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Background

Alzheimer's disease (AD) is a progressive neurodegenerative disease and the main cause of dementia, with an estimated prevalence of 50 million people worldwide that is projected to triple by 2050 [START_REF] Scheltens | Alzheimer's disease[END_REF]. The primary neuropathologic features of AD are the presence of extracellular β-amyloid (Aβ) and intracellular hyperphosphorylated tau deposits, which are linked through the amyloid cascade hypothesis [START_REF] Karran | The amyloid cascade hypothesis for Alzheimer's disease: an appraisal for the development of therapeutics[END_REF]. Despite decades of extensive research, the majority of human trials (predominantly testing amyloid-based therapeutics) have failed to demonstrate clinical efficacy [START_REF] Cummings | Alzheimer's disease drug-development pipeline: few candidates, frequent failures[END_REF][START_REF] Long | Alzheimer disease: an update on pathobiology and treatment strategies[END_REF]. This underscores a need for innovative, non-amyloid-based approaches, including therapies that modulate the neuroimmune response in AD, which has been implicated in the pathophysiology of the disease [START_REF] Long | Alzheimer disease: an update on pathobiology and treatment strategies[END_REF][START_REF] Sandhu | Decoding mast cell-microglia communication in neurodegenerative diseases[END_REF][START_REF] Klegeris | Microglial targets for effective therapies of Alzheimer's disease[END_REF][START_REF] Tchessalova | Neuroimmune activation drives multiple brain states[END_REF][START_REF] Li | Microglial priming in Alzheimer's disease[END_REF].

Masitinib is an oral tyrosine kinase inhibitor that has demonstrated neuroprotective action in neurodegenerative diseases via inhibition of mast cell and microglia/ macrophage activity, and which is capable of accumulating within the central nervous system (CNS) at a therapeutically relevant concentration [START_REF] Dubreuil | Masitinib (AB1010), a potent and selective tyrosine kinase inhibitor targeting KIT[END_REF][START_REF] Vermersch | Efficacy and Safety of Masitinib in Progressive Forms of Multiple Sclerosis: A Randomized, Phase 3, Clinical Trial[END_REF][START_REF] Mora | Masitinib as an add-on therapy to riluzole in patients with amyotrophic lateral sclerosis: a randomized clinical trial[END_REF][START_REF] Trias | Mast cells and neutrophils mediate peripheral motor pathway degeneration in ALS[END_REF]. There is a growing body of evidence implicating mast cells and microglia (types of innate immune cells that are present in the CNS), with the pathophysiology of AD [START_REF] Shahidehpour | Dystrophic microglia are associated with neurodegenerative disease and not healthy aging in the human brain[END_REF][START_REF] Kwon | Neuroinflammation in neurodegenerative disorders: the roles of microglia and astrocytes[END_REF][START_REF] Schwabe | Shifting paradigms: the central role of microglia in Alzheimer's disease[END_REF][START_REF] Leng | Neuroinflammation and microglial activation in Alzheimer disease: where do we go from here?[END_REF][START_REF] Kang | Therapeutic targeting strategies for early-to late-staged Alzheimer's disease[END_REF][START_REF] Streit | The role of microglia in sporadic Alzheimer's disease[END_REF][START_REF] Fani Maleki | Innate immune cells: monocytes, monocytederived macrophages and microglia as therapeutic targets for Alzheimer's disease and multiple sclerosis[END_REF][START_REF] Kempuraj | Mast cells in stress, pain, bloodbrain barrier, Neuroinflammation and Alzheimer's disease[END_REF][START_REF] Jones | Mast cells in neurodegenerative disease[END_REF][START_REF] Nordengen | Glial activation and inflammation along the Alzheimer's disease continuum[END_REF][START_REF] Hansen | Microglia in Alzheimer's disease[END_REF][START_REF] Skaper | An inflammation-centric view of neurological disease: beyond the neuron[END_REF][START_REF] Shaik-Dasthagirisaheb | The role of mast cells in Alzheimer's disease[END_REF][START_REF] Folch | Masitinib for the treatment of mild to moderate Alzheimer's disease[END_REF]. Masitinib has been shown to restore normal spatial learning performance and promote recovery of synaptic markers in a mouse model of AD, with its synapto-protective action being directly linked to mast cell inhibition [START_REF] Li | Effects of chronic Masitinib treatment in APPswe/PSEN1dE9 transgenic mice modeling Alzheimer's disease[END_REF]. Previously, a small phase 2 trial showed that masitinib slows progression in mild-to-moderate AD patients [START_REF] Piette | Masitinib as an adjunct therapy for mild-to-moderate Alzheimer's disease: a randomised, placebo-controlled phase 2 trial[END_REF]. Here, we report findings from study AB09004, the first large randomized trial targeting activated neuroimmune cells for treatment of mild-tomoderate AD [START_REF] Cummings | Alzheimer's disease drug development pipeline: 2020[END_REF].

Methods

Study oversight

Study AB09004 (NCT01872598) was overseen by an Independent Data Monitoring Committee (IDMC). The trial protocol was approved by the appropriate Independent Ethics Committee/Institutional Review Board of all participating sites and all subjects provided informed consent. The sponsor (AB Science) participated in the design, conduct, management, and reporting of the study. Data was collected and analyzed in conjunction with independent steering committee members and authors, who contributed to manuscript draft revisions, provided critical comment, and approved submission for publication.

Protocol amendments were implemented during the study following approval by the aforementioned committees. Briefly, study AB09004 initially planned to enroll patients into placebo or masitinib 6 mg/kg/day treatment-arms (1:1); however, a comprehensive, global safety analysis of all masitinib non-oncology clinical trials (not including the current AB09004 study) revealed that masitinib starting doses of 3 or 4.5 mg/kg/day had an incidence of severe adverse events similar to placebo, whereas a starting dose of 6 mg/kg/day showed increased frequency of certain events with respect to placebo (e.g., neutropenia and skin toxicity). Moreover, related analysis also revealed that starting doses of 3 or 4.5 mg/kg/ day titrated to 6 mg/kg/day improved tolerability and minimized discontinuations during the first 3 months of treatment. Protocol amendments, with the objective to improve the benefit/risk balance, were therefore an unavoidable consequence of these developments. First, the 6 mg/kg/day (starting dose) treatment-arm was terminated (protocol version 5.0, May 2012, after recruitment of 12/718 (1.7%) patients) and replaced with a placebo versus masitinib at 4.5 or 3.0 mg/kg/day (1:1:1) design (administered orally as two daily intakes). The low-dose 3.0 mg/kg/day masitinib treatment-arm was later terminated (following recommendation from the IDMC for reasons not based on safety or futility), effectively collapsing this parallel group into a (1:1) comparison of masitinib 4.5 mg/kg/day versus placebo (protocol version 9.0, November 2015, after 25% (180/718) of randomized patients could have reached the 24-week timepoint) (Fig. 1). Second, an independent parallel group was added to the study in which patients were randomly assigned to receive a placebo or masitinib as a titrated treatment regimen, i.e., an initial dose of 4.5 mg/kg/day for 12 weeks that was then titrated to a planned dose of 6.0 mg/kg/day (as per protocol version 6.0; August 2013).

Another notable amendment concerned the primary efficacy analysis, originally defined as co-primary endpoints of the Alzheimer's Disease Assessment Scale -cognitive subscale (ADAS-cog) and the Alzheimer's Disease Cooperative Study Activities of Daily Living Inventory scale (ADCS-ADL) at week 24 (significance level of 5%), which was modified to multiple primary endpoints of ADAS-cog or ADCS-ADL at week 24 (based on fallback procedure with a significance level of 2.5%) (protocol version 10.0, December 2017, after 81% (580/718) of randomized patients could have reached the 24-week timepoint). This was done to give cognitive and functional outcomes equal importance, with autonomous assessment of each.

Study design

Study AB09004 was an international, double-blind, multicenter, phase 3, randomized, placebo-controlled trial over a 24-week treatment period. Following the aforementioned protocol amendments, two prospectively declared parallel groups, distinct in matters of statistical analysis and control arm (i.e., effectively run as separate studies), were assessed.

Patients were centrally randomized using an interactive web-response system according to a computer-generated assignment schedule and minimization method with covariates of ADAS-cog total score, ADCS-ADL total score, severity of baseline disease (Mini-Mental State Examination (MMSE) 21-25 versus 12-20), and age at baseline (50-79 versus ≥80). Patients and study staff were masked to treatment assignment for the study duration.

Assessments

During the 24-week assessment period, clinical efficacy was measured at week-0, week-8, week-12, and week-24 according to the following instruments: 11-item ADAScog (scores range from 0 to 70, with higher scores indicating worse dementia) [START_REF] Rosen | A new rating scale for Alzheimer's disease[END_REF]; 23-item ADCS-ADL (scores from 0 to 78, with lower scores indicating worse function) [START_REF] Galasko | An inventory to assess activities of daily living for clinical trials in Alzheimer's disease: the Alzheimer's disease cooperative study[END_REF]; Clinician's Interview-Based Impression of Change plus Caregiver Input (CIBIC-plus), a sevenpoint categorical rating scale ranging from 1 (marked improved) to 7 (markedly worse) compared with baseline [START_REF] Schneider | Validity and reliability of the Alzheimer's disease cooperative study-clinical global impression of change[END_REF]; MMSE (scores from 0 to 30, with lower scores indicating poorer cognitive performance) [START_REF] Folstein | Mini-mental state": a practical method for grading the cognitive state of patients for the clinician[END_REF]; and Clinical Dementia Rating Scale (CDR, scores from 0 to 18, with higher scores indicating worse dementia) [START_REF] Morris | The clinical dementia rating (CDR): current version and scoring rules[END_REF]. All analyses and reporting procedures were performed using SAS version 9.4 (SAS Institute. Cary, NC).

Patients were monitored for safety from the date of informed consent until 28 days after discontinuing the study drug. Safety for each masitinib dose level was compared against a pooled placebo population and expressed in terms of incidence rate ratio (IRR) (i.e., the incidence rate of masitinib divided by that of pooled placebo). Adverse events were coded according to the MedDRA dictionary version 20.0.

Patient population

Patients were eligible for enrollment if they met standard clinical criteria for dementia that was probably due to AD (biomarker tests were not required for patient inclusion) [START_REF]Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition[END_REF][START_REF] Mckhann | Clinical diagnosis of Alzheimer's disease: report of the NINCDS-ADRDA work group under the auspices of Department of Health and Human Services Task Force on Alzheimer's disease[END_REF], had a baseline MMSE score of 12 to 25 (corresponding to mild or moderate dementia), had been treated with a cholinesterase inhibitor, memantine, or both, (representing the standard of care) for a minimum of 6 months prior to screening, and were at least 50 years old. Exclusion criteria included any other cause of dementia not due to AD, severe forms of delusions or delirium, presence of infection, evidence/history of significant psychiatric disorder, and treatment with registered or putative cognitive/memory enhancer or disease modifier (other than donepezil, galantamine, rivastigmine or memantine).

Outcomes and statistical analysis

The primary analysis was absolute change (δ) from baseline on ADAS-cog or ADCS-ADL over 24 weeks (positive δADAS-cog indicating worsening dementia while negative δADCS-ADL indicates worsening function), with treatment effect being demonstrated by a significant between-group difference (Δ, masitinib versus placebo) on at least one of the multiple primary endpoints, with a significance level of 0.025. A negative ΔADAS-cog value or positive ΔADCS-ADL value favors masitinib. Results were calculated using a model of analysis of covariance (ANCOVA) adjusted on the aforementioned stratification variables and expressed as least-squares mean (LSM) change from baseline with corresponding 97.5% two-sided confidence intervals (CI) and statistical test P-value. Primary efficacy analysis was done according to a full analysis dataset (FAS) in which patients received at least one dose of the trial regimen and whose scores had not been potentially influenced by any source of strong bias during the 24-week assessment period (according to predefined rules and validated by the IDMC prior to unblinding; see Supplemental Information). When individual subscores were missing, they were imputed via last observation carried forward methodology to enable the computation of a total score. Missing total scores due to patient discontinuation were imputed via clustering methodology based on treatment group assignment and the randomization stratification factors of MMSE and age (thereby, defining groups that are approximately homogeneous with respect to the target variable). This imputation method calculates the average disease progression until week 24 among patients with complete data from the same cluster, then imputes this incremental trend to give an estimate of the individual's total score at week 24 (i.e., single mean imputation within classes) [START_REF] Taljaard | Imputation strategies for missing continuous outcomes in cluster randomized trials[END_REF].

Sensitivity analyses and secondary endpoints were tested at the 0.05 significance level. Consistency of the primary analysis was tested using predefined sensitivity analyses including multiple imputation and the conservative jump-to-reference method. This latter approach assumes that patients who discontinue treatment for lack of efficacy or safety will no longer benefit from it in the future, and thus will tend to have outcomes similar to those in the control group [START_REF] Kenward | Controlled multiple imputation methods for sensitivity analyses in longitudinal clinical trials with dropout and protocol deviation[END_REF]. A key secondary endpoint was analysis of clinical response (logistic regression model with logit as link function), wherein a positive response was defined as a decrease from baseline at week 24 in ADAS-cog of ≥4 [START_REF] Molinuevo | Responder analysis of a randomized comparison of the 13.3 mg/24 h and 9.5 mg/24 h rivastigmine patch[END_REF], without deterioration in ADCS-ADL or worsening in the CIBIC-plus scale (≥5). Other secondary endpoints included: MMSE and CDR (assessed according to change from baseline on timepoints of week 8, week 12, and week 24 using a mixed model of repeated measures methodology), and assessment of CIBIC-plus improvement (i.e., a score of 1-3) or worsening (i.e., a score of 5-7) at week-24 (chi-square test).

Based on phase 2 (AB04024) study data, we estimated that change in ADCS-ADL at week 24 would be -0.6 (±9.0) for placebo, +2.5 (±9.0) for masitinib 4.5 mg/kg/ day, and +3.2 (±9.0) for masitinib 6.0 mg/kg/day, while change in ADAS-cog at week 24 would be +2.0 (±7.0) for placebo, -0.4 (±7.0) for masitinib 4.5 mg/kg/day, and -1.0 (±7.0) for masitinib 6.0 mg/kg/day. Detection of this difference, with a two-sided 0.05 significance level and a power of 80%, would require a minimum sample size of 300 patients for the masitinib 4.5 mg/kg/day parallel group (150 per treatment-arm), and a total of 225 patients for the titrated masitinib 6.0 mg/kg/day parallel group (150 masitinib versus 75 placebo).

Results

Patients

From February 2012 to September 2018 (database lock in November 2020), a total of 718 patients from 119 hospital clinics and specialized AD centers in 20 countries were randomized to study AB09004 (see Supplemental Information for list of countries); 370 in the masitinib 4.5 mg/ kg/day parallel group (185 masitinib versus 185 placebo), and 278 in the titrated masitinib 6.0 mg/kg/day parallel group (186 masitinib versus 92 placebo). Additionally, 58 masitinib patients were in the terminated masitinib 3.0 mg/kg/day treatment-arm and 12 patients were in the terminated 6.0 mg/kg/day treatment-arm (7 masitinib versus 5 placebo). The safety population comprised all patients that received at least one dose of study medication with each masitinib dose level compared against a pooled placebo population (n=280) (Fig. 1).

Considering the Full Analysis Dataset (FAS) of the masitinib 4.5 mg/kg/day parallel-group, 12 patients were excluded from its associated intention-to-treat (ITT) population (3 and 9 from the masitinib and placebo treatment-arms, respectively; see Supplemental Information). A summary of patient baseline characteristics and disposition are described in Table 1 and Fig. 1, respectively. Patients from each treatment-arm had a median age of 73 years that was evenly distributed across the range of 50-88 years old. Baseline median MMSE, ADAS-cog, and ADCS-ADL scores were also well-balanced. Premature discontinuation before week 24 was higher for masitinib-treated patients at 34.5% (148/429) as compared with the pooled placebo group at 14.6% (41/282), with the most frequent reasons being treatment related non-fatal adverse events, and patients request or withdrawal of consent (eTable 1 of the Supplemental Information).

Considering the titrated masitinib 6.0 mg/kg/day parallel group FAS, one placebo patient was excluded from the ITT population (Fig. 1). Baseline median MMSE and ADAS-cog scores were balanced between treatmentarms, as was the median age at 72 years old; however, the masitinib arm had a higher proportion of over 80-yearolds compared with placebo (21.5% versus 15.4%) and a lower median ADCS-ADL score (54.0 versus 57.0) (Table 1).

Primary efficacy analysis

Masitinib (4.5 mg/kg/day) showed significant benefit relative to placebo over 24 weeks on the endpoint of ADAScog, with a δADAS-cog of -1.46 (representing an overall Table 1 Baseline patient characteristics of the masitinib 4.5 mg/kg/day and titrated masitinib 6.0 mg/kg/day parallel groups with respective placebo-control arms (FAS population) M4.5 masitinib treatment-arm from the masitinib 4.5 mg/kg/day parallel group, PBO placebo treatment-arm from the masitinib 4.5 mg/kg/day parallel group, tM6.0 masitinib treatment-arm from the titrated 6.0 mg/kg/day parallel group, tPBO placebo treatment-arm from the titrated 6.0 mg/kg/day parallel group Jump-to-reference and multiple imputation sensitivity analyses confirmed the study's primary objective was achieved for the primary endpoint of ADAS-cog, with a significant ΔADAS-cog of -1.86 (95%CI [(-3.03, -0.69]; p=0.002) and -2.04 (95%CI [(-3.41, -0.67]; p=0.004), respectively. Sensitivity analysis based on the ITT population of the masitinib 4.5 mg/kg/day parallel group further corroborate these findings (indicating that no bias in favor of treatment had been introduced by exclusion of patients for the FAS population), with a significant ΔADAS-cog of -2.08 (95%CI [(-3.22, -0.94]; p<0.001) (Table 2). An additional post hoc analysis according to mixed model for repeated measures (MMRM) methodology also produced a significant ΔADAS-cog of -0.95 (95%CI [-1.89 -0.02]; p=0.046), while ADCS-ADL analysis under these conditions remained nonsignificant (eTable 2 in the Supplemental Information).

Results from the titrated masitinib dose of 6.0 mg/kg/ day parallel group did not show any significant difference between the masitinib and placebo treatment arms for either ADAS-cog or ADCS-ADL; ΔADAS-cog was -0.43 (97.5%CI [(-1.81, 0.95]), p=0.483; while ΔADCS-ADL was +0.20 (97.5%CI [(-1.64, 2.04]), p=0.807 (Table 2).

Table 2 Summary of efficacy results for primary analysis, sensitivity analyses, and secondary endpoints (responder analyses) for the masitinib 4.5 mg/kg/day and titrated masitinib 6.0 mg/kg/day parallel groups (FAS population)

Unless otherwise stated, this table summarizes data from patients in the masitinib 4.5 mg/kg/day parallel group full analysis dataset (PBO n=176; M4.5 n=182). All assessments were prespecified in the protocol or Statistical Analysis Plan prior to unblinding. M4.5 masitinib treatment-arm from the masitinib 4.5 mg/kg/day parallel group, PBO placebo treatment-arm from the masitinib 4.5 mg/kg/day parallel group, tM6.0 masitinib treatment-arm from the titrated 6.0 mg/kg/day parallel group, tPBO placebo treatment-arm from the titrated 6.0 mg/kg/day parallel group, LSM least-squares mean, JTR jump-to-reference, MI multiple imputation, ITT intentionto-treat population, ADAS-cog Alzheimer's Disease Assessment Scale. For ADAS-cog (scores range from 0 to 70) a positive change from baseline indicates worsening dementia and a negative between group difference (masitinib minus placebo) favors masitinib. ADCS-ADL Alzheimer's Disease Cooperative Study Activities of Daily Living Inventory scale. For ADCS-ADL (scores range from 0 to 78) a negative change from baseline indicates worsening function and a positive between group difference (masitinib minus placebo) favors masitinib. CIBIC-plus: Clinician's Interview-Based Impression of Change plus Caregiver Input (scores of 1-3 correspond with improvement, scores of 5-7 correspond with worsening compared with baseline). Clinical response defined as decrease from baseline at week 24 in ADAS-cog of ≥4, without deterioration in ADCS-ADL or worsening in the CIBIC-plus scale. SE: Standard error. CI: Confidence Interval at 97.5% for primary endpoint and at 95% for sensitivity analyses. Sensitivity and secondary endpoint analyses on the titrated masitinib 6.0 mg/kg/day dataset were not performed because, in accordance to protocol, the primary endpoint was not met for this parallel group. a Sensitivity analysis performed on the ITT population (PBO n=185; M4. 

Secondary endpoint analyses

Considering the masitinib 4.5 mg/kg/day parallelgroup, masitinib-treated patients showed a significantly increased probability of cognitive improvement at week 24 relative to placebo, with a clinical responder rate of 22.5% versus 13%, respectively (odds ratio 1.96 (95%CI [1.11, 3.46]); p=0.020) (Table 2). Significance was also reached for analysis of CIBIC-Plus improvement at week 24 (odds ratio 1.71 (95%CI [1.02, 2.85]); p=0.040).

There was no discernable effect between treatment-arms at week 24 for the outcomes of CDR (-0.025 (95%CI [-0.146, 0.095]) and MMSE (0.226 (95%CI [-0.4634, 0.9164]). In accordance to protocol, secondary endpoint analyses on the titrated masitinib 6.0 mg/kg/day dataset were not performed because the primary endpoint was not met for this parallel group.

Safety analysis

The incidence of treatment-emergent adverse events (AE) for masitinib (4.5 mg/kg/day), titrated masitinib (6.0 mg/kg/day), and pooled placebo was 87% (161/185), 86% (160/186), and 77.5% (217/280), respectively (Table 3). The corresponding IRRs relative to pooled placebo were 1.1 for both masitinib parallel groups. The incidence of severe AE was 26.5% (49/185, IRR=1.4) for masitinib (4.5 mg/kg/day), 25.3% (47/186, IRR=1.3) for titrated masitinib (6.0 mg/kg/day), and 19.3% (54/280) for pooled placebo, while the incidence of non-fatal serious AE (SAE) was 13% (24/185, IRR=2.4), 13.4% (25/186, IRR=2.5), and 5.4% (15/280), respectively. Analysis of common severe AEs (i.e., ≥1% difference in incidence between masitinib and pooled placebo or with an IRR of ≥2)

showed that an increased incidence of neutropenia and various other laboratory assessments for masitinib relative to placebo accounted for the difference in overall incidence (eTable 3 of the Supplemental Information).

The most common SAE (MedDRA preferred terms) for masitinib relative to pooled placebo were neutropenia (all masitinib doses), pneumonia (3 patients for masitinib 4.5 mg/kg/day), and Stevens-Johnson syndrome (3 patients for titrated masitinib 6.0 mg/kg/day) (eTable 4 in the Supplemental Information). None of the Stevens-Johnson syndrome events were life-threatening and upon further analysis by dermatology experts, each case was considered as inconclusive (i.e., possible SJS). There was one death in each of these treatment-arms, none of which were treatment-related.

Discussion

Masitinib was administered as an adjunct therapy to standard of care in patients with mild to moderate dementia due to probable AD. After 24 weeks of treatment, masitinib (4.5 mg/kg/day) significantly slowed cognitive deterioration (as measured by the primary endpoint of ADAS-cog), with acceptable safety. This positive outcome was supported by convergence in ADAS-cog sensitivity analyses (jump-to-reference and ITT), a statistically significant clinical response rate, and a nonsignificant trend towards improved overall function relative to placebo (as measured by the second primary endpoint of Table 3 Safety summary of treatment-emergent adverse events over the 24-week treatment period and corresponding incidence rate ratios (Safety population)

a Adverse events (AE) were recorded until 28 days after treatment interruption with any AE not resolved at the death of the patients recorded as an AE leading to death. TEAE: Treatment-emergent adverse event leading to permanent discontinuation excluding death. TRAE treatment-related adverse event leading to permanent discontinuation excluding death. b TRAE according to severity. M3.0 masitinib treatment-arm from the masitinib 3.0 mg/kg/day parallel group, M4.5 masitinib treatment-arm from the masitinib 4.5 mg/kg/day parallel group, tM6.0 masitinib treatment-arm from the titrated 6.0 mg/kg/day parallel group, PBO placebo, IRR incidence rate ratio for given masitinib cohort as compared with pooled placebo cohort (estimated as incidence rates of masitinib divided by pooled placebo) ADCS-ADL). Conversely, results from the titrated masitinib 6.0 mg/kg/day parallel group did not demonstrate any treatment effect. One explanation of this divergent result is that the titrated 6.0 mg/kg/day parallel group placebo arm showed an atypical improvement over 24 weeks, as exemplified by the positive change from baseline in ADCS-ADL score (eFigure 1 in the Supplemental Information). This scenario is supported by a post hoc sensitivity analysis using the pooled placebo cohort (n=267), in which an expected worsening in ADAScog and ADCS-ADL is observed for placebo, with stable or improved score for the titrated masitinib 6.0 mg/ kg/day cohort and a significant treatment effect (at an alpha level of 0.05) in terms of the ADAS-cog primary endpoint (eTable 5 in the Supplemental Information). Nevertheless, in the absence of evidence for a masitinib dose-dependent treatment effect (i.e., the change from baseline in ADAS-cog and ADCS-ADL was smaller for the titrated 6.0 mg/kg/day masitinib arm relative to the 4.5 mg/kg/day masitinib arm) and equivalent safety profiles, the recommended masitinib dose in terms of benefit/risk balance for future clinical development is 4.5 mg/ kg/day. Administering masitinib as an adjunct to cholinesterase inhibitor and/or memantine only slightly increased the overall incidence rate ratio of AEs with respect to placebo (regardless of severity). Regarding the higher rate of patient discontinuation due to treatment-related AE in the masitinib arm as compared with placebo, a large proportion of this (about 60%) was attributable to AEs of mild or moderate severity that can be efficiently managed by dose reduction or temporary interruption.

A limitation of our trial was the lack of fluid-and imaging-based biomarkers as evidence to support modification of underlying disease processes (e.g., cerebrospinal fluid tests measuring tau or measuring the brain volume using MRI scanning), or proof of target engagement (e.g., neuroinflammatory markers). Biomarker tests, as recommended by the IWG or by the NIA-AA diagnostic criteria [START_REF] Jack Cr | A/T/N: an unbiased descriptive classification scheme for Alzheimer disease biomarkers[END_REF][START_REF] Dubois | Advancing research diagnostic criteria for Alzheimer's disease: the IWG-2 criteria[END_REF], were also not required for patient inclusion, which was based instead on standard clinical criteria for dementia that was probably AD [START_REF]Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition[END_REF][START_REF] Mckhann | Clinical diagnosis of Alzheimer's disease: report of the NINCDS-ADRDA work group under the auspices of Department of Health and Human Services Task Force on Alzheimer's disease[END_REF]. Regarding the previously mentioned protocol amendments, these had no impact on the study outcome. Termination of the masitinib 6.0 mg/kg/ day (starting dose) and 3.0 mg/kg/day treatment-arms occurred early in the study and without consequence to analysis of the remaining arms; furthermore, the original co-primary endpoint definition (i.e., change from baseline at week 24 in both ADAS-cog and ADCS-ADL at an alpha level of 0.05) would also have returned a significant result for masitinib (4.5 mg/kg/day), had it been retained.

Conclusions

Study AB09004 represents the first successful randomized, controlled, phase 3 trial in AD of a tyrosine kinase inhibitor, targeting innate immune cells. Given the known targets of masitinib, these positive clinical findings suggest that mast cells and/or macrophage/ microglia are implicated in the pathophysiology of mild-to-moderate AD, possibly by switching the neuroimmune system from a neurotoxic state towards a neuroprotective state through remodeling of the neuronal microenvironment [START_REF] Li | Microglial priming in Alzheimer's disease[END_REF][START_REF] Kwon | Neuroinflammation in neurodegenerative disorders: the roles of microglia and astrocytes[END_REF].

In the absence of a consensus regarding the minimal clinically important change for ADAS-Cog [START_REF] Oremus | Does the evidence say a 4-point change in ADAS-cog score is clinically significant?[END_REF][START_REF] Rockwood | The clinical meaningfulness of ADAS-cog changes in Alzheimer's disease patients treated with donepezil in an open-label trial[END_REF], the most appropriate comparison comes from benchmark ADAS-Cog benefit according to well-established AD therapies. Multiple approved drug treatments and dosages for AD have demonstrated a similar change in ADAS-Cog (approximately 2-point) to that reported for masitinib (4.5 mg/kg/day) and this value is also consistent with published recommendations [START_REF] Vellas | Endpoints for trials in Alzheimer's disease: a European task force consensus[END_REF][START_REF] Birks | Donepezil for dementia due to Alzheimer's disease[END_REF][START_REF] Birks | Rivastigmine for Alzheimer's disease[END_REF][START_REF] Birks | Cholinesterase inhibitors for Alzheimer's disease[END_REF]. The observed improvement in ADAS-Cog for masitinib (4.5 mg/kg/ day) relative to control is therefore clinically meaningful, especially when considering its administration on a background of cholinesterase inhibitors and memantine, a significant clinical response rate (i.e., based on a criterion of ≥4-point improvement in ADAS-Cog), and manageable safety profile. Based on these results, masitinib (4.5 mg/kg/day) as an adjunct to cholinesterase inhibitor and/or memantine, could benefit patients with mild-tomoderate AD, and a confirmatory pivotal study, including biomarker outcomes, has been initiated. • thorough peer review by experienced researchers in your field
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Fig. 1

 1 Fig. 1 Patient flow diagram, detailing patient disposition of the masitinib 4.5 mg/kg/day and titrated masitinib 6.0 mg/kg/day parallel groups. PBO, placebo; M4.5, masitinib 4.5 mg/kg/day; tPBO, placebo treatment-arm from the titrated dose parallel group; tM6.0, masitinib treatment-arm from the titrated dose parallel group; ITT, intention-to-treat population; SAF, safety population; FAS, full analysis database; GCP, Good Clinical Practice; ADAS-cog, Alzheimer's Disease Assessment Scale -cognitive subscale; ADCS-ADL, Alzheimer's Disease Cooperative Study Activities of Daily Living Inventory scale. * See eTable 1 of the Supplemental Information for a summary of reasons for discontinuation before week 24

  Masitinib treatment-arm from titrated dose parallel group tPBO Placebo treatment-arm from titrated dose parallel group TRAE Treatment-related adverse event ΔADAS-cog Between-group difference (masitinib versus placebo) on ADAS-cog δADAS-cog Absolute change from baseline on ADAS-cog over 24 weeks ΔADCS-ADL Between-group difference (masitinib versus placebo) on ADCS-ADL δADCS-ADL Absolute change from baseline on ADCS-ADL over 24 weeks • fast, convenient online submission

  , MMSE Mini-Mental State Examination, ADAS-cog Alzheimer's Disease Assessment Scale -cognitive subscale, ADCS-ADL Alzheimer's Disease Cooperative Study Activities of Daily Living Inventory scale, CDR Clinical Dementia Rating Scale, SD standard deviation

	improvement in cognition) versus +0.69 (representing increased cognitive deterioration), respectively, and corre-sponding ΔADAS-cog of -2.15 (97.5%CI [-3.48, -0.81]); p<0.001. The primary endpoint of ADCS-ADL numeri-cally favored masitinib with a δADCS-ADL of +1.01 (rep-resenting an overall functional improvement) versus -0.81			
	for placebo (representing increased functional deteriora-			
	tion), respectively, giving a nonsignificant ΔADCS-ADL of +1.82 (97.5%CI [(-0.15, 3.79]); p=0.038.			
			Masitinib 4.5 mg/kg/day parallel group	Titrated masitinib 6.0 mg/kg/day
					parallel group	
			M4.5 (n=182)	PBO (n=176)	tM6.0 (n=182)	tPBO (n=91)
	Gender	Female [n (%)]	114 (62.6%)	98 (55.7%)	118 (63.4%)	57 (62.6%)
	Age (years)	Mean (±SD)	71.9 (±8.3)	71.7 (±8.2)	71.9 (±8.3)	71.2 (±8.1)
		Median	73.0	73.0	72.0	72.0
		Range (min-max)	50.0-86.0	50.0-88.0	50.0-88.0	51.0-87.0
		>=50-<60 [n (%)]	19 (10.4%)	17 (9.4%)	14 (7.5%)	10 (11.0%)
		>=60-<70 [n (%)]	44 (24.0%)	52 (28.9%)	54 (29.0%)	26 (28.6%)
		>=70-<80 [n (%)]	82 (44.8%)	76 (42.2%)	78 (41.9%)	41 (45.1%)
	MMSE	≥ 80 [n (%)] Mean (±SD)	38 (20.8%) 18.8 (±3.7)	35 (19.4%) 18.6 (±3.8)	40 (21.5%) 18.8 (±3.6)	14 (15.4%) 18.7 (±3.7)
		Median	19.0	19.0	19.0	19.0
		MMSE [12-20] [n (%)]	119 (65.4%)	115 (65.3%)	123 (66.1%)	57 (62.6%)
		MMSE [21-25] [n (%)]	63 (34.6%)	61 (34.7%)	63 (33.9%)	34 (37.4%)
	ADCS-ADL	Mean (±SD)	51.8 (±15.1)	51.4 (±15.0)	52.4 (±14.8)	53.2 (±13.7)
		Median	55.0	53.5	54.0	57.0
		Range (min-max)	13.0-78.0	4.0-77.0	9.0-78.0	18.0-77.0
	ADAS-cog	Mean (±SD)	26.1 (±10.1)	25.9 (±9.7)	24.9 (±10.1)	26.2 (±10.6)
		Median	25.5	24.8	24.3	24.3
		Range (min-max)	7.2-54.3	9.2-53.0	4.7-57.3	6.8-51.7
	CDR	Mean (±SD)	1.3 (±0.6)	1.2 (±0.8)	1.2 (±0.6)	1.1 (±0.6)
		Median	1	1	1	1
		Range (min-max)	0.5-3	0.5-3	0-3	0.5-2

Responder analyses (secondary endpoints) Response rate, n (%) Odds Ratio (95% CI)

  

	M4.5 parallel group	PBO (N=176)	M4.5 (N=182)	Between group	P value
				difference	
	Primary analysis	Change from baseline at week 24 (±SE)	LSM (97.5% CI)	
	ADAS-Cog (primary endpoint)	0.69 (±0.54)	-1.46 (±0.51)	-2.15 [-3.48, -0.81]	<0.001
	ADCS-ADL (primary endpoint)	-0.81 (±0.79)	1.01 (±0.76)	1.82 [-0.15, 3.79]	0.038
	Sensitivity analysis	Change from baseline at week 24 (±SE)	LSM (95% CI)	
	ADAS-Cog (JTR analysis) ADCS-ADL (JTR analysis) ADAS-Cog (MI analysis) ADCS-ADL (MI analysis) ADAS-Cog (ITT analysis) a 0.67 (±0.53) 0.85 (±0.54) -0.90 (±0.79) 0.88 (±0.63) -0.95 (±0.93) ADCS-ADL (ITT analysis) a -0.06 (±0.83)	-1.04 (±0.52) 0.81 (±0.76) -1.16 (±0.65) 0.77 (±0.90) -1.41 (±0.50) 1.14 (±0.80)	-1.89 [-3.06, -0.72] 1.71 [-0.01, 3.43] -2.04 [-3.41, -0.67] 1.72 [-0.26, 3.70] -2.08 [-3.22, -0.94] 1.20 [-0.60, 3.00]	0.002 0.051 0.004 0.089 <0.001 0.192
	Clinical response rate	23 (13.1%)	41 (22.5%)	1.96 [1.11, 3.46]	0.020
	CIBIC-plus improvement	36 (20.5%)	47 (25.8%)	1.71 [1.02, 2.85]	0.040
	CIBIC-plus worsening	37 (21.0%)	23 (12.6%)	0.64 [0.36, 1.14]	0.127
	tM6.0 parallel group	tPBO (N=91)	tM6.0 (N=186)	Between group differ-	P value
				ence	
	Primary analysis	Change from baseline at week 24 (±SE)	LSM (97.5% CI)	
	ADAS-Cog (primary endpoint)	0.25 (±0.60)	-0.18 (±0.47)	-0.43 [-1.81, 0.95]	0.483
	ADCS-ADL (primary	0.37 (±0.81)	0.57 (±0.62)	0.20 [-1.64, 2.04]	0.807
	endpoint)				
				5 n=186)	

Pts with ≥1 event; % (n) M3.0 (N=58) IRR [M3.0] M4.5 (N=185) IRR [M4.5] tM6.0 (N=186) IRR [tM6.0] Pooled PBO (N=280)

  

	a AE (any grade) 91.4% (53)	1.2	87.0% (161)	1.1	86.0% (160)	1.1	77.5% (217)
	AE leading to	0	0	0.5% (1)	1.3	0.5% (1)	1.3	0.4% (1)
	death							
	Serious AE (non-	10.3% (6)	1.9	13.0% (24)	2.4	13.4% (25)	2.5	5.4% (15)
	fatal)							
	Severe AE	15.5% (9)	0.8	26.5% (49)	1.4	25.3% (47)	1.3	19.3% (54)
	(grades 3 or 4)							
	TEAE leading	24.1% (14)	4.8	15.7% (29)	3.1	24.2% (45)	4.8	5.0% (14)
	to permanent							
	discontinuation							
	TRAE leading	12.1% (7)	3.1	12.4% (23)	3.2	21.5% (40)	5.5	3.9% (11)
	to permanent							
	discontinuation							
	b Mild / Moderate 5.2% (3)		7.0% (13)		14.0% (26)		3.9% (11)
	b Severe	6.9% (4)		4.7% (9)		6.5% (12)		0
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