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INTRODUCTION

Experimental models of Alzheimer's disease, as well as in-human neuropathological studies, indicate that the dysregulation of the CNS immune surveillance and the overamplification of inflammatory responses (i.e., neuroinflammation) represents one of the earliest pathomechanistic alterations of Alzheimer's disease [START_REF] Arranz | The role of astroglia in Alzheimer's disease: pathophysiology and clinical implications[END_REF][START_REF] Edwards | A Unifying Hypothesis for Alzheimer's Disease: From Plaques to Neurodegeneration[END_REF][START_REF] Heneka | Neuroinflammation in Alzheimer's disease[END_REF][START_REF] Heppner | Immune attack: the role of inflammation in Alzheimer disease[END_REF][START_REF] Rawji | Immunosenescence of microglia and macrophages: impact on the ageing central nervous system[END_REF].

Neuroinflammation is associated with toxic accumulation of amyloid-β (Aβ) and tau protein, synaptic dysfunction, and neurodegeneration [START_REF] Arranz | The role of astroglia in Alzheimer's disease: pathophysiology and clinical implications[END_REF][START_REF] Edwards | A Unifying Hypothesis for Alzheimer's Disease: From Plaques to Neurodegeneration[END_REF][START_REF] Heneka | Neuroinflammation in Alzheimer's disease[END_REF][START_REF] Shi | Interplay between innate immunity and Alzheimer disease: APOE and TREM2 in the spotlight[END_REF]. However, it is not entirely known whether neuroinflammation may represent either a detrimental mechanism or a compensatory dynamic or both (according to the disease stage) with regard to Aβ accumulation, synaptic dysfunction, neurodegeneration and cognitive performance in subjects at risk for Alzheimer's disease [START_REF] Arranz | The role of astroglia in Alzheimer's disease: pathophysiology and clinical implications[END_REF][START_REF] Edwards | A Unifying Hypothesis for Alzheimer's Disease: From Plaques to Neurodegeneration[END_REF][START_REF] Heneka | Neuroinflammation in Alzheimer's disease[END_REF][START_REF] Shi | Interplay between innate immunity and Alzheimer disease: APOE and TREM2 in the spotlight[END_REF]. In addition, the critical biological factors influencing neuroinflammation in humans have not extensively been investigated in subjects at risk for Alzheimer's disease.

In Alzheimer's disease, reactive glial cells co-colocalize with brain Aβ deposits indicating a central role of Aβ pathophysiology in triggering and sustaining neuroinflammation [START_REF] Edwards | A Unifying Hypothesis for Alzheimer's Disease: From Plaques to Neurodegeneration[END_REF]Hampel et al., 2019a;[START_REF] Heneka | Neuroinflammation in Alzheimer's disease[END_REF][START_REF] Heppner | Immune attack: the role of inflammation in Alzheimer disease[END_REF]. In addition, suppression of the expression of some protective genes expression, inhibition of key regulatory proteins, and glial senescence are all associated with increased Aβ plaques seeding, loss of synaptic homeostasis, and neurodegeneration indicating a crucial protective role of glial cells regarding key physiological brain functions [START_REF] Arranz | The role of astroglia in Alzheimer's disease: pathophysiology and clinical implications[END_REF][START_REF] Shi | Interplay between innate immunity and Alzheimer disease: APOE and TREM2 in the spotlight[END_REF].

All this robust and increasing evidence has pointed out neuroinflammation as a prime therapeutic target for pathway-based targeted strategies with a disease-modifying effect.

However, the temporal and spatial dynamics among neuroinflammation and other core pathophysiological mechanisms of Alzheimer's disease are poorly understood. Moreover, whether glia cells may play a compensatory or a detrimental role or both, according to the disease stage, needs to be elucidated.

Whether neuroinflammation, like other Alzheimer's disease pathophysiological processes, display sex-based differences, should also be elucidated to inform pharmacological research.

In this regard, experimental evidence suggests the presence of sexual dimorphism in brain immune and inflammatory responses [START_REF] Acaz-Fonseca | Sex differences in glia reactivity after cortical brain injury[END_REF][START_REF] Rawji | Immunosenescence of microglia and macrophages: impact on the ageing central nervous system[END_REF][START_REF] Santos-Galindo | Sex differences in the inflammatory response of primary astrocytes to lipopolysaccharide[END_REF][START_REF] Schwarz | Steroid-induced sexual differentiation of the developing brain: multiple pathways, one goal[END_REF][START_REF] Vanryzin | Microglia: Driving critical periods and sexual differentiation of the brain[END_REF][START_REF] Vest | Gender, sex steroid hormones, and Alzheimer's disease[END_REF].

To address all scientific questions, biomarkers-based investigations are needed to generate new insights and potentially orientate future drug-biomarker co-development pipelines targeting neuroinflammation. YKL-40 (or chitinase 3-like protein 1 [CHI3L1]) -a chitinase-like glycoprotein belonging to the glycosyl hydrolase family 18 [START_REF] Alcolea | Relationship between beta-Secretase, inflammation and core cerebrospinal fluid biomarkers for Alzheimer's disease[END_REF][START_REF] Baldacci | The neuroinflammatory biomarker YKL-40 for neurodegenerative diseases: advances in development[END_REF]Molinuevo et al., 2018) -is one of the most robust neuroinflammatory candidate biomarkers. It is supposed to track human macrophage differentiation expressed in glial cells [START_REF] Baldacci | The neuroinflammatory biomarker YKL-40 for neurodegenerative diseases: advances in development[END_REF][START_REF] Bonneh-Barkay | Astrocyte and macrophage regulation of YKL-40 expression and cellular response in neuroinflammation[END_REF]. The physiological role and specific cell surface receptor are not known; however, YKL-40 has been hypothesized to be involved in tissue remodeling during inflammation [START_REF] Baldacci | The neuroinflammatory biomarker YKL-40 for neurodegenerative diseases: advances in development[END_REF][START_REF] Bonneh-Barkay | Astrocyte and macrophage regulation of YKL-40 expression and cellular response in neuroinflammation[END_REF].

Accumulating evidence supports the utilization of CSF YKL-40 concentrations since they can: 1) distinguish patients with Alzheimer's disease dementia from cognitively healthy controls [START_REF] Choi | Plasma level of chitinase 3-like 1 protein increases in patients with early Alzheimer's disease[END_REF][START_REF] Craig-Schapiro | YKL-40: a novel prognostic fluid biomarker for preclinical Alzheimer's disease[END_REF][START_REF] Kester | Cerebrospinal fluid VILIP-1 and YKL-40, candidate biomarkers to diagnose, predict and monitor Alzheimer's disease in a memory clinic cohort[END_REF][START_REF] Lleo | Longitudinal cerebrospinal fluid biomarker trajectories along the Alzheimer's disease continuum in the BIOMARKAPD study[END_REF][START_REF] Olsson | CSF and blood biomarkers for the diagnosis of Alzheimer's disease: a systematic review and meta-analysis[END_REF], 2) predict the progression of cognitive decline from preclinical/prodromal Alzheimer's disease / mild cognitive impairment (MCI) to Alzheimer's disease dementia, and 3) be associated with biomarkers of Alzheimer's disease pathophysiological mechanisms, including brain proteinopathies, synaptic dysfunction, axonal damage and neurodegeneration [START_REF] Alcolea | Amyloid precursor protein metabolism and inflammation markers in preclinical Alzheimer disease[END_REF][START_REF] Antonell | Cerebrospinal fluid level of YKL-40 protein in preclinical and prodromal Alzheimer's disease[END_REF][START_REF] Falcon | CSF glial biomarkers YKL40 and sTREM2 are associated with longitudinal volume and diffusivity changes in cognitively unimpaired individuals[END_REF][START_REF] Gispert | CSF YKL-40 and pTau181 are related to different cerebral morphometric patterns in early AD[END_REF]K. Hellwig et al., 2015).

Most of the studies focusing on YKL-40 have chiefly been confined to the CSF matrix.

However, plasma concentrations of YKL-40 have already been demonstrated to robustly correlate with the corresponding CSF concentrations [START_REF] Craig-Schapiro | YKL-40: a novel prognostic fluid biomarker for preclinical Alzheimer's disease[END_REF][START_REF] Pierscianek | Blood-Based Biomarkers in High Grade Gliomas: a Systematic Review[END_REF][START_REF] Zhang | Chitinase-3-like protein 1 may be a potential biomarker in patients with drug-resistant epilepsy[END_REF]. In particular, Craig-Shapiro and colleagues investigated CSF YKL-40 as a prognostic marker in preclinical AD and reported a positive correlation between CSF and blood concentrations of the candidate marker (r=0.237; p=0.0002) [START_REF] Craig-Schapiro | YKL-40: a novel prognostic fluid biomarker for preclinical Alzheimer's disease[END_REF]. Zhang and colleagues investigated YKL-40 in treatment resistant epileptic patients and showed a positive correlation between blood and CSF concentrations of YKL-40 (r >0.70 and p <0.001, across study groups) [START_REF] Zhang | Chitinase-3-like protein 1 may be a potential biomarker in patients with drug-resistant epilepsy[END_REF].

In the present study, we investigated the cross-sectional and longitudinal impact of primary biological factors -namely age, sex, and the Apolipoprotein E (APOE) ε4 allele -on neuroinflammation in terms of YKL-40 plasma concentrations. To follow, we explored the cross-sectional and longitudinal association of plasma YKL-40 concentrations with 1) brain Aβ deposition -assessed using Aβ-PET, 2) rates of cortical metabolic activity, a proxy for neuronal activity -assessed through 18 F-fluorodeoxyglucose-PET ( 18 F-FDG-PET), and 3) brain volumes typically affected in early Alzheimer's disease using MRI, i.e., hippocampal (HP) entorhinal cortex, and basal forebrain (BF) volumes. Lastly, we carried out an exploratory association study between YKL-40 and neurocognitive scores. The present study was performed in a mono-centric cohort of cognitively healthy individuals with subjective memory complaint (SMC), a condition at risk for Alzheimer's disease [START_REF] Buckley | Subjective memory decline predicts greater rates of clinical progression in preclinical Alzheimer's disease[END_REF][START_REF] Dubois | Cognitive and neuroimaging features and brain beta-amyloidosis in individuals at risk of Alzheimer's disease (INSIGHT-preAD): a longitudinal observational study[END_REF][START_REF] Van Harten | Subjective cognitive decline and risk of MCI: The Mayo Clinic Study of Aging[END_REF].

MATERIALS AND METHODS

Study participants

The study participants were enrolled in the standardized, large-scale, observational, monocentric, French academic university-based "INveStIGation of AlzHeimer's PredicTors in Subjective Memory Complainers" (INSIGHT-preAD) study [START_REF] Dubois | Cognitive and neuroimaging features and brain beta-amyloidosis in individuals at risk of Alzheimer's disease (INSIGHT-preAD): a longitudinal observational study[END_REF] -which is part of the Alzheimer Precision Medicine Initiative (APMI) and its established Cohort Program (APMI-CP) (Hampel et al., 2019b(Hampel et al., , 2018a(Hampel et al., , 2018b)) The INSIGHT-preAD study includes 318 cognitively and physically normal Caucasian individuals, recruited from the community in the wider Paris area, France, aged 70 to 85, with SMC. The status of SMC was confirmed as follows: (i) participants gave an affirmative answer ("YES") to both questions: "Are you complaining about your memory?" and "Is it a regular complaint that has lasted for more than 6 months?"; (ii) participants showed intact cognitive functions based on the Mini-Mental State Examination score (MMSE, ≥ 27), Clinical Dementia Rating scale (CDR = 0), and Free and Cued Selective Rating Test (FCSRT, total recall score ≥ 41). Aβ-PET investigation was performed at baseline visit, as mandatory inclusion criterion. Thus, all subjects enrolled into the study have SMC and are stratified as either positive or negative for cerebral Aβ deposition. At the point of the study inclusion, several data were collected, namely demographic and clinical data, and Apolipoprotein E (APOE) genotype (see Supplementary materials for more details). Exclusion criteria were: a history of neurological or psychiatric diseases, including depressive disorders.

The study was conducted in accordance with the tenets of the Declaration of Helsinki of 1975 and approved by the local Institutional Review Board at the participating center (Ethical approval number: 2013-Fev-13150). All participants or their representatives gave written informed consent for the use of their clinical data for research purposes.

Blood sampling and immunoassays

Ten (10) mL of venous blood were collected in one BD Vacutainer® tube (lithium heparin), which was employed for all subsequent immunological analyses. Blood samples were taken in the morning, after a 12-hour fast, handled in a standardized way, and centrifuged for 15 minutes at 2,000 G-force at 4°C. Per sample, plasma fraction was collected, homogenized, aliquoted into multiple 0.5 mL cryovial-sterilized tubes, and finally stored at -80°C within 2 hours from collection.

Longitudinal data for plasma concentrations of YKL-40 were collected across three timepoints, beginning at participants' enrollment ("baseline visit" or "M0") over a three-year follow-up (one-year follow-up or "M12" and three-year follow-up or "M36").

Immunoassay for plasma YKL-40

Plasma YKL-40 concentration was measured using a commercially available ELISA kit (R&D Systems, Minneapolis, MN, US), according to manufacturer's instructions.

Repeatability was 6.6% and 6.9% and intermediate precision 6.6% and 6.9%, for two internal quality control plasma samples with concentrations of 14.1 pg/mL and 108.0 pg/mL. All samples were analyzed using one batch of reagents by board-certified laboratory technicians who were blinded to clinical data [START_REF] Vergallo | Plasma amyloid beta 40/42 ratio predicts cerebral amyloidosis in cognitively normal individuals at risk for Alzheimer's disease[END_REF].

PET data acquisition and processing

Aβ and 18 F-FDG-PET investigations were performed at the baseline visit ("M0") -as mandatory inclusion criterion -and at two-year follow-up ("M24").

Brain Aβ-PET scans were acquired 50 minutes after injection of 370 MBq (10 mCi) of 18 F-Florbetapir, which has high affinity for amyloid plaques. Brain 18 F-FDG scans were obtained 30 minutes after injection of 2 MBq/kg of 2-deoxy-2-( 18 F)fluoro-D-glucose ( 18 F-FDG). All acquisitions were performed in a single session on a Philips Gemini GXL scanner and consisted of 3 x 5 minutes frames with a voxel size of 2 x 2 x 2 mm3. Images were then reconstructed using iterative LOR-RAMLA algorithm (10 iterations), with a "smooth" postreconstruction filter. All corrections (attenuation, scatter and random coincidence) were integrated into the reconstruction. Lastly, frames were realigned, averaged, and qualitychecked by the CATI team (Centre d'Acquisition et Traitement des Images). CATI is a French neuroimaging platform (available at http://cati-neuroimaging.com) [START_REF] Dubois | Cognitive and neuroimaging features and brain beta-amyloidosis in individuals at risk of Alzheimer's disease (INSIGHT-preAD): a longitudinal observational study[END_REF].

Reconstructed PET images are analyzed with a pipeline developed by the CATI team, according to a method previously described [START_REF] Dubois | Cognitive and neuroimaging features and brain beta-amyloidosis in individuals at risk of Alzheimer's disease (INSIGHT-preAD): a longitudinal observational study[END_REF][START_REF] Habert | Evaluation of amyloid status in a cohort of elderly individuals with memory complaints: validation of the method of quantification and determination of positivity thresholds[END_REF].

Standard uptake value ratios (SUVR) were calculated for each of 12 bilateral cortical regions of interest (anterior and posterior cingulate, superior frontal, inferior parietal, middle temporal cortices, and precuneus), as well as the global average SUVR. The pons and whole cerebellum regions were used as reference for individual voxel normalization in the partial volume effect corrected images (see Supplementary material for more details). calculated in the bilateral anterior cingulate cortex, posterior cingulate cortex, inferior parietal lobe, precuneus, middle temporal cortex, and hippocampus, and the pons was used as the reference region.

MRI acquisitions and processing

Brain structural MRI acquisitions were conducted using a 3 Tesla MRI scanner (Siemens Magnetom Verio, Siemens Medical Solutions, Erlangen, Germany). Details regarding the 3D-T1 magnetic resonance imaging protocols of acquisition are reported in the Supplementary material. At the moment the present study was performed, MRI was available at M0 and M24.

HP, entorhinal, and BF volumes

For the automated calculation of individual HP and BF volumes, the 3D-T1 MRI data were processed using statistical parametric mapping (SPM8, Wellcome Trust Center for Neuroimaging) and the VBM8 toolbox (available at http://dbm.neuro.uni-jena.de/vbm). EC volume was defined using the probabilistic maps present in the SPM Anatomy Toolbox. The technical details of these procedures are described in the Supplementary material. The delineation of the HP follows the consensual standard space harmonized protocol labels as described in detail by Wolf and colleagues [START_REF] Wolf | Reference standard space hippocampus labels according to the European Alzheimer's Disease Consortium-Alzheimer's Disease Neuroimaging Initiative harmonized protocol: Utility in automated volumetry[END_REF]. Modulated white matter voxel values were included in the HP volume calculation because the harmonized protocol explicitly specifies to include small white matter regions (alveus and fimbria) in HP segmentation [START_REF] Cavedo | Sex differences in functional and molecular neuroimaging biomarkers of Alzheimer's disease in cognitively normal older adults with subjective memory complaints[END_REF]. The delineation and localization of the cholinergic BF followed the Mesulam's nomenclature based on the histological serial coronal sections and postmortem MRI scan of a brain from a 56-year-old man, as previously described (Cavedo et al., 2018). HP and BF volumes were corrected to the total intracranial volume (TIV) using the residuals method.

First, a linear regression of the volume of a neuroanatomical structure on the TIV was fitted to the entire dataset. From the fitted model, the residuals, which are differences between actual volume and fitted volume based on a subject's TIV, were calculated [START_REF] Cavedo | Sex differences in functional and molecular neuroimaging biomarkers of Alzheimer's disease in cognitively normal older adults with subjective memory complaints[END_REF]. The TIV-corrected measurements were expressed as Vol_adji = Voli -b (TIVi -meanTIV) [START_REF] Cavedo | Sex differences in functional and molecular neuroimaging biomarkers of Alzheimer's disease in cognitively normal older adults with subjective memory complaints[END_REF]. Vol_adji is the TIV-adjusted volume of the subject i, Voli is the original uncorrected volume of the subject i, b is the slope from the linear regression of Vol on TIV, TIVi is the TIV for the subject i, and meanTIV is the mean TIV across all subjects.

STATISTICAL ANALYSIS

The analyses were performed excluding those individuals without YKL-40 concentrations at baseline, leading to a sample of 314 participants. In order to have a normal distribution, we used the natural logarithm of YKL-40 plasma concentration.

First, we studied the univariate association between plasma YKL-40 concentrations and age, sex, and APOE ε4 allele. Linear models (LM) were used for baseline exploration and linear mixed models (LMM) for longitudinal analysis over a three-year follow-up (M0, M12, and M36).

To investigate the effect of the variable of interest on longitudinal changes of YKL-40, LMM with a random intercept were built including a time interaction. LMM is especially suitable for repeated measures with a considerable number of missing data across time points and to confirm neuroimaging baseline data calculated with a longitudinal pipeline. Indeed, the strength of this model is to focus on subject trajectories considering the correlation between time-points, thus allowing intra-and inter-individual comparisons, although the number of subjects decreases over time [START_REF] Edwards | Modern statistical techniques for the analysis of longitudinal data in biomedical research[END_REF][START_REF] Twisk | Multiple imputation of missing values was not necessary before performing a longitudinal mixed-model analysis[END_REF].

To follow, we investigate the effect of baseline YKL-40 concentration on imaging data at baseline and over a two-year follow-up (M0 and M24). Baseline investigations were conducted using LM adjusted on age, sex, and APOE ε4 carrier status. The longitudinal investigation was conducted using LMM with random intercept using the same covariates in addition to time and time*YKL-40 interaction. This interaction was used to investigate the effect of baseline YKL-40 concentration on longitudinal changes in imaging data.

The association between baseline YKL-40 concentration and Aβ-PET outcome measures was assessed in terms of baseline and longitudinal SUVRs (both global and regional). Then, we tested the association between baseline YKL-40 concentration and both baseline and longitudinal 18 F-FDG-PET regionally. Likewise, the association between YKL-40 concentration and MRI volume was assessed both at baseline and longitudinally.

We also investigated the effect of baseline YKL-40 on cognitive measures at baseline and over a 3-year follow-up (M0, M12, M24, and M36). LMM was adjusted age, sex, and APOE ε4 carrier status. The longitudinal investigation was conducted using LMM with random intercept and slope using the same covariates in addition to time and time*YKL-40 interaction. This interaction was used to investigate the effect of baseline YKL-40 concentration on longitudinal changes in cognitive performances. Because of non-normal distribution, Mini-Mental State Examination (MMSE) and Free and Cued Selective Reminding Test (FCSRT) were analyzed using binomial models instead of linear models.

Finally, we investigated the effect of 1-year changes of YKL-40 concentration on imaging and cognitive data at M24 and over 2-years changes using linear model adjusted on age, sex, and APOE ε4 carrier status. We used deltas for the calculation of the 1-year changes of YKL-40 and the 2-years changes of imaging and cognitive measures.

Normality of residuals was visually checked for each model. Statistical significance of parameters was determined testing for the nullity of the estimators computed by the models.

For LMM only, the degrees of freedom were determined according to the Satterthwaite approximation [START_REF] Luke | Evaluating significance in linear mixed-effects models in R[END_REF][START_REF] Satterthwaite | An approximate distribution of estimates of variance components[END_REF]. P values < 0.05 were considered significant in all statistical elaboration. We then performed adjustment of significance for multiple comparisons using False Discovery Rate (FDR) correction whenever appropriate.

For cross-sectional and longitudinal analysis, Cohen's f2 were calculated to assess effect sizes. Statistical analyses were performed using R software, version 3.6.0, including the libraries "lme4" and "lmerTest", both available at http://cran.r-project.org/web/packages.

Data availability

Anonymized data not published within this article will be made available by request from any qualified investigator after evaluation of the request by the INSIGHT-preAD Scientific Committee.

RESULTS

Sociodemographic features, APOE ε4 allele frequencies, and plasma concentrations of YKL-40 at baseline, in the INSIGHT-preAD cohort are presented for each time point in Table 1. The number of subjects with available data of plasma YKL-40, at each time point, is 314 (at baseline), 227 (at one-year follow-up), 131 (at three-year follow-up). Longitudinal data on neuroimaging and cognitive variables are reported in Supplementary Tables 1, 2, and 3.

Men display higher YKL-40 concentrations than women

We found significantly higher YKL-40 concentrations in men compared to women, at baseline (b=0.151, Cohen's f2=0.014, P=0.036, adjusted P=0.054; see also Table 2 and Fig. 1) and, as shown by the LMM analysis, at each time-point (b=0.171, Cohen's f2=0.017, P=0.015, adjusted P=0.023). However, no significant two-way interaction of time and sex on YKL-40 was found (see also Table 2 and Fig. 2). Hence, a sexual dimorphism in plasma YKL-40 concentrations was found, across the time-points investigated, in our cohort of SMC individuals.

Baseline age impacts YKL-40 concentrations

We found a significantly positive association between plasma YKL-40 concentrations and age at baseline (b=0.028, Cohen's f2=0.027, P=0.004, adjusted P=0.012; see also Table 2.

We further explored the effect of age at baseline on YKL-40 concentrations across the threeyear follow-up. The LMM confirmed the association with age at each time-point (b=0.029, Cohen's f2=0.027, P=0.003, adjusted P=0.009) but did not show an interaction of time and age (see also Table 2 and Fig. 3). These results suggest that age is a factor potentially influencing pathophysiological processes tracked by our candidate biomarker.

No effect of APOE ε4 allele on plasma YKL-40 concentrations

We did not observe a significant effect of APOE ε4 allele on baseline plasma YKL-40 concentration nor over a three-year follow-up (see Table 2).

Effect of plasma YKL-40 concentrations on the rate of brain Aβ deposition

We investigated whether baseline plasma YKL-40 concentrations are associated with baseline and longitudinal changes of brain Aβ deposition at both the global and regional levels.

We found a significantly negative correlation between plasma YKL-40 concentrations and baseline global Aβ-PET SUVR (b=-0.025, Cohen's f2=0.015, P=0.036; see also Fig. 4).

Plasma YKL-40 concentrations were associated with Aβ-PET SUVR in the left and right superior orbitofrontal cortex (b=-0.029, Cohen's f2=0.019, P=0.018 and b=-0.028, Cohen's f2=0.017, P=0.025, respectively) and in left and right inferior parietal cortex (b=-0.029, Cohen's f2=0.019, P=0.019 and b=-0.030, Cohen's f2=0.018, P=0.022, respectively), however no significant result survived the correction for multiple comparisons (see also Table 3).

LMM confirmed the negative association between YKL-40 concentrations and global Aβ-

PET SUVR, at M0 (b=-0.025, Cohen's f2=0.015, P=0.047). LMM also showed a negative association, at M0, between plasma YKL-40 concentrations and Aβ-PET SUVR in the following regions: left and right superior orbitofrontal cortex (b=-0.028, Cohen's f2=0.013, P=0.028 and b=-0.027, Cohen's f2=0.016, P=0.039, respectively), and left and right inferior parietal cortex (b=-0.028, Cohen's f2=0.015, P=0.032 and b=-0.029, Cohen's f2=0.016, P=0.028, respectively), see also Table 3.

However, no association was found between YKL-40 and longitudinal changes of Aβ-PET SUVR, either global or regional. No effect of 1-year changes of YKL-40 concentration was found on Aβ-PET SUVR at M24 or over 2-year changes (see Supplementary Table 4).

No effect of plasma YKL-40 concentrations on 18 F-FDG-PET and brain volumes

We investigated whether baseline plasma YKL-40 concentrations are associated with baseline and longitudinal rates of brain glucose consumption, widely considered a surrogate marker of synaptic actvity. The cross-sectional and longitudinal analysis did not show a significant association between YKL-40 concentrations and regional 18 F-FDG-PET (see Table 5). No association between 1-year changes of YKL-40 concentration and 18 F-FDG-PET at M24 or over 2-years changes was found (see Supplementary Table 6).

We did not find any significant effect of YKL-40 on HP, BF, or entorhinal cortex volume at M0 or M24. Neither a significant interaction between time and YKL-40 on brain volumes was found (see Supplementary Table 7). Moreover, we did not observe any association between 1-year changes of YKL-40 concentration and MRI volume at M24 or over 2-years changes (see Supplementary Table 8).

Longitudinal effect of plasma YKL-40 on memory performance

We found that an increase of YKL-40 concentration over 1 year was positively associated with a higher FCSRT total recall score at M24 (b=0.308, Cohen's f2=0.005, P=0.023; see also see Table 4 and Fig. 5).

We did not find any significant effect of YKL-40 on MMSE, FCSRT, verbal fluency, Trail Making Test scores at each time point investigated (M0, M12, and M24). No significant interaction between time and YKL-40 on cognitive performance was detected (see Supplementary Table 9).

DISCUSSION

We found that higher concentrations of YKL-40 were associated with male sex, lower overall and regional cross-sectional Aβ deposition as well as higher memory scores over time.

Taken together, all these results suggest no clinical detrimental effect / potential protective effect of glia activation, as reflected by the candidate biomarker, in our cohort of cognitively healthy individuals at risk for Alzheimer's disease.

Although significant these association shows a very small effect size; thus, any hypothesis we here draw needs to be approached cautiously.

Sex effect on plasma YKL-40 concentrations

We provide the first longitudinal in-vivo demonstration of a potential sex effect on glial activation, in terms of plasma YKL-40 concentrations, in a cohort of cognitively healthy individuals at risk for Alzheimer's disease.

Our results are in line with existing literature pointing out a sexual dimorphism in inflammation and immune response.

Recent in-vitro and animal models of neuroinflammation show a higher reactivity of glial cells, especially astrocytes, in males subjects compared with females. Astrocytes express enzymes involved in steroid synthesis and metabolism and may express higher levels of interleukin-6, tumor necrosis factor-alpha, and interleukin-1β (all hypothesized to be upregulated in both aging and Alzheimer's disease) under androgen stimulation rather than estrogens stimulation [START_REF] Santos-Galindo | Sex differences in the inflammatory response of primary astrocytes to lipopolysaccharide[END_REF]. Moreover, although astrocytes display the same basal levels of pro-inflammatory mediators across sexes, males seem to develop a more intense inflammatory response under stress conditions [START_REF] Acaz-Fonseca | Sex differences in glia reactivity after cortical brain injury[END_REF][START_REF] Santos-Galindo | Sex differences in the inflammatory response of primary astrocytes to lipopolysaccharide[END_REF]. By contrast, estradiol has a greater effect than androgens in suppressing the extracellular signal-regulated kinase1/2 signaling pathway, decreasing cell proliferation, and stimulating apoptotic pathways in astrocytes [START_REF] Zhang | Sex-related differences in MAPKs activation in rat astrocytes: effects of estrogen on cell death[END_REF]. Rodent models of neuroinflammation exhibit sexual dimorphism in microglia-driven neuroinflammatory responses, with males showing higher inflammatory reactivity than females [START_REF] Villa | Sex-Specific Features of Microglia from Adult Mice[END_REF].

We acknowledge that our inter-sex differences in plasma YKL-40 concentrations contradicts previous CSF-based investigations that did not report any sex-based difference in term of YKL-40 concentrations or reported higher levels of the marker in females [START_REF] Craig-Schapiro | YKL-40: a novel prognostic fluid biomarker for preclinical Alzheimer's disease[END_REF][START_REF] Grewal | Identifying biomarkers of dementia prevalent among amnestic mild cognitively impaired ethnic female patients[END_REF][START_REF] Janelidze | CSF biomarkers of neuroinflammation and cerebrovascular dysfunction in early Alzheimer disease[END_REF]. It would be essential to assess whether the sex-biased difference in body fluids YKL-40 is influenced by the sex differences in glial cells count [START_REF] Mccarthy | Neuroimmunology and neuroepigenetics in the establishment of sex differences in the brain[END_REF].

If our study was corroborated, next clinical trials targeting neuroinflammation should take into account sex-biased biological and functional outcomes. Moreover, sex-related outcome analyses and comparative active-treatment dose-finding substudies may be recommended.

Effect of age on plasma YKL-40 concentrations

We found that age impacts YKL-40 concentrations regardless of the time point investigated. An effect of age on CSF YKL-40 has already been reported. These findings are consistent with the well-established aging-effect on immunosenescence, immunosurveillance, and thus neuroinflammation (Hampel et al., 2019a). In addition, an age-related regional synaptic vulnerability, driven by aberrant microglia, has been reported [START_REF] Graham | Regional Molecular Mapping of Primate Synapses during Normal Healthy Aging[END_REF][START_REF] Guerra-Gomes | Functional Roles of Astrocyte Calcium Elevations: From Synapses to Behavior[END_REF].

Effect of APOE ε4 allele on plasma YKL-40 concentrations

Like previous CSF-based studies [START_REF] Baldacci | Diagnostic function of the neuroinflammatory biomarker YKL-40 in Alzheimer's disease and other neurodegenerative diseases[END_REF][START_REF] Craig-Schapiro | YKL-40: a novel prognostic fluid biomarker for preclinical Alzheimer's disease[END_REF], we did not find any effect of APOE ε4 allele on YKL-40 concentrations. Experimental models of Alzheimer's disease showed that APOE deficiency, a condition that reflects the APOE ε4 allele carrier status, is associated with attenuated inflammation [START_REF] Kim | Haploinsufficiency of human APOE reduces amyloid deposition in a mouse model of amyloid-beta amyloidosis[END_REF][START_REF] Shin | Apolipoprotein E mediation of neuroinflammation in a murine model of multiple sclerosis[END_REF]. For instance, Shy and colleagues reported that the genetic ablation of APOE significantly slows down both activation of glial cells and neuronal loss [START_REF] Shi | ApoE4 markedly exacerbates tau-mediated neurodegeneration in a mouse model of tauopathy[END_REF].

Despite a role of APOE ε4 allele in neuroinflammatory processes stands out of genetic studies [START_REF] Arranz | The role of astroglia in Alzheimer's disease: pathophysiology and clinical implications[END_REF][START_REF] Shi | Interplay between innate immunity and Alzheimer disease: APOE and TREM2 in the spotlight[END_REF], the molecular dynamics whereby APOE ε4 allele may trigger or facilitate neuroinflammation in Alzheimer's disease are not clear.

It is conceivable that the overall effect of the APOE gene may be explained in light of the APOE-TREM2 protein interaction [START_REF] Krasemann | The TREM2-APOE Pathway Drives the Transcriptional Phenotype of Dysfunctional Microglia in Neurodegenerative Diseases[END_REF].

Association of plasma YKL-40 concentrations with the cerebral accumulation of Aβ

We found a negative association between plasma YKL-40 and the cerebral level of Aβ, as assessed through global Aβ-PET SUVR. This result aligns with the robust body of translational studies indicating a potential compensatory role of glia during incipient brain amyloidosis in Alzheimer's disease. Indeed, rodent models of Alzheimer's disease indicated the ability of astrocytes to uptake and clear Aβ in subjects bearing cerebral fibrillar aggregates and diffuse plaques [START_REF] Gomez-Arboledas | Phagocytic clearance of presynaptic dystrophies by reactive astrocytes in Alzheimer's disease[END_REF][START_REF] Perez-Nievas | Deciphering the Astrocyte Reaction in Alzheimer's Disease[END_REF][START_REF] Pihlaja | Transplanted astrocytes internalize deposited beta-amyloid peptides in a transgenic mouse model of Alzheimer's disease[END_REF][START_REF] Serrano-Pozo | Differential relationships of reactive astrocytes and microglia to fibrillar amyloid deposits in Alzheimer disease[END_REF]. By contrast, the shutdown of astrocytemediated homeodynamics is associated with increased Aβ plaque burden and synaptic terminals dystrophy. Therefore, it seems that a contribution of astrocytes and microglia in ensuring Aβ homeostasis occurs with the reactive gliosis commences or increases as Aβ monomers start aggregating into oligomers and then fibrils [START_REF] De Strooper | The Cellular Phase of Alzheimer's Disease[END_REF][START_REF] Oide | Regression stage senile plaques in the natural course of Alzheimer's disease[END_REF][START_REF] Wyss-Coray | Adult mouse astrocytes degrade amyloid-beta in vitro and in situ[END_REF]. It has been hypothesized that an increased astrocyte phagocytic activity may represent a compensatory mechanism to counteract incipient Aβ overaccumulation and prevent neurotoxicity induced by Aβ species [START_REF] De Strooper | The Cellular Phase of Alzheimer's Disease[END_REF][START_REF] Oide | Regression stage senile plaques in the natural course of Alzheimer's disease[END_REF][START_REF] Wyss-Coray | Adult mouse astrocytes degrade amyloid-beta in vitro and in situ[END_REF].

Regarding microglia, experimental models of Alzheimer's disease point out it may contribute both in Aβ clearance and in limiting the growth and further accumulation plaques [START_REF] Edwards | A Unifying Hypothesis for Alzheimer's Disease: From Plaques to Neurodegeneration[END_REF][START_REF] Hellwig | Forebrain microglia from wild-type but not adult 5xFAD mice prevent amyloid-beta plaque formation in organotypic hippocampal slice cultures[END_REF][START_REF] Zhao | Microglia limit the expansion of betaamyloid plaques in a mouse model of Alzheimer's disease[END_REF]. In addition, the dysregulation of microglia activity, including dystrophic microglia, may be either a trigger or a worsening factor, or both, of the seeding of aberrant protein aggregates in the brain [START_REF] Edwards | A Unifying Hypothesis for Alzheimer's Disease: From Plaques to Neurodegeneration[END_REF][START_REF] Streit | Dystrophic (senescent) rather than activated microglial cells are associated with tau pathology and likely precede neurodegeneration in Alzheimer's disease[END_REF].

We also report a significantly negative association between plasma YKL-40 concentrations and the regional levels of Aβ. While only some trends survive the correction for multiple comparisons, we all the due caution, we here provide an interpretation of our results. All significant regions belong to the default mode network (DMN), one of the earliest network displaying Aβ deposition in preclinical stages of Alzheimer's disease.

The non-detrimental (and potentially protective role) that neuroinflammation may play in our individuals is further supported by the fact that we did not find any association between YKL-40 concentrations and the following outcomes: 1) neuronal activity 2) brain volumes, 3) cognitive performance. In addition, we found a positive association between 1-year changes of YKL-40 and memory performance over 2 years. Two alternative versions of FCSRT, were used from one visit to the next, to minimize repetition effects [START_REF] Gagliardi | Which Episodic Memory Performance is Associated with Alzheimer's Disease Biomarkers in Elderly Cognitive Complainers? Evidence from a Longitudinal Observational Study with Four Episodic Memory Tests (Insight-PreAD)[END_REF]; however, studies with longer follow-up should be carried out to corroborate such finding that holds considerable clinical potential. Thus, we argue that the lack of any significant association between YKL-40 and neuroimaging outcomes coupled with the significant negative association between YKL-40 and Aβ-PET SUVRs, as well as the positive longitudinal association between the former and memory performance, support the hypothesis of a compensatory and not detrimental role of neuroinflammation in our cohort of cognitively healthy individuals.

Limitations

The present study has some potential caveats that need to be addressed. The relatively small size of individuals longitudinally assessed with plasma YKL-40 measurement might have biased the longitudinal results.

In addition, the low number of converters -both SMC to MCI and overt dementia does not allow reaching any meaningful biological or clinical conclusion on the role of plasma YKL-40 in predicting pathophysiological or cognitive trajectories in cognitively normal individuals at risk of Alzheimer's disease (see Supplementary Fig. 1 for more details).

In this regard, we have planned the extension of the clinical, neuroimaging, and biological follow-up of the INSIGHT-preAD study to assess whether distinct longitudinal trajectories of plasma YKL-40 may predict synaptic dysfunction and neurodegeneration as well as the development of objective cognitive impairment. This extended study design will also help understand whether plasma YKL-40 concentrations may represent a diagnostic, prognostic, or predictive biomarker.

The nature of our study is exploratory, given the fact that this is the first study ever employing plasma YKL-40 concentrations in a cohort of cognitively healthy individuals at risk for Alzheimer's. For this reason, we decided to use a broad set of multimodal biomarkers taking the risk that some significant results may neither survive adjustment for multiple comparisons nor be strong enough to reach definitive clinical conclusions. After the correction for multiple comparisons, all the most important significant effects remain, whereas some of the associations between plasma YKL-40 concentrations and regional Aβ-PET SUVR vanish, and only a trend toward significance is present.

Moreover, most of the significant associations here reported display very small effect sizes, which call for a corroboration study and make our argumentation speculative.

We do believe that a study with a larger sample would increase the power of the statistical analysis and would likely lead to a stronger statistical significance.

Given the low number of Aβ-PET positive individuals, at both baseline and follow-up, we decided not to investigate the association between our candidate biomarker and Aβ-PET SUVR in the Aβ-PET-based groups. Beyond mere statistical power issues, we also set out not to focus on PET-based "diagnostic" categories but rather to explore the association between levels of brain amyloid and our candidate marker. Thresholds for Aβ-PET may substantially vary across cohorts, especially in preclinical populations, and so results related to Aβ-PET positivity versus negativity may do.

Finally, potential influences of genetic polymorphisms other than APOE ε4 allele, including but not exclusively the TREM2 variant, on modifications of plasma YKL-40 concentrations should be investigated.

CONCLUSIONS

Growing evidence points to a crucial and upstream role of both immune and proinflammatory mechanisms in the pathophysiology of neurodegenerative diseases, including Alzheimer's disease.

Exploring the interaction between YKL-40 and Alzheimer's disease pathophysiological hallmarks can help elucidate the mechanisms underlying the complex dynamic among Aβ dysmetabolism, neuronal activity, and neuroinflammation. Consequently, neuroinflammatory phenotypes could be better categorized, thus influencing the progress in the evolving area of neuroinflammatory clinical trials.

In this regard, plasma YKL-40 may represent a robust and reliable tool to enrich clinical trials investigating compounds with a putative disease-modifying effect. 

  . Participants were enrolled at the Institute of Memory and Alzheimer's disease (Institut de la Mémoire et de la Maladie d'Alzheimer, IM2A) at the Pitié-Salpêtrière University Hospital in Paris, France. The main objective of the INSIGHT-preAD study is to explore the earliest preclinical stages of Alzheimer's disease through intermediate to later stages until progression to conversion to first cognitive symptoms, using comprehensive clinical parameters and biomarkers associated with cognitive decline.

Figure 1 .

 1 Figure 1. Difference in plasma YKL-40 concentrations between sexes.Note:The figure shows higher YKL-40 concentrations in men compared to women, at baseline (b=0.151, Cohen's f2=0.014, P=0.036, adjusted P=0.054).Plasma YKL-40 concentrations are expressed in terms of the logarithm of pg/mL. The significant difference between sexes was found at each time point and, here, we show the difference at baseline.Abbreviations: F = female; Log = logarithmic transformation; M = male; P = p-value.
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 2 Figure 2. Difference in longitudinal trajectories of plasma YKL-40 concentrations
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 3 Figure 3. Association between longitudinal trajectories of plasma YKL-40
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 4 Figure 4. Association between plasma YKL-40 concentration and global Aβ-PET
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 5 Figure 5. Association between plasma YKL-40 concentration and FCSRT total recall

  

  

  

  

  

Table 1 .

 1 Cohort description at baseline and over the time.Abbreviations: APOE ε4= Apolipoprotein E ε4 allele; M0= baseline; M12= one-year followup; M36= three-year follow-up; n= number of participants; SD= standard deviation.

	M0	M12	M36
	N=314	N=227	N=131

Table 4 .

 4 Associations between 1-year changes of plasma YKL-40 concentrations and cognitive performances at M24 and over 2-years changes.Abbreviations: FCSRT = Free and Cued Selective Reminding Test; M24 = two-year follow-up; MMSE = Mini-mental state; TMT = Trail Making Test. *Linear model was used to test the effect of 1-year changes of plasma YKL-40 concentration.

	M24*

** t-value or, for MMSE and FCSRT, z-value
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