the TK pathway contributes to the balance between cytoprotective, cytotoxic and 270 

neuromodulatory processes in human CNS infections. Work in a mouse model of pneumococcal 271 

meningoencephalitis has suggested that the net effect of this pathway in this model is protective, 272 

presumably due to increased generation of NAD+ [16]. Future studies should be geared toward 273 

measuring all key products of the pathway in CSF in order to gauge the balance between protective and 274 

deleterious effector molecules. Conceivably, the respective key enzymes are regulated differentially 275 

depending on etiology or in patient subgroups with different clinical presentations or outcomes. 276 

Surprisingly, we did not observe any increase in Kyn or Trp/Kyn ratio in MS, even though most samples 277 

were obtained from patients with active disease. This is in clear contrast to extensive work conducted in 278 

the experimental autoimmune encephalitis mouse model of MS, which has documented induction of this 279 

pathway [13]. It is unclear which difference between this model and the human disease is responsible for 280 

this discrepancy. Nonetheless, it is tempting to speculate that lack of IDO induction in MS may constitute 281 

a factor contributing to the immune dysregulation underlying this disease, as IDO activity in dendritic 282 

cells can inhibit lymphocyte function [25]. In contrast to Rickards et al. [4], who reported activation of 283 

the TK pathway in peripheral blood from patients with Tourette syndrome, we did not find any evidence 284 

of activation of the pathway in CSF, suggesting that its activation in Tourette syndrome is mostly limited 285 

to the peripheral immune system.    286 
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The rise in Kyn/Trp ratio was most pronounced in the three viral CNS infections, providing the clearest 287 

evidence that increased Kyn concentrations in these disorders are due to induction of IDO, the key 288 

enzyme in this pathway at extrahepatic locations. Curiously, the expected increase in Kyn/Trp ratio was 289 

not universally seen in bacterial meningitis, mostly because of unexpectedly high Trp concentrations in a 290 

subgroup of samples with elevated Kyn concentrations. This curious observation might be explained by 291 

differences in intracerebral or systemic synthesis of Trp, differences in its transport across the blood-CSF-292 

barrier, release of Trp from damaged cells, or even release from pathogenic bacteria.  293 

In terms of diagnostic biomarker potential, Kyn, Trp or Kyn/Trp ratio were inadequate markers for the 294 

distinction between bacterial and viral CNS infections. However, they did demonstrate good 295 

discriminatory value for the clinically important distinction between infectious and noninfectious 296 

etiologies of neuroinflammation, in particular between viral infections and non-infectious etiologies 297 

(anti-NMDA-R encephalitis and MS). Remarkable discrimination was found between the clinically 298 

potentially similar HSE and anti-NMDA-R encephalitis. Clearly, this intriguing observation needs to be 299 

verified in analyses of additional samples.  300 

As in our previous study of metabolite biomarkers for VZV reactivation [19], we found that combining 301 

metabolite biomarkers with standard indices of neuroinflammation in logistic regression analysis led to 302 

further improvement of diagnostic accuracy for several clinically important distinctions. In the present 303 

study, this was most pronounced for the differentiation between neuroborreliosis, and viral CNS 304 

infections, and between the viral CNS infections and the autoimmune inflammatory disorders. This is 305 

clinically highly relevant because it may be difficult to differentiate between neuroborreliosis and viral 306 

CNS infections or, for instance, HSE and anti-NMDA-R encephalitis, based on clinical examination and 307 

standard CSF parameters. Moreover, depending on the laboratory infrastructure, turn-around time to 308 

definitive diagnostics (e.g., pathogen PCR, anti-NMDA-R serology) may be several days. The pronounced 309 

diagnostic synergy is best explained by the notion that in patients where CSF cell count is less elevated 310 

than expected, increased Kyn concentration can be used as an additional marker to correctly identify 311 

samples that would be misclassified based on cell count alone, and vice versa. (in particular in those 312 

samples where Kyn was <LOD in both groups compared). Further studies should be directed at validating 313 

the diagnostic utility of such biomarker combinations.  Considering that simple immunoassays for the 314 

detection of Kyn [26] and Trp [27] are commercially available, it would be technically feasible to 315 

implement two-step diagnostics based on standard parameters and Kyn and/or Trp concentrations in 316 

routine clinical laboratory practice. Future studies should be directed at obtaining additional data in 317 

larger cohorts that can be used to implement biomarker combinations and devise diagnostic algorithms 318 

incorporating these parameters.   319 
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The lack of Kyn elevation in Bell’s palsy, compared to facial nerve zoster, lends further support to the 320 

non-inflammatory etiology of Bell’s palsy and suggests that Kyn could potentially serve as an additional 321 

biomarker to distinguish between these clinically very similar disorders. The incremental increase of Kyn 322 

concentrations from segmental zoster, over facial nerve zoster to VZV meningitis/encephalitis is 323 

consistent with our previous findings that the degree of metabolic reprogramming in CSF in VZV 324 

reactivation increases with the degree of neuroinflammation and proximity to/involvement of the CNS 325 

[19].  326 

This study is limited by the lack of clinical follow-up information about the patients, thus not allowing to 327 

assess changes in Kyn and Trp concentrations as prognostic tools. Some groups were small, and even 328 

though statistical significance was supported by bootstrapping and internal cross-validations, an external 329 

validation with additional samples would greatly strengthen the data. Major strengths of the study are 330 

(1) that this is the first study of Kyn/Trp regulation in CNS infections featuring human samples with 331 

diagnoses verified by pathogen detection and comparisons with a spectrum of clinically important 332 

disease controls and (2) that all samples were collected prospectively according to unified SOPs. 333 

 334 

  335 
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Figure legends 365 

Figure 1. Detection efficiency and differences in Kyn and Trp concentrations across the 12 diagnostic 366 

groups. A left, Percentage of samples per diagnosis in which Kyn or Trp concentrations were ≥LOD. A and 367 

B - Differences in Kyn (A right) and Trp (B left) concentrations and Kyn/Trp ratio (B right) across the 368 

diagnostic groups. The boxes correspond to interquartile distance, bottom and top whiskers to 10th and 369 

90th percentile, respectively. P values (FDR corrected) were obtained by Kruskal-Wallis analysis. A graph 370 

including all outliers is shown in Fig. S1. Median values (min.-max.) of Kyn, Trp concentrations and 371 

Kyn/Trp ratio in all 12 diagnostic groups are listed in Table S2. Abbreviations: Bell’s - idiopathic Bell’s 372 

palsy; EntM - enteroviral meningitis, GTS – Tourette syndrome; HSE - HSV encephalitis; MS - multiple 373 

sclerosis; NMDA – anti-NMDA-receptor encephalitis; NPH - normal pressure hydrocephalus; VZV fac - 374 

facial nerve zoster; VZV ME – VZV meningitis/encephalitis; VZV seg - segmental zoster. 375 

 376 

Figure 2. Kyn and Trp concentrations are differentially associated with neuroinflammation. A-B, Box plots 377 

and ROC curves based on Kyn (A left) and Trp (A right) concentrations in CSF and Kyn/Trp ratio (B) in 378 

inflamed (CSF leukocyte count, ≥5/mm3, n=121) and non-inflamed (n=99) samples. All differences of 379 

medians were highly significant (p<0.001, Mann-Whitney U test). Dark blue horizontal lines, medians; 380 

red dots, means; blue shaded areas of ROC curves = upper and lower CI. AUC values (lower and upper CI) 381 

are shown under each ROC curve.  382 

 383 

Figure 3. Correlations of Kyn, Trp and Kyn/Trp ratio with parameters of neuroinflammation. Red circles, 384 

Spearman correlation ρ with p <0.05; unfilled circles, p>0.05. A left, Correlations with six CSF parameters 385 

and blood CRP across all samples (n=220). A right, Correlations of Kyn and Trp with leukocyte count 386 

across all samples. The red rectangles define the space outside of which only bacterial meningitis values 387 

are found. B left, Correlations with leukocyte count within each diagnosis. B right, Correlations with 388 

leukocyte count in bacterial meningitis. C left, Correlations with lactate within each diagnosis. C right, 389 

Correlations with lactate in bacterial meningitis. D left, Correlations with blood-CSF-barrier dysfunction 390 

within each diagnosis. D right, Kyn concentrations in bacterial meningitis depending on the degree of 391 

blood-CSF-barrier dysfunction (black horizontal lines, median; red symbols, mean). Abbreviations: Bell’s - 392 

idiopathic Bell’s palsy; BCB - blood-CSF-barrier dysfunction, based on age-adjusted Q-albumin as defined 393 

in Table 1 (none = 0, mild = 1, moderate = 2, severe = 3); EntM - enteroviral meningitis, GTS – Tourette 394 

syndrome; HSE - HSV encephalitis; MS - multiple sclerosis; NMDA – anti-NMDA-receptor encephalitis; 395 
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NPH - normal pressure hydrocephalus; VZV fac - facial nerve zoster; VZV ME – VZV 396 

meningitis/encephalitis; VZV seg - segmental zoster. 397 

 398 

Figure 4. Diagnostic biomarker performance of Kyn, Trp and Kyn/Trp ratio across the 4 major diagnostic 399 

groups. Values correspond to significant AUCs (binary ROC analysis) as defined by p<0.05 and lower CI 400 

>0.5. A left, Kyn (lower triangle) and Trp (upper). A right, Trp/Kyn ratio (lower) and leukocyte count 401 

(upper). B left, Mixed model consisting of Kyn, Trp, Kyn/Trp ratio and leukocyte count (lower) and the 402 

same model plus lactate (upper). The following merged diagnostic groups were assessed: bacterial CNS 403 

infections (BacM, Borrelia, n=66), viral CNS infections (HSE, VZV ME, EntM, n=100); autoimmune 404 

neuroinflammation; NMDA, MS; n=25); non-inflamed controls (Bell’s, Tourette, NPH; n=66). B right, 405 

Display of the best combinations of biomarkers identified in B left. Color scheme for selected best type of 406 

marker: green - leukocytes or lactate; blue - leukocytes, lactate plus Kyn, Trp, Kyn/Trp ratio; orange, - 407 

metabolites. Abbreviations: L – leukocytes; A - lactate; K – Kyn; T – Trp; R – Kyn/Trp ratio.  Bell’s - 408 

idiopathic Bell’s palsy; EntM - enteroviral meningitis, GTS – Tourette syndrome; HSE - HSV encephalitis; 409 

MS - multiple sclerosis; NMDA - anti-NMDA-receptor encephalitis; NPH - normal pressure hydrocephalus; 410 

VZV fac - facial nerve zoster; VZV ME – VZV meningitis/encephalitis; VZV seg - segmental zoster. 411 

 412 

Figure 5. Biomarker performance of Kyn, Trp and Kyn/Trp ratio across the 12 individual diagnostic 413 

groups. Values correspond to significant AUCs (binary ROC analysis) as defined by p<0.05 and lower CI 414 

>0.5. A left, Kyn (lower triangle) and Trp (upper). A right, Trp/Kyn ratio (lower) and leukocyte count 415 

(upper). B left, Mixed model consisting of Kyn, Trp, Kyn/Trp ratio and leukocyte count (lower) and the 416 

same mixed model plus lactate (upper). B right, Display of the classifiers identified in C. C left, Number of 417 

significant AUCs for each classifier in the 66 possible paired comparisons. C right, Mean values of all 418 

AUCs (grey bars) and significant AUCs only (cross-hatched bars). Color scheme for selected best type of 419 

marker: green - leukocytes and/or lactate; blue – leukocytes and/or lactate plus Kyn, Trp, Kyn/Trp ratio; 420 

orange, - metabolite(s). Abbreviations: L – leukocytes; A - lactate; K – Kyn; T – Trp; R – Kyn/Trp ratio. 421 

Bell’s - idiopathic Bell’s palsy; EntM - enteroviral meningitis, GTS – Tourette syndrome; HSE - HSV 422 

encephalitis; MS - multiple sclerosis; NMDA – anti-NMDA-receptor encephalitis; NPH - normal pressure 423 

hydrocephalus; VZV fac - facial nerve zoster; VZV ME – VZV meningitis/encephalitis; VZV seg - segmental 424 

zoster.  425 
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Supplemental figure legends   426 

Figure S1. Differences in Kyn and Trp concentrations across the 12 diagnostic groups. Same data as 427 

shown in Fig. 1, but y-axes are scaled so that all outlying values can be shown.  A left, Kyn; A right, Trp; B, 428 

Kyn/Trp ratio. 429 

 430 

Figure S2. Correlations of Kyn, Trp and Kyn/Trp ratio with those parameters of (neuro)inflammation that 431 

are not included in Fig. 3. Red circles, Spearman correlation ρ with p <0.05; unfilled circles, p >0.05. A 432 

left, CSF protein; A right, Q-albumin; B left, IgG index; B right, peripheral blood CRP.  433 

 434 

Figure S3. Diagnostic biomarker performance of Kyn, Trp and Kyn/Trp ratio across the 4 major diagnostic 435 

groups (bacterial CNS infections, viral CNS infections, autoimmune neuroinflammation, non-inflamed 436 

controls). A, Number of significant AUCs for each classifier in the 6 possible paired comparisons. B, Mean 437 

values of all AUCs (grey bars) and significant AUCs only (cross-hatched bars). 438 

 439 
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Abstract 31 

Background. The tryptophan-kynurenine-NAD+ pathway is closely associated with regulation of immune 32 

cells toward less inflammatory phenotypes and may exert neuroprotective effects. Investigating its 33 

regulation in CNS infections would improve our understanding of pathophysiology and end-organ 34 

damage, and, furthermore, open doors to its evaluation as a source of diagnostic and/or prognostic 35 

biomarkers. 36 

Methods. We measured concentrations of kynurenine (Kyn) and tryptophan (Trp) in 220 cerebrospinal 37 

fluid samples from patients with bacterial and viral (herpes simplex, varicella zoster, enteroviruses) 38 

meningitis/encephalitis, neuroborreliosis, autoimmune neuroinflammation (anti-NMDA-R encephalitis, 39 

multiple sclerosis), and noninflamed controls (Bell’s palsy, normal pressure hydrocephalus, Tourette 40 

syndrome). 41 

Results. Kyn concentrations correlated strongly with CSF markers of neuroinflammation (leukocyte 42 

count, lactate, and blood-CSF-barrier dysfunction) and were highly increased in bacterial and viral CNS 43 

infections, but were low or undetectable in anti-NMDA-R encephalitis, multiple sclerosis, and controls. 44 

Trp was decreased mostly in viral CNS infections and neuroborreliosis. Multiple logistic regression 45 

analysis revealed combinations of Kyn, Trp and Kyn/Trp ratio with leukocyte count or lactate as accurate 46 

classifiers for the clinically important differentiation between neuroborreliosis, viral CNS infections, and 47 

autoimmune neuroinflammation.  48 

Conclusions. The Trp-Kyn-NAD+ pathway is activated in CNS infections and provides highly accurate CSF 49 

biomarkers, particularly when combined with standard CSF indices of neuroinflammation.  50 

 51 

Key words   52 
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NAD+ pathway; Trp, tryptophan; VZV fac - facial nerve zoster; VZV ME – VZV meningitis/encephalitis; VZV 61 

seg - segmental zoster (shingles).  62 
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Introduction 63 

The tryptophan-kynurenine-NAD+ pathway (TK pathway) is the major pathway for catabolism of 64 

endogenous tryptophan (Trp). Its functions go far beyond maintaining Trp homeostasis, as its 65 

intermediates exert extensively documented immunomodulatory, neuromodulatory, and both 66 

cytoprotective and cytotoxic effects (reviewed in [1, 2]). The enzyme Trp-2,3-dioxygenase regulates the 67 

hepatic TK pathway, whereas indoleamine-2,3-dioxygenase (IDO) is the rate-limiting enzyme in 68 

kynurenine (Kyn) synthesis at extrahepatic sites including immune cells and the central nervous system 69 

(CNS) [1]. Increased IDO activity and subsequent Kyn synthesis are tightly associated with modulation of 70 

immune cell function, particularly suppression of activity of macrophages, dendritic cells, and T cells [3]. 71 

Dysregulation of the pathway has been implicated in a surprisingly broad variety of CNS disorders, 72 

ranging from Tourette syndrome [4] to major depression [5], schizophrenia [6], Alzheimer’s disease [7, 73 

8], Parkinson’s disease [2, 9], Huntington’s disease [10], amyotrophic lateral sclerosis [11], and multiple 74 

sclerosis (MS) [6, 12, 13]. In these CNS disorders, it is most plausible that the pathway is activated by 75 

inflammation-related processes and modulates pathogenesis by the balance between deleterious (e.g., 76 

anthranilic and quinolinic acid, 3-OH-L-Kyn) and protective (kynurenic acid) intermediates, 77 

immunosuppressive effects, and the generation of NAD+ for energy metabolism and vitamin B6 78 

synthesis. Of note, modulators of key enzymes in the pathway as well as analogs of TK pathway 79 

intermediates have become available, and evidence from animal models has demonstrated their 80 

potential to improve outcome of diseases characterized by increased activity of the pathway (MS – 81 

reviewed in [13], Huntington’s disease – [10]). 82 

Preliminary evidence from studies in mice  [14] and a small human cohort of patients with septic and 83 

aseptic meningitis [15] suggested that Kyn concentrations in CNS increased during bacterial meningitis 84 

and that inhibiting two key enzymes of the TK pathway exacerbated experimental pneumococcal 85 

meningitis in mice [16], suggesting that this pathway exerts a net neuroprotective effect at least in this 86 

model. Therefore, investigations into its regulation and relative activity in CNS infections would improve 87 

our understanding of pathophysiology and end-organ damage in CNS infections. Moreover, it is 88 

conceivable that altered concentrations of TK pathway metabolites might differ among different diseases 89 

greatly enough to be used as diagnostic biomarkers, for instance (as suggested by the preliminary results 90 

from Coutinho et al. [15]) for the differentiation between septic and aseptic meningitis.  91 

We have therefore performed a detailed analysis of Kyn, Trp, and the Kyn/Trp ratio (as a measure of IDO 92 

activity) in CSF samples from patients with bacterial and viral CNS infections, autoimmune 93 

neuroinflammatory diseases, and non-inflamed neuropathologies, in order to assess differences in the 94 
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induction of the pathway among these disorders and to assess the potential of these three parameters 95 

as diagnostic CSF biomarker.  96 

 97 

Study population, materials and methods 98 

Study design and population 99 

The samples and clinical data were obtained at Hannover Medical School during routine lumbar 100 

puncture. All samples were processed and stored according to unified standard operating procedures  101 

[17]. Briefly, after removing the volume necessary for clinical diagnostics, CSF was centrifuged and cell-102 

free supernatant was frozen at -80oC until analysis. The study was approved by the Ethics Committee of 103 

Hannover Medical School (file no. 2413-2014) and was conducted according to the Helsinki Declaration. 104 

Samples from patients with the following diagnoses were analyzed: bacterial meningitis (abbreviated 105 

BacM), neuroborreliosis (Borrelia), herpes simplex virus meningitis/encephalitis (HSE), varicella zoster 106 

virus (VZV) meningitis/encephalitis (VZV ME), enteroviral meningitis (EntM), facial nerve zoster (VZV fac), 107 

segmental zoster (VZV seg; also known as shingles), anti-N-methyl-D-aspartate receptor encephalitis 108 

(NMDA), multiple sclerosis (MS), Bell’s palsy (Bell’s), and normal pressure hydrocephalus (NPH). 109 

Diagnostic criteria and basic data on disease activity and treatments are summarized in Table S1. The 110 

following standard CSF parameters were recorded: leukocyte count, lactate concentration, protein 111 

concentration, IgG index, and Q-albumin (CSF/serum albumin ratio). Blood-CSF-barrier dysfunction was 112 

scored from 0 (no dysfunction) to 3 (severe dysfunction) using age-corrected Q-albumin [18]. Peripheral 113 

blood samples were obtained at the time of lumbar puncture and analyzed the same day in the in-house 114 

diagnostic laboratories for the clinically indicated parameters, including complete blood count with 115 

differential and C-reactive protein (CRP) concentrations. 116 

Mass spectrometry 117 

CSF concentrations of Trp and Kyn were measured as part of a targeted metabolomic screen using the 118 

Absolute IDQ® p180 kit (Biocrates Life Sciences AG, Innsbruck, Austria) and liquid chromatography-119 

tandem-mass spectrometry (LC-MS/MS), as described previously [19]. The limits of detection (LOD) for 120 

Kyn and Trp (defined as 3x the signal measured with the blank) were found to be 0.15 and 0.25 M. All 121 

values <LOD were replaced by the pseudo value of LOD/2, as recommended by the manufacturer [20]. A 122 

separate analysis based on a subset of 88 of the 188 analytes measurable with the p180 kit, but not 123 

including Kyn and focusing on CSF biomarkers for varicella zoster virus (VZV) reactivation, has been 124 

published separately [19].  125 

Statistical analysis 126 
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The Mann-Whitney U test was used to compare differences in median values between two groups. 127 

Significance of concentration differences across all sample groups was determined with Kruskal-Wallis 128 

analysis with corrections for multiple hypothesis testing. The chi-square test (2-test) was used to 129 

analyze the difference between category frequencies. Significance of differences was defined as a 130 

P value of <0.05 unless stated otherwise. Spearman correlation was used to assess correlations between 131 

metabolite parameters (Kyn, Trp, Kyn/Trp ratio) and the standard CSF and blood parameters measured. 132 

Receiver operating characteristics (ROC) curve analysis was used to quantify biomarker potential. 133 

Significance of areas under the ROC curve (AUCs) was defined by asymptotic P values of <0.05 and lower 134 

bound confidence intervals (CI; obtained by 1000 bootstraps) not crossing below 0.5. The leave-one-out 135 

(jackknife) method together with logistic regression (forward selection procedure) was used to select the 136 

best combination (subset) of metabolite and standard CSF parameters for each diagnostic pair and to 137 

assess its prediction potential [21]. The jackknife method was applied to 1000 bootstrap samples in order 138 

to estimate the CI of the AUC for the final classifier (i.e. subset of the original input of five parameters). 139 

All statistical analyses were performed with the ‘stats’, ‘Biocomb’ [22] and ‘agricolae’ packages of the R 140 

Foundation for Statistical Computing (version 3.4.4; from here on referred to as “R”) [23]. 141 

 142 

Results 143 

Description of the study population 144 

Table 1 summarizes demographic data and results of blood and standard CSF parameters. All results 145 

were consistent with known information about the natural history of the diagnoses studied. In particular, 146 

CSF leukocyte count, lactate, protein, and blood-CSF-barrier dysfunction were highest in bacterial 147 

meningitis, followed by neuroborreliosis, HSE, and VZV meningitis/encephalitis. All standard parameters 148 

were essentially normal in NPH, Tourette syndrome, and Bell’s palsy, thus supporting their use as non-149 

inflammatory controls. Causative pathogens in bacterial meningitis corresponded to the clinical 150 

spectrum expected in a tertiary care center in central Europe (summarized in Table S1).  151 

Differences in Kyn and Trp concentrations across the diagnostic groups  152 

Overall, Kyn concentrations were <LOD in many of the non-inflamed and less inflamed samples, but this 153 

metabolite was detected >LOD with increasing frequency as the degree of inflammation increased, and 154 

the percentage of samples with concentrations >LOD was highest in bacterial meningitis, HSE, and 155 

neuroborreliosis (Fig. 1A left). Measured Kyn concentrations increased following a similar pattern (Fig. 1A 156 

right) and were markedly increased in the infected groups, with mean values varying between 3.7–fold 157 

(enterovirus meningitis) and 24-fold (bacterial meningitis) higher than in the non-inflamed diagnoses. 158 
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There were two noteworthy observations: (1) bacterial meningitis, being the clearly most highly inflamed 159 

disease, had median Kyn concentrations similar to neuroborreliosis, HSE, and VZV 160 

meningitis/encephalitis, whereas mean Kyn concentrations were highest in bacterial meningitis due to 161 

outliers with extremely high values (shown in Fig. S1A); (2) in spite of the well-documented inflammatory 162 

nature of MS [24] and elevated indices of inflammation (cell count, IgG index, each P < 0.001 with 163 

respect to NPH; Table 1), Kyn concentrations were <LOD in nearly all MS samples, even though most 164 

samples had been obtained from patients with active disease during relapse (Table S1). There was a 165 

tendency of Trp concentrations to decrease in the non-bacterial etiologies with increasing inflammation, 166 

but this trend was not observed in bacterial meningitis and neuroborreliosis (Fig. 1B left). The Kyn/Trp 167 

ratio was highest in the five CNS infections, although differences compared to the non-infected groups 168 

were not as pronounced as in the case of Kyn, and among these five diagnoses its median value was 169 

lowest in bacterial meningitis (Fig. 1B right). Incremental increases in Kyn concentration, accompanied by 170 

decreases in Trp concentration and increases in Kyn/Trp ratio, were seen in the three clinical forms of 171 

VZV reactivation in the order segmental zoster < facial zoster < VZV meningitis/encephalitis, i.e. along 172 

increasing neuroinflammation and involvement of the CNS. 173 

Kyn and Trp concentrations correlate differentially with the extent of neuroinflammation 174 

We then assessed the association of increased Kyn and Trp concentrations with CSF inflammation (≥5 175 

cells/mm3) (Fig. 2). Kyn concentrations were markedly (median = 5.6-fold, mean = 9.4-fold) and highly 176 

significantly elevated in the inflamed (infected and non-infected) compared to the non-inflamed 177 

samples, and in ROC analysis Kyn concentration distinguished accurately between the inflamed and non-178 

inflamed samples (Fig. 2A left). Trp concentrations were significantly lower in the inflamed samples, but 179 

the differences were much smaller compared to Kyn, and Trp discriminated less accurately between 180 

inflamed and non-inflamed samples (Fig. 2A right). Thus, increased Kyn concentrations were significantly 181 

more strongly associated with CSF inflammation than decreased Trp concentrations. Nonetheless, the 182 

association of the Kyn/Trp ratio with CNS inflammation was similar to that of Kyn concentrations alone 183 

(Fig. 2B).  184 

To test whether there was a preferential association between the Kyn-Trp parameters and any of the 185 

standard diagnostic CSF parameters, we then performed a correlation analysis between the three 186 

metabolite parameters and the six standard CSF indices, as well as peripheral blood C-reactive protein 187 

(CRP) concentration (Fig. 3 and Fig. S2). Kyn correlated most positively with CSF leukocyte count (ρ=0.76, 188 

P=4.9-43), but also to a slightly lesser extent with lactate, protein, and blood-CSF-barrier dysfunction, 189 

whereas only weak (albeit significant) correlations were detected with IgG index and blood CRP (Fig. 3A 190 
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left). Of note, this strong correlation with leukocyte count existed even though the highest Kyn 191 

concentrations were measured in a small number of samples with comparatively low leukocyte counts 192 

(Fig. 3A right). For Trp, only a weak negative correlation with cell count (ρ=-0.30, P=6.2*10-06) and a weak 193 

positive correlation with blood CRP were observed (Fig 3A left). Consistent with this, Kyn/Trp ratio 194 

correlations with these parameters were less pronounced than Kyn correlations.  195 

When the same correlations were performed with the individual diagnostic groups, major differences 196 

became apparent (Fig. 3B - D left, Fig. S2). Notably, the clearest reciprocal correlations of Kyn and Trp 197 

with CSF cell count were seen in the three viral CNS infections, whereas these parameters did not 198 

correlate with cell count in bacterial meningitis (Fig. 3B left). Kyn and Trp concentrations were therefore 199 

plotted against cell count in this diagnosis only (Fig. 3B right). This analysis revealed several samples with 200 

relatively low cell counts but unusually high Kyn or Trp concentrations, which corresponded to the 201 

outliers identified in Fig. 3A (right). Thus, induction of Kyn synthesis is relatively uncoupled from CSF 202 

inflammation in a small subgroup of bacterial meningitis patients. As shown in Fig. 3C left, the 203 

correlations with lactate differed in that there was a positive correlation in bacterial meningitis and that 204 

there was a tendency (ρKyn=-0.58 [P=0.1] and ρTrp=0.59 [P=0.09]) toward an inversion of the correlation 205 

(now negative for Kyn and positive for Trp) in the case of HSE. The four samples with the highest Kyn 206 

values were more evenly distributed across the spectrum of lactate concentrations compared to 207 

leukocyte count (compare Fig. 3C right and 3B right). The correlations with the extent of blood-CSF-208 

barrier dysfunction resembled those with lactate, particularly in that the inverted correlation in HSE was 209 

also observed (Fig. 3D left). However, only Kyn (but not Trp) correlated significantly with blood-CSF-210 

barrier dysfunction in bacterial meningitis, and there were additional significant correlations with Kyn 211 

and Trp in facial zoster. A plot of Kyn concentrations vs. severity of blood-CSF-barrier dysfunction in 212 

bacterial meningitis supported the strong association between elevated Kyn concentrations and blood-213 

CSF-barrier dysfunction and also revealed that the samples with high Kyn concentrations but low cell 214 

counts identified in Fig. 3B right fell into the group with the highest degree of blood-CSF-barrier 215 

dysfunction (Fig. 3D right, arrows). Correlations similar to those with lactate were observed with CSF 216 

protein (Fig. S2A left) and, to a lesser extent, with Q-albumin as continuous variable (Fig. S2A right). 217 

There were no significant correlations with IgG index (Fig. S2B left). Of note, no significant correlations 218 

with any of the CSF parameters were detected in the autoimmune diagnoses anti-NMDA-R encephalitis 219 

and MS. Taken together, these results suggest that Kyn synthesis is strongly associated with various 220 

aspects of neuroinflammation in bacterial and viral CNS infections, that it is driven strongly by cellular 221 

infiltration in the CNS infection groups except bacterial meningitis, but that there also is a remarkable 222 
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absence of induction of the TK pathway in the autoimmune inflammatory disorders in spite of 223 

measurable CNS inflammation.  224 

 225 

Kyn, Trp and Kyn/Trp ratio are biomarkers for the differentiation between viral CNS infection, 226 

neuroborreliosis and autoimmune neuroinflammation 227 

Considering the strong association with neuroinflammation revealed above, ROC analysis was applied to 228 

evaluate Kyn, Trp, and Kyn/Trp ratio as biomarkers for the major categories of diagnoses, i.e. 229 

bacterial/viral CNS infections, autoimmune inflammation, and non-inflamed controls. Of the three 230 

metabolite parameters, Kyn demonstrated highest discriminatory potential for the distinction between 231 

bacterial or viral infection vs. the two non-infected groups (Fig. 4A, left, lower triangle in the grid), but 232 

was somewhat inferior to CSF cell count (Fig. 4A right, upper triangle). However, evaluating the 233 

metabolite markers in mixed models with cell count (Fig. 4B left, lower triangle) showed that the 234 

combination of Kyn and Trp greatly improved differentiation between viral infections and autoimmune 235 

inflammation, as evidenced by an AUC increase from 0.74 to 0.95, signifying nearly perfect 236 

differentiation. The diagnostic information gained in terms of sensitivity, specificity, and positive and 237 

negative predictive value for the differentiation between viral CNS infections and the autoimmune 238 

inflammatory diseases is summarized in Table 2. Addition of lactate led to only marginal further 239 

improvement. 240 

In order to quantify biomarker potential for the differentiation between specific diagnoses, the same 241 

analysis was then applied to all possible paired comparisons within the 12 diagnoses (Fig. 5). Again, Kyn 242 

was a substantially more accurate classifier than Trp as measured by the higher number of significant 243 

AUCs and higher mean AUCs (Fig. 5C), and it performed best for the distinctions between infected and 244 

non-infected diagnoses (Fig. 5A left, lower triangle). Kyn/Trp ratio was essentially as accurate as Kyn 245 

alone (Fig. 5C), but performed better for several comparisons of VZV meningitis/encephalitis vs. 246 

autoimmune and non-inflamed diagnoses (Fig. 5A right, lower triangle). As in the group-wise 247 

comparisons shown in Fig. 4, leukocyte count was the best single classifier (Fig. 5C; Fig. 5A right, upper 248 

triangle). However, the mixed model consisting of metabolites and cell count led to a remarkable 249 

increase in classification performance compared to leukocyte count alone, both in the total number of 250 

significant AUCs (62 of the 66 possible comparisons, 94%) and mean AUCs (Fig. 5C). Now there were 251 

significant AUCs of >0.83 for all the distinctions between the CNS infections and anti-NMDA-R 252 

encephalitis or MS (Fig. 5B left). Remarkably, there now was perfect discrimination (AUC, 1.0) between 253 

neuroborreliosis and each of the three viral CNS infections. Other clinically relevant comparisons with 254 
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high AUCs were: HSE vs. anti-NMDA-R encephalitis (1.0), facial zoster vs. Bell’s palsy (0.94), and anti-255 

NMDA-R encephalitis vs. MS (1.0). Addition of lactate to the model led to further improvement in the 256 

differentiation between bacterial meningitis and the other CNS infections. The lowest AUC (bacterial 257 

meningitis vs. VZV meningitis/encephalitis) was now 0.91, and even for the distinction between bacterial 258 

meningitis and neuroborreliosis it was 0.93 (Fig. 5B left, upper triangle). Of note, lactate alone was 259 

selected as the best classifier in these latter comparisons. 260 

 261 

Discussion  262 

This study provides the first comprehensive analysis of Kyn and Trp concentrations in CSF from patients 263 

with a broad spectrum of infectious, autoimmune inflammatory, and non-inflammatory CNS disorders. 264 

The results provide first evidence from analysis of human CSF samples that there is a major induction of 265 

the TK pathway in CNS infections, regardless of bacterial or viral etiology, and that there are strong 266 

correlations with the standard parameters of neuroinflammation and blood-CSF-barrier dysfunction.  267 

Since our study was not designed to assess clinical outcomes, it remains to be studied to what extent 268 

induction of the TK pathway contributes to the balance between cytoprotective, cytotoxic and 269 

neuromodulatory processes in human CNS infections. Work in a mouse model of pneumococcal 270 

meningoencephalitis has suggested that the net effect of this pathway in this model is protective, 271 

presumably due to increased generation of NAD+ [16]. Future studies should be geared toward 272 

measuring all key products of the pathway in CSF in order to gauge the balance between protective and 273 

deleterious effector molecules. Conceivably, the respective key enzymes are regulated differentially 274 

depending on etiology or in patient subgroups with different clinical presentations or outcomes. 275 

Surprisingly, we did not observe any increase in Kyn or Trp/Kyn ratio in MS, even though most samples 276 

were obtained from patients with active disease. This is in contrast to extensive work conducted in the 277 

experimental autoimmune encephalitis mouse model of MS, which has documented induction of this 278 

pathway [13]. It is unclear which difference between this model and the human disease is responsible for 279 

this discrepancy. Nonetheless, it is tempting to speculate that lack of IDO induction in MS may constitute 280 

a factor contributing to the immune dysregulation underlying this disease, as IDO activity in dendritic 281 

cells can inhibit lymphocyte function [25]. In contrast to Rickards et al. [4], who reported activation of 282 

the TK pathway in peripheral blood from patients with Tourette syndrome, we did not find any evidence 283 

of activation of the pathway in CSF, suggesting that its activation in Tourette syndrome is mostly limited 284 

to the peripheral immune system.    285 
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The rise in Kyn/Trp ratio was most pronounced in the three viral CNS infections, providing the clearest 286 

evidence that increased Kyn concentrations in these disorders are due to induction of IDO, the key 287 

enzyme in this pathway at extrahepatic locations. Curiously, the expected increase in Kyn/Trp ratio was 288 

not universally seen in bacterial meningitis, mostly because of unexpectedly high Trp concentrations in a 289 

subgroup of samples with elevated Kyn concentrations. This might be explained by differences in 290 

intracerebral or systemic synthesis of Trp, differences in its transport across the blood-CSF-barrier, 291 

release of Trp from damaged cells, or even release from pathogenic bacteria.  292 

As in our previous study of metabolite biomarkers for VZV reactivation [19], we found that combining 293 

metabolite biomarkers with standard indices of neuroinflammation in logistic regression analysis led to 294 

further improvement of diagnostic accuracy. In the present study, this was most pronounced for the 295 

differentiation between neuroborreliosis, viral CNS infections, and the autoimmune inflammatory 296 

disorders. This is clinically highly relevant because it may be difficult to differentiate between 297 

neuroborreliosis and viral CNS infections or, for instance, HSE and anti-NMDA-R encephalitis, based on 298 

clinical examination and standard CSF parameters. Moreover, depending on the laboratory 299 

infrastructure, turn-around time to definitive diagnostics (e.g., pathogen PCR, anti-NMDA-R serology) 300 

may be several days. The pronounced diagnostic synergy is best explained by the notion that in patients 301 

where CSF cell count is less elevated than expected, increased Kyn concentration can be used as an 302 

additional marker to correctly identify samples that would be misclassified based on cell count alone, 303 

and vice versa. Considering that simple immunoassays for the detection of Kyn [26] and Trp [27] are 304 

commercially available, it would be technically feasible to implement two-step diagnostics based on 305 

standard parameters and Kyn and/or Trp concentrations in routine clinical laboratory practice. Future 306 

studies should be directed at obtaining additional data in larger cohorts that can be used to implement 307 

biomarker combinations and devise diagnostic algorithms incorporating these parameters.   308 

The lack of Kyn elevation in Bell’s palsy, compared to facial nerve zoster, lends further support to the 309 

non-inflammatory etiology of Bell’s palsy and suggests that Kyn could potentially serve as an additional 310 

biomarker to distinguish between these clinically very similar disorders. The incremental increase of Kyn 311 

concentrations from segmental zoster, over facial nerve zoster to VZV meningitis/encephalitis is 312 

consistent with our previous findings that the degree of metabolic reprogramming in CSF in VZV 313 

reactivation increases with the degree of neuroinflammation and proximity to/involvement of the CNS 314 

[19].  315 

This study is limited by the lack of clinical follow-up information, thus not allowing to assess changes in 316 

Kyn and Trp concentrations as prognostic tools. Some groups were small, and even though statistical 317 

significance was supported by bootstrapping and internal cross-validations, an external validation with 318 
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additional samples would greatly strengthen the data. Major strengths of the study are (1) that this is the 319 

first study of Kyn/Trp regulation in CNS infections featuring human samples with diagnoses verified by 320 

pathogen detection and comparisons with a spectrum of clinically important disease controls and (2) 321 

that all samples were collected prospectively according to unified SOPs. 322 

 323 

  324 
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Figure legends 354 

Figure 1. Detection efficiency and differences in Kyn and Trp concentrations across the 12 diagnostic 355 

groups. A left, Percentage of samples per diagnosis in which Kyn or Trp concentrations were ≥LOD. A and 356 

B - Differences in Kyn (A right) and Trp (B left) concentrations and Kyn/Trp ratio (B right) across the 357 

diagnostic groups. The boxes correspond to interquartile distance, bottom and top whiskers to 10th and 358 

90th percentile, respectively. P values (FDR corrected) were obtained by Kruskal-Wallis analysis. A graph 359 

including all outliers is shown in Fig. S1. Median values (min.-max.) of Kyn, Trp concentrations and 360 

Kyn/Trp ratio in all 12 diagnostic groups are listed in Table S2. Abbreviations: Bell’s - idiopathic Bell’s 361 

palsy; EntM - enteroviral meningitis, GTS – Tourette syndrome; HSE - HSV encephalitis; MS - multiple 362 

sclerosis; NMDA – anti-NMDA-receptor encephalitis; NPH - normal pressure hydrocephalus; VZV fac - 363 

facial nerve zoster; VZV ME – VZV meningitis/encephalitis; VZV seg - segmental zoster. 364 

 365 

Figure 2. Kyn and Trp concentrations are differentially associated with neuroinflammation. A-B, Box plots 366 

and ROC curves based on Kyn (A left) and Trp (A right) concentrations in CSF and Kyn/Trp ratio (B) in 367 

inflamed (CSF leukocyte count, ≥5/mm3, n=121) and non-inflamed (n=99) samples. All differences of 368 

medians were highly significant (p<0.001, Mann-Whitney U test). Dark blue horizontal lines, medians; 369 

red dots, means; blue shaded areas of ROC curves = upper and lower CI. AUC values (lower and upper CI) 370 

are shown under each ROC curve.  371 

 372 

Figure 3. Correlations of Kyn, Trp and Kyn/Trp ratio with parameters of neuroinflammation. Red circles, 373 

Spearman correlation ρ with p <0.05; unfilled circles, p>0.05. A left, Correlations with six CSF parameters 374 

and blood CRP across all samples (n=220). A right, Correlations of Kyn and Trp with leukocyte count 375 

across all samples. The red rectangles define the space outside of which only bacterial meningitis values 376 

are found. B left, Correlations with leukocyte count within each diagnosis. B right, Correlations with 377 

leukocyte count in bacterial meningitis. C left, Correlations with lactate within each diagnosis. C right, 378 

Correlations with lactate in bacterial meningitis. D left, Correlations with blood-CSF-barrier dysfunction 379 

within each diagnosis. D right, Kyn concentrations in bacterial meningitis depending on the degree of 380 

blood-CSF-barrier dysfunction (black horizontal lines, median; red symbols, mean). Abbreviations: Bell’s - 381 

idiopathic Bell’s palsy; BCB - blood-CSF-barrier dysfunction, based on age-adjusted Q-albumin as defined 382 

in Table 1 (none = 0, mild = 1, moderate = 2, severe = 3); EntM - enteroviral meningitis, GTS – Tourette 383 

syndrome; HSE - HSV encephalitis; MS - multiple sclerosis; NMDA – anti-NMDA-receptor encephalitis; 384 
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NPH - normal pressure hydrocephalus; VZV fac - facial nerve zoster; VZV ME – VZV 385 

meningitis/encephalitis; VZV seg - segmental zoster. 386 

 387 

Figure 4. Diagnostic biomarker performance of Kyn, Trp and Kyn/Trp ratio across the 4 major diagnostic 388 

groups. Values correspond to significant AUCs (binary ROC analysis) as defined by p<0.05 and lower CI 389 

>0.5. A left, Kyn (lower triangle) and Trp (upper). A right, Trp/Kyn ratio (lower) and leukocyte count 390 

(upper). B left, Mixed model consisting of Kyn, Trp, Kyn/Trp ratio and leukocyte count (lower) and the 391 

same model plus lactate (upper). The following merged diagnostic groups were assessed: bacterial CNS 392 

infections (BacM, Borrelia, n=66), viral CNS infections (HSE, VZV ME, EntM, n=100); autoimmune 393 

neuroinflammation; NMDA, MS; n=25); non-inflamed controls (Bell’s, Tourette, NPH; n=66). B right, 394 

Display of the best combinations of biomarkers identified in B left. Color scheme for selected best type of 395 

marker: green - leukocytes or lactate; blue - leukocytes, lactate plus Kyn, Trp, Kyn/Trp ratio; orange, - 396 

metabolites. Abbreviations: L – leukocytes; A - lactate; K – Kyn; T – Trp; R – Kyn/Trp ratio.  Bell’s - 397 

idiopathic Bell’s palsy; EntM - enteroviral meningitis, GTS – Tourette syndrome; HSE - HSV encephalitis; 398 

MS - multiple sclerosis; NMDA - anti-NMDA-receptor encephalitis; NPH - normal pressure hydrocephalus; 399 

VZV fac - facial nerve zoster; VZV ME – VZV meningitis/encephalitis; VZV seg - segmental zoster. 400 

 401 

Figure 5. Biomarker performance of Kyn, Trp and Kyn/Trp ratio across the 12 individual diagnostic 402 

groups. Values correspond to significant AUCs (binary ROC analysis) as defined by p<0.05 and lower CI 403 

>0.5. A left, Kyn (lower triangle) and Trp (upper). A right, Trp/Kyn ratio (lower) and leukocyte count 404 

(upper). B left, Mixed model consisting of Kyn, Trp, Kyn/Trp ratio and leukocyte count (lower) and the 405 

same mixed model plus lactate (upper). B right, Display of the classifiers identified in C. C left, Number of 406 

significant AUCs for each classifier in the 66 possible paired comparisons. C right, Mean values of all 407 

AUCs (grey bars) and significant AUCs only (cross-hatched bars). Color scheme for selected best type of 408 

marker: green - leukocytes and/or lactate; blue – leukocytes and/or lactate plus Kyn, Trp, Kyn/Trp ratio; 409 

orange, - metabolite(s). Abbreviations: L – leukocytes; A - lactate; K – Kyn; T – Trp; R – Kyn/Trp ratio. 410 

Bell’s - idiopathic Bell’s palsy; EntM - enteroviral meningitis, GTS – Tourette syndrome; HSE - HSV 411 

encephalitis; MS - multiple sclerosis; NMDA – anti-NMDA-receptor encephalitis; NPH - normal pressure 412 

hydrocephalus; VZV fac - facial nerve zoster; VZV ME – VZV meningitis/encephalitis; VZV seg - segmental 413 

zoster.  414 



15 

 

Supplemental figure legends   415 

Figure S1. Differences in Kyn and Trp concentrations across the 12 diagnostic groups. Same data as 416 

shown in Fig. 1, but y-axes are scaled so that all outlying values can be shown.  A left, Kyn; A right, Trp; B, 417 

Kyn/Trp ratio. 418 

 419 

Figure S2. Correlations of Kyn, Trp and Kyn/Trp ratio with those parameters of (neuro)inflammation that 420 

are not included in Fig. 3. Red circles, Spearman correlation ρ with p <0.05; unfilled circles, p >0.05. A 421 

left, CSF protein; A right, Q-albumin; B left, IgG index; B right, peripheral blood CRP.  422 

 423 

Figure S3. Diagnostic biomarker performance of Kyn, Trp and Kyn/Trp ratio across the 4 major diagnostic 424 

groups (bacterial CNS infections, viral CNS infections, autoimmune neuroinflammation, non-inflamed 425 

controls). A, Number of significant AUCs for each classifier in the 6 possible paired comparisons. B, Mean 426 

values of all AUCs (grey bars) and significant AUCs only (cross-hatched bars). 427 

 428 
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Table 1. Demographic and clinical laboratory characteristics 
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BacM 

(n = 32) 
47 53 

51 

(18-83) 

16.2 (6.5-

48.4) 

100 

(1-429) 

764.8 

(4.3-18800) 

2106 

(353-9900) 

0.65 

(0.03-0.85) 

7.21 

(1.82-

21.94) 

3 19 19 59 

Borrelia 

(n = 34) 
47 53 

48 

(18-84) 

7.1 

(3.4-13.7) 

1 

(0.1-52) 

113 

(7.7-1025) 

1125 

(226-2471) 

0.8 

(0.47-1.5) 

2.32 

(1.41-5.29) 
23 18 41 18 

HSE 

(n = 9) 
22 78 

56 

(29-76) 

10.1 

(1.8-12.8) 

3 

(1-102) 

90.7 

(16-723) 

1155 

(524-2271) 

0.76 

(0.50-1.32) 

2.31 

(1.82-3.35) 
11 11 11 67 

VZV ME 

(n = 15) 
40 60 

55 

(13-80) 

6.9 

(3.8-13.6) 

2 

(1-128) 

38 

(1.7-1536) 

649 

(313-2048) 

0.56 

(0.5-1.16) 

2.73 

(1.49-5.5) 
21 36 29 14 

EntM 

(n = 10) 
40 60 

32.5 

(22-76) 

7.3 

(4.0-14.0) 

4 

(1-39) 

9.15 

(0.7-619) 

518 

(240-976) 

0.53 

(0.47-0.63) 

1.88 

(1.55-3.55) 
20 70 10 0 

VZV fac 

(n = 16) 
56 44 

64.5 

(20-89) 

6.7 

(4.1-13.2) 

2.5 

(1-18) 

17 

(0.7-800) 

503 

(270-1485) 

0.54 

(0.43-0.85) 

1.87 

(1.44-4.24) 
50 31 19 0 

VZV seg 

(n = 14) 
57 43 

60 

(49-79) 

5.9 

(2.4-9.0) 

2 

(1-15) 

2 

(0.3-17.7) 

554.5 

(273-880 

0.54 

(0.43-0.77) 

1.78 

(1.42-2.08) 
54 38 8 0 

NMDA 

(n = 8) 

  

70 
30 

27 

(19-69) 

7.1 

(2.1-9.7) 

14.2 

(1-37) 

20 

(1.7-172) 

350 

(254-480) 

0,62 

(0.53-1.39) 

2.22 

(1.38-2.64) 
75 15 0 0 

MS 

(n = 17) 
47 53 

33 

(23-58) 

6.5 

(2.8-18.2) 

1 

(1-23) 

7.7 

(0.7-48) 

494 

(309-663) 

0.79 

(0.55-2.91) 

1.62 

(1.31-2.37) 
53 47 0 0 

Bell's 

(n = 11) 
55 45 

45 

(22-83) 

8.3 

(4.6-11.9) 

3 

(1-31) 

2 

(0.3-4.7) 

490.5 

(309-829) 

0.47 

(0.41-0.59 

1.57 

(1.24-2.22) 
55 45 0 0 

GTS 

(n = 20) 
10 90 

38.5 

(19-64) 

6,2 

(4.7-8.7) 
n.d.   

1 

(0.3-4.7) 

353.5 

(228-624) 

0.52 

(0.46-1) 

1.61 

(1.43-1.90) 
80 20 0 0 

NPH 

(n = 35) 
43 57 

68 

(20-91) 

6.9 

(3.7-11.7) 

1 

(0.3-29) 

0.7 

(0.3-11.3) 

404.5 

(147-853) 

0.5 

(0.42-0.69) 

1.67 

(1.21-2.5) 
69 28 3 0 

P value  

(all groups) b 

1.7e-

01 
9.2e-05 6.1e-09 5.4e-13 0.0 1.1e-16 7.3e-15 0.0 2.2e-16 c 

P value (inflamed vs 

non-inflamed) b,d 
0.484 0.135 0.006 0.008 0.0 1.7e-13 1.0e-11 6.3e-14 1.2e-13 c 

a Based on age-adjusted Q-albumin = age/15 + 4. No disruption ≤ reference value, light ≤15, moderate ≤25, severe >25. 

b Calculated by Kruskal-Wallis test unless stated otherwise. c Calculated by chi-square test. Bold numbers: P ≤0.05. 

d Inflamed: CSF leukocyte count ≥5/l; non-inflamed: CSF leukocyte count 0-4/l. 

Abbreviations: BacM - bacterial meningitis, Bell’s - idiopathic Bell’s palsy, Borrelia - Borrelia burgdorferi 

neuroborreliosis, EntM - enteroviral meningitis, GTS – Tourette syndrome, HSE - HSV encephalitis, MS - multiple 

sclerosis, NMDA – anti-NMDA-R encephalitis, NPH - normal pressure hydrocephalus, VZV fac - facial nerve zoster, 

VZV ME – VZV meningitis/encephalitis, VZV seg - segmental zoster (shingles).  
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Table 2. Diagnostic performance of the combined classifier Kyn + Trp vs. CSF leukocyte count for the 

discrimination between viral CNS infections and autoimmune neuroinflammatory disorders 

Comparison Classifier Accuracy a Sensitivity Specificity PPV NPV 

Viral vs 

autoimmune 

Leuk. count 0.741 0.735 0.750 0.806 0.667 

Viral vs 

autoimmune 

Trp + Kyn 0.915 0.912 0.920 0.939 0.885 

The data are derived from the ROC analysis shown in Fig. 4B. 

Group definitions: viral – HSE, VZV ME, EntM; autoimmune – NMDA, MS 

a (sensitivity + specificity) / 2 at the trade-off point in the ROC curve 

Abbreviations: Leuk. – leukocyte, PPV – positive predictive value, NPV – negative predictive value 
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Figure S1 Click here to access/download;Figure;FigureS1_R1.tif



Figure S2 Click here to access/download;Figure;FigureS2_R1.tif



Figure S3 Click here to access/download;Figure;FigureS3_R1.tif



 

Table S1. Diagnostic criteria and clinical information 

Diagnosis Criteria  Disease grade/activity Systemic treatment at time of 

lumbar puncture a 

Bacterial meningitis 

(n=32) 

Clinical meningitis, pleocytosis and 

detection of bacterial pathogen in 

CSF or blood b 

Detected pathogens: 

Streptococcus pneumoniae 

(44%) 

Staphylococcus aureus (16%) 

Neisseria meningitidis (9%) 

Listeria monocytogenes (9%) 

Others (12%) 

Antibiotics (n=4) 

- ceftriaxone, ampicillin 

- ciprofloxacin, metronidazole 

- ceftriaxone, cephazolin  

- gentamycin, ampicillin, 

ceftazidime 

Neuroborreliosis 

(n=34) 

Neurological deficit and inflammatory 

CSF syndrome; intrathecal synthesis 

of Borrelia IgG or elevated Borrelia 

specific antibody index c 

Second-stage neuroborreliosis 

(100%) (duration of symptoms 

≤6 months)  

Antibiotics (n=6) 

ceftriaxone 

 - in combination with   

   acyclovir (n=2) 

   corticosteroids (n=1) 

   acyclovir and corticosteroids (n=1)    

HSV encephalitis (n=9) Mental status changes and positive 

HSV PCR or elevated (>1.5) ASI  

 Acyclovir (n=4) 

- with ampicillin (n=1) 

VZV 

meningitis/encephalitis 

(n=15)  

 

 

Detection of VZV in CSF by PCR 

and/or intrathecal synthesis of VZV 

IgG, 

clinical meningitis/encephalitis with 

or without typical zoster rash 

Meningitis, 73% 

Encephalitis, 27% 

 

  Immunosuppression (n=1)             

  -rituximab, bendamustin (3weeks 

prior to lumbar puncture due to 

mantle cell lymphoma) 

Enterovirus meningitis 

(n=10) 

Clinical meningitis and detection of 

enterovirus in CSF by PCR 

Acute onset (100%)  

(symptoms ≤3 months) 
- 

Facial nerve zoster 

(n=16) 

Facial palsy with or without typical 

zoster rash, detection of VZV DNA in 

CSF by PCR and/or intrathecal 

synthesis of VZV IgG 

 - 

Segmental zoster 

(n=14) 

Typical segmental zoster skin rash, 

and/or detection of VZV DNA in CSF 

by PCR and/or intrathecal synthesis 

of VZV IgG 

 - 

Anti-NMDA-R 

encephalitis (n=8) 

Clinical encephalitis and detection of 

IgG anti-NMDA-R antibodies in CSF  

Acute onset (100%)  

(symptoms ≤3 months)  
- 

Multiple sclerosis 

(n=17) 

-RRMS (n=15) 

-SPMS (n=2) 

McDonald 2017 criteria d Oligoclonal bands CSF (100%)  

Acute flare/relapse (82%)  

MRI gadolinium enhancing 

lesions (70%) 

Stable (12%) 

 

Corticosteroids (n=2) 

 

Tourette syndrome 

(n=20) 

Criteria according to DSM-5 e  Classified by YGTSS-TTS  

mild (10%) 

moderate (70%) 

severe (20%) 

Symptomatic treatment (n=3) 

  -Abilify (n=1) 

  -Dronabinol (n=1) 

  -Sativex (n=1) 

Bell’s palsy 

(n=11) 

Facial nerve palsy without evidence 

of infectious etiology or pleocytosis 

 - 

Normal pressure 

hydrocephalus 

(n=35) 

Normal CSF pressure, typical findings 

on CT or MRI, at least one symptom 

of Hakim triad f 

 - 

a Excluding antipyretics, analgesics and medications for unrelated conditions 
b Brouwer, M.C, Thwaites, G.E., Tunkel A.R, van de Beek, D. Lancet. 380 (2012) 1684-1692. 
c Koedel, U., Fingerle, V. & Pfister, H.W. Nat. Rev. Neurol 2015; 11, 446-456 
d Thompson, A et al., Diagnosis of multiple sclerosis: 2017 revisions of the McDonald Criteria. Lancet Neurol 2018; 17(2): 162–173.) 
e American Psychiatric Association (2013) Diagnostic and statistical manual of mental disorders (5th ed.) 
f Hakim et al. N Engl J Med, 1965; 2:307-27 

Abbreviations: RRMS = relapsing-remitting multiple sclerosis; SPMS= secondary-progressive multiple sclerosis;  YGTSS-TTS = 

Yale Global Tic Severity Scale Total Tic Score. 
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Table S2. Kyn and Trp concentrations and Kyn/Trp ratio in the 12 diagnostic groups 

 

Kynurenine 

[µmol/L] 

Tryptophan 

[µmol/L] 

Kynurenin / 

Tryptophan 

ratio 

M
e
d

ia
n

 

(r
a

n
g

e)
 

M
e
d

ia
n

 

(r
a

n
g

e)
 

M
e
d

ia
n

 

(r
a

n
g

e)
 

BacM 

(n = 32) 
1.27 (0.15-31.4) 2.76 (0.25-84.2) 0.36 (0.03-125.6) 

Borrelia 

(n = 34) 
0.98 (0.15-6.15) 2.28 (0.25-2.81) 0.93 (0.06-10.68) 

HSE 

(n = 9) 
1.56 (0.15-3.73) 0.51 (0.25-4.65) 2.04 (0.04-14.9) 

VZV ME 

(n = 15) 
1.45 (0.15-6.87) 0.82 (0.25-3.37) 0.57 (0.06-27.48) 

EntM 

(n = 10) 
0.44 (0.15-1.23) 1.44 (0.25-3.63) 0.57 (0.04-4.92) 

VZV fac 

(n = 16) 
0.52 (0.15-2.54) 1.62 (0.25-2.86) 0.26 (0.05-10.16) 

VZV seg 

(n = 14) 
0.15 (0.15-0.37) 2.09 (0.25-3.13) 0.07 (0.05-0.6) 

NMDA 

(n = 8) 
0.15 (0.15-0.81) 1.78 (0.7-2.74) 0.08 (0.05-0.6) 

MS 

(n = 17) 
0.15 (0.15-0.15) 2.07 (0.67-3.37) 0.07 (0.04-0.22) 

Bell's 

(n = 11) 
0.15 (0.15-0.15) 2.19 (1.5-3.18) 0.07 (0.05-0.1) 

GTS 

(n = 20) 
0.15 (0.15-0.43) 2.05 (1.53-3.24) 0.07 (0.05-0.13) 

NPH 

(n = 35) 
0.15 (0.15-1.07) 2.32 (1-4.23) 0.06 (0.04-0.47) 

    

P value a (all patient groups) 0.0 3.6e-06 6.0e-14 

P value a (inflamed vs non-inflamed b) 0.0 7.6e-06 0.0 

a Calculated by Kruskal-Wallis test. 

b Inflamed: CSF leukocyte count ≥5/l; non-inflamed: CSF leukocyte count 0-4/l. 

Abbreviations: BacM - bacterial meningitis, Bell’s - idiopathic Bell’s palsy, Borrelia - Borrelia 

burgdorferi neuroborreliosis, EntM - enteroviral meningitis, GTS – Gille de la Tourette syndrome, HSE - 

HSV encephalitis, MS - multiple sclerosis, NMDA – anti-NMDA-R encephalitis, NPH - normal pressure 

hydrocephalus, VZV fac - facial nerve zoster, VZV ME – VZV meningitis/encephalitis, VZV seg - 

segmental zoster (shingles). 
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