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Abstract

Introduction: Several investigations have argued for a strong relationship between

neuroinflammation and amyloid metabolism but it is still unclear whether inflamma-

tion exerts a pro-amyloidogenic effect, amplifies the neurotoxic effect of amyloid, or is

protective.

Methods:Forty-twopatientswith acuteencephalitis (ENC) and18controls underwent

an extended cerebrospinal fluid (CSF) panel of inflammatory, amyloid (Aβ40, 42, and
38, sAPP-α, sAPP-β), glial, and neuronal biomarkers. Linear and non-linear correlations

between CSF biomarkers were evaluated studying conditional independence relation-

ships.

Results: CSF levels of inflammatory cytokines and neuronal/glial markers were higher

in ENC compared to controls, whereas the levels of amyloid-related markers did not

differ. Inflammatory markers were not associated with amyloid markers but exhibited

a correlation with glial and neuronal markers in conditional independence analysis.

Discussion: By an extensive CSF biomarkers analysis, this study showed that an acute

neuroinflammation state, which is associated with glial activation and neuronal dam-

age, does not influence amyloid homeostasis.

KEYWORDS

acute inflammation, amyloid, glial cells, neuroinflammation, tau

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any

medium, provided the original work is properly cited and is not used for commercial purposes.

© 2022 The Authors. Alzheimer’s & Dementia published byWiley Periodicals LLC on behalf of Alzheimer’s Association

Alzheimer’s Dement. 2022;1–9. wileyonlinelibrary.com/journal/alz 1

mailto:pilottoandreae@gmail.com
http://creativecommons.org/licenses/by-nc/4.0/
https://wileyonlinelibrary.com/journal/alz


2 PADOVANI ET AL.

1 BACKGROUND

In recent years, several lines of evidence have supported an impor-

tant role of amyloid in neuroinflammation and in the pathogenesis

of Alzheimer’s disease (AD).1,2 Indeed, in vitro and animal studies

have demonstrated the activation of different inflammatory path-

ways is associated with a progressive increase of amyloid burden

and tau-related neurodegeneration.3,4 Moreover, neuropatholog-

ical studies have supported the claim that amyloid beta (Aβ) and
tau-phosphorylation are associated with activation of microglia and

astrocytes, which are important mediators of neurotoxicity.5 Fur-

ther, it has been claimed that cytokines’ increase might potentially

influence disease progression and severity by inducing either amy-

loidogenesis or neurodegeneration by activation of microglia.6,7 Aβ
has been involved in the immune response, and several works have

hypothesized that Aβmay act as a defense mechanism against inflam-

matory triggers, thus suggesting that infection may be implicated in

promoting amyloid production and poligomerization.8 In fact, there

is evidence that the exposure of human neuronal and extraneuronal

cells to inflammatory cytokines may modulate proteins that are

responsible for accumulation of Aβ in the brain.9–11 Several studies

have also argued for a potential effect of inflammatory cytokines

on amyloid precursor protein (APP) metabolism by acting on β- and
γ-secretase.12,13

In vivo, however,most studies addressing the relationships between

neuroinflammation and amyloid pathology have been contradictory.

Recent studies demonstrated a correlation between cerebrospinal

fluid (CSF) neuroinflammation and tau biomarkers, but not with the

amyloid markers CSF Aβ42, β-secretase activity or sAβPPβ,14–16 sup-

porting the view that increased inflammatory activity rathermight rep-

resent a consequence of accumulating amyloid pathology instead of

being a causative factor for the development of brain amyloidosis.15

In human low-grade chronic neuroinflammatory or in neuroinfectious

diseases, including multiple sclerosis, human immunodeficiency virus

(HIV)-associated neurocognitive dysfunction, Lymedisease, and bacte-

rial meningitis, an acute reduction of CSF concentrations of both amy-

loidogenic and non-amyloidogenic Aβ and AβPP fragments has been

reported,17–20 suggesting a general downregulation of APP expression

and/or processing in these diseases. Additionally, in CSF from patients

with bacterial meningitis, ex vivo 18O-labelling mass spectrometry has

demonstrated active Aβ degradation.21 In contrast, however, several

studies have found that, while glial inhibition or depletion may pre-

vent neuronal loss, it may have no substantial effects on cerebral amy-

loid homeostasis.3,22 This further suggests that amyloid production

might much more depend on mechanisms other than neuroinflamma-

tion. Thus, neuroinflammation still represents a key controversial fac-

tor in the pathogenetic cascade of amyloid deposition, and more stud-

ies are needed to elucidate if there are causal relationships between

different neuroinflammation states and Aβ homeostasis.

The aim of the study was to determine the involvement of amyloid

processing in the acute inflammatory reaction and to assess its rela-

tionshipwith glial activation andneuronal damage. Todo this,weexam-

ined a panel of CSF inflammatory and amyloid-related, glial, and neu-

RESEARCH INCONTEXT

1. Systematic review: Neuroinflammation has been associ-

ated with alterations within amyloid metabolism in sev-

eral preclinical studies. In vivo, the impact of an acute

inflammatory process on amyloid fragments and the

interactionwith neuronal and glial changes is still a theme

of debate.

2. Interpretation: Our findings, based on extensive cere-

brospinal fluid (CSF) analyses, showed that neuroinflam-

matory changes are not associated with amyloid markers

but strongly related to neuronal and glial markers.

3. Future directions: We demonstrate that acute brain

inflammation does not impact amyloid metabolism even

in the presence of neuronal damage and glial activation.

These findings questioned the role of amyloid in innate

immunity and emphasize a glial mediated pathway link-

ing neuroinflammation to neuronal degeneration. This

result should stimulate larger studies on plasma and CSF

biomarkers to understand the complex interaction among

neuroinflammation, amyloid, and neuronal and glial acti-

vation in vivo.

HIGHLIGHTS

∙ Encephalitis exhibits increased levels of inflammatory,

neuronal, and glial cerebrospinal fluid (CSF) markers.

∙ Amyloid markers are not altered during an acute inflam-

mation due to encephalitis.

∙ Neuroinflammation correlates with neuronal and glial but

not amyloid markers in CSF.

ronal biomarkers in a series of patients with acute encephalitis and a

group of cognitively unimpaired individuals.

2 METHODS

2.1 Patients

The study included patients who underwent CSF analyses for the diag-

nostic work-up of encephalitis (ENC) at the Neurology and Infectious

Disease Department of ASST Spedali Civili of Brescia and Neurology

Department of ASST Cremona. Inclusion criteria were (1) diagnosis of

probableENCaccording to current criteria,23,24 (2) noneurological dis-

ease prior the onset of acute encephalitis, and (3) absence of concomi-

tant immunomodulator treatment (such as steroid or immunoglob-
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ulin) or antibiotics at the time of CSF sampling. Each patient with

suspected encephalitis underwent brain magnetic resonance imaging

(MRI), standard electroencephalography (EEG), thyroid function and

antibodies (anti-thyroglobulin, anti-thyroid peroxidase), immunoglob-

ulin (Ig)M and IgG for Borrelia burgdorferi, and CSF analyses. CSF

viral screening included herpes simplex virus (HSV-1, HSV-2, HSV-

6, HSV-8, cytomegalovirus, Epstein-Barr virus, varicella zoster virus),

adenovirus, and enterovirus. For biomarker comparison, neurologi-

cally healthy controls (HCs; n = 18) with available CSF were retro-

spectively selected from the Neurology Department of ASST Spedali

Civili of Brescia. Healthy subjects were selected from individuals hos-

pitalized because of acute onset headache to exclude brain hemor-

rhages, intracranial hypertension, or meningo-encephalitis. The group

consisted of those with normal neurological examination, MRI, and

CSF biochemical analyses. The Institutional Ethical StandardsCommit-

tee on human experimentation at Brescia University Hospital provided

approval for the study (NP 4067).

2.2 CSF immunological and biochemical analyses

At enrollment, 3 mL of CSF from each participant was collected,

centrifuged, and processed for standard biochemical analyses. Two

milliliters of CSF were stored in cryotubes at−80◦C before testing. All

CSF samples were analyzed for inflammatory and neuronal/glial mark-

ers at the Clinical Neurochemistry Laboratory at Sahlgrenska Univer-

sity Hospital (Mölndal, Sweden). CSF cytokine concentrations (includ-

ing interleukin [IL]-6, IL-8, tumor necrosis factor alpha [TNF-α]) were
measured using a Mesoscale Discovery (MSD) multiplexed immunoas-

say (MSD, Rockville, MD). CSF β2-microglobulin (β2M) concentra-

tion was measured using an immunoassay on an Atellica instrument

(Siemens Healthcare GmbH). CSF total and phosphorylated tau (t-

tau and p-tau) concentrations were measured by Lumipulse (Fujirebio,

Ghent, Belgium). CSF neurofilament light (NfL) and glial fibrillary acidic

protein (GFAP) concentrationsweremeasured using in-house enzyme-

linked immunosorbent assays (ELISAs).25,26 CSF sTREM-2 concen-

tration was measured using an in-house immunoassay with electro-

chemiluminescent detection.27 CSF chitinase-3-like protein 1 (YKL-

40) concentration was measured using the Human Chitinase 3-like 1

Quantikine kit (R&D Systems,Minneapolis, MN). CSF Aβ1–38 (Aβ38),
Aβ1–40 (Aβ40), and Aβ1–42 (Aβ42) concentrations were measured

using the MSD Triplex Assay (MSD, Rockville, MD).27 CSF sAPP-α and
sAPP-β concentrations were measured using commercial ELISAs (IBL).

Board-certified laboratory technicians who were blinded to clinical

data performed all analyses.

2.3 Statistical analyses

Data are presented asmedian, interquartile ranges for continuous vari-

ables, and number (%) for categorical variables. For the comparison of

demographic characteristics andCSFbiomarker levels betweengroups

(HC vs. ENC and within different subtypes of encephalitis) we used

the Fisher test and nonparametric Kruskal-Wallis test adjusted for the

effects of age and sex. Post hoc comparisons were performed using

Bonferroni correction. In the encephalitis subgroup, the correlations

among specific inflammatory markers, amyloid, and glial and neuronal

markerswere evaluatedusingPearsonpartial correlations adjusted for

the effect of age and sex; the strength of correlation was indicated by r

and P values.

To investigate the possible dependence, including non-linear rela-

tions, or lack thereof between the different biomarkers and subjects’

covariates we studied the conditional independence relationships fol-

lowing a graphicalmodel approach.28 In graphicalmodels each variable

is associated with a node in a graph and edges connecting such nodes

represent conditional dependency. Specifically, we used a Bayesian

Gaussian copula graphical model29,30 (which can handle non-Gaussian

data including continuous, discrete, and qualitative variables). Further

benefits of this are the good performance for small samples and the

ability to handle missing data. The analysis was carried out with the R

package “BDgraph”30 viaMarkov chainMonteCarlo simulation setting

the prior expectation for the probability of connection to 0.25 and run-

ning the algorithm for 10 random initializations to improve robustness.

As output, we reported the probability that two variables were con-

nected, estimated as the number of times in the Markov chain Monte

Carlo simulation that a non-null partial correlation was drawn in the

copula model.

3 RESULTS

The study recruited 42 cases of encephalitis (ENC, median age 62,

17 females) and 18 HCs. The group with ENC included infectious

viral encephalitis (INF-ENCn=10); autoimmune encephalitis (AI-ENC,

n= 11); encephalitis during SARS-CoV-2 infection (COV-ENC, n= 11);

and encephalitis of unknown origin, defined as patients with described

infectious and autoimmune negative screening (UO-ENC, n = 10).

Blood biochemical testing at the time of CSF sampling showed similar

white blood cell count but mild increase in granulocytes and decrease

in lymphocytes in ENC compared to controls, whereas C-reactive pro-

tein levels did not differ betweengroups (Table 1). In ENC, theCSF sam-

ples were collected during the diagnostic assessment after a mean of

7.5± 4 days from symptom onset.

Compared to HC, ENC showed significantly higher CSF levels of

specific inflammatory markers, namely IL-6, IL-8, TNF-α, and β2M
(P < .002, Table 1). In contrast, CSF levels of amyloid-related mark-

ers (Aβ38, Aβ40, Aβ42, sAPP-α, sAPP-β) did not differ between ENC

and HC (Table 2). Glial-related markers (GFAP, sTREM-2, and YKL-40)

and neuronalmarkers (NfL and t-tau) were significantly increased ENC

compared to HC (P from< .004 to .001 adjusting for age and sex).

UO-ENCexhibited higher cell count compared to INF-ENC,AI-ENC,

and COV-ENC. No differences in distribution of inflammatory, amy-

loid, and neuronal and glial biomarkerswere observed according to the

subdiagnosis of encephalitis (Table S1 in supporting information and

Figure 1).
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TABLE 1 Demographic, CSF, and blood standard biomarkers according to the clinical diagnosis

HC (n= 18) ENC (n= 42) P

Demographics

Age, years 40 (28-52) 62 (49-73) <.001

Sex female, n (%) 12 (66.7%) 17 (40.4%) .06

Blood analyses

White-cell count/ mm3 7.4 (6.2-8.9) 8.6 (6.3-8.6) .443

Granulocyte count/ mm3 4.3 (3.3-5.9) 5.5 (3.6-5.5) .160

Lymphocyte count/ mm3 2.1 (1.7-2.6) 1.6 (1.2-2.2) .024

C-reactive protein, mg/L 2.9 (2.9-3.0) 2.9 (2.1-7.2) .639

CSF biochemical analyses

Protein, mg/L 38.5 (32.2-46.0) 54.8 (36.4-78.7) .001

Albumin, mg/L 183 (147-258) 365 (222-459) .003

Cells, total count/uL 1 (0-2) 9 (4-26) .003

Glucose, mg/dL 63 (55-68) 65 (54-72) .45

Abbreviations: CSF, cerebrospinal fluid; ENC, encephalitis; HC, healthy controls.

Notes: Data are presented asmedian (interquartile ranges).

P-values were calculated by Kruskal-Wallis test or Fisher’s exact test, as appropriate.

TABLE 2 CSF biomarkers according to the clinical diagnosis

HC (n= 18) ENC (n= 42) P

Inflammatorymarkers

IL-6, pg/mL 1.05 (0.56–1.64) 2.36 (0.99–8.74) .002

IL-8, pg/mL 33 (28–47) 121 (59–516) <.001

TNF-α, pg/mL 0.17 (0.17–0.17) 0.37 (0.25–1.88) <.001

β-2microglobulin, mg/L 0.90 (0.71–1.01) 1.82 (1.37–2.94) <.001

Amyloidmarkers

Aβ38, pg/mL 1045 (858–1568) 1338 (815–1652) .67

Aβ40, pg/mL 2961 (2806–4455) 3672 (2627–4626) .97

Aβ42, pg/mL 243 (165–358) 262 (136–373) .92

Aβ42/40 ratio 0.073 (0.058–0.083) 0.068 (0.048–0.086) .28

sAPP-α, pg/mL 131 (88–241) 154 (103–227) .64

sAPP-β, pg/mL 432 (291–786) 409 (296-580) .44

Glial markers

GFAP, pg/mL 109 (76–151) 323 (214–629) <.001

sTREM-2, pg/mL 589 (478–1005) 2573 (1465–4104) <.001

YKL-40, ng/mL 64 (45–97) 199 (145–422) .004

Neuronal markers

NfL, pg/mL 297 (229–437) 1388 (496–3935) <.001

T-tau, pg/mL 165 (127–183) 327 (238–559) <.001

P-tau, pg/mL 18.2 (14.2–24.1) 25.5 (19.7-45.7) .02

Abbreviations: ENC, encephalitis; GFAP, glial fibrillary acidic protein; HC, healthy controls; IL-6, interleukin 6; IL-8, interleukin 8; NfL, neurofilament light

chain; p-tau, phosphorylated tau; sAPP-α, soluble amyloid precursor protein alpha, sAPP-β, soluble amyloid precursor protein beta; sTREM-2, triggering

receptor expressed onmyeloid cells 2; TNF-α, tumor necrosis factor alpha; t-tau, total tau; YKL-40, chitinase-3-like protein 1.

Notes: Data are presented asmedian (interquartile ranges).

P-values were calculated byMann-Whitney test or Fisher’s exact test, as appropriate.
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F IGURE 1 Estimated probability of connection between biomarkers according to the non-linear model. β2M, β2-microglobulin; GFAP, glial
fibrillary acidic protein; IL-6, interleukin 6; IL-8, interleukin 8; NfL, neurofilament light chain; p-tau, phosphorylated tau; sAPP-α, soluble amyloid
precursor protein alpha, sAPP-β, soluble amyloid precursor protein beta; sTREM-2, triggering receptor expressed onmyeloid cells 2; TNF-α, tumor
necrosis factor alpha; t-tau, total Tau protein; YKL-40, chitinase-3-like protein

3.1 Partial correlation analyses

In ENC, partial correlation analyses adjusted for age and sex failed to

show a significant correlation between inflammatory markers (TNF-α,
IL-6, IL-8, and β2M) and amyloid markers (Aβ42, Aβ38, Aβ40, sAPP-α,
sAPP-β).

Conversely, TNF-α showed a positive correlation with GFAP

(r = 0.86, P = .001), YKL-40 (r = 0.91, P = .001), and t-tau (r = 0.68,

P = .001). IL-6 exhibited a positive correlation with GFAP (r = 0.54,

P = .001), YKL-40 (r = 0.51, P = .003), and t-tau (r = 0.47, P = .006),

whereas IL-8 did not show significant correlations with neuronal or

glial markers. β2M showed a positive correlation with GFAP (r = 0.46,

P= .001), sTREM-2 (r= 0.73, P= .001), YKL-40 (r= 0.41, P= .019), and

t-tau (r= 0.43, P= .001; Table S2 in supporting information).

3.2 Graphical model analysis

Figures 1 and 2 show the results of the graphical model analysis, which

is able to consider also non-linear relations between biomarkers.

The model showed a strong intra-correlation between IL-8, IL-6,

and TNF-α, whereas β2M appeared to be an independent marker of

cellular immune response. The model confirms the lack of association

between cytokines or β2M and amyloid markers (i.e., linking the prob-

ability lower than the prior expected value of 0.25). Amyloid-related

markers specifically showed a strong intra-correlation but exhibited

low probability of correlation with any other markers, including

glial and neuronal biomarkers. Among neuroinflammatory markers,

TNF-α exhibited a positive correlation with sTREM-2, whereas β2M
showed a positive correlation with GFAP, YKL-40, and t-tau. Separate

analyses using the Aβ40/42 ratio confirmed the lack of association

between neuroinflammatory mediators and amyloid-related markers

(Figures S2 and S3 in supporting information).

4 DISCUSSION

In a series of patients with acute encephalitis, this study investigated

whether acute neuroinflammation influences amyloid metabolism by

addressing the complex interplay among inflammatory, amyloid, and

glial and neuronal markers. We found that CSF levels of inflam-

matory markers (IL-6, IL-8, TNF-α, and β2M) and measures of glial
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F IGURE 2 Graphical representation of estimated probability of connection in encephalitis obtained by fixing the position of the nodes using a
Fruchterman–Reingold force-direct algorithm. The edges’ thicknesses are proportional to the estimated probabilities of connection. Values below
the prior expected value of 0.25 are not reported for graphical purposes. β2M, β2-microglobulin; GFAP, glial fibrillary acidic protein; IL-1β,
interleukin-1β; IL-6, interleukin 6; IL-8, interleukin 8; NfL, neurofilament light chain; p-tau, phosphorylated tau; sAPP-α, soluble amyloid precursor
protein alpha, sAPP-β, soluble amyloid precursor protein beta; sTREM-2, triggering receptor expressed onmyeloid cells 2; TNF-α, tumor necrosis
factor alpha; t-tau, total tau protein; YKL-40, chitinase-3-like protein 1

activation (GFAP, YKL-40, sTREM-2) and neuronal damage (NfL and t-

tau) were all increased in patients with acute neuroinflammation due

to encephalitis. However, CSF levels of amyloid-related biomarkers

(Aβ38, Aβ40, Aβ42, sAPP-α, sAPP-β) did not vary and were not asso-

ciated with CSF levels of inflammatory cytokines or β2M (as markers

of central nervous system [CNS] immune response and blood–brain

barrier integrity). In fact, CSF acute inflammatory markers did corre-

late to each other and were significantly associated with CSF levels of

glial biomarkers andmarkers of neuronal damage but not any amyloid-

related biomarkers.

The study included subjects without explicit neurological diseases

prior to the onset of encephalitis, thus providing a unique perspec-

tive for evaluating the complex interactions among neuroinflammatory

mediators, cellular responses, and amyloid pathways in normal condi-

tions in vivo.

Evidence from in vitro and animal models, as well as human CSF

studies, claimed that inflammatory mediators influence amyloid pro-

duction and clearance.17–19,31 However, it is still debated whether

an acute neuroinflammation might impact Aβ pathology or whether

inflammation influences APP expression and/or processing upstream

of Aβ deposition.3,4,32 According to our results, an acute inflammatory

response was associated neither with Aβ peptides nor with the cleav-

age products of APP, namely sAPP-α and sAPP-β. Conversely, inflam-

matory cytokines and β2M correlated with microglia/astrocytes and—

to a lesser extent—with the neuronal damagemarker t-tau.

These results strongly support the concept that acute neuroinflam-

mation, at least in the acute stage, does not primarily influence Aβ pro-
cessing whereas they argue for its involvement in glial activation and

neuronal damage independently from amyloid processing.33 Such find-

ings seem to support the claim that microglial activation might protect

patients with amyloidosis from deterioration but have an opposite role

on tau pathology.34–37 In fact, there is evidence that chronic inflamma-

tion and cytokine upregulation induce tau hyperphosphorylation in a

prepathological micemodel.38 Accordingly, the overall Aβ pathological
features did not change in amice experimentalmodel of either acute or

chronic inflammation whereas there was amarked exacerbation of the

taupathological characteristics,whichwas associated in anage-related

aberrant activation of GSK-3β.39 In fact, the cellular crosstalk between
microglia and astrocytes might form a positive feedback loop under

the inflammatory milieu in the brain, which might result in a dysregu-

lated and self-amplifying inflammatory response increasing the vulner-

ability of neurons to neurodegeneration, independently of Aβ or APP
involvement.40,41 Accordingly, a very recent study on non-demented

older people identified a cluster of subjects characterized by increased
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levels of inflammatory markers in CSF and by higher levels of t-tau and

p-tau levels in CSF but no difference in CSF Aβ42 levels.42

Further, the lack of CSF variations of levels of different amyloid-

related biomarkers in this series of patients affected by acute

encephalitis of different etiologies, including viral infection, might shed

some light on the role of amyloid in innate inflammation.8,43 Accord-

ingly, this study showed that there was a clear increase of CSF lev-

els of GFAP, TREM2, and YKL-40 indicating an innate reaction, which

was highly associated with both acute neuroinflammatory markers

and neuronal markers but amyloid. These data do not substantiate

the growing body of literature supporting the view that Aβ may be

regarded as an early responder cytokine and might be mobilized to

act as an antimicrobial peptide (AMP), which is considered the first

line of defense against pathogens and a potent broad-spectrum antibi-

otic and immunomodulator.43,44 Indeed, most of these data were gen-

erated in experimental animal models,45 while human studies linking

infections and amyloid accumulation have beenmostly correlational in

nature. However, the lack of clustering with amyloid markers of this

studymay have different explanations including a delay in amyloid pro-

cessing (i.e., the change in amyloid-related biomarkers levels not nec-

essarily occur during the acute stage of encephalitis requiring time to

manifest). Indeed, it is also conceivable that the involvement of amy-

loid processing builds up with aging due to immunosenescence and

breakdown of the blood–brain barrier.46–48 Again, it is still possible

that chronic asymptomatic infection may accelerate amyloid burden,

and that aging itselfmight lead to a self-perpetuating immune response

starting from a transient infection.8,47 Finally, the previously reported

association of acute and chronic neuroinflammation with reduced CSF

levels of amyloid-related markers in diseases like multiple sclerosis,

HIV-associated neurocognitive dysfunction, Lyme disease, and bacte-

rial meningitis17–21 might well support the view that there are differ-

ent innate inflammatory pathways and that amyloid species might be

specifically involved in some of these, eventually depending on white

matter involvement or some other chronic-related pathogenic mecha-

nisms yet to be defined.

The current findings might be further validated in a wider sample

of acute and chronic infections by using longitudinal CSF assessment

to characterize the temporal role of the immune response role of amy-

loid and to clarify the relationship amongcytokines, glial activation, and

neuronal dysfunction in neuroinflammation.

Strengths of this study are the large panel of inflammatory, neu-

ronal, glial, and amyloid markers known to play a role in the response

to damage in the CNS. The main limitation is the relatively small sam-

ple size of subjects with encephalitis and the differences in age with

controls. To address this, we adjusted all the analyses for demographics

and we implemented a parallel evaluation of partial correlation analy-

ses and graph models enabled the confirmation of the findings consid-

ering differentmodels of interactions—according to the complex inter-

play we observed between CSFmarkers.

Our findings may also have important consequences for a deeper

understanding of the results of new pharmacological approaches tar-

geting neuroinflammation, and amyloid or tau pathologies in neurode-

generation.

Specifically, we observed a lack of association between TNF-α
and amyloid pathways in vivo. This suggests that the effects of anti-

TNF antibodies on APP recently described is probably mediated by

neuronal and non-neuronal responses instead of changes in amyloid

production or clearance.49 According to this model, new pharma-

cological approaches targeting Aβ and tau pathologies might exert

an additional benefit through the reduction of neuroinflammation

in AD acting on the vulnerability of neurons and glial cells to neu-

rodegeneration. The inefficacy of non-steroidal anti-inflammatory

drugs in trials targeting neurodegenerative diseases50 might also

argue for a much more complex relationship between inflammatory

mediators and amyloid pathways, requiring a deeper modulation of

glial and neuronal response to be more effective. Targeting microglial

activation, such as modulating sTREM-2, has been indeed recently

suggested in AD,41 but further studies are needed to exclude that glial

activation might be the first essential response for counteracting Aβ
accumulation.

We need to acknowledge that some limitationsmay affect the inter-

pretation of our data. First, the study has limited the observation to the

acute phase of neuroinflammation, thus not allowing the assessment

of the effects of increased levels of cytokines through persistent acti-

vation of microglia, astrocytes, and neuronal cells. This is a very impor-

tant issue, as the impact of chronic low-level inflammation could not

be addressed in this study and might be different for amyloid path-

ways and biomarkers. Moreover, the study lack longitudinal data, as it

relied on the assessment of CSF biomarkers limited to the acute stage

of encephalitis. This leaves open the question of subsequent biomark-

ers’ changes, which would be helpful to better clarify the temporal

pattern of amyloid involvement in the immune response. Finally, the

study did not include elderly patients nor patients with dementia and

apolipoprotein E genotyping was not performed. Thus, further studies

including subjects with neurodegenerative changes during acute, sub-

acute, and chronic neuroinflammation are warranted to extend these

findings. In fact, in this study we did not include elderly and demented

patients, as the immune responses has been reported to be dysfunc-

tional during aging and in AD.31,51 Therefore, it is possible that acute

neuroinflammation may not be detrimental in young individuals when

the immune responses can be properly regulated, but it affects neu-

ronal homeostasis in older individuals.

Notwithstanding these limits, this study showed that the assess-

ment of different CSF markers may allow us to investigate in vivo the

correlates of acute neuroinflammation due to encephalitis and might

contribute to assessing the complex interplay among inflammatory,

amyloid, and glial and neuronal markers.

In conclusion, our main findings showed that acute neuroinflam-

mation in ENC is characterized by a CSF increase of inflammatory

biomarkers in association with glial and neuronal biomarkers, whereas

amyloid-relatedmarkers specifically showed a strong intra-correlation

but exhibited low probability of correlation with any other markers,

including glial and neuronal biomarkers. Future studies investigating

follow-up/later time point assessment of both plasma and CSF sam-

ples, by studying specific cellular responses (such as macrophages or

lymphocyte subtypes) are needed to further clarify the relationship
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between the activation of specific immunological responses and amy-

loid pathways.
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